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ABSTRACT

Aurorae often break down into elongated filaments parallel to the geomagnetic field
lines (B) with cylindrically symmetric structures. The object of this thesis is to
study the ion distribution function and transport properties in response to the sud-
den introduction of a radial electric field (E) in such a cylindrical geometry. Both

collision-free and collisional situations are considered.

The thesis starts by solving a collision-free problem where the electric field is
constant in time but increases linearly with radius, while the initial ion density is
uniform in space. The attendant Boltzmann equation is solved by tracking the ions
back in time, thereby using the temporal link between the initial position and velocity
of an ion and its position and velocity at an arbitrary time and place. Complete
analytical solutions show that the ion distribution function is a pulsating Maxwellian
in time, and all transport parameters (e.g., bulk speed, temperature, etc.) oscillate
in time but independent of radius. If the ion-neutral collisions are taken into account
by employing a simple relaxation model, analytical solutions are also obtained. In
this case, the ion distribution function can be driven to horseshoe shapes which are
symmetric with respect to the E x B direction. The bulk parameters evolve in a
transition period of the order of one collision time as they go from oscillating to the

non-oscillating steady state.

In more realistic electric field structures which are spatially inhomogeneous but
still constant in time, a generalized semi-numerical code is developed under collision-
free conditions. This code uses a backmapping approach to calculate the ion velocity
distribution and bulk parameters. With arbitrarily selected electric field profiles, cal-
culations reveal various shapes of ion velocity distribution functions (e.g., tear-drop,
core-halo, ear-donut, etc). The associated transport properties are also obtained and

discussed.

Under both collision-free and collisional conditions, the effect of the density in-
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homogeneities at the initial time is studied in an electric field which is proportional
to radius and constant in time. With two profiles of the initial ion density for the
collision-free case, and one profile for the collisional case, complete analytical solu-
tions are obtained. The results reveal that the distribution function and the bulk
properties are now strongly dependent on radial position.

If the radial electric field is unable to stay constant with time but modulated by in-
coming charged particles, a fluid formalism is used to study the excitation of several
plasma waves under different kinds of initial conditions. These identified waves
include the ion cyclotron oscillation, the ion and electron upper-hybrid oscillations,
and the lower-hybrid oscillation.

The results of this thesis are expected to be applicable to high-resolution ob-
servations. Future work should also include the mirror effect and the formation of
conics in velocity space. Finally, the velocity distributions obtained in this thesis
could trigger various plasma instabilities, and this topic should also be looked at in

the future.
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CHAPTER 1

INTRODUCTION

1.1 Background

1.1.1 Ion velocity distributions in space

In local thermal equilibrium (LTE), the ion distribution function is described by a
Maxwellian distribution. However, in the solar-terrestrial system, numerous non-
Maxwellian distributions have been found with non-equilibrium characteristics such
as beams, temperature or pitch-angle anisotropies. For example, the SOHO space-
craft measured the distribution function of the coronal base and the extended solar-
wind acceleration region between 2 and 10 solar radii. Coupled with interplanetary
particle measurements going back several decades, the observations strongly sug-
gest that collisionless particles exhibit non-Maxwellian velocity distributions with
anisotropic ion temperatures and differential outflows (Cranmer 2002).

Another example of large distortions from equilibrium is the Io plasma torus
(Steffl 2005). The tidal heating of Io’s interior produces volcanos which expel neu-
trals (mostly O and S atoms) outward. Through electron impact and charge ex-
change reactions, the neutrals convert to ions (very intense emissions are seen for
OT, O?*, St §%F and S*). Voyager observations demonstrate that at 65 km/s
the ST velocity distribution has a peak and that of O" has a sharp shoulder, while
other ions could be more Maxwellian-like (Banaszkiewicz & Ip 1993). For electrons,
Voyager and Galileo spacecrafts suggest that they may actually be non-thermal or
at least have a non-thermal, high-energy tail (Frank & Paterson 2000).

In addition, in both the upstream and downstream regions of the Earth’s bow

shock, the Interball/Tail-probe satellite detected that the upstream ion population
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has a ring-like (or, halo) distribution, while in the downstream, the distribution has a
hot bell-like core and a flat tail ( Yermolaev et al. 1997). Specifically on field-aligned
beams upstream of the bow shock, Cluster observations reported that: (1) parallel
to the magnetic field, the distribution is Maxwellian, and (2) perpendicular to the
magnetic field, it has a non-thermal, high-energy tail, bringing about a ratio of ~3

between the perpendicular and parallel temperatures (Meziane et al. 2006).

Moreover, at altitudes ranging from 1000 km up through one Earth radius and
beyond, there is another kind of non-Maxwellian distribution, ion conics (Yau et
al. 1984). Rocket and satellite measurements showed that ions are concentrated
into cones in velocity space under different conditions, and the distribution peaks at
specific pitch angles, respectively.

Even below 1000 km, many direct observations have also shown the ion velocity
distributions to depart from the Maxwellian shape over wide areas. In particular,
the retarding potential analyser onboard AE-C satellite has produced convincing ev-
idence for ion velocity distributions with flat-top shapes compared to Maxwellians
(St-Maurice et al. 1976). The EISCAT incoherent scatter radar also detected the
flat-top-shaped distributions in poleward ion flow bursts in the dayside auroral iono-
sphere (Lockwood et al. 1987). The distributions were observed whenever the ion

drift exceeded the neutral thermal speed.

Another type of low-altitude non-Maxwellian ion velocity distribution has been
found in high-resolution GEODESIC rocket experiments (Burchill et al. 2004). It
is crescent-shaped in velocity space with a ring pattern, and was found in lower-
hybrid (LH) cavities. At 980 km altitude, 12 sequenced images were produced as the
payload flew through one cavity, displaying non-thermal distributions of transversely-
heated ions (Bock 2005). Some of the distributions revealed tails associated with the
energization of the ion population (Knudsen et al. 2004).

Artificial plasma disturbances can also produce non-Maxwellian distributions.
For instance, two dedicated burns of the space shuttle engines were implemented
over the Millstone Hill incoherent scatter radar (Bernhardt et al. 2005). The radar

recorded ionospheric density depressions resulting from recombination of the molec-



ular ions with electrons. At the same time, radar spectra revealed unusual signatures

that may have been produced by ion ring-beam distributions.

1.1.2 Goal of the present research

From the above we can see clearly that non-Maxwellian distributions are frequently
present in different regions in geospace. Several possible causes have been proposed
for the deviation of the distribution from the Maxwellian equilibrium configuration
(St.-Maurice & Schunk 1979):

(1) it can be a consequence of the collisionless nature of the medium, particularly
in the presence of large or rapidly varying forces acting on the medium, (2) it can
occur when a minor constituent of a gas mixture experiences a force (say, E x B drift,
where E and B represent electric and magnetic fields, respectively) that differs from
the forces acting on the major constituent, (3) it can be the result of ion and neutral
species chemistry, producing kinetic energies which are substantially different from
thermal energies.

For the research related to this thesis, we will study how the interplay between the
auroral ionospheric plasma and the E x B drift affects the ion velocity distribution
with and without collisions with neutrals, in the presence of transverse electric fields
that change spatially and temporally. As shown below in Section 1.3, there are
many geophysical situations in auroral regions where the localized electric fields

vary quickly in space and time.

1.1.3 Importance of the problem

The importance of gaining a deep understanding of ion velocity distributions in the
ionosphere cannot be understated. First, this is simply a case of making sense of the
observations. For instance, when we observe conics, or horseshoe distributions, it
would be highly desirable to understand how they form, and to test the data against
particular theories.

Secondly, a large departure from an equilibrium Maxwellian distribution goes

hand in hand with important modifications to transport properties. For exam-
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ple, conics are very efficient at ’expelling’ ionospheric ions into the magnetosphere
through a mirror effect. Likewise, a strong temperature anisotropy will modify the
vertical transport, and strong skewness will create heat flow, etc.

Furthermore, a proper interpretation of ionospheric measurements (satellites,
rockets, radars) often depends on a knowledge of the velocity distribution. In the
data inversion process of the satellite measurements, for example, St-Maurice et al.
(1976) found that, if the temperature is above 2000 K, the interpretation can be se-
riously affected when the normally assumed ion Maxwellian distribution is used. For
example, the atomic to ion molecular ion density ratios can be affected by a factor of
2 or more, and for the very high temperature data (> 3000 K) the ion temperature
can be underestimated by as much as 2700 K.

Similar problems also exist in the spectral analysis of the radar waves scattered
incoherently from the ionosphere above 150 km. At these altitudes, the ion-neutral
collision frequency is small compared to the ion gyrofrequency. Raman (1980) and
Raman et al. (1981) found that electric fields larger than 45 mV/m could cause a
serious underestimation of the electron-ion temperature ratio, sometimes by as much
as a factor of 2. This results in an error of several hundred degrees Kelvin in the
interpreted electron and ion temperatures.

Last but not least, large departures from Maxwellian may play a role in the
excitation of plasma micro-instabilities. In the auroral F' region, for example, if the
perpendicular electric field exceeds ~50 mV /m, the non-Maxwellian distribution may
excite short wavelength instabilities of ~10-20 cm (Oftt & Farley 1975; St.-Maurice
1978).

1.1.4 Focus and organization

The thesis focuses on the high-latitude ionospheric ion velocity distributions, in var-
ious inhomogeneous electric field configurations, with and without time dependence,
and under collision-free and collisional conditions. The problem is studied in cylin-
drical geometries.

For the remainder of this chapter, we start with a brief discussion of different
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scales of electric fields that are formed in the high-latitude ionosphere. Then, we
give a review of earlier work on non-Maxwellian distributions produced by the in-
troduction of strong electric fields in the ionosphere. We finish the chapter with a

description of the work presented in subsequent chapters.

1.2 Large scale convective electric fields

In auroral regions, the ionosphere is permeated by strong electric fields which can be
as high as several hundred mV/m. Contrary to those at other latitudes, these electric
fields are not produced by neutral wind dynamos, but rather by processes that go
back to the solar-wind—magnetosphere—ionosphere (SMI) electrodynamic coupling
processes. Fig.1.1 shows a cartoon of the SMI system (Curtis 2005). Every part
is labeled for the geospace (left panel) and the magnetosphere (right panel). The
electrodynamics in the SMI system is described in great detail by, e.g., Akasofu
(1977,1981a,b); Kan & Akasofu (1989); Lyon (2000), and Oulu Space Physics Group
(2006).

The boundary between the solar wind and the magnetosphere is the magne-
topause. Roughly, it has the shape of a bullet immersed into the solar wind. On the
dayside (upstream) of the Earth, the dynamic pressure of the solar wind compresses
the magnetosphere. A bow shock is thus formed which separates the solar wind and
the magnetopause at about 10-12 Earth radii (Rg) away from the Earth. The region
between the bow shock and the magnetopause is called the magnetosheath. The
reconnection between the interplanetary magnetic field (IMF) and the geomagnetic
field on the dayside leads to funnel-shaped areas, called the polar cusps. Through
the cusp, the magnetosheath plasma directly enters into the magnetosphere. On
the nightside (downstream), the magnetopause is highly elongated with a radius
of 20-25 R and stretches well past 200Rg, forming the magnetotail. The night-side
magnetosphere consists of lower density tail lobes and a higher density plasma sheet.

The solar wind interacts with the magnetosphere in two ways. One is the quasi-
viscous interaction (Ratcliffe 1972), as shown in the upper panel of Fig.1.2, and the

other is the magnetic merging and reconnection (Dungey 1961), as shown in the lower
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Figure 1.2: Two types of the solar wind-magnetosphere interaction.
(a) Quasi-viscous processes (Ratcliffe 1972); (b) Magnetic merging and
reconnection (Dungey 1961).

panel of Fig.1.2. In the quasi-viscous mode, the solar wind produces circulatory shear
flow of plasma which creates a drag at A and B. The drag is carried by magnetic
field lines on the tubes AC and BD to enter the low ionosphere at C' and D. At
the ionospheric footprint of this pattern, a two-cell pattern is formed, as shown in
Fig.1.3(a). In the figure, the green and grey shading in both diagrams indicate the

auroral oval and polar cap.

For the magnetic merging and reconnection mode, Dungey (1961) described a
cyclical motion driven by the magnetic reconnection with the solar wind. This is
believed to be the major process that transports mass, momentum, and energy from

the solar wind into the magnetosphere. Fig.1.2(b) illustrates a large-scale convection
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cycle when the IMF and geomagnetic field lines are antiparallel to each other in the
dayside magnetosphere. This pattern is now commonly referred to as the “Dungey
cycle”. When the southward IMF line in the solar wind reaches the magnetopause
to merge with a closed northward geomagnetic field line (i.e., both ends attached to
the Earth), an open field line (that is, one end attached to the Earth, and the other
end in the IMF) is produced to stretch out into the interplanetary space. The solar
wind sweeps the open lines over poles and stretches them into a long magnetic tail
downstream of the Earth, forming the northern and southern “lobes”. In the tail,
the field lines sink towards the tail center. As the oppositely directed lines anchored
in the northern and southern lobes meet with each other, magnetic reconnection
happens in the tail current sheet. After reconnection, disconnected field lines are
formed on the downstream side and flow away with the solar wind. On the upstream
side, closed field lines convect back towards the Earth and return to the dayside
magnetosphere. There, they participate in the convection cycle again. Similar to
the viscous process (but much more effective), this cycle also gives rise to a two-cell

pattern at the ionospheric footprint, as shown in Fig.1.3(a).

However, the convection pattern is different if the IMF changes. Fig.1.3(b) shows
a case when the IMF is northward. In this case, the pattern becomes four cells. More-
over, the IMF B, is important for the symmetry of the convection patterns relative
to the noon-midnight magnetic meridian. For the two-cell pattern, at B, = 0, the
cells are symmetric. For B, > 0, the dusk cell dominates, and for B, < 0, the dawn
cell dominates. For the four-cell pattern, at B, > 0, the inner morning cell domi-
nates; at B, < 0, the inner dusk cell dominates [see, e.g., Drayton (2006) for more
details, and Rich & Hairston (1994), Hesse et al. (1997) for much more complicated
patterns|. In any case, Reiff & Burch (1985), Ruohoniemi & Greenwald (1996), and
the Oulu Space Physics Group (2006) have provided the following basic convection
features: (1) the streamlines are equipotential lines, and no two streamlines cross
one another; (2) the total convection pattern has contributions jointly from both the
quasi-viscous interaction and the magnetic merging process. Even when the IMF is

around zero, the former can still produce a two-cell pattern; and (3) for a southward
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Figure 1.3: Convection patterns of the high latitude ionospheric
plasma: (a) Ionospheric electric fields and typical two-cell convection
pattern for a southward IMF and B, = 0. (b) Four-cell convection
pattern for a strongly northward IMF and B, = 0. The green and
grey shading in both diagrams indicate the auroral oval and polar cap,
respectively. Selected from Drayton (2006).

IMF, the convection pattern is usually made of two cells, and for a northward IMF,
the convection patterns may consist of several cells.

The large-scale solar wind (velocity Vy,) flowing in open field lines (magnetic
field By,) plays two roles following the merging process (Kelley & Heelis 1989).
On one hand, it produces a convection electric field Ey, = —Vg, X By, (upper
left panel, Fig.1.4). This field is partially shorted by the polar cap ionosphere. As
a result, electrons are deposited at the duskside, and ions on the dawnside of the
Earth at 70° — 80° magnetic latitude (MLat). Another contribution comes from the
perpendicular current, J |, driven by the solar wind, which is given by

1

~ B
Bsw

Ju

dV
(szw X P + pg X By, + By, X Vp) (1.1)

where p is the plasma density, g the gravitational acceleration, and p the plasma
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Figure 1.4: Schematic electrodynamic process in the system of solar
wind, magnetosphere, and ionosphere. Adapted from Kelley & Heelis
(1989) (upper left), Israelevich (2006) (upper right, lower right), and
UCLR http://meted.ucar.edu/hao/aurora/txt (lower left).

pressure.

There are three terms which contribute to J : the total time derivative, dV, /dt,
of the plasma flow, the gravitation, g, and the pressure gradient Vp. For a a negligible
gravitational term and a small pressure gradient, J | is only determined by the first
term. Clearly, J, is not controlled by Eg, but, rather, by the rate of change in
the solar wind momentum through the interaction between the solar wind and the

magnetosphere /ionosphere.

The ionospheric field E; serves two basic functions (Kelley & Heelis 1989). It
drives not only a plasma convection in the ionospheric F-region plasma at a speed
V; = E; x B;/B? (where By is the ionospheric magnetic field), but a perpendicular
current J;; = J, at ionospheric heights by J;; = & - E; (where & is the ionospheric
conductivity) as well. “Region 17 field-aligned current J; (also called Birkeland
currents; upper right and two lower panels, Fig.1.4) can thus be obtained by the
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zero divergence of the total current J = J, +J: V-J = 0. This means that
Vi-JL+08J/0s =0, 01, AJy = J* — Jpottom = — [V, -J ds = =V, - (T, -Ep)
(where s is the field-aligned distance, and ¥, the height-integrated conductivity).
The current closes via horizontal ionospheric Pedersen currents, “Region 27 field-
aligned currents, and the ring current. The ring current lies in the inner part of the
plasma sheet, where ions and electrons drift in opposite directions around the earth
due to the magnetic field gradient and curvature.

“Region 2”7 currents flow along closed magnetic field lines. They are related to
the separation of charges in the inner magnetosphere. The charges come from the
magnetotail plasma driven sunward by the cross-tail convective electric field E. As
they drift, relatively energetic electrons are moving dawnward around the Earth
due to the presence of the gradient-curvature of the magnetic field. By contrast,
relatively energetic ions are moving duskward. In auroral regions, the charges flow

along magnetic field lines.

1.3 Electric field structuring

The large-scale convection electric field in the high-latitude regions provides a fair
context for the average flow. However, a multitude of measurements from low-
altitude satellites, rockets, radars, and from optical means have shown that electric
field measurements with insufficient temporal resolution can sometimes hide very
large fluctuations and sharp transitions over a wide range of spatial and temporal
scales.

As a first example, Fig.1.5 reproduces observations made by the S23L1 rocket
around an auroral arc (Marklund et al. 1982). The fourth panel from the top
discloses that over a short distance electric field went down from ~110 mV/m to
~20 mV/m. The drop occurred in about 10 s, that is, on a scale of 10 km.

Moore (1996) studied a more complicated case. At ~500 km altitudes, the ARCS-
4 rocket obtained ionic O and the DC electric field data shown in Fig.1.6. Some
570 s after launch time, the electric field oscillated violently. Note that the authors

argued that the oscillations were related to vortical structures (more on this below).
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Figure 1.5: S23LI rocket measurements of the sharp transition region
associated with a discrete auroral arc (Marklund et al. 1982). From top
to bottom: electron temperature (°K), electron density (m—2), eastward
and northward components of electric field (mV/m), particle energy
flux (W/m?), and acceleration potential (kV) vs. flight time (s) and
altitude (km).

The perpendicular drift could soar up to 3 km/s, with a velocity shear ~0.75 m/s
per meter or more. At similar altitudes, Earle et al. (1989) observed an even more
structured event, namely, a change of 180 mV/m over 363 m, corresponding a shear
of ~11 m/s per meter. More strikingly, they even recorded a change larger than 200

mV/m over a short distance with a shear of ~25 m/s per meter.

In addition to arcs, there are several examples of cylindrical structures or “vor-
tices” at high latitudes. Some vortices have large scales (500-1000 km in diameter)

and are seen easily by, e.g., radars like SuperDARN. Some of them have been la-
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Figure 1.6: 3D plasma drift inferred from ARCS-4 rocket data of
O" (squares) and DC electric field (lines). X-direction northward, and
Y-direction perpendicular to X. Selected from Fig.11 in Moore (1996).

beled as “quasi-stationary convection vortices”, and have been shown to be closely
connected to the region-1 field-aligned currents, with a lifetime ~10-20 min (up to
50 min). Fig.1.7 gives an example of such a giant vortex (~30 min in lifetime, north-
ward IMF, geographic latitude and longitude, solid curves represent the magnetic
latitudes 70° and 80°) [Huang et al. (1998)]. The related potential drop is 5-10 kV.
The center of the vortex was considered to link with a stable, upward, filament-like,

field-aligned current (Alexeev et al. 1997).

At 400-500 km altitude, smaller vortices have also been observed by rockets. A
multi-instrumental measurement campaign involving magnetometer, rocket, and all-
sky camera data detected spirals of about 100 km in diameter. These usually rotate
clockwise, but sometimes counterclockwise (Pietrowski et al. 1999; Danielides &

Kozlovsky 2001). They appear at the poleward boundary of the nightside auroral
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Figure 1.7: SuperDarn map of velocity vectors of a giant vortex (~30
min in lifetime, northward IMF): Fig.2(c) in Huang et al. (1998).

oval. Afterwards, they form a poleward displaced bulge at the pre-or-post midnight
sector. Auroral Turbulence 1T Rocket data (Pietrowski et al. 1999), shown in Fig.1.8,
demonstrated that the electric field could reach up to 1.1 V/m with a shear 4 m/s

per meter or more. The peak shear region (about 1 km) was devoid of precipitation.

Much smaller scales of cylindrical structures have also been confirmed in the
topside ionosphere at 500~1000 km altitudes. They are called lower-hybrid (LH)
cavities. They have scales of tens of meters in width (or chord lengths). Fig.1.9
gives an example measured by the GEODESIC & OEDIPUS-C sounding rockets.
The panels show the VLF electric field (upper left) & the magnetic field (lower left)
(Bock 2005), the spatially density-depletion (upper right) (Knudsen et al. 2004),
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Figure 1.8: Rocket data for vortex electric fields (top and middle
panels; blue and red curves correspond to two different payloads, re-
spectively) and field shear (bottom panel; double and single payload
measurements in black and red, respectively) (Pietrowski et al. 1999).

and count images in velocity space (lower right) (Bock 2005). Both the electric and
magnetic signals are spikelike, either single-peaked or double-peaked. The electric
field gradient can be up to 30 mV/m over a few Debye lengths (several tens of

meters).

1.4 Ion velocity distributions

Clearly, in the auroral ionosphere, the transverse electric fields can become very

strong locally (up to ~1 V/m, as shown in the previous section). The regions are ei-
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Figure 1.9: Rocket measurements of LH cavities (Knudsen et al. 2004;
Bock 2005).

ther associated with elongated arcs (Cartesian geometry) or cylindrically symmetric.
Shears existing in these regions have been observed to reach up to 25 m/s per meter.
There are probably higher shears than that. As the spatial and temporal resolution

of the observations is improving, more and more such events should be measured.

Once a localized DC electric field E is established in a crossed magnetic field
B, an E x B drift is the result. For strong electric fields, the drift speed can reach
several km/s. This drift is considerable compared to the normal ion thermal speed
and compared to the thermal speed of the neutral gas with which the ions collide. As
a result, there can be strong deviations for ions from a thermal (Maxwellian) velocity

distributions (St.-Maurice & Schunk 1979). This is true of both the collisional and
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collision-free problems. The later applies to time scales shorter than a collision time.

Until now, the study of ion velocity distributions in the ionosphere has been done
for a uniform electric field in both collisional and collision-free cases. An initial study
involving an inhomogeneous electric field in collisional cases has also been completed.
The goal of the present research is to expand our knowledge beyond the early work
and to see how ions respond to large electric fields in the ionosphere with arbitrary
shears in the cylindrical geometry with and without collisions. To introduce the

subject, I now offer a brief review on the subject.

1.4.1 Distributions perpendicular to magnetic field lines: Ho-
mogeneous electric fields

Understanding velocity distributions is very important if we are to understand the
small-scale physics and the fundamental measurements made by incoherent scatter
radars, rockets, and satellites. In physics, knowing what creates the distribution will
tell us about the forces that act at any given instant; in experiments, we should rely
on a known velocity distribution with the knowledge that we have a good command
of what we measure, e.g., the temperature, compositions, etc.

In a pioneering study, Cole (1971) determined how far the ion distribution can
deviate from the equilibrium Maxwellian in a uniform electric field in the collision-
less case. He found that the distribution function is determined completely by the
characteristics of ion motion, or, precisely, by the energy conservation of ion motion
in the electromagnetic field. By considering an initial Maxwellian ion distribution
in the absence of the electric field, he obtained an ion velocity distribution which
pulsated about the E x B drift. For £ > 10 mV/m, the average ion distribution
started to deviate significantly from a Maxwellian.

Schunk & Walker (1972) generalized Cole’s work by including the collisional
term. Formally, the collision term is described by the Boltzmann collision integral.
By expanding the distribution function using a complete orthonomal polynomial
series of the products of Sonine polynomials and spherical tensors, the authors ob-

tained a Maxwellian-weighting, infinite-component solution of the Boltzmann equa-
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tion. The results were applicable to small distortions from the initial Maxwellian,
such as can be found with small electric fields, and/or high ion-neutral collision fre-
quencies. They found that the departure from a Maxwellian was small below 120 km
(where the collision frequency is comparable to the ion cyclotron frequency). Above
that altitude, the departure was basically the same at all altitudes below 300 km.
As with Cole’s results, a 10 mV /m electric field was deemed to be strong enough to

cause appreciable non-Maxwellian effects.

St-Maurice & Schunk (1973,1974) expanded Schunk & Walker’s work to strong
electric fields. They used a simple relaxation model in place of the Boltzmann col-
lision integral. Physically, this model assumes that the target neutral has a velocity
vy, satisfying a Maxwellian distribution. When an ion with velocity v; collides with
the neutral, the particles exchange velocities (v, is replaced by v; and vice versa).
The ion takes the neutral’s Maxwellian velocity distribution in phase space before
regaining momentum and energy from the electromagnetic fields. The neutral subse-
quently moves with the traded velocity until colliding with other neutrals. The time
scales over which the entire ion velocity distribution will change is, not surprisingly,
v; 1, a time long enough for all ions to experience roughly one collision.

St-Maurice & Schunk (1973,1974) obtained analytical solutions to the Boltzmann
equation for all electric field strengths and collision frequencies. In the small collision
regime (v;, < €);), namely, above 150 km, the ion distribution formed a torus for
electric fields higher than 40 mV/m. By contrast, in a region close to 120 km
(Vin ~ ), the distribution was bean-shaped for electric fields of 100 mV/m or
more. The departure of the ion distribution from a Maxwellian was confirmed by

radar measurements [possibly by Swift (1975), and later by Lockwood et al. (1987)],
and, by satellite observations (St-Maurice et al., 1976).

By scaling the analytical results for data analysis purposes, St-Maurice et al.
(1976) developed a method to retrieve plasma data from the non-Maxwellian distri-
bution in the small collision frequency regime. To explain how the observed velocity
distributions were compared to the theory we introduce Fig.1.10 and 1.11. Fig.1.10

displays the shapes of the ion velocity distribution that were calculated form the
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Figure 1.10: Behavior of the one-dimensional velocity distribution
[1g;/n; versus the normalized ion velocity v;/+/2kT,,/m; for various
values of the ion Mach number D’ (see text for details). From St-
Maurice et al. (1976).

Boltzmann equation, using a relaxation model to describe ion-neutral collisions. The
parameter D in this case is the ion Mach number, (Ec¢/B)/Vr,, where Vr, is the
neutral thermal speed. In Fig.1.10, IIg;/n; is the one-dimensional ion distribution
function (where “Il” is just “7”, g; is the distribution function perpendicular to the
line of sight of the instrument, and n; is the ion density).

Fig.1.10 shows that, according to the solutions obtained from the simple relax-
ation model, the shape of the one-dimensional ion velocity distribution function
evolves from a singly-peaked Maxwellian form at D’ = 0 to a double-humped distri-
bution once D’ exceeds 1.3. This has to be contrasted with Maxwellian distributions
which would be broadened but remain singly peaked no matter what the Mach num-
ber would be. This brings us to Fig.1.11 which was obtained by fitting the shape of
observed one-dimensional ion velocity distributions under various electric field (and,
therefore, ion temperature) conditions. The fitting parameter was called (Ec/B)/V,.

instead of D’ in this case. In other words, D’ in Fig.1.10 becomes a shape parameter

called (Fc/B)/V,. in Fig.1.11. Thus, if the observed distributions were found to
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Figure 1.11: Shape of the drift speed Ec¢/B normalized by the neutral
speed V. as a function of ion temperature 7 (“;” denotes O or NO™T)
without scaling (see text for details). From St-Maurice et al. (1976).

be Maxwellian, the parameter (Ec/B)/V,. in Fig.1.11 would be entered as zero. If
the observed distributions were double-humped, say, like the shape obtained with

D" = 1.5 in Fig.1.10, then we would enter a value (Ec/B)/V,. = 1.5 in Fig.1.11.

Curves A and B in Fig.1.11 are the results of theoretical calculations for the relax-
ation collision model using neutral temperatures of 800 K and 1200 K, respectively.
In these cases, the evolution of the shape parameter (Ec/B)/V,. against ion temper-
ature matches the values of D’ in Fig.1.10. Curves C and D in Fig.1.11 show that
there is a similar but less pronounced evolution in the shape of the observed distribu-
tions. Fig.1.11 shows that (1) the departures of the observed ion velocity distribution
from a Maxwellian, as quantified by the shape parameter (Fc/B)/V,. (later called
D+ in the literature), are smaller than predicted from the simple theory; (2) the
O™ distribution function has larger departures from a Maxwellian than the NO™
distribution; and (3) double-humped distributions were not observed even though
the distributions were much flatter than Maxwellians near their peaks. Fig.1.11 also

was used to infer that departures from a Maxwellian were detectable for electric field
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strengths as small as 10 mV /m.

From the above, we can conclude that collisions play an important role in deter-
mining the shape of ion velocity distributions. Unfortunately, the relaxation collision
model is crude. This is why the analytical results had to be scaled to account for
observations. Furthermore, for very strong electric fields, the scaling does not always
work at least not for O ions. This was demonstrated when Winkler et al. (1992)
applied a Monte-Carlo computation scheme to the Boltzmann collision intergral.
The authors considered both the speed and angular dependence in several types of
collisions between ions and a mixture of neutral constituents, all at once. They also
included the effect of chemistry, which is important for short lived N, ions. The
results showed that (1) if the electric field reaches ~125 mV/m, the NO™ velocity
distribution will not change anymore, and will be scalable; (2) for O and N, if the
electric field exceeds 100 mV/m, the distribution becomes very complicated and no
simple analytical expression could describe it; (3) any change in electric fields brings

about variation in the ion temperature anisotropy, especially for O*.

1.4.2 Distributions perpendicular to magnetic field lines: In-
homogeneous electric fields

If the electric field is not homogeneous, that is, if there are spatial divergences in
E (and thus shears in the E x B drift), the physical mechanism and mathematical
formulations become much more complex than what was presented in the last section
in solving the Boltzmann equation. Even the simplest parameter, the ion gyrofre-
quency €);, changes from §); = ¢B/m; in the homogeneous field to a new definition
in the inhomogeneous field.

For example, if the first derivative of the field (V - E = dE, /dz) is nonzero, while
the second derivative (d?E,/dz?) is zero, Cole (1976) showed that the effective gy-
rofrequency w satisfies w? = Q? + O,d(E,/B)/dz. In addition, he found that it is
possible to accelerate ions when the gyro-radius is larger than the scale length of the
potential well. Rothwell et al. (1995) stated that for d*FE,/dz? # 0, there are two
criteria about the gradients: d (F,/B) /dx > ;, and, d* (E,/B) /dz* > 3wQ;/(8vo)
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Figure 1.12: Logarithmic contours of ion velocity distributions in the
presence of drift velocity shears for a local electric field strength 100
mV/m (St-Maurice et al. 1994).

(where vy is the initial velocity). For the first condition, the kinetic theory has to
be used instead of either ideal or non-ideal MHD theory; if the second one is satis-
fied, untrapped ions occur. For a more complicated field, E, ~ ze~"", Rothwell et
al. (1992) and Anastasiadis et al. (2004) showed that particles are either trapped
or untrapped in the potential well; and, if the characteristic length of the well is
comparable to the gyroradius, stochastic heating can occur depending upon initial
conditions of the phase angle § = arctan(v,/vy0) (where vy, vy are initial velocity

components) and kinetic energy.

In the collision-free regime, Ganguli et al. (1988) obtained collision-free ion ve-
locity distributions again following the onset of a perpendicular electric field with a
linear divergence. The authors had in mind instability calculations in the presence
of shears at high enough altitudes, so that collisions would not affect the velocity
distributions for a sufficiently long time. After finding the invariants for the problem,
the authors used an arbitrary distribution of this invariant without attempting to
relate this distribution to a particular initial or boundary condition. This choice of
solution may have been valid for a slowly changing electric field in time. However,
the thesis shows that the task of actually linking the collision-free distribution even
just to simple initial conditions for a fast change in the electric field can actually be

surprisingly non-trivial even when all the invariants of the motion are known.
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To our knowledge, there has only been one study of more complicated problems to
obtain velocity distributions in the presence of perpendicular inhomogeneous electric
fields in the collisional regime. The work was done by St.-Maurice et al. (1994).
To solve the very complicated Boltzmann equation in the nonhomogeneous electric
field, the authors selected a model with a relatively simple electric field varying
linearly in space along a particular direction, perpendicular to the magnetic field:
E = Ey(1 + y/L)y in Cartesian geometry (where Ej is the field at y = 0, L the
characteristic length, y the ion position). Focusing on the collision-dominated case,
the authors found that a phase-average model involving ion characteristics could be

used to solve for the ion velocity distribution, and associated transport properties.

The calculations were carried out for a simple relaxation collision model; a similar
model had been used in earlier work to get the basic physical description of the
velocity distribution for the uniform perpendicular electric field case. By comparison
to the uniform case, the new velocity distributions in the F region were crescent-(or
horseshoe-) shaped, while retaining their symmetries along the electric field direction
(in agreement with the fact that Pedersen currents are weak in the F region). The
distortions from the toroidal shape were found to be due to the fact that ions coming
from more distant points in space had suffered more acceleration and were therefore
more energetic than ions coming from closer locations. The study also established
that the inhomogeneity in the field had to be on scales of the order of a few gyroradii

in order for the departures from the more familiar toroidal shape to be substantial.

To set up the phase-averaging, the model used the phase angle wt instead of
time ¢ in the integration over time. As a result, either the collisionless or collisional
velocity distribution could be analytically expressed by a series of Bessel functions.
The results showed “horseshoe-shaped” ion distributions as given in Fig.1.12. The
stronger the electric field is, the more evident the horse-shoe shape becomes. Note
that the mean ion drift velocity is different from the E x B drift velocity in the
plots. This was shown to be the result of the shears in the mean flow. In spite of the
different geometry, the theoretical results offer some similarities with recent rocket

data of LH cavities (Burchill et al. 2004; Knudsen et al. 2004; Bock 2005).
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1.4.3 Distributions parallel to magnetic field lines: With or
without parallel electric fields

In the magnetosphere-ionosphere coupling, there are three main categories of non-
Maxwellian ion outflow fluxes. They are thought to be connected with evaporation,
or, wave-particle interaction (WPI), or, a “pressure cooker” effect from the lower
ionosphere.

“Evaporation” is triggered when frictional heating increases the ion temperature
in the region where collisions with neutrals are frequent enough (below 400 km). The
heating is the result of temporary strong electric fields that accelerate the ions to
large speeds. The region across which the ions stop colliding with neutrals is called
the exobase and is near 400 km altitude (Loranc & St.-Maurice 1994; Lundin &
Guglielmi 2006). Above the exobase, the newly created hot ions gradually replace
the colder background ions.Rapidly, a net upward flux of ions is created with relative
speeds that can exceed 1 km/s in the high-latitude F-region. By 1000 km altitude,
the bi-modal nature of the velocity distribution can be very impressive. The parallel
ion velocity distribution becomes a non-Maxwellian between 500 km and 2500 km
with two groups of ions with different temperatures, as shown in Fig.1.13.

WPI is commonly accepted as a mechanism responsible for the energy gain of
ions that produce conics in velocity space [see, e.g., Gorney et al. (1985); Chang
et al. (1989); Andre & Chang (1994)]. Specific mechanisms include perpendicu-
lar acceleration through turbulent perpendicular electric fields near the lower-hybrid
frequencies at lower altitudes (particularly in the region of discrete auroras), and,
the perpendicular heating by broad-band waves overlapping the local ion cyclotron
frequency over a large range of altitudes. Especially, the broad-band low-frequency
(BBLF) waves extend over very long distances while interacting with ions. Alterna-
tively, the ions could be bouncing between the mirror points of the two hemispheres
as they slowly gain perpendicular energy.

Within the WPI mechanism, the presence of a parallel electric field (£) could
produce the ion conics through a so-called “pressure-cooker effect”. For this, the

presence of F) is important. As early as in 1950s, Alfvén (1958) first predicted the
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Figure 1.13: Ion parallel velocity distributions at different heights
above the exobase and different elapsed time. Parameter ¢ is the
parallel ion flux (Loranc & St.-Maurice 1994).

existence of parallel electric fields, and then numerous rockets and satellites verified
their existence in auroral regions [see, e.g., Mcllwain (1960), Albert (1967), Hoffman
& Evans (1968), Evans (1974), Haerendel et al. (1976), Mozer (1980), Mizera et al.
(1982), Carlson et al. (1998), Ergun et al. (2000), Mozer & Hull (2001), Janhunen
et al. (2004)]. Above 1Rpg, the measured parallel electric field strengths can be
very strong, up to even higher than 1000 mV/m in general [see, e.g., Mozer & Hull
(2001) and references therein]. They are connected with Birkeland currents, auroral

electron precipitation, double layers, anormalous resistivity, etc.

With the presence of the cooking mechanism, if a downward Ej is present, the
energized ions may be pushed back. In that case, they keep gaining perpendicular
energy but they are retarded by E) and then reflected at the mirror point and go
up again while gaining yet more perpendicular energy. This process could happen

repeatedly and the result of the confining parallel field is to keep all ions within the
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heating region [see Paschmann et al. (2003), and references therein]. After some
time when E is taken away, all ions can escape with a conic distribution in velocity
space. The first ion conic was measured by satellite 1976-65B (Sharp et al. 1977).
Fig.1.14 shows an example detected by the S3-3 satellite (Kintner 1980).
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Figure 1.14: An ion conic measured by S3-3 (Kintner 1980).

1.5 Thesis description

This thesis will focus on the non-Maxwellian ion velocity distributions produced by
inhomogeneous and time-dependent electric fields with and without collision effects
in the auroral ionosphere. As discussed above, ionospheric plasmas have two types of
geometries of interest: auroral arcs and vortices of various scales. These geometries
can be described by a Cartesian frame (z,y,2) and a cylindrical frame (r, ¢, 2).
Considering most previous work was done in the x, y, z-frame, but observations have
shown many instances of cylindrical charge/electric field arrangements in the auroral
ionosphere, I turn my attention to the ion velocity distributions that one should
expect in the auroral plasma in a cylindrical geometry.

On larger scales, convection vortices, 1000 to 3000 km in size, have been reported
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and studied by a number of authors [e.g., Vogelsang et al. (1993); Huang et al.
(1998)]. Smaller cylindrical regions are also known to exist, for example in auroral
rays (Baranoski et al. 2003). The smallest ionospheric cylindrical structures that we
are aware of can be as small as 10 to 20 m, and have been described as lower hybrid
cavities (Schuck et al. 2003). Based on the results obtained by St.-Maurice et al.
(1994), the smaller the radii of the cylinders become, the more the inhomogeneity of
the electric field is likely to affect the ion velocity distribution.

From a review of similar problems to a certain extent studied in other types of
plasmas (fusion plasma, for example) by, e.g., Vandenplas & Gould (1964), Whealton
& Woo (1971), Roig & Schoutens (1986), Date & Shimozuma (2001), and Takahashi
et al. (2004), we realize that the complexity of the calculation in a cylindrical
geometry requires that we approach the cylindrical geometry through a series of
incremental steps, so as to be able to understand the physics and develop suitable

approaches, and, based on which to solve more realistic problems.

As a first step, we deal with the most basic problem we can solve in Chapter 2
towards the goal to gain important insights into the more complicated situations,
while still being able to obtain complete analytical solutions: we tackle a situation for
which the strength of the ambient electric field increases linearly with the radius of
the cylinder, but is constant in time. We focus on ions that are well inside the cylin-
der, thereby neglecting radial edge effects and features associated with the decaying
field outside the cylinder. We also make the cylinder have negative space charge,
and we solve the collision-free problem. The underlying physical model is that of a
uniformly charged cylinder of excess electrons (i.e., space charge) that forms on a
time scale much shorter than the ion gyroperiod. These electrons need not exceed
the ambient density by more than one charge in 10°. The ambient electrons, with
their small gyroradii and large thermal speeds can be assumed to simply remain
Maxwellian while experiencing E x B drift in response to the radially linear E pro-
duced by the uniform space charges. In this initial work, E-field is assumed to be
maintained, irrespective of the ion response. The solutions thus obtained have proved

useful for more realistic applications such as in a collisional case, in E-configurations

27



where F is not proportional to the radius, or, in temporally changing E-fields.

Chapter 3 applies the approach developed in Chapter 2 to solve ion velocity
distributions and velocity moments for collisional F region problems in the electric
field model used in Chapter 2. By simplifying the ion-neutral collision term with the
relaxation model as done by St.-Maurice et al.(1994), we derive analytically the ion
velocity distribution function, and related transport properties, e.g., the ion density,
temperature, pressure, etc. 1 also show the connection between the collision-free
solutions and collisional ones.

By generalizing the above analytical work, we introduce a semi-numerical method
in Chapter 4 to produce various shapes of ion velocity distribution functions, as
well as transport properties at the same time. The approach is under collision-free
conditions for different electric field models which vary nonlinearly with radius, but
are still constant in time. A backward ray-tracing method is applied to trace back
ions from any position and velocity to the initial ones at the initial position and
velocity.

Chapter 5 studies the effects of density inhomogeneities at initial time on the ion
velocity distribution function at any time under temporally constant, but radially
nonlinear electric field structures. In the collision-free case, a couple of space-charge
models are adopted to give analytical solutions. In the collisional case, one space-
charge model is used to produce analytical solutions.

Chapter 6 discusses the excitation of several fundamental plasma oscillations
(such as cyclotron wave, hybrid waves, etc.). A fluid formalism is used in which the
radially linear electric field is modulated by incoming particles and thus is a function
of time.

The final part of the thesis, Chapter 7, summarizes the thesis work, and discusses
some important extensions based on what we obtained.

Throughout the thesis, SI units are used. Physical constants and input parame-

ters used in the analytical and numerical studies are summarized in Table 1.1.
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Table 1.1: Physical constants and input parameters.

Notation Definition Value Unit
B Auroral F-region geomagnetic field 5x107° Tesla
e Elementary charge 1.6022x10~% C
E, Radially linear electric field -F, at R, 0.1 V/m

Me Electron mass 9.110 x 10731 kg
m; Ionic O™ mass 2.6768 x 10726 | kg
My Atomic O mass 2.6768 x 10726 kg
ng Nonuniform ion density at maximum 1010~12 m-
n40 Uniform ion density at equilibrium 1010~12 m~3
One Electron space-charge density 1.11x10° m 3
rT Tonic O thermal gyroradius (vy, /) 3.3 m
R, Cylindrical radius at which F, = —E, 10 m
to Initial time at which E, is turned on 0 S
To Ionic O temperature at equilibrium 1000 K
Vth Ionic OT thermal speed at equilibrium 1000 m/s
Ve Electron thermal speed at equilibrium 242 vy, m/s
€0 permittivity of space 8.8542x10712 | F/m
Vin Ton-neutral collision frequency 0.3 s~1
w Ionic O cyclotron frequency in linear E, 1.915Q rad/s
Wpe Electron plasma frequency 6x10% rad/s
Q; Ionic O gyrofrequency 300 rad/s
Qe Electron gyrofrequency, eB/m, 8.813 x 10° rad/s
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CHAPTER 2
LINEAR, CONSTANT ELECTRIC FIELD:

CoOLLISION-FREE CASE

The goal of this Chapter is to describe a fundamental approach to obtaining
an ion velocity distribution and transport properties by solving a Boltzmann equa-
tion analytically in a simple radially linear, temporally constant electric field under
collision-free conditions. The structure of the Chapter is as follows: At first, the ion
motion in a cylindrical geometry will be discussed for an inward electric field that
increases in proportion to radial distance and constant in time. These trajectories
will then be used to obtain the collision-free ion distribution functions that are ap-
propriate to our cylindrical geometry. The behavior of the ion transport properties
will then be described in association with these distributions. Some mathematical

details regarding the ion orbits are provided in Appendices at the end of this thesis.

2.1 Properties of electrons and ions

The simplest useful model we can consider for cylindrically symmetric electric fields
is the one for which the net charge density is uniform within the cylindrical region.
This model requires excess electrons but does not mean that the plasma violates
quasi-neutrality: we assume here that the cylindrically charged region is made of a
small number of electrons and that these electrons can be very dynamic so that the
net charge produced by their accumulation over a cylindrical region can appear over
a time scale that’s faster than the ion gyroperiod. The time scale must not be so

short as to produce magnetic perturbations that could compete with the ambient
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Figure 2.1: Cylindrical coordinates with reference to the Cartesian
frame.
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magnetic field. However, even with electric fields of 1 V/m at a distance of 100 m
from the center it can be shown that a magnetic perturbation having 1% of the value
of the ambient field would require a time scale as short as 1 nanosecond, which is
much shorter than the time scales we have in mind here.

The framework for the problem considered in the present paper is described in
Fig.2.1. As shown in that figure, we use coordinates (7, ¢, z) in real space. We
assume that at time ¢t = 0 a negatively charged region is created along an infinitely
long column, in which the plasma density in the column (n.) is assumed to be uniform
everywhere. The electric field, E, points radially inward in the —r direction.

As stated already, inside our cylinder, the background electron density n.o and
the ion density ng satisfy n. ~ n.y =~ ng and the plasma is taken to be quasi-neutral.
Let dn. be the perturbed uniform electron density associated with the creation of the
electric field. The spatial distribution of the resulting electrostatic field E=E,.=F, ¢,

(where €, is the unit radial vector) can be obtained from Gauss’ law

eon,

V-E=—

(2.1)

€0

in which ¢ is the permittivity of space. As a result the electric field is given by the
expression

,
E,=—-F.— 2.2
i (22)

where E. = dnc[eR./(2¢)] is positive and R. is a characteristic radius at which
E, = —FE,. Clearly, the electric field within the cylinder is linear, and points radially
inward. We can check that the plasma is quasi-neutral with the following numbers:
if we were to let F.=100 mV/m at R.=10 m, the corresponding space-charge number
density would need to be én, ~ 1.11 x 105 m~3. This is 10* to 10° times smaller
than the ambient plasma density in the ionosphere.

In our model, the axis of the charged cylinder is along a geomagnetic field line.
For the problem at hand, the magnetic field B can furthermore be assumed for now
to be homogeneous in space: B = Bé, (where €, is the unit axial vector). It follows
that the electric field is perpendicular to the ambient magnetic field. When B is
upward, E x B points in the ¢-direction. Using a typical value of 5 x 107> Tesla (0.5
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Gauss) for the magnetic field, the E x B drift speed E/B becomes 2 km/s for a 100
mV /m electric field.

For O™ ions in the auroral ionosphere at an equilibrium temperature Ty = 1000
K, the speed F/B is typically larger than the ion thermal speed (vy, = \/m
where kj, is the Boltzmann constant, and m; is the ion mass) which is of the order of
1 km/s. The drift speed from a 100 mV /m field is likewise also large compared to the
thermal speed of the neutral gas (< 1 km/s) with which the ions collide (although
collisions are not considered in the present Chapter). We note, however, that for
electrons, the E x B drift speed is very small relative to the thermal speed, which
exceeds 100 km/s. Any departures from a Maxwellian velocity distribution due to
the Lorentz force under such small ratios of the drift speed to the thermal speed
have to be negligible [e.g., St.-Maurice and Schunk (1979)]. This also means that
the thermal electrons can simply be assumed to be E x B drifting and Maxwellian

for the situation at hand.

2.2 Solutions of ion equations of motion

In addition to the above considerations, we can of course safely neglect the influence
of gravity in directions perpendicular to the geomagnetic field since it can easily be
shown that the gravitational force is several orders smaller than the electromagnetic
forces. In the crossed electric field E and magnetic field B, individual ion trajectories
in the plane perpendicular to the geomagnetic field are therefore determined by the

following equations of motion:

dr dv
=V miaze(E—l—va) (2.3)

where r and v are the position and velocity vectors of the ion, respectively, in phase
space.

The kinetic solutions that we seek require that we integrate the ion equations
of motion for the situation at hand. This can be done using several methods, all
of which have their advantages. It is appropriate to first express the equations in

cylindrical coordinates in space. For our particular electric field model, Eq.(2.3) is
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then written as

ég,ré:—ﬂhﬁ—Qﬁ (2.4)

f:d&+@@—%&wc
in which Q; = eB/m; is the ion gyrofrequency. Eq.(2.4) provides expressions for
Newton’s second law of motion in both the radial and azimuthal directions.

It also proves useful to express the equations in terms of non-dimensional vari-
ables. Normalizing with respect to the thermal speed (vy,), the ion gyro-period
(Tq = 27/€);), and the mean ion thermal gyro-radius (rv = vy Tq) for the speeds
(v, =7 and vy = r¢§), time (), and radial position (r), respectively, Eq.(2.4) gives a
dimensionless set of first-order linear differential equations, along with initial condi-
tions {79, o, Vo, Vg0 } at t = 0, as follows:

2

. . c . c
=, U =—m7r—(21) {cdr——g} L b=—=
”

(2.5)

in which ¢4 = (E./B)/(RXY), and ¢, = 1olvgo/(2m) + 10/2] with the normalized
variables.

In general the equations would have to be integrated numerically. However, for
the linearly varying electric field used here, the equations are analytically integrable.
In section 3, we use a direct integration of Eq.(2.4) to obtain the orbits. However,
while this method works fine mathematically, it hides a lot of the important physics.
In Appendix A and B, we therefore introduce two other methods of integration
inspired from a presentation by Davidson (2001). These methods prove useful in
that they deliver a much clearer physical understanding of the orbits. The first
alternative approach expresses the equations in what is at first an arbitrary rotating
coordinate system. In that system a centrifugal and a Coriolis acceleration term are
both present.

As shown in Appendix A, there is one particular choice of a rotating frame,
with a frequency w,, in which the acceleration is actually simply perpendicular to
the velocity. Therefore, from the point of view of that rotating frame, the ions
follow a circle in velocity space. The angular frequency observed in the rotating

frame is a generalization of the usual cyclotron frequency. The frequency of the

34



rotating frame itself is much smaller than that. At small enough values of E./B (or
large values of R.), the period of rotation is in fact simply the time it takes for an
E x B drifting particle to go around the cylinder. The emerging picture, at least in
the presence of weaker electric fields, is that of ions suffering cyclotron-like velocity
oscillations as they E x B drift around the cylinder. For larger electric fields the basic
picture remains, but the frequencies are no longer equal to the simple expressions

just discussed.

Another analytical approach that we studied is discussed in Appendix B. This
method uses the complex variable Z = x + iy to solve the coupled differential equa-
tions in  and y. The starting point is to express the original variables in the form
7 = Z'exp(iw,t). In effect, this is the same thing as expressing the equations in a
suitable rotating frame. Not surprisingly, the frequency of choice is identical to what
was found using rotating coordinates as our starting point. Beyond that, however,
the integrals to perform are all first order differential equations. This has the virtue
to produce analytical solutions in terms of clearly stated initial conditions and clear

rotation frequencies.

In Figure 2.2a we have used our analytical solution from Appendix B to show how
the ions travel in the x —y plane (we double-checked that the solutions were the same
as those obtained with a numerical integration). Initially, the ions are accelerated
towards the center of the cylinder. As they move in, however, the electric force
decreases (weakening electric field) while the velocity increases. This means that at
some point the magnetic force becomes large enough to turn the ion around and
send it back to a point where the initial conditions in r» and v will be repeated so
that the cycle will start anew. The velocity in the x — y plane also oscillates, except
that it goes through sign reversals and therefore passes through zero at the largest
distances reached in the orbits: this can be seen in Figure 2.2b. In that figure we also
note that the velocity oscillations undergo a systematic rotation in the v, — v, plane.
This suggests that a better way to look at the results is to examine the velocity

components along the radial and tangential direction instead of in a fixed direction

35



specified by x or y. Namely, we should be looking at

. V-r .
vy =7=——, and vy =7rp =
r r

vV Xr

(2.6)

When this is done, the velocity field becomes much simpler, taking the form of a
somewhat distorted circle (see Figure 2.2c). This confirms that the better way to
visualize the solution is to picture the ions in the rotating frame undergoing a circular
motion, while the ions oscillate around the center of the circle. This way to look at
the ion velocity is described by the first expression given in Eq.(B.25) (Appendix B)

and is indeed the motivation for the approach used in the appendix.

2.3 Retrieval of the ion velocity distribution

To obtain the ion distribution function f; in the absence of collisions, we have to solve

the following Boltzmann equation, subject to proper initial and boundary conditions:

Df. 0f e _
S = SV Vit (B vxB) VoS =0 (2.7)

Notice here that the electric field is assumed to be ‘external’; i.e., maintained by

dynamical processes that are supposed for now to be unaffected by the local behavior
of the ions. In that sense, we are solving a Boltzmann equation, rather than a
Boltzmann-Vlasov equation in which the electric field contains both ‘external” and
‘internal’ components.

The function f; describes the probability of finding an ion in a particular volume
element in six-dimensional phase space. The system, in this case the ion component
of the gas, is composed of identical particles occupying the volume element drdv
around the phase-space point {r, v} [Gartnhaus (1964); Schmidt (1979); Humphries
(2002)]. Eq.(2.7) states that, owing to the neglect, in the present work, of the short-
range collision term (0f;/0t)., f; remains constant along 6-dimensional trajectories
followed by the ions in phase space, once a particular initial condition is stated.
This latter statement is important: the task at hand is not only simply to obtain the
invariants of motion, but also to identify the one function of these invariants that
satisfies the initial condition that we wish to impose on the ions (in this case, a cold

stationary Maxwellian at the time the electric field is suddenly turned on).
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Figure 2.2: Ton orbits in real space (Panel a), in velocity space in terms
of v, and v, (Panel b), and in velocity space in terms of the velocity
components projected along the radial direction and perpendicular to
it (Panel c). Input parameters are: E. = 0.1 V/m, B = 0.5 x 107 T,
R. = 10 m, ; = 300 rad/s, and initial parameters {ro, o, vr0, Vp0} =
{5,0,2,0} in a temporal interval from ¢ = 0 to 12 (or, 807 ms). The ion
thermal gyro-radius rr and the thermal speed vy, at the equilibrium
are ~21 m and ~1 km/s, respectively (OT ions at 1000 K). Note that
Rr > R. is allowable since R, is not the radius of the space-charge
cylinder but, rather, the radius at which the linearly increasing electric
field reaches the value E..
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To be more specific: after the initial time ¢ = 0 (hereafter we will use the subscript

‘0’ to indicate the initial state), we must first be able to describe the ions’ phase-space

trajectory that starts at an initial phase-space vector point {r(¢y), v(to)} = {ro, vo}.

If we can do this, the distribution function f;(r,v,t) at any time ¢ > 0 will remain

constant. That is to say, the solution to the problem D f;/Dt = 0 is simply formally
given by

file(t),v(t),t] = fi(ro,vo,0) = fo (2.8)

Of course, writing the solution in the above formal way still leaves us with the

task of finding an explicit expression for f; since

{r,v,t} # {ro,vo,0} (2.9)

The connection between the two phase-space positions can be obtained if we solve
the set of differential equations of motion given by Eq.(2.4). We take advantage
of the fact that these equations are symmetric in time, namely, that for two states
{ro, vo, to} and {r, v, t}, there are two identical solutions for the same set of equations
of motion [Gartnhaus (1964)]: one provides {r,v,t} expressed by using {ro, vo, o}
(forward tracking), while the other provides {rg, vo,to} expressed by using {r,v,t¢}
(backward tracking), whereby the description of the characteristics of motion is traced
backwards but is otherwise unaltered. Here, we use backward tracking to solve
fi(r,v,t). The backward tracking method allows us to relate the 6-dimensional
phase point {r,v} at any time ¢ to {rg, vo,0} and to therefore find the distribution
at time ¢, since the initial distribution is assumed to be fully known. Finding the
distribution function is then just a matter of expressing ry and vq in terms of r, v,
and t in the expression for the initial condition fy.

The most straightforward way to obtain the orbits is to use the conservation of
energy and angular momentum and integrate. See Appendix C for details. Specifi-

cally, after a first integration, Eq.(2.4) produces the following set [Eq.(C.28)]:

TQQZ' T%QZ K
5 = ToVgo + =

(XY
¢ + 2 my;

(%) (i)
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in which K is the angular momentum. The first expression describes the conservation

of angular momentum, and the second one describes the conservation of energy.
We can combine the two equations in Eq.(2.10) to obtain a canonical equation of

motion that is sometimes associated with the ‘pseudo-potential’ method, where the

angular momentum represents a form of potential energy. The final equation is then

given by [Eq.(C.29)]:
Qr\ 2 K\?> E r\? ro \ 2 Qirg\ 2 K \?
2 i e ) ! . _O _ 2 110
() () +5me (1) - (&) |5+ (5) +(5n)
(2.11)

A detailed derivation of the solution to this equation of motion is given in Eq.(D.25)

in Appendix D.
2.3.1 First form of the expression for the distribution func-
tion

Applying the backward tracking method to our system is a simple matter of noting
that v,, = dro/dt, and integrating Eq.(2.11) for ro instead of r (first part of Appendix

D). This amounts to formally integrating the expression

dzo L (2.12)
\/—bl.’ll'% + b2.’l§'0 — b3 Rc

in which
To = (TO/RC)2
by = (%R./2) + (E./B)R
by = by(r/Re)? 4 v + (vg + Q1 /2)°
by = [K/(miRe)]* = (r/Re)* (v + Qur /2)? )

b (2.13)

The integration of Eq.(2.12) produces the solution:

2
(;—”) = Ao[L F 2o sin(wt + )] (2.14)
in which the sign “F” before w takes “—” for v, > 0 and “4” for v, < 0, and
/RS
b2 blb3 EC/B .1 AO -
Ay = 2 —J1—4t3 — Q1442 — o
0 %, €0 2 w i + RO, ¢o = sin o
(2.15)
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Note that w = 2w, +2; is nothing but the effective gyro-frequency given in Appendix
A. Using, for example, the parameters given in Section 2, we obtain w = 1.915);.

Eq.(2.14) indicates that the mapping from 72 to 72 oscillates with a frequency w
as a function of time. Physically, this is because even though ry actually describes a
fixed initial position, the parameter r itself oscillates with time so that the backward
tracking sends us to different values of rq (recall that we are supposed to know f
for any value of ry). The oscillations in r can be seen in Fig.2.2(a).

Using Eqs.(2.10,2.14), we can now write an explicit expression for the ion velocity
distribution function f; via Eq.(2.8), assuming the initial distribution f; is known.
Here we choose a stationary Maxwellian that is initially independent of position,
with a uniform temperature Ty. A first expression for the ion velocity distribution

function in terms of our non-dimensional variables therefore becomes

fi(r, V,t) — fO _ @6—(’0304—1);0) — @e—(v%-l-vi) . eBQZFBlsiH(wt-i-d)o) (216)
v /s

In this expression,

Bl = 0080140 )
r 2
B2 = C AO - <E> (217)
Ee
Co = ERCQl J

Also, recall that the velocities are normalized with respect to the thermal speed

Eq.(2.16) is useful in that it offers a formal solution to the problem at hand.
This turns out to be of interest both in semi-numerical solutions to the more general
problem of arbitrary electric fields or for the collisional problem (as will be seen in
subsequent Chapters). However, the solution, as described here, does not describe
the behavior of the distribution function in a way that is particularly enlightening. It
allows the solution to be plotted for any time at any place, but the velocity moments
of the velocity distribution are, for instance, difficult to obtain analytically. This
stated, the expressions can be manipulated further to reveal a rather simple behavior
which is speaking volumes about the nature of the distribution function (f;), while

making it easy to obtain velocity moments of f;.
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2.3.2 Second form of the expression for the distribution func-
tion

Using Eq.(2.14) back in the second equation of Eq.(2.10), we obtain, after a substan-
tial amount of algebra (second part of Appendix D),

vl + 035 = ao [(vy — var)? 4 (v — vag)?] (2.18)
in which
1 0\ 2 )

ag = 1 — § 1-— U (]. — COSU)t)

E.or 19 (2.19)

y= == — it '
Vg B R a0 o sinw
E. 1 ,Q;

Vap = ER;CG—O E)2 (1 — COSWt) )

Rewritten in the form:

1
(vr = var)” + (vo = vag)” = — (v + v50) (2.20)
0
Eq.(2.18) states that, at any given time ¢, the velocities (v,, v,) are organized as loci
of concentric circles in velocity space. The radii of the circles depend both on time
t through ag and on the initial velocity conditions.
Furthermore, it can easily be seen from Eq.(2.19) that vq = (vay,vap) itself

describes a circle, namely,

I O (2.21)
dr d¢ B Rc v :
) ) ) .. ) 9 E.r
in which the radius Ry is simply given by |E x B/B?| = 2R
In concise vector form, Eqs.(2.20,2.21) can be rewritten as:
2 2 2
5 U ExB E
_ =20 — == 2.22
wevr =2 (-2 () (222)

The vector vq behaves as a velocity space guiding center which rotates around
the E x B drift. Note that the radius of that velocity space circle, E/B, is not

constant in space since it varies with the linearly varying electric field. Furthermore,

41



|V0| /aol/z

V|t =0 Yo

Figure 2.3: Characteristics of ion motions at an arbitrary radius r and
time ¢ described by the two velocity-vector circles shown in Eq.(2.22):
v circulating around vy, and, vq around the E x B drift point. The
curved arrows outside the R, -circle denote the directions of rotations

while Ry = |E x B|/B>.

one curious thing about v4 is that it does not go around its circle at a steady rate:
when wt is around 0 or a multiple of 27, v4 changes more slowly than if wt is near

an odd multiple of 7.

Fig.2.3 illustrates how the loci of velocities at some time ¢ and radial position r
are related to a particular initial condition given by a particular choice of vq. It also
illustrates the circular trajectory of vq for a full rotation of values for a particular

value of F/B (or choice of ), with the E x B drift as its center.

The radius of the circle that is centered on vq4(t) is determined by ao(t). While,
for clarity, the change in this radius with time is not shown, notice that it is always
a minimum at the beginning of a cycle (wt = 0 or multiple of 27) and reaches its
maximum value in the middle of a cycle, when wt is an odd multiple of 7. At any
time other than 0 or a multiple of 27 /w, the radius is greater than vy and oscillates

between the two extreme values.
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Using the first expression from Eq.(2.22), we can now write our ion distribution

function in its second, physically more insightful form, namely,

i, v, 8) = 20 pmaol(vr—var)+(vs—vas)’] (2.23)

-0
™

We have verified numerically that Eq.(2.16) and Eq.(2.23) are indeed identical
solutions for the ion velocity distribution in the collision-free case. It is easy to see

from the second form in particular that they clearly satisfy our initial conditions.

However, we should also check that our solution(s) satisfies the Boltzmann equation.

2.3.3 Verifying the correctness of the solution

Checking that the solution not only satisfies the initial conditions but also the Boltz-
mann equation turns out not to be as trivial as it looks. Since we use cylindrical
coordinates in real space and cartesian coordinates in velocity space with one com-
ponent of the velocity pointing in the radial direction and the other in the tangential
direction, a first task consists of describing the Boltzmann equation in these specific
coordinates.

For our coordinates the Boltzmann equation takes the form

afi
ot

+ - Vfi4+t Vofilpg =0 (2.24)

where the symbol |cr reminds us that the velocities are expressed as Cartesian ve-
locities in a rotating cylindrical system. Specifically, at a particular radial distance r
and angle ¢, one component of the velocity is chosen to be along the radial direction
and the second component along the tangential direction. The procedure is valid
as long as the acceleration is expressed properly in the non-inertial rotating frame
of reference associated with a rotation rate ¢ = vg/r. This means that the Coriolis
and centripetal acceleration terms have to be added to the acceleration terms, but
that in return the acceleration is given by the components v, and r¢. These accel-
eration terms have already been described in Eq.(2.4): in addition to the Lorentz

force contribution, the tangential component of the acceleration contains a Coriolis

acceleration given by —27"¢ = —2v,v,4/7. The radial contribution has an additional
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non-inertial (centrifugal) contribution equal to +rqz32 = vi /7 which can be viewed as
a superposition of an outward Coriolis contribution +27’¢2 and a centripetal accel-
eration term equal to —r@2.

Therefore, for polar coordinates in real space and for Cartesian coordinates in
velocity space that are attached to the polar coordinates, the equation Df;/Dt = 0
takes the form

Dfi_afi 5fz _E 8fz_ (A ) afi_
Dt_0t+vrc9r+( ol = Ry >(?vr (2~ ”’“QZ)a%_O

(2.25)

For an alternate derivation that is more direct but less physical we can state that
we choose to express f; in terms of f; = fi(r, ¢, 7, b; t). For this choice of variables

the total rate of change in f with time is given by

Dfi _0fi  0rdfi  0s0f Ordf 0b0f _0f 0fi 0f 0fi  :0f
Dt~ ot Tator "ot Taiar Tatag ot or T%as ok T 004
(2.26)

After this, we introduce the new notation v, = 7 and vy = rqB to end up with the

expression
Dfi  0fi afz v, df; | Ofi | ;0

Dt ot T T ae T an T 0,

(2.27)

and we use equation (2.4) to describe # and r¢ and end up with Eq.(2.25).

The next step in checking over the solution amounts to inserting Eq.(2.23) into
our explicit Boltzmann equation Eq.(2.25). Note that Df;/Dt = 0 is equivalent to
f7'Dfi/Dt =0, or, D(Inf;)/Dt = 0. Eq.(2.23) gives

Inf; =In (%) — ag(vy — var)? + (vy — vd¢) ]=1In (:LTO> - F (2.28)

in which F' = ag[(v, — var)? + (vg — vag)?]- Using Eqgs.(2.11,2.14) [or, directly from
Eq.(2.16)], the function F' is given by

F = aol(v, — var)? + (v — vag)?] = 07 + v3+

2 2

(&) et (w3 (229
E 1 r 229
LEep g TV, . R, 2 (

sinwt + 1 — coswt)

B " Rev/by 20,
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By using Eq.(2.29) in Eq.(2.25), and after a fair amount of algebra (see Appendix
E for details), we obtain dF'/dt = 0 as we should. Therefore, Df;/Dt = 0, that is,
Eq.(2.23) satisfies the Boltzmann equation and is the solution for the ion distribution

function for our particular choice of initial condition.

2.3.4 Physical description of the ion distribution function

Fig.2.4 describes in cartoon form how the collision-free ion velocity distribution
evolves as a function of time after the initial jump in the ambient electric field.
For the purpose of comparison we also present a cartoon of the velocity distribution
for a uniform electric field in the top panel and a similar cartoon for the case studied
here, namely, that of an electric field that grows linearly with radius in a cylindrical
geometry (bottom panel).

In the top panel, which is the solution initially studied by Cole (1971), the ions
oscillate in phase at the gyrofrequency, with sinusoidal motions in both their Pedersen
and Hall drift components. The temperature (i.e., the width of the distribution)
does not change and the rotation rate is constant, with the period equal to the ion
gyroperiod.

In the bottom panel, the velocity distribution is rotating about the local E x B
drift point at r, just as in the uniform electric field case. However, there are two
important differences from the top panel. First, the width of the distribution is
changing. The mathematical reason for this is easy to see from Eq.(2.23), which at
any given time describes a drifting Maxwellian, albeit one with a variable width [as
determined by 1/,/ay in our non-dimensional description where aq is described by
Eq.(2.19)]. As discussed above, this means that when the drift is the largest in the
Hall (E x B) direction, the width is also the largest. The second feature of interest
is that while, like the uniform electric field case, the distribution oscillates about the
local (E x B) drift point, we find that the rotation rate is not uniform, being faster
when the Hall drift is larger. Specifically, while the phase angle 6 relative to the
E x B drift is a linear function of time in the uniform electric field case (6 = Q;t),

in the case of the electric field strength that increases linearly with radial distance,
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it evolves into a nonlinear function of time satisfying

1Q; .
— —sinwt
ag W

-1 <&> (1 - coswt)

Qo w

tanf =

(2.30)

In summary, our collision-free distribution is a pulsating Maxwellian distribution,
just like in the uniform electric field case. However, the width (temperature) of that
pulsating distribution clearly oscillates with time, while the Hall and Pedersen drifts
do not follow the simple sinusoidal behavior of the uniform case, even though the
center of the drift pattern is still given by the E x B drift.

The above discussion, quite naturally, brings us to a discussion of the various
velocity moments (transport properties) of our velocity distribution. This subject
is, of course, particularly easy to study using our second formula for the distribution
function since it describes the velocity part of the distribution function in terms of

a pulsating Maxwellian.

2.4 Velocity moments and related transport coef-
ficients

The velocity moments of the ion velocity distribution are defined by the kth-order
velocity moment (vf) =/ vf fidv/n; where n; is the integral of the distribution
function over all velocities (zeroth-order velocity moment). Using these definitions,
plus Eq.(2.23), and switching back to dimensional units, it is very easy to show that

)
n; =no/ao , (Vr) =var, (Vy) = vay

v
= g, + v7o/ (2a0) = v, + kTo/(miao)
vfw + 03,/ (2a0) = v§¢ + kyTy/ (msag) (2.31)
Var + 3[0Fo/(200) var = vg, + 3[kyTo/ (miao)]var

Uiz; + 3[vFo/ (2a0)]vap = U(?iqb + 3[ks 1o/ (msag)]vag )

(Y

(%

v

(07)
(vg)
(v7)
(v3)
Note that the density expression depends on time but not in position. It depends

on time through ay which has been posted in Eq.(2.19).

46



|V0| /aolfz
2 (ag=1) E

v
VI"

Figure 2.4: Temporal evolutions of a pulsating distribution function

in a crossed uniform magnetic field. Upper: a uniform electric field
E = E_; Lower: a radially linear electric field £ = —E.r/R..
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The above integrals are easily related to the various average transport properties
le.g., Schunk & Nagy (2000)]. Noticing that Tp is not only the equilibrium temper-
ature, but in the present context, also the temperature 7} which is parallel to the

magnetic field direction, we end up with the following transport properties:

\
Vaver = <UT> y  Vavep = <U¢>

m; Ty m; 1o
T = —((?) = () ==, T,=— =22 T =T
™ ((v7) = (or)?) oW T ——((v3) — (vy)?) o Ti=To
Prr = Nk T s pog = ik Ty, py = nikyTo (2.32)

¢ = mi((v)) — (v:)?) = 3(v.) (B T,) = 0,
go = mi((v3) — (v5)?) — 3(vg) (s T) =0, ¢ =0

7
where T, and T}, are the ion temperature along the r and ¢ directions, respectively;
Drrs Dgg and py are the rr- ¢p¢- and ||||- elements of the ion pressure tensor P;; and ¢,

and ¢, are components of ion heat flow q; in the radial and ¢ directions, respectively.

2)‘

n
} (2.33)

As a result we can write

T4+ Ty+T) 1
T — +¢+__T(

3 3
1
20
ap

owl =

{Prr, Doo, Py} = Po {

q; =0

Note that (1) all non-diagonal elements of the pressure tensor are zero, (2) the
scalar pressure p;, defined as one-third of the trace of the pressure tensor, is p; =
po(2/ag + 1).

Fig.2.5 displays the bulk parameters for one cycle of oscillation. It shows the
average velocity v,y through the drift velocity vqa = {(v,), (vs)}. It also shows
just how the density, temperature and pressure undergo their temporal oscillations.
We note that both the ion density and perpendicular temperatures share the same
temporal variation, namely, n;(r,t)/ny = T,.(r,t) /Ty = 1/ag. Furthermore there is
no heat flow at any given time in either the r, ¢, or z directions, consistent with the
fact that the distribution is symmetric about its drift point at all times.

One feature that requires comment is the in-phase oscillation in the density and

the perpendicular temperatures, which resembles adiabatic heating in the sense that
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transport properties

Figure 2.5: Bulk properties associated with the ion velocity distribu-
tion function in our cylindrical geometry in the collision-free case.

the higher densities are accompanied by internal ion heating. The physical origin
of this behavior is that when the electric field, F,, is turned on at ¢t = 0, the ions
are all attracted to the negative center of charge and, on average, move towards the
center of the cylinder. However, because the electric field is stronger at larger radial
distances, distant ions starting at larger electric fields are accelerated more than inner
ions. This means that the distant ions travel more and gain more energy than inner
ions. During the first half of an acceleration cycle the ions, which oscillate in phase
in our particular case, therefore converge (higher densities) and are on average more
energetic (higher perpendicular temperatures). The peak density and temperature
values are reached when the magnetic force becomes large enough to deflect the ions

back to their initial radial positions.
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2.5 Summary and discussion

In this Chapter, the collision-free Boltzmann equation has been solved in a cylindrical
geometry for a uniform magnetic field crossed with a negative electric field that
increases linearly in strength with radial distance and keeps constant in time. The
electric field was assumed to be produced by a cloud of electrons brought about by
external processes, e.g., precipitating beams of electrons. In order to provide a useful
reference and offer physical insights into solving more complicated situations, I used
as simple a model as possible. This meant that there are no attempts to compute
the ion feedback on the ambient electric field, and that collisions were neglected.
The solutions were meant to apply well inside the uniformly charged cylinder. Also
neglected were the gravitational field, possible electric field components parallel to

the magnetic field, and changes in the magnetic field with position.

For the problem at hand, the resulting ion distribution function took a surpris-
ingly simple shape, becoming a pulsating Maxwellian (if initially assumed to be a
uniform Maxwellian in space). During the pulsation, the density, the two compo-
nents of the perpendicular drift and temperature, were all found to change with
time. The drift velocity oscillated about the local E x B drift, but the oscillation
was not represented by a simple sinusoidal oscillation, with the mean drift spending
more time at the smaller values than at the larger ones. The temperature and den-
sity were found to oscillate in phase and to take their largest values when the drift

reached it maximum value.

One interesting feature of the solutions is with the ion density oscillation. If
this oscillation were not to be accompanied by a similar oscillation in the electron
density, the charge neutrality assumption would break down. This means that, were
the electrons not able to follow the ions, the ions would be able to modify the
ambient electric field. However, if the initial electric field were to be maintained
by some voltage generator, extra electrons would have to be brought up along the
magnetic field to compensate for the reduction. This would contrast with an initial

value problem, where the ions would change the electric field so that the system
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that we have studied here might start to behave more like a large-amplitude upper-
hybrid (UH) oscillator (I will pursue this study in Chapter 5). One important point
to notice is that the density oscillation is caused by the fact that all ions oscillate
in phase, which is a peculiarity of the linearly increasing electric field in a collision-
free environment. Therefore, the density oscillation will disappear once collisions
are added, since one of the features collisions add is a randomization of the phases
(this is clearly seen in the homogeneous problem when we compare collisional and
collision-free solutions). Also, for fields that do not depend linearly on radius, the
ions do not oscillate in phase, so that the density response would at least be less

pronounced, if present at all. A few possibilities along these lines are considered in

Chapter 4.
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CHAPTER 3
LINEAR AND CONSTANT ELECTRIC FIELD:

THE COLLISIONAL CASE

The approach used in the previous Chapter provides a reference and offers phys-
ical insights in the process of obtaining ion distribution functions and transport
properties for more realistic, but also more complicated, electric field configurations.
In this Chapter, I will show that the solutions given in Chapter 2 turn out to prove
very useful for the solution of the collisional F' region problem.

Above 80 km in the atmosphere, the gas is dilute enough that we need only
consider binary collisions between neutrals, or, between charged particles and neutral
atoms or molecules. The general collision operator in the case is the Boltzmann

collision operator, e.g., Bernstein (1964).

3.1 Selection of a collision operator

Ideally, an appropriate full collision operator (i.e., the Boltzmann collision integral)

should be used to describe ion-neutral collisions [e.g., Schunk & Nagy (2000)]:

().~
ot | (3.1)
= fdvnfgain(g7e>[fi(x7 V;’t)fn()gv:ut) - fi(x7 Vivt)fn(x7 th)]dQ

where the subscripts “,n” denote “ion, neutral”, respectively; dv,, is the velocity-
space volume element for neutrals; v; and v,, are the ion and the neutral velocities,
respectively, before the collision, while v, and v/, are their velocities, respectively,
after the collision; g = |v; —v,,| is the relative speed of the colliding ions and neutrals;

o is the differential scattering cross section, defined as the number of particles
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scattered into an element of solid angle, d§2, per unit time in the colliding particles’
center-of-mass reference frame; and, 6 is the center-of-mass scattering angle.

In Eq.(3.1), the first term in the brackets corresponds to the particles scattered
into a given region of velocity space (production term) and the second term corre-
sponds to the particles scattered out of the same region of velocity space (loss term).
This operator is so complicated that it is impossible to obtain simple analytical
solutions for the ion velocity distribution with it.

Series expansion based on arbitrary zeroth order functions are normally used to
obtain limited solutions that are associated with the convergence of the series being
used [Minther (1965)]. Note that the series converges faster if an appropriate guess

is used for the zeroth order distribution function.

When collisions play a dominant role, Maxwellian velocity distributions are of-
ten used as appropriate weighing functions. However, in cases collisions are infre-
quent enough, the zeroth order distribution may itself depart significantly from a
Maxwellian (see Chapter 1). It therefore proves useful to use other methods than

series expansions after the zero order weighing function.

One approach that has been used in reference to the ionosphere is the Monto
Carlo method [Winkler et al. (1992)]. However, this method does not converge

rapidly away from the peak of the distribution function.

A second approach that has been used in the ionosphere with some success has
been to use a relaxation model (RM) [e.g., St-Maurice & Schunk (1973)]. This model
has a simple form that allows the collisional Boltzmann equation to be integrated
relatively easily. The model is similar to the BGK model originally proposed by
Bhatnagar et al. (1954), except for the fact that the latter was created to describe
self-collisions whereas the former is describing collisions between different species.
One important difference is with what the collisions drive the distribution to. In the
BGK model, collisions drive the species to a Maxwellian that has the actual drift
and temperature of the species under consideration. In the RM used by ionospheric
physicists, the collisions drive the distribution function of a minor constituent to the

distribution function of the major constituent. The latter is usually assumed to be
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a Maxwellian at rest. The collision operator is then described by

where f, is a Maxwellian distribution at rest and having the temperature of the

neutral gas. In this equation, v;, is the ion-neutral momentum transfer collision
frequency, n; the ion density, and n,, the neutral density.

A first point to realize is that the RM does not conserve energy and momentum
unless the ion and neutral masses are equal. Fortunately, this is often the case in
the ionosphere. A second point to realize is that the RM can greatly exaggerate
the effect of collisions. The reason for this has been highlighted by St.-Maurice &
Schunk (1979), who showed that the RM can be derived from the Boltzmann collision

operator under the assumption that the collision cross-section is given by
C
g

and m; = m,,, where C'is a constant. The angular dependence means that, in a RM,
all collisions are “head-on” collisions in the center of mass system. In the laboratory
system, this is akin to a pure charge-exchange between an ion and a neutral of the
same mass (as often happens to ions in their parent gas).

The (1/g)-dependence in o, is also needed to insure that the RM is recovered.
When the cross section has this speed dependence, the interaction is described as
a “Maxwell-molecule” interaction. This interaction turns out to be a good descrip-
tion of the induced dipole interaction between an ion and a neutral particle (1/r%-
potential). It often applies to the kinds of energies that ionospheric particles have.
Note that the collision frequency is a constant in this case.

We will in this Chapter use the RM in order to obtain a first order description of
the non-Maxwellian characteristics of the ion velocity distribution under a strongly
driven cylindrical electric field configuration. From the above discussion, we will
expect that (1) the distortions driven by collisions will be exaggerated; (2) all velocity
moments will have a same relaxation time; and, (3) particle diffusion driven by

temperature gradients will not be present because of the constant collision frequency
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implied by the RM. In spite of these limitations, the solutions should offer valuable
insights into the effect of ion-neutral collisions on the ion velocity distribution. This
has been demonstrated by St.-Maurice et al. (1976) and Winkler et al. (1992)
when comparing RM solutions to observations or to Monte-Carlo calculations. The
comparisons showed that while the RM solutions did indeed exaggerate the trends
away from Maxwellian distributions, the essential characteristics of the distribution
function could be recovered, to the point that a simple scaling of the solution to
weaker actual conditions could often be enough to produce a very realistic description

of the actual distribution function.

3.2 Collisional ion velocity distribution solutions

With the RM collision term the Boltzmann equation becomes

2
Dfi _9fi O 0% (%, o FPegp ) of;

Dt Ot o or v 0z r B R_g ov, (3.4)
Uy Vg Ofi n; '
_<2 +UTQZ)_:_VZ’VZ fz__fn
r vy N,
where 0f;/0¢ = 0 is used owing to cylindrical symmetry. This equation has
Dfi 1 Df; 1
= —Vin i Jn ) 5 ni — Vin—Jn 3.5
Dt v, (f nnf> or, [t fi=v nnf (3.5)

from which the ion distribution function can be formally solved as

fi = fue "' + %e_yi"t/ ni(t') fu(t')e’ " dt’ (3.6)
0

n

where the time integral must be performed by following the characteristics of ion
motion, and, where f;; is the collision-free ion velocity distribution function solved

in Chapter 2, namely,

fil (I‘, v, t) = @6_(UE+U§>) ' €B2$Blsm(wt+¢0) (37>

or

fil (I‘, v, t) — %6*00[(’Ur*’Udr)2+(v¢7vd¢)2] (38)

5}



where all parameters have been given in Chapter 2. Eq.(3.6) requires that we use
another equation for the density, which can be obtained by integrating this equation

itself, namely,

ny — / Fi(v)dv = / ulv)dy vt / dv /O ) et (3.9)

Defining N; = n;e’»t, the above equation becomes
N, = %&) + ;—: /O N { / fn(t’)dv} dt’ (3.10)
where Eq.(2.23) has been used to get the first term on the RHS.

Note that 0 < ¢ < ¢ in Eqgs.(3.9,3.10), and, at ' ion and neutral collide with each
other.

Clearly, there are three problems to solve before obtaining a final solution for f; in
Eq.(3.6). The first is the expression of the distribution function f,,(¢'), the second is
to obtain the density n;(¢') or N;(t') for ions colliding with neutrals, and the last is to
perform the integration from 0 to ¢. Fortunately, St.-Maurice et al. (1994) provided
an effective approach in solving these problems, though the authors focused on ion
velocity distributions in electric fields that varied linearly along the z-direction. In
particular, they developed a “phase-angle integration” method. I apply the same

method here to obtain f; in the cylindrical geometry.

3.2.1 Expression for f,(t')

The RM states that when the ions collide, their velocity distribution immediately
after a collision is that of the neutrals, namely, a Maxwellian at the neutral drift
and temperature, i.e., a stationary Maxwellian at a temperature 7,,. While this is
not necessary, we will assume here that this temperature is also T}y, the temperature
of the ions prior to the electric field onset. This means that we will use the same
normalization for f,, as we used for f;;. In reality we should expect to have T;q > T, in
ionospheric situations above 200 km. However, this would only change the parameter
normalization in solving Eq.(3.6).

The task to find f,(t') given that f,(0) is a stationary Maxwellian is identical
to the task of finding f;1(t') when f;1(0) is a Maxwellian. This means that we have
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already solved the problem of finding f,(¢): if the distribution is a Maxwellian at
t" = 0, then for ¢ # 0, we only need to follow the characteristics of motion to

determine how f,, evolves. This is to say,

Fult) = Dnem(hH}) |  BatBusinfu(t'—t)+o] (3.11)
s
or
fult') = Zmemeallorvin) ey ] (3.12)
s
in which , \
t—t
o = an(t') = ay + azcosw( )
a1 + as
, , Ec r 1 Qz . ,
Vyp = Ud'r(t> = EEQ_OUSIDW(t — t) (313)
EC r 1 Qz 2
Vgy = Vag(t') = B R.aq (U) [1 — cosw(t’ —1)] )
E./B E./B . .
where ¢y =1+ 2 R/Q , Qg = 2 R/Q . It follows from these considerations that

/fn(t’)dv = (3.14)

3.2.2 Obtaining n; from the collisional solution

Using Eq.(3.14) in Eq.(3.10) we obtain

Nio ¢ Ni(t)
N, = ; dt 1
the differential form of which is
dN,L d ) Vin,
= — | — —N; 3.16
dt dt ( Qo ) + Qo ( )
or
dNZ Vin d )
— N, =— = 3.17
dt Qo dt < Qo ) ( )

Applying the initial condition N;|;—g = n;|i=0 = n49, the solution of Eq.(3.17) is

_ t! Vin N d¢!
o + niol/inef(f[’/in/ao(t’)}dt’ . ft € Jo Win/ao(t")]
v H

Introduce as a new variable, the phase angle is @ = wt. Eq.(3.18) then becomes

N, = a  (318)

. ’
wt e—UZT” f(;”t da/" Jap(a')

do’ (3.19)

40 Vin Yin (@t 44/ /
Ni = + ng—e « Jo da’/ao(’)
W 0

ao (1) ag(a’)
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Appendix F introduces the mathematical steps to obtain the final expression of
N;. For a sufficient number of gyro-cycles, the integer of [wt/(27)] is ~ wt/(27),
Eq.(F.16) gives

1 "'an
N; = nig {— +ay (e ST 1)} (3.20)
Qg
Then, by definition of N;, we obtain
! f t—0
; — or —
& — <l _ a1> erint + ale(W/Qifl)llint — ag
o 0 ap e/ vint for t— oo

(3.21)
which reveals that the ion density contains two components. One is determined by
ap, oscillating with time. But this term decreases exponentially in time. By contrast,
due to the fact that w > €);, the other one increases exponentially in time. There are
two extreme cases. At t = 0, Eq.(3.21) states that n; = n;o/ag, which is the same
as that in the collision-free case covered in Chapter 2. The other extreme situation
is t — oo. Now the first component disappears and the second one controls the
evolution of the density.

The relative importance of the two components can be estimated as follows.
Using a1 = 14+ 2(E./B)/(R. %) = 7/3, as = 2(E./B)/(R.£);) = 4/3, w/Q; = 1.915,
we know that after a half relaxation time 0.5v;,", the second RHS term in Eq.(3.21)
is 6.1, more than four times greater than the first term which is between -4/3 and
4/3. For longer times, the first term is negligible. For shorter times, it should not
be dropped off. This allows the relation of n; — n;o/ag for t — 0 to be kept. Fig.3.1
shows the density evolution under different electric fields. In this figure and from
this point on, the unit of time is 7' = 27 /w.

At this point the time-dependence of n; needs to be discussed briefly. For small
times during which the effects of collisions are not being felt yet, the density oscillates,
as discussed in Chapter 2. The oscillation is rooted in the fact that after the negative
charges are suddenly introduced in the system, the ions are drawn to the negative
charges. As a result, the density increases. However, after some time, the ions are
reflected by the magnetic field and the density decreases again. This is basically

the physics behind electrostatic ion cyclotron waves in general (here though the
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Figure 3.1: Evolution of ion density under different electric fields FE..

oscillation is at w > €Q;, it is still the basic cyclotron physics).

When collisions with the neutrals are introduced we find that the ion density
increases. At first, this is because with collisions, weak currents are set up along
the electric field direction (these are called “Pedersen currents” in the ionospheric
literature). The currents are set up because the ions are gaining kinetic energy as
they approach the negative center of charges. This also means that the ion density
increases as well. As long as the electric field is maintained, more electrons will have
to be brought up from outside to maintain the electric field. Thus, as the ions are
accumulating, the total density (ion plus electron) will increase first so as to maintain
the electric field strength. This situation does not necessarily happen in ionospheric

situations, but it is consistent with our model.
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3.2.3 Putting the two components of f; together

By substituting Eq.(3.21) directly in Eq.(3.6), Appendix F' also gives the expression
of f; as shown in Eq.(F.21). From it, we have

fi — file—l/mt + @e—l’mt.

n

ot oo (1 ettt 1
_{Vm 2 (—_al) fn(a’)da’+a1 6— 02 fn(O/)dO/}:

2 9\ ag w  or
nio 2 1 or s
= {le - n—nalzg 0 fn(O/)do/} e Vint
—U; (i,_l)V'L'nt
Nio | Vint - €77t or (1 , Qe o
0 ) Zmt E - _ ' (o)da iz ' (o)da’
+nn{ 5 IN (ao a1>f(a) o a1 ———r Jo " fa(a)da J

(3.22)
Clearly, the first term in the “{-}”-expression of the result is smaller than the second.
Similar to the previous discussion, this term can be neglected after several gyrations
of ions due to its insignificance in the contribution to f;, e.g., only a half collision
time, the second term contributes five-fold more. Consequently, we have
Ji= |:fi1 - ;a1;— 0 fn(O/)dO/] e Vint4

N ) (3.23)

10,8 1 o ] e

w 21

As a test for the f;-solution given above, let’s integrate it over velocity space to

see if it gives the same density n; as shown in Eq.(3.21):
.

o Mo 41 or Ny .
=) fidv=|———a—— ———do/| et
ni = [ fudv [ag nnaleWfo ap(a) oz]e +
1 Qz 1 T n L —1)y;
+ @CL L 02 " do’ e(ﬂi 1) int _ (324)
N, w27 ap(a)
= @ — nioal) e Vinl <ni0aleﬂii”"t> e~ Vint
Qo )
or,
1
; 1 © 1\ — for t—0
o (_ - al) e Vit 4 qpela Tt = L ag (3.25)
10 Qo ale(g%fl)wnt for + — oo
the same expression as Eq.(3.21).
Using Eqgs.(3.8,3.11), Eq.(3.23) provides
i = le_ao[(Uf_Ud’I‘)Q"'_(v(t_vdqb)Q] . e_Vint_|_
T 7T (3.26)
_z& ) 27 e—(v%+vd2>)+(B2iBlsina’)da/ (eg%l/mt i 1) e—umt
w 22 Y0
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Noting the following points: (1) parameters B; and Bs are neither explicit functions
1 o - .

of a (or t), nor of  (or t'), (2) the integration Py f02 eFBisine’ 4o/ is the zeroth-order
T

modified Bessel function Iy(£B;) = Io(+By) = Iy(—B1), we rewrite Eq.(3.26) as

ﬁ = le_“"[(“T_”<ir)2+(%—”d¢)2] ceVint
ngo W (3.27)
Q; w o,
4+ 2B (or4vg) —ay - Iy(By) - (eﬂi it _ 1> g~ Vint
s w

Obviously, f; contains two components. One is the collision-free term f;cfree, and the

other is the collisional term f;cnal, satisfying
fi = finrcc + fiCnal = fil : eil/mt + fz'2 : (eﬁiymt - ].) eiymt (328)

in which
- int
finree = fil e
%Vint —VUint

fiCnal:fiQ' <6Q’ —1)6 v

fit Jip = - e—tol(er—var)H(up—vae)?

T
Q;

1 B1+Ba—(vZ+0v2) -B
i2/Mio = — el — (B
f2/n0 7T€ wal [6 ( 1)} )

b (3.29)

Fig.3.2 shows the ratios, ficfee/fi1 and ficna/ fiz, versus time. Obviously, the first
ratio decreases exponentially to zero from the initial value of 1, while the second one

increases exponentially from zero to 20 at the end of time selected in calculations.

3.2.4 Evolution of f;

The evolution of f; depends on the temporal behaviors of ficgee(t) [which contains
fir(t)] and ficna(t) [which contains fi2(t)]. Chapter 2 has shown that f;;(t) is a
shifted, pulsating Maxwellian in time. The shifting center rotates around the E x B
drift, while the distribution relative to the center pulsates periodically. As one com-
ponent of f;, however, this shifted, pulsating Maxwellian decays with time exponen-
tially, as shown by fice in Eq.(3.29).

By contrast with f;1(t), fio is not a function of time, but it contains a Bessel
function. Figs.3.3 & 3.4 describe the evolution of f;5 as a function of radial position
and electric field strength, respectively. The panels in the two figures show that

the collisional component in the ion velocity distribution exhibits a horse-shoe shape
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Figure 3.2: Evolution of the two ratios: fi1/ fictee and fia/ ficnal-

which can be with a hollow or a solid core. In the extreme cases (large distance from
the center, or strong electric field), energetic tails form. This means that ions are

heated transversely.

As discussed earlier, though fis is independent of time, f;cnai(t) grows exponen-
tially with time due to w > €2;. This term increasingly dominates f;. Fig.3.5 presents
the temporal evolution of f; att = 57", t = 10T, t = 507", and t = 5007 in four panels,
respectively. Let’s consider two extremes. In the first panel, t = 57 = 107/w = 55
ms. Then, v;,t = 1.6 x 1072, producing e "' ~ 1, and e«/%)¥nt — 1 ~ 0. Con-
sequently, f; is chiefly determined by ficfee(t), showing a Maxwellian shape. By
contrast, in the last panel, ¢ = 5007 = 5500 ms. Then, v;,t = 1.6, producing
e~ Vint =~ (.2, and e nt 1 x5 935, Consequently, f; is completely controlled by

ficnal(t), exhibiting a horse-shoe shape.
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Figure 3.3: Development of f;3 horse-shoe distribution versus radial
position 7.

3.3 Velocity moments and transport properties

In Appendix G, a series of mathematical expressions is provided in order to calculate

velocity moments. The six formulae in Eq.(G.19) are used in following expressions.

Using Eqs.(3.8,3.12) with the velocity in vector form, the velocity moments can
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Figure 3.4: Development of f;5 horse-shoe distribution versus electric
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be obtained as follows:

1
(vF) = - [k fidv =

't Q1 o L
J ¥ {E TR 02 fu(a)da - (eﬂi int _ 1)] dv
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Figure 3.5: Evolution of f; horse-shoe distribution versus time t.

which provides following dimensionless components of velocity moments:

vgr fort — 0
(vr) = =0 (3.31)
1+ apaq (697"1'" — 1) 0 fort— oo

Ec T Lot )

vas + o (77 1)

{vg) = 0 =
1+ agaq (e“i - 1)

’ (3.32)
Vdg fort — 0
= E.r ;
EE ort — o0 )
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The normalization for the ion density n; is n;, for the average velocity compo-

nents Vayver and Vayveg iS Urig, for the temperature components 7, and T} is T, for

the pressure tensor compponents p,, and pye is njokyTio, and for the heat-flow com-

ponents g, and gy is mv},,. The velocity moments are therefore provide transport

67



1400

E/B=4

1200

1000+

800+

JE

600

400

200

t/T

Figure 3.8: Evolution of the ion pressure for E./B =4 at r = 0.5R..

parameters as follows in dimensional units:
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Figure 3.9: Evolution of the ion heat flow for E./B = 4 at r = 0.5R...
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For E./B =4 and at r = 0.5R, (that is, the E x B drift is 4 x 0.5 = 2), Eqgs.(3.37-
3.40) state that at ¢ = 0, the bulk parameters have their initial values as follows:
Vaver = Vavep = 0, T, =Ty = 1, ppr = pgy = 1, and, ¢, = g4 = 0; for ¢t = 1000, they

have the final values as follows: Vayer = 0, Vavep = 2, T, = Ty = 7.67, Drr = Dpgp =
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1237, and, ¢, = 0, g4 = 4.

Figs.3.6-3.9 illustrate the time evolution of the above transport properties. Sim-
ilar to the evolution of ion density, the temporal variation of these parameters also
show two parts, namely, an oscillating one and a monotonic one. Initially, the oscil-

lating part takes the leading role. With time, it gives its way to the second part.

3.4 Summary and discussion

By contrast with Chapter 2 where the case (0f/0t), = 0 has been discussed for time
scales much shorter than a collision time (or, t < v;'; v;, < € in the ionosphere),
this Chapter has focused on the response of the ion velocity distribution function
to intense electric fields under collisional conditions, namely, (0f/0t), # 0. In this
Chapter, we have dealt mainly with long time scales (t > 1/7;}).

In this collisional case, the Boltzmann collision integral is replaced by a relaxation
model. The solution to the full collision operator would have required a numerical
Monte Carlo approach [Winkler et al. (1992)]. Several results have been obtained:
distribution functions with horseshoe shapes in velocity space; ion density increasing
exponentially; mean drift speed equal to the local value of the E x B drift; the two
temperatures in the r and ¢ directions, respectively, leveling off with a same value;
no ion heat flow in the r-direction, and a strong ion heat flow in the ¢-direction.

One interesting aspect of the results is the ion density increasing with time, which

is illustrated in Fig.3.1. In other words,

((Zj; #0 for t — o0 (3.41)
However, the continuity equation,
= - (n; = 42
& 5 + V- (niv))=0 (3.42)
shows
on; n; 0 n;
—_— e —— = —/— .4
5 - (r{v,)) 2 . (v,) = 0 for t — o0 (3.43)

when using Eqgs.(3.25,3.31). These are contradictory results.
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We have shown in Chapter 2 that in the collision-free case the density oscillates.
We will also show in Chapter 6 that this is consistent with Eq.(3.43) and the result
of the fluid equations. However, when we introduce collisions, the oscillations not
only decay, but are replaced with a steady density increase. We now argue that this
is due to small Pedersen currents that were neglected when we obtained (v,). This
can be seen relatively easily if we consider situations over which the nonlinear effects

are not large. In that case we expect to have the Pedersen drift given by

(o) = §<U¢> = "0 BR. (3.44)

[k

for small v;, (i.e., 45,/ < 1). In the above equation, the sign is because the

ions are drawn in by the negative charges. Then, Eq.(3.43) gives

5nz~ Vin Ec 1
ot = QRzEEE (3'45>

the solution of which is
ni = Niyexp (2%%%@) (3.46)
Note that n}, is an ion density at ¢ > 0 which is not known after a transition from
collision-free to collisional conditions. But it can be considered as an initial condition
here.
Now let’s see what we have for n; as ¢t — oo under the same weakly nonlinear
condition using Eq.(3.25). After a long time, this equation tells us that

E./B
R,

w/Qi—l)Vint

n; — nioale( = Njpa1exp 14+4

For small nonlinear effects, the argument under the square root is close to 1 (see

Chapter 6 for more), and we then obtain

E./B
n; =~ Nijpai1exp (QT/szmt) (348)

So, indeed if nonlinear effects are weak we recover what is expected from the con-
tinuity equation. Roughly, we also have nf, ~ n;a; by balancing Eq.(3.46) and
Eq.(3.48).
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In fact, this ionic Pedersen drift can be derived from Eq.(F.19) in Appendix
F by using a leading order correction through a Taylor expansions of e(in/%)o"

1+ (V3 /). This produces an extra term in Eq.(F.21), namely,

) ) 27
Afz _ %m . ﬂ O/fn(O/)dO/ . [e(w/ﬂi)umt . 1] e—l/mt (349)

n, w 21 J,

Using Eq.(3.25), we obtain the additional term for the average radial speed A(v,)

for t — o0, namely,

Afyy) = LU BI/m0)dY Vi v por V@) g0 tin Be T
ni/nio w 27 (Z(](Oé/) Qz B RC (3 50)
o a; + as fgw o'sina/ do/ > 0 :
S a
2r 7% (ag + agcosa’)?

in which C* is a coefficient less than 1 and anti-correlated with E./B. For example,
at E./B = vy, 204, v, 4y, C* = 0.7461,0.6348,0.5635, 0.5124, respectively. For
R.=10m at E./B = 0.001v, (or, E. = 50 uV/m), C* = 0.969; at E. =0, C* = 1.
The same result holds if R, is large (weak nonlinearities).

Thus, for long times, Eq.(3.31) now gives a general ionic Pedersen drift under

any electric field strengths which is equal to

LV Eor
(vr) = Afv,) = —C Q. BR. (3.51)
and
.E./B E./B
n; = Niyexp (QC RO Vt> — Njyexp (2 X Vt> (3.52)

if the electric field is so weak or R, so large that Eq.(3.48) is valid, and Eq.(3.51)
simplifies to Eq.(3.45).

The final question is: what is the physics behind the increase in density? To
answer this, recall that the electric field is kept constant in our calculations. This
means that in order to maintain the electric field, every time an ion gets trapped in
the negative charge region, an additional electron has to be brought in to neutralize
it. For this reason, the plasma density has to go up. This increase is feasible because
the electrons that provide the electric field come from “outside generator(s)”, like

precipitating electrons, or those that get trapped by high frequency turbulence. One
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alternative would be to let the ions neutralize the electric field with Pedersen currents
instead of triggering an increase in the plasma density.

Some caution should also be exercised before applying our horseshoe results to
actual observations in that our results have been obtained under the assumption of
cylinders with infinite radii. In practice, we should expect our results to be valid well
inside cylinders with finite radii, but certainly not near their edges, or, outside of

them. We discuss those situations for collision-free conditions in the next Chapter.
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CHAPTER 4

ELECcTRIC FIELDS THAT ARE CONSTANT IN
TIME BUT VARY ARBITRARILY WITH RADIAL
DISTANCE:

COLLISION-FREE SITUATIONS

The analytical model and calculations of ion velocity distributions and transport
properties in a linear and constant electric field presented in Chapter 2 and 3 are a
first step in the evaluation of more complicated situations. In this Chapter we now

study the response of ions to spatially more realistic electric field structures.

The situation is now more complicated because the space-charge cylinder no
longer has an infinite radius. This forces the electric field strength to change nonlin-
early. Even the collision-free problem becomes complicated because the ion orbits are
no longer locked in phase, except, maybe, in the extreme inner part of the cylinder.
Elsewhere, ions that start at different radial distances will feel different oscillation

frequencies.

To study this problem, I have generalized the analytical work to produce a semi-
numerical method. By establishing a backmapping model to get ion trajectories of
motion, the approach describes numerically various shapes of ion velocity distribu-
tion functions, as well as the associated transport properties, for arbitrary electric
field structures. These fields are radially nonlinear but still constant in time. Only
collision-free cases are considered. A flow chart describing the computer procedure

used to solve the problem is given in Fig.4.1.
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Flowchart of Semi-numerical Approach
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Velocity moments and bulk
parameters

Mot enough ?

numerical resolution

Yes

Cutput data and charting

Figure 4.1: Flowchart of the semi-numerical approach used for gen-
eralized nonlinear electric fields which are constant in time.

5



4.1 Electric field profile and potential energy

For an arbitrary electric field structure, the cylindrically symmetric space charges
are no longer extending to infinity but localized to form a cylinder in real space.
Various situations are possible for the electric field strength as a function of radial
distance. These can, for instance, be a negative charge density peaking near the
edge of the cylinder, or, fast or slow changing profile crossing the edge, etc. Differ-
ent charge density distributions produce different space-charge electric fields. The

general problem is simply described by
E=FEr=E. f(r)r (4.1)

in which f(r) is constant in time, but an arbitrary radial function versus r/R,,
defined as f(r) = E,./E., and E. is a constant. Fig.4.2 gives several examples of
f(r) that will be considered in this Chapter. For comparison, the linear electric field
used in Chapter 2 and 3 is also given.

As discussed in Chapter 2, the ion velocity distribution is evidentally affected by
the electrostatic potential energy P. The change in P as an ion moves from ry to r
is given by

P, = P.— P, = el|o(r)—o(ry)] = e/T E.-dr = e/T E.dr =e¢E, /T: f(r)dr (4.2)

To To

For a linear electric field as supposed in Chapter 2, f(r) = r/R., we have obtained

(%) (&) (&) (&)

For nonlinear electric fields, however, the potential energy may not take such

1
P = §€ECRC

1 E.
= smi— RS

S (4.3)

a simple analytical shape. Furthermore, even even for simple cases le.g., F, =
E.(R./r)], we still do not know how to connect r to 1y and then to determine
the potential energy. The problem gets worse for the “exponential” or the “cube”
electric field structures introduced in Fig.4.2. However, this relation can be provided

by solving the equation of motion analytically or numerically.
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Figure 4.2: Arbitrary radial electric field examples which are constant
in time: (1) B, = —E.(r/R.); (2) E, = —E.(r/Re)/[1 + 0.1 (r/R.)";
(3) B, = —EC(T/RC)e_O'l(T/RC)3; and (4) E, = —Be(r/Re=1)?/0.1

4.2 Numerically solving the equation of motion

The equation of motion in an arbitrary radial electric field has the form [e.g., Eq.(2.5)]

For convenience, I use a dimensionless formulation hereafter. However, in this set
of differential equations of motion, the exact relation between the effective gyro-
frequency w and the magnetic gyro-frequency €2; is unknown. I therefore choose €2;

as the timescale parameter in the numerical calculations. Using the backmapping
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3 : , : , : , : , : , :
error of r
error of v,

———————— r (analytical and numerical)
———————— v (analytical and numerical)

v and errors

r,

Figure 4.3: Analytical and numerical results for the evolution of r (in
R, units) and v, (in vy, units) with time and their respective numerical
errors under the radially linear electric field structure used in Chapter
2.

ray-tracing technique, Eq.(4.4) becomes

dTo 2m )
- — _—U’V‘
de R,
duyg or | RS\’ E. 2
— Zeth SR - _ Kk
at o |\2 ) "B f) =2
) (4.5)
T n 1 RO r
v = —v R | ——r
90 To ¢ 2 To 0
1
Ck = 2 (% + - R
T 2

J
where all parameters of position, speed, or time are dimensionless in units of R, vr,
or, 2m/§Y;, respectively. Note that {r,v,,v,} are input parameters, {rg, v0, vy} are
outputs, and 79 = 7o(7, vy, V), Vro = Vyo(7, U, Vg), Vg0 = Vgo(T, v, vg). To verify the
agreement between analytical and numerical calculations, Fig.4.3 offers the errors of
ion radial position and radial speed produced in two ways in the case of the radially
linear electric field structure used in Chapter 2. The analytical expressions of r and

v, are obtained simply from Eqs.(2.6,2.14).

78



4.3 Numerical calculations for distribution func-
tion and bulk properties

In the absence of collisions, Chapter 2 tells us that the ion distribution function
filr(t),v(t)] in phase space at any time ¢ is determined by the initial distribution
function f;(ro, vo) at t =0, as given in Eq.(2.8):

file(8), v(t),t] = fi(ro, vo,0) = fo = %647&0%50) (4.6)

Here, I still assume the initial ion distribution function to be Maxwellian.

Using Eq.(4.2), we immediately find

File(), v(t), 8] = %e—[v%vﬁﬂﬂ—ﬂo)} _ %6—['03%5,—2%1%91- S0 f(rydr] (4.7)

in which P is dimensionless with mv%/2, and ry = 74(r, v, v4) is numerically calcu-
lated from Eq.(4.5). Using f;, the following velocity moments can be expressed from
the definitions:
n; = f fidv
() = o [ocfidv . (00) = = [vafidy
02) = - [oRfidv. () = - [ibgav
(v?) nlifvffidV , (v3) n%fvf;fidv

The moments are obtained numerically by applying the Gauss-Hermite weight in-

V

tegrations. From there, the bulk parameters can be calculated as follows:

\
Var = <U7'> y Udgp = <U¢>

T =2((2) = (v)?) , Ts=2((v3) — (v:)?)
Prr = niTT y Poop = niT‘b

b= 08— 0~ S lo) T g = () — () — o) T,

Vs

The validity of the semi-numerical code was checked against analytical solutions
from Chapter 2. Specifically, the analytical solutions came from Eq.(2.14). The
radial position is at 7 = R, and the time is at ¢/T = 3/4 where T' = 2w /w. The

check is shown in Fig.4.4. The error is within 9 x 1079,
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Figure 4.4: Numerical verifications for the ion velocity distribution
function in the case of the radially linear electric field used in Chapter
2.
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Evolution of bulk parameters at r = 0.5R_

E=-E (r/R) numerical = - -analytical
4 [ Cc
s n ol Vs A
2 1 1/\/\
1 0 0
-1 -1
2 0
2 4T al T, 12| P,
8 3 3 9
o
5 2 2 6
5 1 1 3
g 0 0 0
g 12 Py 1 R 1 %
9
0 0
6
3 1 1
0
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 1.2
. t/T
Evolution of bulk parameters at r = 0.5R_
E=-E_(r/R))  Error between numerical and analytical results
4
n % v
3 I 21 T 2{ ¢
> 1 1
] 0 0
1 -1
@ 0
= 4 Tr 4 T¢ 12 pr
L 3 3 9
o
o 2 2 6
5 1 °
g 0 0] [IE=N
g 12 p¢ 1 qr 1 q¢
9
0 0
6
3 1 1
O .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 1.2

t/T

Figure 4.5: Upper: Verification of numerical calculations for the ion
bulk properties in the case of the radially linear electric field used in
Chapter 2. Lower: Error between the numerical and analytical calcu-
lations.
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In addition, I have also checked the fit of the bulk parameters between the ana-
lytical and numerical calculations. The analytical expressions I used are Eq.(2.32).
Fig.4.5 shows that they are in good agreement, except that in ¢ € (0.2 ~ 0.3) and
t € (0.7 ~ 0.8) the heat flow deviates from zero up to 0.0839.

The next section presents the results of calculations of the velocity distributions
and associated transport properties for the electric field variations introduced in
Fig.4.2, which should cover a reasonable range of ionospheric possibilities at least

qualitatively.

4.3.1 Ion distribution function

Fig.4.2 shows three types of radial electric field structures which are not proportional
to the radial position:

(1) Curve 2: E, = —E.(r/R.)/[140.1 (r/R.)’]. Within r = R,, E, is proportional
to r; outside r = R,., E, decreases to zero slowly relative to Curve 3.

(2) Curve 3: E, = —E,(r/R.)e %' /R)’ Within r = R, E, is proportional to
r; outside r = R, E, decreases to zero quickly relative to Curve 2.

(3) Curve 4: E, = —E,e~("/Re=1*/0.1* " A¢ an arbitrary position in space (r = R,

is taken as an example), there is an electric field jump.

Case 1

Fig.4.6 uses nine panels to show the evolution of the ion O* distribution function
in velocity space from t = 0 to the same length of time in a magnetic gyro-period
[T = 27/Q; = 2mm/(eB)]. Notice that this gyro-period is that of ions under zero
electric field. So, it is not the actual “gyro-period” of ions gyrating under the electric
field 2 in Fig.4.2.

However, there may or may not be such a “gyro-period” shared by all particles in
motion. In a field which does not change linearly along the radial direction, ions are
not in phase. This is the difference from what Chapter 2 describes: the motion of all
ions are in phase under linear electric fields. This means in the present case that ions

with different initial conditions move in different characteristics in space with their
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Figure 4.6: Ion velocity distribution function versus time at r = R,
and at E./B =2 for E, = —E.(r/R.)/ [1 +0.1 (r/Rc)S}. In all panels,
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respective gyro-frequencies. Thus, when we use the phrase “guiding center (GC)”
in the following text, we do not refer to the center of the distribution function for
all ions as a whole, but only to the so called “center” of the dominant part of the

distribution functions (maybe several parts) in velocity space.

Fig.4.6 is plotted with two input parameters: the radial position is at r = R,
and E./B = 2. Though the electric field is nonlinear in the radial direction, we
notice that it contains a linear component: if r is small, the field turns out to be a
linear electric field, meaning the charge density is still uniform close to the center
of the space charge cylinder as discussed in Chapter 2. Thus, we guess that the ion
velocity distribution at r = R.., a radial position not very far from and not very close
to the center, should bring, more or less, the features of the distributions introduced

in Chapter 2. Let’s have a close look at the figure.

Firstly, the figure shows a similar rotation feature as that in Chapter 2: the ion
distribution function rotates continuously around some center related to the E x B
drift on the vy-axis. The panels at t/T" = 3/8 and t = T illustrate that the center
seems to be located at vy = 2. We know from Chapter 2 that the E x B drift is
E./B=(E./B) x (r/R.) =2 at r = R.. Secondly, all panels together show roughly
a periodic change in sizes of the evolving ion distribution function. At first as in the
panel at t/T = 0, the area of the distribution is small; then it increases, decreases,
and increases, oscillating in time. This is exactly the feature shown in Chapter 2 for
the evolution of the ion distribution in time. Lastly, the gyration of ions appears
to have the same effective gyro-frequency as that given in Chapter 2: In a linear
electric field, the effective gyro-frequency w is given by Eq.(2.15) which turns out
to be ~ 1.9Q; for E./B = 2. This means during one magnetic gyro-period (1/€;),
ions have experienced approximately 2 rotations with the effective gyro-frequency
w. See the nine panels in Fig.4.6: they roughly have rotated twice from ¢t = 0 to
t=T=2m/Q,.

Though with so many similar features to the case in Chapter 2, Fig.4.6 does tell
us obvious differences of ion velocity distributions from that under the linear radial

electric field structures. For example, because ions are no longer in phase, the ap-
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pearance of the distribution function does not keep the original “cake” shape at panel
t/T = 0 they are evolving from, unlike that in Chapter 2. At panel ¢t/T = 3/8, the
distribution function becomes teardrop-shaped; while at panel ¢t = T', it is scattered
to such a weird shape that a tail emerges out from the core body. Another related
feature different from that in Chapter 2 is: both the density and temperature are no
longer keeping the same variations; more than that, each of them does not oscillate
in the same way from one gyration to the other. For instance, it is impossible to
find two panels in Fig.4.6 which have areas (indicating ion density) or the diameters
(indicating ion temperature), respectively, of the same size. Moreover, the so called
“GC” speed never reaches twice the E x B drift as obtained in Chapter 2. See panel
t/T = 2/8. The “GC” speed is obviously lower than 4. Unlike the linear field case
where ions at larger radius feel stronger electric force to accelerate them inward to
higher speeds when deflected into the region of interest by the magnetic field, the
nonlinear field we are using is localized and no ions outside several R, are driven in-
ward. Thus, ions with higher speeds are lacking in the region of interest. Naturally,
the bulk speed of all ions is unable to touch the top of the circle delineated by the
GC motion in velocity space around the E x B drift shown in Fig.2.3 in Chapter 2.

Case 2

If the space charge diffusion outside the region of interest is not as high as in Case
1, the ion velocity distribution function is still determined by the localized electric
field structure in the region. Curve 3, on the one hand, is not much different from
Curve 2 for small r and is still linear along the radial direction. This means the
evolution of the distribution function should still have, more or less, the features
given in Chapter 2. On the other hand, at larger radius, the electric field falls to
zero, just like in Curve 2. Thus, we can predict reasonably that the evolution of the
distribution function should have, more or less, the features given in Case 1. See
Fig.4.7 for these similarities.

The nine panels show nearly the same evolving features as Case 1 in the gyration

period, the top GC speed, the distribution shapes, etc. The only conspicuous differ-

85



v_phi

t/T=1/8 t/T=2/8

t/T=3/8 t/T=4/8 t/T=5/8
0.30

0.24
0.18
0.12
0.06
0.00

t/T=6/8 t/T=71/8

N =20 -=2NWPNMOD

-4-3-2-10123 4
v_r

Figure 4.7: Ion velocity distribution function versus time at r = R,
and at E,/B = 2 for E, = —E,(r/R,)e”%"/B)’ In all panels, T =
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Figure 4.8: ITon velocity distribution function versus E, at r = R, and
at t = 3T/8 (where T = 21/Q;) for E, = —E,(r/R,)e "10/R)* The
halo is flying away from the core distribution. In an enlarged figure
given by Fig.4.12 below, the center of the halo is at v, = 1 and vy, = 7.3
for £./B = 6.
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ence lies in the tail shown in the last panel at ¢ = T": the ion distribution appears
to be larger even in the core and tail parts than that shown in Fig.4.6. This may be
explained by the fact that a narrower space charge boundary brings about a sharper
drop in the electric field strength, which leads to fewer energetic ions in the tail to
be deflected away by the E x B drift from the region of interest.

At this point, I would like to show another interesting feature the ion veloc-
ity distribution function reveals: a core-halo shaped appearance. This unexpected
shape originates from the application of stronger electric field strengths, as shown
in Fig.4.8. With an increasing electric field, the ion distribution function first moves
in velocity space as a whole. But at E./B = 4, the teardrop-shaped distribution is
separated into two parts: a core continuing to move downward, and a halo peeling
off but moving upward. Different from the core-tail case, this core-halo distribution
is directly related to the formation of an energetic ion beam. If the electric field
continues to increase, the halo flies away from its parental core as shown in panel
E./B = 5. Noticeably, the core shrinks to a smaller size than before giving off the
halo. In an enlarged figure given by Fig.4.12 below, numerical calculations show that

the center of the halo is at v, =1 and vy = 7.3.

Case 3

We intentionally choose r = R, as the layer (or surface) where space charges produce
a o-function-like radial electric field. Both inside and outside the layer, the electric
field drops to zero abruptly (Curve 4 in Fig.4.2).

This kind of electric field structure brings about a few bizarre features to the ion
velocity distribution function. First of all, at any time, the distributions are com-
pletely deformed in shape from the initial Maxwellian. However, generally speaking,
the incomplete “bee”-shaped body is staying still at the initial position in velocity
space, though some parts of the body move in time. An associated feature is that
though there exists the strong electric field at » = R., no GC motion related to the
E x B drift is seen to be triggered as happened in Cases 1 and 2. Both Figs.4.9 and

4.10 confirms this static evolution of the distribution function in time, respectively.
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Figure 4.9: Ion velocity distribution function versus time at r = R,
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Figure 4.10: Ion velocity distribution function versus time at r = R,
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Figure 4.11: Ion velocity distribution function versus radial posi-
tion at t = 7T/8 (where T' = 27/Q;) and at E./B = 2 for E, =
_Ece—(r/RC—l)Q/O.IQ‘

Finally, an ear-collar shaped distribution is evolving on the bee-shaped body. At
panel t/T = 1/8 in Fig.4.9, a bigger LHS ear first develops. This ear extends wider
in velocity space and then moves up to the top to meet with another smaller RHS
ear which is also moving up from another side. At the same time, a collar is formed
and moves downward while the ears move up. Fig.4.10 depicts this process more
clearly.

At this stage, it is intriguing to know the dependence of the ion velocity distribu-
tion function on the radial position. From the profile of the electric field structure,

E, = —E.exp|— (r/R. — 1)* /0.1%], we know that the field strength decreases to zero
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if r deviates far away from R.. So, at both small or large r/R., there is no elec-
tric field locally to drive ions. Thus, either inside or outside the cylinder the ion
distribution function should keep its initial Maxwellian form. Luckily, Fig.4.11 re-
veals this feature: from panel r/R. = 0.0375 to r/R. = 0.375, we can see that the
distribution functions are mainly Maxwellian at smaller radius. However, closer to
r/R. = 1, the ear-collar bee-shaped distribution is emerging from the Maxwellian till
panel /R, = 1.5. After that, at larger radius the distribution returns to Maxwellian

again.

4.3.2 Back-tracking phase-space parameters

In case 2, a core-halo distribution function has been found under E./B > 4. The
ions in the halo are more energetic with a much larger drift speeds. For example,
at E./B = 6, t/T = 3/8, numerical calculations show that the center of the halo
is at v, = 1 and v, = 7.3 in velocity space at the radial position r = R.. This
gives a perpendicular speed v, = ,/v2 + v; ~ /54 which is 5.2 times the initial
perpendicular speed. Accordingly, the perpendicular ion energy has increased to 27
times of the initial energy.

The origin of these energetic ions has been found by using a back-tracing ap-
proach. By picking up a halo point in velocity space and then using the {v,,v4}
values as the initial conditions in the back-mapping equation of motion, we can im-
mediately obtain {ro, v,0, Vg0, o} in phase space. Let’s use the above velocity point
{v, = 1,v4 = 7.3} in the halo as an example, at which the halo distribution func-
tion is maximal, f;;0 = 0.07758 as shown in Fig.4.12. The numerical results are
shown in Fig.4.13: this maximum halo distribution has contributions from all the
ions with initial phase-space values designated by the curves from ¢t = 0 to ¢t = 377/8,

respectively.

4.3.3 Transport properties

Various transport properties (density, average speeds, temperatures, heat flows, etc.)

are numerically calculated from velocity moments of the ion velocity distributions.
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Figure 4.12: Core-halo distribution function and its peak at E./B = 6
(in units of vy,) at 7 = R, and at t = 37/8 (where T' = 27 /€);) under
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Figure 4.13: Ion parameter spectra in phase space resulting in a halo
distribution peak of f;;0 = 0.07758 at r = R, and at t = 37'/8 (where
T = 2x/€);) under the electric field structure used in Fig.4.12 for v, = 1
and vy = 7.3. 93
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For a direct comparison, Fig.4.14 shows these bulk parameters under the first two
nonlinear electric field structures.

The evolution of these parameters in time reveals a quasi-periodic feature under
either electric field structure. There is not much difference in the quasi-oscillations
for the two different electric fields. However, the quasi-oscillations are not totally the
same. For example, the electric field which drops more slowly outside the cylinder
[electric field (1) in the figure] appears to give oscillations with higher amplitudes in
density (n;) and azimuthal components of the bulk properties (e.g., vy, T}, and gy).
By contrast, the electric field which drops more quickly outside the cylinder [elec-
tric field (2) in the figure| triggers oscillations with higher amplitudes in the radial
components of the bulk parameters (e.g., T, and ¢.). It deserves to be mentioned
here that the existence of the heat flows indicates local temperature gradients in real
space.

Under the situation of the sharp electric field case, Fig.4.15 shows two nine-panel
plots. The upper nine panels tell us the evolution of the bulk parameters with time,
while the lower nine ones show their changes as a function of radial position. A
striking feature of the upper panels is that all bulk parameters oscillate relatively
steadily with time in comparison to those under previous two electric fields. For
example, they all have a time-average value plus a fluctuating component; and, the
time-average values of both ¢, and ¢, are around zero.

The lower nine panels describe that these bulk properties are localized ones. For
example, outside r = 2R, they all turn out to be zero. However, in the region
from r = 0 to r = 2R,, the parameters changes violently. No doubt there are radial

gradients for all of them.

4.4 Summary

This Chapter has discussed the ion velocity distribution functions and transport
properties under different radial electric field structures which change arbitrarily in
space. Three typical examples of the fields have been chosen: an electric field which

is proportional to the radius inside a space charge cylinder but drops off slowly out
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side the cylinder, an electric field which is still proportional to the radius inside
a space charge cylinder but drops off more quickly out side the cylinder, and, an
electric field which is localized at the edge of the cylinder.

A back-mapping semi-numerical technique has been applied in the study. Nu-
merical calculations have shown that these electric fields produce various shapes
of ion distributions in velocity space: “pancake”-like, “teardrop”-like, “core-halo”,
“ear-collar”, etc. In addition, by employing the back-tracing calculation, the orig-
inal phase-space parameters of ions can be found to contribute to the ion velocity
distribution at any specific points in velocity space. Moreover, the features of ion

transport parameters under three electric field structures have been revealed.
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CHAPTER 5
LINEAR, CONSTANT ELECTRIC FIELD BuT WITH

INITIAL ION DENSITY INHOMOGENEITIES

Chapters 2 and 3 discussed the ion velocity distributions and related transport
properties in the collision-free and collisional cases, respectively, when the electric
field produced by an electron space charges is radially linear and temporally constant.
The initial ion density n;y was assumed to be homogeneous in space.

This Chapter will relax the density constraints and take into account the inhomo-
geneities of an initial ion density to study how they affect the ion velocity distribution
function and its velocity moments. I will only consider the collision-free case. A mo-
tivation for this study is that small cylindrical regions with density cavities (known
as “lower hybrid cavities”) are often seen in the ionosphere, in conjunction with elec-
tric fields that also happen to be radial in space (but not necessarily to be DC in
time) [see, e.g., Pécseli et al. (1997); Knudsen et al. (2004)].

5.1 General considerations

In Chapter 2, Eqs.(2.16,2.23) give two different interpretations for the solution of

the Boltzmann equation, Eq.(2.7), in a linear and constant electric field under the

following conditions: (1) no ion-neutral collisions; (2) an initial Maxwellain distribu-

tion function in velocity space; and (3) an initial ion density, n;, which is constant

in time and homogeneous in real space. For convenience, they are rewritten here.
The first description is given by Eq.(2.16), namely,

fi(r’v,t> = fO = ?Zoef(vg()‘i’vio) — ?’Oef(varvi) . eBz+Blsm(th+¢>Q) (51)
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in which the sign “F” before w takes “—” for v, > 0 and “+” for v, < 0, and
r\? )
- (7)

By = coeoAo , Ba=cp )

(r/R.)? X (5.2)
/ E./B o A
w:QZ 1"‘4?/(21, ¢0:SID 105—0)
where
E, b1bs ba
= —R.; =4/1—-4—" . Ay=— .
Co B Rc iy €0 b% ) 0 261 (5 3)
with ) \
O R, E.
by = ( 5 ) + RchE
r\° 9 Or 2 4
by = by 7. +up 4+ vy + 5 (5.4)
by = (— 2 Vg + 2y’
T\ R, T )

The other description, which is totally equivalent, is in terms of a pulsating

Maxwellian mode:

filr,v,t) = @e—ao[(vr—vdr)2+(%—vd¢)2l (5.5)
T
in which
1 Q:\° t
a=1-—=|1—-(— (1—coswt):al+aﬂ
2 w a1 + as (5 6)
ECT ]-Qz " d ECT’l Qz 2(1 t)
Vp = —— ——— sinwt and vgy = ——— [ — — CoSsw
d B R.ag w dé B R.ag \ w
where
E./B
a1 =1+ay, and ay =2 / (5.7)

Rch

Now, consider the initial ion density to be a function of position, that is, n,y =
nio(ro,t = 0). Fig.5.1 shows a few arbitrary examples. Note that a background
ion density, ng, is included, which is constant in time and homogeneous in space.
Because 7 can be traced back from a phase-space position {r, v,,v,} at time ¢, or,
written as ro = ro(r, v, vg, t), we can easily see that n;(ro,t = 0) can be obtained by

the backmapping method and expressed as n;(ro) = nio[ro(r, v, vg, )], or directly,
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Figure 5.1: A few initially inhomogeneous ion density profiles (k = 1

is assumed): (1) nyo(ro)/ng = 1 + e~ To/Be=D%: () nyg(ro) /ng = 1 +
2
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Figure 5.2: A check for the (ro/R.)* expressions.

nio(10) = nio(T, vy, Uy, t). This means that n;o is a function of position r and velocity
v = {v,, v, } when looking back from an arbitrary time ¢ to the initial time ¢ = 0.

Let’s derive the collision-free ion distribution function in this complicated case.
First of all, we must know the relation between r and {r, v;, vy, t}. Luckily, Eq.(D.25)
in Appendix D has given this relation:

2
7 . 1—a

(72) = Aalt + 2o st + 60 = 222 [t = Brea® + (05 = Proas)’] (5:)

where ¢y = (E./B)R.; and f; = —ao/(1 — ag) are used. In a more compact form

using vector notation, Eq.(5.8) can be expressed as

2
1 —

o (v — 61Vd)2 (5.9)

Fig.5.2 shows that these two expressions for (ro/R.)? are indeed equivalent for
an arbitrary phase space position: {r = R.,v, = 2,v4 = 0.5}.

Using Eq.(5.8), we immediately obtain

ro = RC\/l — %0 [(v, — Brva)? + (vg — 61Ud¢)2} = 1o(7, Uy, Vg, t) (5.10)

Co
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Therefore, when the electric field strength increases linearly with radial distance, and
when the initial ion density is inhomogeneous, we can calculate the ion distribution

function at any time for ¢ > 0 by using Eq.(5.10), namely,

eV, t) = nio[ro(r, vy, v¢,t)]67(v$+v§) . e B2t Bisin(Fwt+éo) (5.11)
T
or
fi(r; v, t) _ 0 (Tv Ur, Vg, t) e—ao[(vr7vdr)2+(v¢7vd¢)2} (512>
T

where the new parameter occurring in Eq.(5.12) is n(r, v, ve, t, ¢o)-

Our next purpose is to find simple enough n;q expressions for which an analytical
expression for f;, as well as all velocity moments, could be derived. This will provide
a reference for future numerical studies with arbitrary initial ion densities. We have

tried a few cases for n;o(rg).

5.2 Distributions with various inhomogeneous ini-
tial ion densities under collision-free condi-
tions

5.2.1 Case 1: ny(ry) ~ e (o)’ /R

Define
nio(r0) = ng [1 + He*(TO*RC)Q/RE] (5.13)

where ng is the background ion density, constant in time and homogeneous in space.

Parameter « is an arbitrary coefficient. By applying Eq.(5.10), Eq.(5.13) becomes

nio(To) = Ny |:1 + Kei(ﬁ71)2:| (514)

2 2
ao Qg
i . 5.15
(’U +1_a01}d> + (U¢—|—1_aovd¢) ] ( )

Thus, the ion distribution function can be expressed as

in which
1-— ag

T =
E
—cRch
B

il v, ) = Peeolieman el [y oo (/P-0) (5.16)
T
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However,

ny(r, 1) — / £i(r, v, H)dv (5.17)
does not seem to reduce to a simple analytical expression. This means in both the
collision-free case and the collisional case we cannot obtain analytical bulk properties

for the initial ion density given by Eq.(5.13). Thus, we have to look for other simple

cases.

5.2.2 Case 2: ny(rg) ~ e U

We now try

nio(re) = noke 18R (5.18)
By applying Eq.(5.10), Eq.(5.18) becomes

—Ri(r3/R2-1)°

nio(ro) = noke = nofieng{Fflf (5.19)

Thus, the ion distribution function can be expressed as

filr,v,t) = 0 . a0 [(vr—var)?+(vp—va)?] ,—RED—1)? (5.20)
T

Clearly,
n;(r,t) = /fl-(r, v, t)dv (5.21)
still does not reduce to a simple analytical expression. Thus, we continue to look for

simple initial ion density models.

5.2.3 Case 3: nio(’r'0> ~ (TS/RE)G—T(%/RE

Considering that (1) the ionospheric plasma would have a background density ny on
which a cylindrical distribution of inhomogeneous initial ion density is superposed,
and (2) the density should peak away from the origin, let’s consider a profile of the
form

2
ni0(ro) = no + ngﬁ%e”gmg (5.22)

Using Eqgs.(5.10), Eq.(5.22) becomes

nio(ro) = ng +ngkl - e (5.23)
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Thus, the ion distribution function can be expressed as
fulr, v, 1) = 22 emoolrvar) 4 womvao)®] L 10, T paof(rvan) (g —uao)?] (5 04)
T

With the following definitions:

—_ A
noy = noke” PUET) | ag, = ; ch
B tlei b
ao a1 + ag B
_ By = g g 2
B 1~ ag 52( 60‘00 n C)Lg I 62( 1 OéOC) g (5.25)
Qo1 + @ a —a
B3 = a0t + ag — it 2= ° E. ”
Qe + Qg 1+ ag <§R091 — 1)

Eq.(5.24) becomes

fi(r, V,t) = @6_‘10[(Ur—vdr)2+(v¢—vd¢)2]+
o ’ (5.26)

2 2
o o (v, = Brvar)® + (Vg — Bivag)’] e_(a°°+a°)[(v’“_ﬂ2vdr) +(ve=Pavas) |

_|_

The density ng,. depends on time through both ay and v4, and on position through
vy only. For convenience in the following derivations of velocity moments, we write

Eq.(5.26) in one of the two forms. One is

)
fie,vit) L1 o) +oo—vas)?] |
n%ﬁ( 2, +v3 7)r "
e P3\WarTlay
+T&oc [(Ur - ﬁlvdr)2 + (vg — ﬁ1Ud¢)2] : (5.27)
_6—(aoc+a0) [(Ur—ﬂzvdr)2+(v¢—ﬁ20d¢)2]
7
and the other is
filr,v,t) = @e*ao[(vrfvdr)2+(v¢fvd¢)2]+
T
Nor
e [v2 403+ 57 (03, + v3,) — 261 (varvr + vagvs)] - (5.28)

e (@oc+ao) {(U'P_ﬁZUdr)Q"F (v¢—ﬁ2vd¢)2]

As an integral of the distribution function over velocity space, the ion density is

no Nor&oc 1 2 2 2
n; = de:—‘i‘ + — UT+’U 5.29
/f ag Qe+ ag {Oéoc + aop (Br=52) ( ¢ d¢)] ( )
or
2 2
L (1 N ﬁgw) o0, +03,) (5.30)
no Ao (e + ao) Qe + ag



Due to the fact that the background terms in the distribution and density ex-
pressions have been studied in Chapter 2 and 3, I have excluded them from the
calculations. The remaining calculations has been performed in two ways: analyt-
ical and semi-numerical. The former uses the analytical solutions just shown, and

the other employs the backtracking approach of Chapter 4.

The first task is to verify that the analytical and numerical calculations agree
with one another. Fig.5.3 offers such a comparison for the ion velocity distribution
at r/R. = 0.03 and ¢/T = 3/16 where T = 2w /w. The error is within one part in
107%. For the ion density, Fig.5.4 presents a similar comparison at /R, = 0.5. The
two curves are superimposed upon each other with an error of 0.00112 on average.
These comparisons not only provide a verification for the analytical work but also
illustrate that we have a proper numerical algorithm for doing arbitrarily complicated

initial density problems if necessary.

Both the radial and temporal evolution of the ion velocity distribution are de-
scribed in Figs.5.5-5.7, based on Eq.(5.27). In the three figures, the LHS bottom
panel shows the v, and v4 scales used in all the panels where the data have been

normalized with respect to the maximum value of the velocity distribution function.

As the radial position increases, the ion distribution function in Fig.5.5 at /7" =
3/16 evolves from being a torus at the center, to a horse-shoe, to a crescent, and
finally to a more Maxwellian like “pancake” at r/R. = 3. Another obvious feature is
the shift in the center of the distribution, which rotates clockwise about the initial
position in velocity space. At r/R. = 0.1 and 1.0, the distribution function rotates
about a pseudo-E x B drift periodically, as shown in Figs.5.6 and 5.7. This drift no
longer has a value of £/B. Meanwhile, the shape deviates from a conventional shifted
Maxwellian. Especially at r/R. = 0.1, the shape throughout a period is changing
continually in a pancake-crescent-horseshoe-crescent-pancake form. However, the
gyrofrequency is still w, i.e., the same as that for the uniform initial ion density case

presented in Chapter 2.

Finally, we have a look at the ion density as a function of position and time.
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Figure 5.3: Difference between the analytical and numerical calcu-
lations of the ion distribution function resulting from the non-uniform
initial ion density in Eq.(5.23).

106



22\ TR _ _
n(r)/n,=x(r/R )e atr=0.5R_, x=1
1.2 r r . . . . . .
Analytical == <Numerical

n(r,t)

] difference x 10 |
0.0 \\/

-0.2 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 5.4: Difference between analytical and numerical calculations
of the ion density resulting from the non-uniform initial condition in
Eq.(5.23).

We turn to Panel n; in a later Fig.5.13, where all bulk parameters are calculated,
shows the evolution of the density over two gyroperiods and radial positions to 5R,.
Obviously, the density stays periodic in time, similar to Fig.5.1 under the initially
homogeneous ion density profile. However, along the radial direction, the position of
the density maximum is at a radius smaller than R.. By comparing with the initial
ion density profile as given by curve (4) in Fig.5.1, we find that the maxmum ion
density moves closer to the center and the region periodically comes into being after

the negative electric field is switched on.
5.2.4 Case 4: n;(rg) ~ e~To/He
For a simpler case that can still be solved analytically, we turn to
nio(ro) = ngfﬁe’TfQ)/Rz (5.31)
By applying Eq.(5.10), Eq.(5.31) after ¢ = 0 turns into

nio(ro) = nore " (5.32)
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Figure 5.5: Evolution of the ion velocity distribution function versus
radial positions at /7" = 3/16 resulting from the non-uniform initial
ion density in Eq.(5.23).
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Figure 5.6: Evolution of ion velocity distribution function versus time
during one gyroperiod at r/R. = 0.1 for the same conditions as in
Fig.5.5.
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Figure 5.7: Same as Fig.5.6, but for /R, = 1. The white spot is the
center of the panels.
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initial ion density in Eq.(5.31). The white spot is the center of the

panels.
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Figure 5.9: Evolutions of 33, ng., ao., and n; versus time during
two gyroperiods at 7/ R. = 1 resulting from the non-uniform initial ion
density in Eq.(5.31).
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Thus, the ion distribution function can be expressed as

Filr, v, 1) = Lpe T . ema0lrmvan)® (0o —va0)’] (5.33)
T
Define as before
1— a "
Qo = , and [ = — 5.34
’ %chi ' 1—ag ( )
Eq.(5.33) becomes
fi(ra \Z t) = %6_(a08+a0)[(”T_52vdr)2+(v¢—62vdd>)2} (5.35>
T
in which
N, = noﬁe—ﬁs(v§r+v§¢) By = m
Qe + Qg
(0o + ag)? %0 (5.36)
Qo1 + Qg 1_a
= Q¢ 2 + ag — — 0
B3 0e3i 0 Qoe + Qo 1+ ag (%chi — 1)

As with Case 3, the density depends on time through both a¢ and v4, and on position
through v4 only. This can easily be seen if we rewrite the ion velocity distribution
as

Sile Vit) | 1 g 4ed,) . o~ (@octao) (B + (s=Bavas) ] (5.37)

= —67
ngk 7

This distribution is plotted in Fig.5.8. It has the same temporal features as formed

in Fig.2.4 in the linear electric field case. For the ion density, we obtain

g = / W fidv = / fidv = o (5.38)

Qe + ag

which is a function of both position and time. Both Fig.5.9 and Panel n; in Fig.5.11
give the density evolution in two gyroperiods. The former is at r = R, and the latter
is for radial positions up to 5R.. Similar to Fig.5.1 under the initially homogeneous
ion density profile, the density stays periodic in time. However, along the radial
direction, the density is no longer independent of the radial position but decreases
with it. Initially at £ = 0, the maximum density occurs at ry = 0 as shown by curve
(3) in Fig.5.1. For ¢t > 0, the maximum density is in a region within r < 0.5R,, and
this region oscillates in time.

The advantage of having an analytical expression for the ion density function at
any time is that it makes the velocity moments and transport properties relatively

easy to obtain from analytical work. This is demonstrated in the next section.
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5.3 Transport properties with two inhomogeneous
initial ion densities under collision-free condi-
tions

5.3.1 A brief review
For the last two cases presented in the last section, we now derive various velocity
moments of the ions under collision-free conditions of the form

(vf) = ni / o fidv (5.39)

(3

The transport properties are then obtained from these moments.

When k = 0, we obtain the ion density from [ fidv. This first moment of the
velocity distribution for the inhomogeneous situation was already discussed in the
last Section. Here we deal with & = 1,2,3. We recall that the drift, temperature,
and heat flow are recovered from the velocity moments through the same relations

that were posted in Chapter 2, namely,

Vaver = {Ur) 5 Vavep = (V) , V| = V0

To= ) = (), To= 21 (08) = {0a)?) . Ty =Ty

Prr = ik T s pgy = niky Ty, py = Por (5.40)
g = mi((v}) — (v.)?) = 3(v) (kT

g = mi({v3) — (vg)?) = 3(vg) (ksTy) , ¢ =0 )

from which the average temperature and pressure are also given by

L AT+ T Pt Pes Py
3 T 3

T, (5.41)

The velocity moments in the inhomogeneous case differ from the uniform initial
density case because n;(ro) maps into a function of r, v, and t. That was simply
equal to n;g itself in the uniform case. These are therefore new contributions to the
original velocity moments that are superimposed on the moments formed in Chapter
2. Appendices G and H have listed a series of useful Gaussian integrations for the

calculation of velocity moments.
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5.3.2 Transport properties for Case 4

As seen in Section 5.1.5, the velocity distribution has the form of a pulsating Maxwellian,
albeit with a more complicated character than in Chapter 2 [see Eq.(5.37)]. The ve-
locity moments are therefore similar in form to those obtained in Chapter 2, once
the proper coefficients are adjusted properly. Aside from the density, which is given
in Eq.(5.38), we obtain

<Ur> = [Bavgr , <U¢> = [ava¢
2
ko' To
v2) = 3202 + YTo = 822 +
v 27 2(ae + ag) 20d i(Qvoe + ag)
(02) = G202, + Uy — B22, + ko To
10) 2Ydo Q(OZOC—I—CL()) 2%de mz(Oéoc‘l'ao) (542)
2 kT
v3) = B33+ 3Bpvar L0 = B30} 1 3By, Gl
(v7) = B3vy, Bavq 2((100;_@0) B304, Bavg 1 Okc;:GO)
W) = 303+ 3Bavas——L0 = G 4 3By —n O
This means that the bulk transport properties are given by
Vaver = <Ur> = ﬁ2vdr y  Vavep = <U¢> = ﬁ?vdqﬁ Y =70
m; TO
Tr:_l v2 - UTQ =
(02— (o)) = ——
my 0
Ty, = —((02) — (vy)?) = ——— , T =T
o =7, () =« ¢]>9) oot =T (5.43)
rr:nik;Tr:#? :TLZ]{?T:—, = Por
b b (a0c+ao)2 Poo bd ¢ (aoc+a0)2 Py = Po
g = m((v;) — (v)°) = 3(v, ) (kT) = 0,
4o = mi((v3) — (v4)®) — 3(vg) (ksTy) =0, ¢ =0 )
in which pg, = ng.kp1h, and
T+ T, + 1T T 2
Qoc T Qg
5.44
oo Pt Peoton +1} (5:44)
! 3 " (Oéoc + CL0)2

Note that all non-diagonal elements of the pressure tensor are zero, and the scalar
pressure p; is, as usual, defined as one-third of the trace of the pressure tensor.

In fact, these bulk parameters can be directly written out from Eq.(5.37) by
following the same procedure as shown in Chapter 2. Fig.(5.10) shows the temporal

change of the bulk properties at r/R. = 0.5 in two gyroperiods. Interestingly, all
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Figure 5.10: Bulk parameters in time at » = 0.5R, for Case 4 under
E, = —E.r/R.): nio(ro) = ng <1 + ffe_rg/P%) (k =1 is assumed).

the bulk parameters change in a very similar way to those in Chapter 2, especially
with zero heat flows. This feature can be easily seen from the temporally pulsating
Maxwellian distributions given in Eq.(5.35). In Fig.5.11, all bulk parameters are

depicted versus time and radial position.

5.3.3 Transport properties for Case 3

The transport properties for Case 3 are more complicated than in Case 4 because the
factor r2/R? introduces extra polynomials in the velocity moments. The calculation

of these moments remains straightforward but is a bit tedious. The details are
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Figure 5.11: Bulk parameters in time and radial position for Case 4.
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therefore left to Appendix H, where Iy — I relates to the final products, namely,

=2 =2 = =B W=l wy = )

The bulk parameters associated with these moments do not have more simplified
analytical expressions than Eq.(5.40) above. By making use of these expressions, we
compute the transport properties and show them in Fig.5.12 and 5.13.

Fig.5.12 describes the temporal change of the bulk properties at r/R. = 0.5 over
two gyroperiods. Though other bulk parameters change in a very similar way to those
in Chapter 2, the heat flows are at present nonzero. This means that the initially
inhomogeneous ion density brings about thermal interchanges with the background
plasma. In the figure, analytical and numerical results are shown together as a check

for the equivalence of the calculations. In Fig.5.13, all bulk parameters are given as
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Figure 5.13: Bulk parameters in time and radial position for Case 3.
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a function of time and radial position.

5.4 Distribution and transport parameters with
an inhomogeneous initial ion density under
collisional conditions: Case 4

The inhomogeneous initial ion density also has an impact on the ion distribution
function and transport properties under collisional conditions. However, the alge-
bra becomes much more complicated. Only under an initial ion density structure
described by Case 4 can we derive the math to obtain analytical results. The steps
are completely the same as done in Chapter 3, but with extra parameters (e.g., age,
f) in all expressions introduced by the inhomogeneous Initial Ion Density. A new

parameter, 7, is defined.

5.4.1 Expressing the ion density

Considering a process identical to that done in Chapter 3 but with n;(rg) ~ e o/Be

we obtain that

2
fir(r, v, £) = 20r o= (@neta) [(or=Bvar)*+ (vo=Bavay )| (5.46)
™

and

M:J&—+%4ﬁmﬂ/mmﬂm' (5.47)

Qpe + Qo Uz

which eventually turns out to be

e P3(va,+vdy)

Ny g | ) y
?”L()KJ[ o + o +nle ] (5 8)

in which 7 is an integration coefficient defined by

—B3vi-dra

1 Q,L f2ﬂ_ e Q; d
_ Ly o
" 2r w 70 ao(&)[OCoC(OQé) + aop(a)] (5.49)
10, . efﬂs"d’sTia

da

= — 1
21 w 0 cos2a + Cycosa + Cs
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in which
(E./B)R.£); )

E./B)R.; — 1
1 2a1(EC/B)RCQz —1

= (Be/BIRQ: —1 (5.50)
2 (E./B)R.Q; + —

Oy == £2

3 (ag) (E./B)RS; —1 )

This is a new, nonzero parameter determined by the electric field. If the initial ion

ag

¢ = 1+_>2(

density is uniform in space, parameters (3 and ag. disappear in Eq.(5.49) and then
n is simplified to a; [see Eq.(F.15) in Appendix F|. Fig.5.14 shows the change of
n versus FE./B, in which the linear a; variation is also given for comparison. 7 is
always smaller than a;, about one order lower. With the increase of the electric field,
n changes nonlinearly. Around E./B = 5, n has a maximum value ~1.3.

Because 7 is smaller than aq, the ion density n; with the nonuniform initial density
becomes different from that with the uniform initial density given in Chapter 3. From
Eq.(5.48), we obtain the ion density changes with time via

ot 67ﬁ3(v§T+v§¢)
n; = Nieiym = Ngk ——
Qe -+ QAo

e*l/int + ne(w/ﬂil)l/int} (551)

in which the first term in the bracket on the RHS oscillates with time but decreases
exponentially, whileas the second one increases exponentially. Two panels in Fig5.15
show n; as a function of time and of radial position, respectively. The upper panel
contains two curves versus time at /R, = 0.5 under E./B = 2 and E./B = 8§,
respectively, and the small panel inside it gives the density variation in the range
350-360 cycles under E./B = 8. The lower panel gives two curves versus radius
under E./B = 2 at 45 and 450 cycles, respectively.

A direct comparison between the upper panel and Fig.3.1 tells us that smaller
n values give lower ion densities. However, the oscillation remains in the density
evolution. More importantly, unlike the result found in Chapter 3, the density is
at present a function of r. But the related parameters (3 and ag.) occur only in
the first term in the RHS brackets. See Fig.5.1. Initially, the density n;(ro) is 1 at
ro = 0 and around 0 at ro = 2R, (curve 3; note that we are now discussing a case

excluding the background density ng for simplicity). When more ions are attracted
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to the center, the ion density should increase, while the gradient of the density in
the radial direction should decrease. This feature is shown in the lower panel. At
45 cycles, the ion density drops from 1.2 to 0.3; but at 450 cycles, it decreases from
4.3 to 4.08. That is to say, the density becomes higher while the gradient becomes
more even. However, at any time, the region with higher density is within » < 2R,

in agreement with the initial density profile.

5.4.2 Expressing the ion velocity distribution function

By using the n; solution, a series of tedious derivations then gives

Qi 2
fi = fﬂe*’/i"t + Mok 3é 1 fn(O/)dO/ [e(w/Qi)l’mt _ 1] e Vint (552>

n, w2m J,
in which f, has been shown in Eq.(3.11) or Eq.(3.12). Using Eq.(5.36,5.46), we
rewrite Eq.(5.53) as follows:

_ 2 2
fi _ e B3(vg,+vg,) 67(a06+a0) [(Ur*ﬁ2vd7«)2+<v¢*ﬁzvd¢)2] ——
ok - T o » (5.53)
_1; foﬂ e—(U7-+U¢)+(BQiBISIHO¢ )dO/ [e(w/Qi)umt - 1} ¢ Vint
W 471

This equation is similar to Eq.(3.26), except for a few minor differences: in the second
term, a; is now substituted by 7; in the first term, an extra factor, 6_63"3, occurs,
ag is substituted by ag. + ag, and (5 is present. In a more convenient form to use as

done in Chapter 3, Eq.(5.53) is rewritten as follows:

fi — fil . G*Vint + f@'2 ) <eniil/int o 1) e*l/int
) —63(U2T+U2 )
fa e dr s ef(omCJrao)[(vr*BZvdr-)er(Ué*ﬁdeaﬁ)2] (5.54)
nok 1 ™ 0
12 _ _631+BZ*(U%+U3>) . _27] . [e_Bllo(Bl)]
nok T w /

where I is the zeroth-order modified Bessel function as introduced in Chapter 3.
Similar to Eq.(3.27), the distribution function f; also contains two parts. The first
part decreases exponentially in time, while the second one increases exponentially.
At the beginning t = 0, the result gives the collision-free result. For ¢t — oo, the
first component disappears and the second one controls the evolution. In the two

components of f; in the present nonuniform initial density case, f;; decreases more
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quickly with time than that in Eq.(3.29) (the uniform initial density case discussed

Chapter 3), due to an extra factor introduced as
X = 67[a0°+ﬁ3(v<2ir+vg¢)] (555)

As shown in Fig.5.16, x is always smaller than 1. Only at around complete cycles can
it reach the maximum, but only within r < 0.3R.. Beyond that range to r ~ 2R,., it
turns to zero quickly.

It is thus reasonable to conclude that in regions r > 2R.., the ion velocity dis-
tribution is only controlled by f;. Within 2R,., term e =t tells us that after 320
cycles (in one collision time, v; ' = 3.3s), the contribution of f;; becomes 1/e (even
faster, as argued in the last paragraph), and can then be neglected. This is the same
consideration as discussed in Chapter 3. Naturally, f;» determines f; everywhere and

at any time after one or two relaxation times.
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Figure 5.17: Horse-shoe distribution f;» versus radial position 7.
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Figure 5.18: Horse-shoe distribution f;5 versus electric field E.,.

Let’s turn to f;» in Eq.(5.54). A comparison with Eq.(3.29) shows that this
function is totally a reiteration of what is given in Chapter 3, except for substituting
n for a;. Consequently, f;» should have toroidal shapes. Fig.5.17 shows the variation
of fi2 versus the radial position r for E./B = 4. When the radius increases, the horse-
shaped distribution deforms to a ring-shaped ones, similar to Fig.3.3. At r = 0.5R,,
Fig.5.18 exposes the evolution of f;; versus the electric field strength E.. The trend
is still the same as Fig.3.4 by being a Maxwellian-like distribution under a smaller
electric field to horseshoe and ring shapes when the field goes up. When looking
at the development of the total ion velocity distribution function, f;, with time, a
similar change is also presented to that in Fig.3.5 of Chapter 3. It deserves to be
mentioned that although these figures resemble those in Chapter 3, the distributions
are all weaker in magnitude than those figures. No doubt this is caused by the

difference between a; and n occurring in f;s.
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Figure 5.19: Horse-shoe distribution f; versus time t.

5.4.3 Expressing the bulk parameters

With the ion distribution function at hand, it is feasible to obtain velocity moments
and then bulk parameters as done in Chapter 3. To produce the ion velocity moments
and then the transport properties, we must calculate the neutral velocity moments
first of all. This means we have to deal with a 2-fold integration in velocity and time

space by using Eq.(5.53). A generalized expression of the velocity moments is
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from which we obtain

. Bovg, for t — 0
<UT> = 2 ﬁQUd W . ¢ = i <557>
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Figure 5.21: Evolution of the ion temperature for E./B = 4 at r =
0.5R..

in which the first integration in Eq.(G.19) in Appendix G is used. And,

ﬁ2vd¢ + eP3va (aOC + CLO)U%P% (eﬂﬁl’mt _ 1) 52vd¢ fort — 0
(vg) = . ri— =9 E.r
1+ eVa(age + ag)n (e —1) B R for t — oo
(5.58)

in which the second integration in Eq.(G.19) is used. Clearly, (vs) < (E./B)(r/R.)

is always valid for large . And,
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Figure 5.23: Evolution of the ion heat flow for E./B = 4 at r = 0.5R,.

in which the third integration in Eq.(G.19) is used. And,

1
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in which the fourth integration in Eq.(G.19) is used. And,

35204 )
v r 3 _I._ —T
<U3> _ (52 d ) 2(&00 + ao) _
oy Vi (e 4 ag)n (eﬂ%yi"t - 1)

352Ud7"
P —" _fort—0
_ (/BQUd ) + Q(Oéoc + a(]) or -
0 for t — oo

in which the fifth integration in Eq.(G.19) is used. And,

(Bavap)® + oo + @)

LH%@mm+%M(ﬁW“‘Q

}

w\> E./B
Qi RCQ’L

in which the last integration in Eq.(G.19) is used.

(vg) =

+

E. W,
+e%Va (. + ag)n R; <eﬂz‘ int _ 1> .

B R,
5(FE, r 2+3
2\ B R, 2

) 2

w\* E/B
Rch

} for t — oo
Vs

3B2vdg )

(5.61)

(5.62)

Using these velocity moments and employing Eq.(5.40), we can compute trans-

port properties, e.g., average speeds V,ye, and Vaveg (With a unit vth), temperatures

T, and T, (with a unit Tp), pressures p, and p, (with a unit n;75), and heat flows g,

and g4 (with a unit mv}, ), as done in Chapter 3. Figs.5.20-5.23 show their evolutions

with time at r/R. = 0.5 and E./B = 4 in 1000 cycles, for convenience to compare

with Figs.3.6-3.9. All the bulk parameters run in agreement with the trends shown

in Chapter 3, especially when ¢ is long. This is because 1 plays no role at this time.

For short times, several large fluctuations within 400 cycles exhibited in figures of

Chapter 3 are compressed to be absent in the present nonuniform initial density case.

This is also related to the factor x given in Eq.(5.55).
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5.5 Discussion

In this Chapter, we have solved for the first time a problem for which the initial
ion density was not uniform in auroral ion velocity distribution calculations. Under
both collision-free and collisional conditions, completely analytical solutions of the
distribution and bulk properties have been obtained with two initial ion density
profiles and one initial ion density profile, respectively.

In the collision-free case, the distribution function and bulk parameters still main-
tain the basic pulsating features identified in Chapter 2. However, there are three dif-
ferences: (1) The distribution function is not restricted only to the shifted Maxwellian
distribution. It can be either a pulsating Maxwellian, or, a pulsating horseshoe dis-
tribution. (2) Even when the distribution remains a pulsating Maxwellian, the mag-
nitude of the distribution function in velocity space (or, equivalently, the ion density)
is smaller than that given in Chapter 2. (3) Both the distribution and the transport
parameters depend on the radial position.

In the collisional case, the ion distribution functions and bulk parameters are
the same as those obtained in Chapter 3, namely, the dependence on electric field,
radial position, and time. However, there are two new features: the magnitude of the
distribution function is smaller than in Chapter 3; and the ion density is at present
a function of radial position.

The inhomogeneity of the initial ion density certainly influences the ion distri-
bution functions and transport properties. Without doubt, introducing the density
inhomogeneity into the Chapter 3 case makes originally complicated solutions more
complicated. We have therefore chosen simple profiles of the initial ion density to
produce complete analytical results as the first study on practical situations where
the inhomogeneous initial plasma density influences measurable distribution func-
tions and bulk parameters. This approach will provide a reference to solve this kind
of problems numerically, at least semi-numerically. It also opens the door for devel-
oping a data-fitting algorithm for the modeling of measurements obtained via rockets

and satellites in real situations.
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CHAPTER 6
EXPLORING THE CONNECTION BETWEEN FLUID
EqQuATioNns AND THE KINETIC RESULTS FrROM

CHAPTER 2

For the purpose of gaining additional insights into the physics, we explore the fluid
equations that describe the system explored in Chapter 2, namely, (1) an electric field
that is proportional to radius and does not change with time, (2) initially stationary
ions with temperature Tj.

In the second part of this Chapter, we explore additional possibilities, namely,
situations for which the electric field is not maintained by a constant generator. In
particular, we explore situations for which either ions or electrons are allowed to
modify the initial electric field. We end by speculating on the kinds of conditions

that could lead to the various situations.

6.1 Fluid results when the electric field is constant
with time

The momentum equation for ions states that

ou; 1 E

in which u; = {u,,u,} is the bulk velocity of ions. In the above equation, P denotes
the pressure tensor. Cylindrical symmetry implies 0/0¢ = 0. Also, the electric field

is proportional to the radius, namely,

E=FE.—e, (6.2)



Using

0o 10 ou; Ug ou;
= 6.3
Wi Vi = fur g} { r 8(]5} { "or’ r 0¢ } (6:3)
where
8ui 0 “ “ 8UT 8ér 8u¢A 8é¢ 8u7. QU¢
-7 -2 - 4
G~ o Wt uste) = et e {ar ar | 64
ou; 0 . . é)er 0é, . .
9 = 8_¢(UTeT + ugey) = 8gb + Up—— 90 = Ur€p — Use, = {—Ugp, U, } (6.5)
and then Eq.(6.3) changes to
B Ou, Ui Ouy Uy
u; - vuz - {ur or - 7ur or + r } (66)
Thus, Eq.(6.1) becomes
ou ou u2 E.r
d T § L O e, - (V- P
o " Uor T R &~ huwete (VP (6.7)

Oug Oug  UpUg
ot T or * r

= —Qu, + & (V-P)

At this stage, let’s do power series expansions for u, and u, in powers of r. Due to
the fact that the electric field term on the RHS of the upper equation is proportional
to r, the valid power is 1 for both u, and u,. We then come to the conclusion that

u, o< 7 and uy o< r. As a result, we then express
u, = Vor, and wu, = Vr (6.8)

where V. and Vj are coefficients independent of r. Consequently, Eq.(6.7) becomes

v, Q, E. 1

4+ V2 V2= 1 Q. (VP

ot ®" R.B ot (VP (6.9)
oV, '

1
SE AWV = Y+ Sy (V-IP’)

in which, by looking for a similar power decomposition in P as done to Eq.(6.7), we
know that either V-Pocr or V-P = 0.
Interestingly, if we use Eq.(6.8) in the continuity equation of ions, it turns out to

be as follows: 3 L 8
K (njw;) = ——— (rniu,) =
ot 19 ror 9 (6.10)
2 1
= V) = -9V, — rV. 2
o (r*n;V.) niVe =1V
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The initial condition for n; is that it is uniform in space at t = 0, i.e., n;y is in-
dependent of r. Another expansion for n; in Eq.(6.10) tells us that either n;(t) is
independent of r at any time, including ¢ = 0. This agrees with the initial condition.
We conclude that

aTLi

ot —2n;V,., or, n(t) = ”z‘0€72f"t Ve(t)dt (6.11)

As stated above, the components of the divergence of the pressure tensor, V - P,

should be zero or proportional to r. The pressure tensor P is a 3 x 3 matrix:

Prr DPr¢ Drz
P=1 psr pso Do (6.12)
Pzr Pzp DPzz

and the components in three directions of V - P are as follows:

10
(V : P)r - ;a_<rprr) - ]%
1 10psy | Opzg | Dor
(V P)¢—{%T(rpr¢)+{aa¢ +aaz + . (6.13)
p(;Sz Dzz
P). = -~ — ez | T2z
(V-P). rar(rpm)—i_r ¢ + 0z )

The ionospheric plasma is so magnetized and so rarified that only the normal
viscous stress part (the diagonal elements in [P with the same two indices) are dom-
inant, whileas the shear viscous stress part (off-diagonal elements with two different
indices) are often neglected [see, e.g., Dartevelle (2003), Smirnov (2007)]. Thus,
only the thermodynamic pressure components (i.e., p,, = n;kT, and pyy = nikpTy)
are left in P. Also, 9/0¢ = 0 due to the cylindrical symmetry. Moreover, we do not
consider the changes of components in the z-direction along magnetic field lines and

thus 0/0z = 0, as adopted in Chapter 2. Therefore, we obtain

bl 210 D (), (V-B)e=0, (V-BL=0  (614)

(V-P), =
In the momentum equation, Eq.(6.9), since the momentum terms are proportional
to r, while n; is independent of 7, we require that either (7, 7},) be proportional to
r?, or be independent of r. In the latter case, we must impose T, = T}, in order to

avoid a 1/r term in Eq.(6.9).
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Because the initial condition is that 7,9 = Ty = 1, independent of 7, the solution
is therefore T, = Ty independent of r.

The above tell us that 7, = T, and is independent of r. But it does not tell
us how 7, or T, changes with time. However, the conservation of entropy in an

adiabatic process gives us
prrp T = Const., and, pyep ' = Const. (6.15)

where v = 1+42/¢ is the ratio of specific heat at constant pressure to that at constant
volume and ¢ is the number of degrees of freedom. In our case, we have two degrees

of freedom in the r and ¢ directions. Thus, 7 = 2. Eq.(6.15) then gives
n;T, = Const. x n} , and, n;T, = Const. x n} (6.16)

Employing the initial isothermal conditions, 1,9 = Ty = Ty at t = 0 while the ion

density is n;y, we obtain
Tr . T¢ . n;
Ty To 10

This is the same as what was obtained from the kinetic approach in Chapter 2. Note

(6.17)

that the above equation is consistent with having 7, and T independent of r, since
n; is also independent of 7.

We are now left with solving the following momentum equations

ov, Q F
: +VI-V}= —— =+ Q,V,
aa‘z) R. B (6.18)

e vV, = —Q, V.
o T ¢

to reproduce the bulk parameters given in Chapter 2. Define a complex variable,
V =V, +1iVy4 which gives V2=V2— V¢2 +12V,V,. The sum of the first equation and
the product of ix the second one in Eq.(6.18) gives

oV Q;

— =-V?—iQ,V - ¢ 6.19

ot ' R (6.19)

in which £ = E./B is a constant. Noticing that V is only a function of time, we can

2\ 0\
(V—i-’L?) +E(€+<?>
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rewrite Eq.(6.19) as

v
dt

(6.20)




or

2\ AN
(V—i-l;) +E5+<E>

Before integrating this equation, we have to look at the singularities in the complex

(v i)
— —dt (6.21)

plane. They are at
4€
R,

£

V = +4/1 —1
22 +

(6.22)

We can choose an integration path along a large circle when V' — oo to integrate
above singularities. Thus, there is no residue and we can deal with the integral as if
the argument were real. The result of the integration is

Q,

1 V+i—
tan™! 2 =—t+C (6.23)

Qi Qz 2 QZ Qz ?
\/E“(T) \/E“(T)

Using the initial condition: V' =0 at t = 0, we then find

RS
1 Z?
C = tan~! (6.24)
&g + & ’ &g + & ’
R, 2 R, 2
The final solution is therefore
t t
(22 — w?)tan (w_) + 1wl [1 + tan? <w_)}
w? + Q2tan? (7)

Q, 0\ °
in which & = \/ e+ <?Z> is used. This means that we have

2 R,
[1 — (&) 2] sinwt
V= e
foe () +(3) e (F) 020
2 w 2 )
V. — Q, Q

3




These expressions can be easily converted to those already given in Chapter 2:

)

wt Qz 2 . wt 1 Qz 2
(7)+<z> sin” (7) -3 [1— (z) (1= coswt) = ao
1 1€,
‘/r = —5———Z sinwt = Ydr == —UT (627)
1RclaOQw T T
i Udg _ Ug
b= £ (D) (1~ conwt) = 22 = J

What is more, it is easy to obtain a relation between V, and ay from the above set

of equations:
1 day  1d(lnayg)

"2 dt 2 df

(6.28)

From this expression we obtain the ion density by using Eqgs.(6.11,6.28), namely,

mi(t) _ o fiviode _ - fidnan)/anae _ L (6.29)
7o a0

which with Eq.(6.17) leads to the result of

no_ I _1s 1 (6.30)
(4Z0) Tp Tp Qo .

This is exactly what was obtained in Chapter 2 for the density and the temperature.

In summary, we have shown here that the kinetic solutions of Chapter 2 are
describing an adiabatic system that is initially isothermal and at rest. In addition,
the changes in the density are due to the fact that V- (v) is constant in space though
oscillating in time. The velocity dependence is related to the fact that £ oc r so that
both components of the velocity increase linearly with radial distance. What is more,
the temperature variation is similar to the density variation with time because the
system is adiabatic (no outside heat source or heat flow) and because it has only
two degrees of freedom. Finally, the frequency of oscillation is not €2; but w because
the Coriolis and centrifugal forces introduce the V;? — V2 and 2V,Vj, terms in the r
and ¢ components of the momentum equations, respectively. Notice that w = €; if
we can neglect the nonlinear terms in the momentum equation. These points are
reminiscent of the arguments used in Appendix A & B except that we are now using

them for the mean flow as opposed to the individual particles.
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6.2 Fluid results when the electric field is modi-
fied by ions

We now consider a situation for which the fixed voltage generator is replaced by a
system where the electrons are introducing a radial electric field, but ions are able
by their motions to change the electric field by changing the charge density. The
important difference with the previously described system is that in the old system
the net electron density would have increased in sync with the ion density to maintain
the net electric field. Notice that this mechanism is the way by which electrostatic
ion cyclotron waves are generated (just generate a system for which the Coriolis and
centrifugal terms are too small to compete with the magnetic force).

In the new system, we have to add the contribution from Gauss’s law to relate

it to the changing ion density. We have

V-E=—(n;—ne (6.31)

é, (6.32)

where E, = E.(t) is introduced at t = 0.

If somehow the electron density is kept fixed, Gauss’s law implies next that

E.
2— = E(?’Ll - ’I’Leo) = E(STL% (633)
R. ¢ €0

Even for large electric fields we still have on; < n;. The continuity equation

therefore becomes
ot

= =2n;(t)V, = —2nV, (6.34)

In the previous section, we used n; on the RHS, and not n.g (or ny), but here we
use the approximation because on; is linked to the electric field as given in Eq.(6.33),

namely,

85712 9 (9 €0
ot ot |e

= EEc(t)} (6.35)
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From Eqgs.(6.34,6.35) we obtain
OE.(t) eneo R,

_ V. 6.36
875 €0 ( )
Defining £(t) = E.(t)/B, we have
o€ eneo Ry
ot EoB ( )
The radial component of the momentum equation is given in Eq.(6.18), namely,
Vv, Q;
L= e VIV QY 6.38
at Rc r + o) + o] ( )

Taking 0/0t and using the previous equation, we get

0%V, Q, o
URED il v/ | VA v O 1 1 6.39
ot2 R, ot (Vi =V s) (6-39)

However,

Q;,  enoR. Q)  nee? )

At = = = w2 6.40
R, B R. em; ¥ (6.40)

At this step, using the other momentum equation in Eq.(6.18), we obtain

OV w402 v— 2 (2o v2) — 20y, (6.41)
ot? pz Vot ¢ e '
A dimensional analysis in terms of a frequency w gives
%3 v,
2 2 2 : ¢ ¢
w? = (w2 + Q) —i(wV}) ( — V_r2> + Q(QiVT)VT (6.42)
From this we can see that the two nonlinear terms on the RHS can be neglected if
r E./B

That is, if wﬁi > OF and w ~ ©;, the central inequality was already met in Chapter

2, namely, w and €); are of the same order, and
E./B
R.8);

even for very strong cylindrical electric field structures with E./B ~ 2 km/s and

<1 (6.44)

R.Q; ~ 3 km/s. Therefore, the nonlinear terms can be dropped even for these

strong fields. This being the case we then get
w? =wl +Q =wiy (ions) (6.45)

Therefore, the oscillation frequency is now at the ion upper-hybrid frequency unless
the ion plasma frequency (i.e., the ion density) is very small. However in the latter

case we are back to the case discussed in Section 6.1.
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6.3 Fluid results when the electric field is modi-

fied by electrons

It is also possible that a small number of electrons may be sent down magnetic field
lines through precipitation. If the onset of these charges were to be very fast, the
ambient electrons would react to the lack of charge neutrality. But the ions have
not enough time to respond because of their inertia. In the present case, Poisson’s
equation becomes

E e

2=° = Z(nj — ne 6.46
5= (g —n) (6.46)

while all the other equations would be identical to those of the previous section with
(2. replacing €2; and w,. replacing w,;. That is to say, the frequency of oscillation
would now be the electron upper hybrid frequency, wyy (electrons).

In both upper hybrid situations discussed in last two sections, the background
charges are drawn to (or repelled from) the cylinder. At first, the motion is that of the
cyclotron oscillation. However, the electric field is quickly affected by the new charge
density and the ambient charges may overshoot but not by much. The situation is
very similar to a plasma oscillation with a frequency wg > 2. At low densities,
the magnetic field is responsible for the return of the charge and the oscillation is
then that of electrostatic cyclotron waves. Indeed, the electric field modification is

negligible if wg is small.

6.4 Lower-hybrid oscillations

If the electric field increases more slowly than the electron upper hybrid period, lower
hybrid waves may also be excited. In this case, the description proceeds the same
as the previous two sections except that both ions and electrons are reacting to the
electric field. Gauss’s law now applies to (dn; — dn.), both of which are changing
with time.

Take electrons as an example for a discussion. As done in the last Section, we
consider the perturbed electron density dn. (i.e., the electron space-charge density)

as a function of time and the background electron density n.q to be uniform in space
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and constant in time. Note that n, =~ n. due to the very small dn.. The continuity
equation for electrons gives

ne = —2"y© (6.47)

w

From the momentum equation, we have, using the same treatment as in the previous

subsections:
10 w?
e — _ ~ e = 6.48
" iw R, Q% —w? (6.48)
Thus, the last two equations give
271,60 Qe
e = o Eé’ (6.49)
The ions have a similar density perturbation:
nio
Using Eqgs.(6.49,6.50) in Gauss’s law: V- E = E(éni — dn,), and noticing that
€0
V-E = —-2E./R., we obtain
w2, w?
£ _ _ e —1 (6.51)

W2 02—

Applying the condition ; < w < €2, we then have

wr= P =2, (6.52)

Wpe
1+ 02

e

which is the LH frequency. If Q. < wy., we find
wrag = V2, (6.53)
under weak magnetic field conditions. In addition, if Q. > wy,,
WLH = Wpi (6.54)

which appears under strong magnetic field conditions (e.g., pulsar/black-hole plas-

mas).
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6.5 Summary and discussion

Using a fluid formalism, we have established the origin of the oscillations found under
the particularly simple situation depicted in Chapter 2. We have found that as long
as the electric field could be maintained by a generator so that ion feedbacks could
not affect the field the system produced electrostatic ion cyclotron waves that were
modified by the Coriolis and centrifugal forces.

We have showed that for similar systems based on uniform cylindrical distribu-
tions of charges, the oscillations would become (1) ion upper-hybrid waves if the
electron density was not allowed to change; (2) electron upper-hybrid waves if the
electrons were fully able to respond to the electric field perturbations; and, (3) lower-
hybrid waves if the external field was introduced slowly enough for intermediate
frequencies involving both ion and electron electrostatic responses.

Thus, in collision-free situations, much depends on the processes responsible for
the introduction of the electric field in the system. For the problem of interest
in this thesis, the electron response has to be taken out. This can be done if the
electrons are the cause of the electric field. For instance, we could surmise that if high
frequency turbulence was affecting the electrons in the process of, say, currents along
the magnetic field lines, anomalous resistivity would slow down the electrons, and
introduce cylindrical regions of space charge. At this point, all the electrons would
be involved in the introduction of the electric field, leaving it to the ions to respond.
Under small plasma density conditions (i.e., wy < €2;), the results of Chapter 2
would automatically apply. The results would also apply if the space charge was
introduced as a voltage generator, so that the neutralizing ion effect could not take
place. One way or the other, the fact remains that cylindrical electric fields are
maintained in the ionosphere, so that something allowing the processes described

here has to take place.
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CHAPTER 7

SUMMARY, CONCLUSION, AND FUTURE WORK

7.1 Summary of problems addressed in this thesis

This thesis has made progress toward a better understanding of the physics of ion
velocity distributions, transport properties, and wave excitation mechanisms in the
auroral ionosphere under various perpendicular electric fields (E) crossed to the local
geomagnetic field (B) in a cylindrical geometry. This subject had been studied in
detail in the past, but only for situations in which the ambient electric field was
homogeneous in space and constant in time after an initial quick transition.

The emphasis of this thesis has been on more realistic general problems when the
electric field is inhomogeneous and/or modulated by charged particles. There had
only been one study of these problems so far [St.-Maurice et al. (1994)] in which
the electric field changed linearly in space along a particular direction perpendicular
to the local magnetic field. However, in last two decades, space observations via
satellites, rockets, and radars, have shown that there are numerous instances of
cylindrical space-charge/electric-field arrangements in the auroral ionosphere (such
as traveling vortices, auroral rays, and lower-hybrid cavities) in different spatial and
temporal scales. This motivated the present study of ions response to electric fields
in cylindrically symmetric situations.

Starting from a simple electric field structure which is proportional to the radius,
we have used the Boltzmann equation coupled with equations of motion to study the
ion kinetics, velocity distribution function, and bulk parameters of the distribution
function. Complete analytical solutions have been obtained (Chapter 2). Next, to

investigate the effects of ion-neutral collisions on the ion velocity distribution, we
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have introduced a relaxation model for collisions so as to obtain complete analytical
solutions and gain physical insights into the problem (Chapter 3). Further, under
more realistic inhomogeneous electric field structures that were constant in time, we
have developed a semi-numerical back-mapping model to calculate the distribution
function and transport properties in a number of collision-free cases (Chapter 4). The
model developed in that Chapter can be applied to any electric field structures which
are either homogeneous or inhomogeneous in space. In a further generalization, we
have also relaxed the constraint of uniform initial ion density to the above problems
(Chapter 5). As the first step for this study, we have chosen a couple of initial ion
density profiles that produced completely analytical solutions under both collision-
free (with two profiles) and collisional (with one profile) conditions. Finally, we have
employed a fluid formulation to discuss the excitation of ion cyclotron waves, ion
upper-hybrid waves, electron upper-hybrid waves, and lower-hybrid waves within

the content of our cylindrical geometry and initial conditions (Chapter 6).

7.2 Basic results from the thesis

Non-Maxwellian velocity distribution function and related observable transport pa-
rameters (e.g., bulk velocity, temperature, etc.) produced by different auroral electric
field structures have been studied since the early seventies. Earlier studies had estab-
lished that the ion velocity distributions under homogeneous electric fields can differ
in important ways from the conventionally assumed Maxwellian (Gaussian) velocity
distribution by becoming ring-shaped in velocity space under very strong electric
field conditions. By comparison to this homogeneous case, early studies had also
shown that the velocity distributions under an inhomogeneous electric field which
increases linearly in a specific direction in space were found to be crescent-shaped
(as opposed to ring-shaped) in the velocity plane transverse to the magnetic field
direction under similarly very strongly driven conditions.

However, the aurora often breaks down into elongated filaments that are aligned
with the geomagnetic field. It is natural to infer from this that when important

structures are found in the electrostatic fields they, too, will follow a cylindrical
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geometry. Our work has been oriented towards these types of ionospheric electric

field structures.

Our first study (Chapter 2) acts as the basis of the thesis. We have assumed a
simple electric field structure which is “constant” in time, but proportional to the
radial position, i.e., a “radially linear” electric field in space. In addition, the initial
ion density was assumed “uniform” in space, and we considered only collision-free
conditions. We solved the Boltzmann equation by tracking the ions back in time,
using the temporal link between the initial position and velocity of an ion and the
arbitrary position and velocity at any time. We obtained completely analytical so-
lutions for the ion trajectories and the ion distribution function, in addition to the
transport properties everywhere in space and at any time. We found that individual
ions gyrate in phase at an effective gyrofrequency (w) which is different from the
conventional magnetic gyrofrequency (€2;), while the associated velocity distribu-
tion pulsated at a non-steady rate with time. Nevertheless, for an initially uniform
Maxwellian velocity distribution, the distribution remained Maxwellian for all the
times, although the drift, density and temperature of that distribution kept changing

with time but stayed independent of position.

The purpose of Chapter 3 was to elucidate the effects of collisions on the evolu-
tion of velocity distributions and bulk parameters in cylindrical situations at lower
altitudes. We have selected a relaxation model to replace the Boltzmann collision
integral in the Boltzmann equation. This model provides a simple description of ion-
neutral interactions that makes it possible to solve the Boltzmann equation entirely
analytically. Our calculations showed that collisions drive the velocity distribution
to a horseshoe-shaped velocity distribution over long enough times. This feature
has been found to extend to any radial positions at which the radially linear electric
fields exists. The transition period from pulsating Maxwellians to horseshoe shapes
is of the order of one collision time and the transport properties evolve accordingly

from oscillating to non-oscillating in the same short time intervals.

In a third part of this thesis, we removed the “radially linear” constraint from

the electric field structures (Chapter 4). We solved the problem of an electric field
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that could follow any radially nonlinear evolution in space. At this stage, there was
no way to seek a generalized approach for complete analytical solutions. We instead
developed a back-mapping semi-numerical method based on energy conservation
and the equations of motion. We verified first of all the validity of the code by
reproducing all the results given in the first study. After that, we calculated the
ion velocity distributions and bulk properties under several realistic electric field
models. In regimes where the electric field dropped outside a space-charge region,
the evolving velocity distribution with time was found to have many possible types of
shapes, such as, deformed pancake, horseshoe, teardrop, core-halo, etc. If the electric
field dropped sharply on both sides of the boundary of a region, the distribution
developped an ear-collar appearance with time. Under all electric field structures,
the non-Maxwellian distributions and related transport parameters were localized to
the region with an electric field. In this study, we also used a backward ray-tracing
technique to find where those ions contributing to a specific distribution point in

velocity space came from.

In the fourth part of the thesis, we have relaxed the “uniform” condition from the
initial ion density (Chapter 5). The complexity brought about by the new factor is
that the initial density, as a function of initial radius (rg) at to, is now linked through
7o to the phase-space parameters (r,v,,v,) at t. We obtained analytical solutions
for a couple of initial density profiles as a function of radius. The results were at
first sight similar to those for which the ion density was initially uniform. However,
the results became strongly radially dependent for the inhomogeneous initial density
conditions. This was a common feature in both the collision-free and collisional cases

we investigated.

In the collisional case, the ion distribution functions and bulk parameters have
the same evolutions as those obtained in Chapter 3, namely, the dependence on
the electric field, the radial position, and time. Especially for bulk parameters at
r = 0.5R,, their steady-state values are very much the same as those in Chapter
3. However, there are two differences: one is that the magnitude of the distribution

function is smaller than in Chapter 3; and the other is that the ion density depends
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on the radial position and increases exponentially with time, unlike in Chapter 3.
In the last part of the work, we established a fluid context for our kinetic results
and investigated the origin of the velocity oscillations and other results obtained in
Chapter 2. We then discussed how different sorts of initial conditions would lead to
the excitation of other oscillations in the context of our cylindrical geometry. Not
too surprisingly, we identified electrostatic ion cyclotron modes and various hybrid
modes where excitation depended on the particular generator and ambient plasma

density.

7.3 Future work

The present thesis offers both qualitative and quantitative insights into auroral ion
distributions, as well as into their bulk properties as they are driven by different
types of electric fields in auroral regions. The work has also been related to the
excitations of fundamental plasma oscillations. Still, much work is needed for more
complicated situations and to explain important ionospheric phenomena measured
by rockets and/or satellites.

For one thing, the thesis work should be extended to tackle an important issue
in auroral physics: transverse ion energization and ion outflows in the formation of
ion conics in velocity space. The first ion conic was measured by Satellite 1976-65B
[Sharp et al. (1977)]. In that work, conic H™ and O" ions were detected at about
1REg in the northern dayside polar cusp. Since then, many satellites have observed
ion conics in geospace [e.g., Klumpar (1986); Erqun et al. (2001); Ergun (2003);
McFadden et al. (2003)].

A widely accepted process for the evolution of ion conics was described by, e.g.,
Mozer (1980); Mozer et al. (1980); Gorney et al. (1985); Lysak (1986); Wu et
al. (2002): at first, some kind of mechanism has to produce transverse ion heating;
heated ions are then driven upward by the geomagnetic mirror force which is propor-
tional to the transverse kinetic energy under the conservation of the first adiabatic
invariant; the total velocity of the ions takes a conic appearance at higher altitudes;

the presence of parallel electric fields may contribute to a more complicated picture
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through “a pressure cooker” effect [Gorney et al. (1985); Barakat & Barghouthi
(1994); Wu (2000)].

The mechanism underlying the transverse ion heating is not yet clear enough.
Wave energization is one possibility, with a term to represent the perpendicular en-
ergy gain from the “wave-particle interactions (WPI)” in the conic equations [Gorney
et al. (1985)]: d&€, /dt|\yp;- This term has been assumed constant (at 1 eV/s) for
protons over the altitude range 0.1Rp < h < 1Rp, and suggested to scale as m®~!

for heavy ions (« is a power-law index from the spectral fit)[Gorney et al. (1985);

Lund et al. (1999)].

However, there are some problems with the WPI explanation. When taking a
close look at the measurements of ion energy distributions [Sckopke et al. (1983);
Klumpar (1986); Moore et al. (1986)], it was found that (1) a one-to-one correspon-
dence between heated ions and any particular type of plasma waves to heat them is
not obtained; (2) the energy is not always transferred from wave(s) to ions, or rather,
it can flow from ions to the wave(s); and (3) the interaction of ions with small-scale
potential structures (a special form of wave-particle interactions) seems closest to
being responsible for the transverse ion heating. These potential structures were de-
scribed as spikelets (or cavitons) [Chang (1993); McFadden et al. (1999a,b)]. How-
ever, the correlation between the ion energization and the pulsative field strengths

is still open [Schuck & Bonnell (2003)].

The present work can be used to address the transverse ion energization question.
First of all, Chapter 2 tell us that after the electric field is switched on, ions start
a cyclotron oscillation (w) about the E x B drift, with a temperature that changes
with time (see Fig.2.3 for a reference). If at some point the electric field is switched
off, ions will at first have the drift velocity and temperature reached just before
the electric field disappears, but now the mean velocity will start to pulsate around
the origin. If the electric field continues to be on and off repeatedly, ions could be
heated or accelerated continuously to extraordinary levels (St.-Maurice 2006: private

communication).

Fig.7.1 describes the above process in two cartoons under two simple electric field
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Upper: uniform electric field in .x; Lower: linear electric field in 7

Figure 7.1: Two cartoons showing transverse ion heating by peri-
odically occurring electric fields at frequencies that match the local
cyclotron frequency (not a requirement for the heating mechanism, but
used to dramatically illustrate the point) (St.-Maurice 2006: private
communication).

structures taken at the maximum heating efficiency. In the figure, pink-colored areas
represent ion distributions. Dotted circles depict the GC orbits around the E x B
drift in velocity space. Both pink areas on both sides of the dashed double-head
arrows are used to illustrate that at one given moment in time when two different
electric field states are formed (on or off). For the uniform electric field case, though
the areas are constant (saying both density and temperature are not changing at any
stages), the drift velocity increases step by step. So, the kinetic energy goes up. By

contrast, under electric field structures that increase linearly with radius, not only
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the drift velocity but also the density and temperature of the heated ions become
larger and larger. The figure demonstrates that even when the electric field has gone
back to zero, we still have cyclotron oscillations but with a new amplitude and a
zero mean-velocity. In the process, the mean v, is never zero (that is, the bulk of
the perpendicular flow is not zero).

Of course, we have already seen a more direct alternative mechanism for the for-
mation of conics in Chapter 4 of this thesis, when dealing with electric fields that
were not proportional to the radius, particularly near the edge of a negatively charged
region. As seen in Fig.4.8, some “halo-core” “halo” populations can be formed and
some ions can have very high v, gains under these conditions. Indeed, many obser-
vations of conics see a non-thermal, energetic population outside the colder thermal
“core” population [e.g., Garbe et al. (1992)].

What was not done in this thesis is a description of the parallel acceleration
process under the trigger of strong perpendicular speeds away from the origin in
velocity space. The way to tackle this process with kinetic theory is to describe the
acceleration produced by small radial component of the magnetic field in situations
where the magnetic field is very strong along the z-direction, but nevertheless changes

along that direction. From the V - B = 0 condition this means

oB. _ 10
0z  ror

For a small |0B,/0z|, this indicates |B,| < |B,|. The classic mirror force then

(rBy) (7.1)

describes the effect of the B, field on the perpendicular drift. It is easy to show that
the result is an upward expulsion of both ions and electrons if | B, | is larger at lower
altitude.

In mathematical terms, the upward flow is then given by solving the expression

dv,(zl)
dt

= v)Q), (7.2)

«(0)»

where superscript “0” means perturbation and means ambient, and €2, =

leB,./m;| < Q. = |eB./m;].
It follows from this condition that an ion outflow is triggered during the excita-

tion of a cyclotron wave. More specifically, from Fig.7.1, we know that vg on average
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goes between 0 and 2F,./B. Thus, overall, the acceleration is always positive. Nev-
ertheless we could assume to leading order that the region over which the cylindrical
electric field is present is not so long that we would need to consider the changes
along B in space. That is to say, 0/0z may not be zero but it is small. Either way,
it is reasonable to conclude that ion outflows are triggered by ion cyclotron oscilla-
tions. This conclusion is not new, appearing many places in the literature [See the
introduction part of Knudsen et al. (1998) in details].

Interestingly, even when the applied electric field is off, we have shown that
cyclotron oscillations still keep going, but with a new amplitude and a nonzero v
(yet a zero mean-velocity) as shown by Fig.7.1. In that case, the mirror force can be
treated over large distances using the usual adiabatic invariant treatment to describe
the “unfolding” of the conics as the upward motion continues.

A related concern is the resolution of observations (with a premise that the sen-
sitivity is sufficiently high) in applying the present work to data analysis. The pay-
loads may be incapable of catching the cyclotron pulsation (except those onboard
GEODESIC rocket, FAST and Cluster II satellites). If the resolution is low, the
average of data over a period is a better description of what is observed than the
instantaneous description we obtained. In this case, it is necessary to obtain the
average features of what we have obtained in the thesis so as to provide realistic
data-fit modeling.

Let’s take the model established in Chapter 2 for example. In that model, the
cylinder extends to infinity in the radial direction, and the electric field is propor-
tional to the radius. The ion velocity distribution is given by Eq.(2.16) or Eq.(2.23).

We take a time average of the former expression over a full cycle (using o = wt):

1 0271' fzd<wt) — L 027T @6_(1’2'“)35) . BBQ$Blsinada —
iy e T (7.3)
= LB lvitl) Io(B1)

W

Clearly, this is a horseshoe-shaped distribution in the collision-free case, similar to
the result of the collisional part of the ion velocity distribution given in Chapter
3. This time-averaging result tells us that a horseshoe-shaped measurement may

indicate that the observed distribution is at the origin of the cyclotron waves.
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A further point to extend the thesis work is to elucidate the generation mechanism
of the broadband extremely low-frequency (BBELF) oscillations. In Chapter 2 and 6,
we have explained the mechanism of the excitation of cyclotron waves under electric
field structures which are proportional to radius. Given that outside the center of a
charged cylinder where the electric field is not proportional to the radial position, as
shown in Chapter 4, we might expect a broad range of frequencies in the vicinity of
the (quasi-)cyclotron frequencies. Could this be related to the excitation of BBELF
waves?

Of course, there are limitations to what can be done using the approach taken in
the present thesis. The most stringent condition imposed in the present work is the
lack of time dependence in the driving electric fields. The implicit assumption here is
that the electric field is constant over several ion cyclotron oscillations. Also, in the
collisional case, the ion (and electron) densities are found to increase exponentially
with time because we assume that the mechanism behind the production of a negative
space charge induces a fixed potential: in reality the Pedersen currents could well
lower the voltage instead of triggering an increase in the local plasma density. Finally,
many of the distributions that we have obtained are potentially unstable. Whether
or not the distributions that have been calculated in this thesis will survive depends
entirely on the growth rate of the instabilities, which has to be compared with the
rate at which the distribution functions are shaped by the kinetic processes discussed
in this thesis.

Other aspects worth of investigation in the future are the magnetic perturbations
produced by the ion motion that we have obtained, particularly in cases for which
there is a lot of coherence in the ion motion. The work should also be applied to the

laboratory and space-borne data situations.
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APPENDIX A

ROTATING FRAME DESCRIPTION

In the absolute (non-inertial) frame of reference, let us express the ion acceleration
and velocity using the notation d?r/dt? and dr/dt, respectively. In this appendix,
we choose to express the ion motion instead in a rotating frame that rotates about
the axis of the charged cylinder. We apply a constant angular velocity &, relative to
the absolute frame. In the rotating frame, the ion acceleration and velocity will be
denoted by 1 and r, respectively.

As stated in the text, in the absolute frame of reference, the equation of ion motion
(in dimensional form) is given by

d?r E.r dr

— =S x Al
dt? ZBRC+dtx ! (A1)

in which Q; = eB/m; and Q; = |€;|. In the rotating frame of reference, Eq.(A.1)
becomes

E. -
f+2¢vr><1'~+@><(@xr):—QiE%Herxr)in (A.2)
or
.. 5 . N . E.r .
F+ (20, + Q) X T = -, X (d, Xxr) — QZ-EE + (d, x 1) X Q; (A.3)

We now choose the direction of &, to be along the magnetic field, which means
that the rotation is proceeding in the same direction as the E x B direction. Next
we choose to adjust that frequency so that the right-hand-side of Eq.(A.3) is equal
to zero. Thus, two vector equations are produced. The first one is an equation
about w, itself (a positive value has to be assumed), coming from the balance on the
right-hand-side. For positive w, this gives:

E. 1 Q; E./B
(w3+inT—Qi——)r:0 = W, = — 14+4 /

B R, 2 R, 1 (A4)

The meaning of w, is made clear once we consider small values of the parameter
(E./B)/(RX£Y;). It is easy to show in this case that w, ~ (E./B)/R.. Thus, the
period 27/w, is equal to the time it takes for an E x B drifting ion to go around
the cylinder. We note that because we assume that all the ions of interest are in a
region where the electric field strength increases linearly with the radius, this time is
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the same no matter where the initial distance of the particle might be to the center
of the cylinder. We also recall that the direction and the sign of w, were taken to be
such that the rotation was going in the E x B direction.

We obtain a second equation from the fact that the left-hand-side of Eq.(A.3) must
also equal 0 when its right-hand-side vanishes. This gives us the balance

F+dxr=0or, v+dxv=0 (A.5)

in which we get, using (A.4),

E./B
RCQi

5=, + Q= [1+4 (A.6)

Eq.(A.5) strongly suggests that w is a generalization of the ion cyclotron frequency
since it takes on that value when (E./B)/(R.) < 1.

We may thus conclude that the motion described by a rotating frame with a frequency
of rotation described by &, describes the ion guiding center motion. That motion is
a generalization of the usual plasma E x B drift while the motion about the guiding
center is described by a circle in velocity space, where the ion oscillates at a frequency
which is a generalization of the ion gyrofrequency. Using parameters listed in Section
3, we obtain w = 1.915Q; while (w,R.)/(F./B) = 0.68. I label w as the “effective
gyrofrequency” in the main text.
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APPENDIX B

USING COMPLEX VARIABLES TO SOLVE FOR

{UW U¢}

In Cartesian coordinates {z,y, z}, Eq.(2.3) can be written as:

i:—%%x—i—Qiy, y:—%%y—mi, Z2=0 (B.1)
in which {%,4,2} = {0, 0,,0,} is the ion’s acceleration. The position vector is
r = xi + yj + zk. The z-component is not coupled to the rest of the problem and
can be solved independently. For the acceleration in the plane perpendicular to the
magnetic field we use a complex function Z = x + iy with |Z| = r. In terms of that
function Eq.(B.1) can be written as

42z iz EQ
0,— + =17 = B.2
aw My T R4 (B2)

Letting Z = Z'e™t, the equation becomes

a2z dz’ E.Q;
W + 2(2(,«)7« + QZ)E =7 (w? + w0 — EE) (B3)

By selecting a frequency w, which satisfies w? + w,Q; — Q;(E./B)/R. = 0, we obtain

o (| E/B
=5 1+ ATG ] (B.4)

which is the same as Eq.(A.4). As a result, Eq.(B.3) becomes

a2z’ w dz’
iw
dt? dt

=0 (B.5)

where w has also been obtained before, in Eq.(A.6). The integration of Eq.(B.5)

gives
!

Z'=27j - z% (1—e ™" (B.6)

!
in which Vj = (dZ ) .
dt /,
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B.1 Obtaining {v,,v,} from {v,,v,}

Using Z' = 2’ + 1/ and V§ = v/, +iv),, Eq.(B.6) becomes
0 x0 0

/

v /
o =al+ -2 — Acos(wt +0) , y =y} — % + Asin(wt + 6) (B.7)
w

{gg’— (x{)+ %)}: [y’— (y()— %)r = A? (B-8)

in which A = | /vff, 4 vj5/w, 0 = tan™' (v} /v;,), and w, is the effective gyrofrequency

revealing

of the ion in the rotating frame.

In terms of the original function Z we have to apply an additional rotation involv-
ing w,t to the results posted in Eqs.(B.7,B.8). The new variables are then given
respectively by,

B
r = —resin(w,t — V) + ;{cos[(wr + Q)t — V'] — cos(w,t + ')}

(B.9)
y = rocos(w,t —9) — g{sin[(wr + Q;)t — V'] +sin(w,t + ')}
and
[z + rosin(w,t — D)) + [y — rocos(wpt — 9)]* = 2 <§> (1 — coswt) (B.10)

in which 7y = /a2 + 42, ¥ = tan " (20/y0), B = /(wrTo — vy0)? + (WrYo + v20)2,
and ¥ = tan ' [(w, Yo + vVa0)/ (W0 — vy0)]-

Egs.(B.7,B.9) provide the following velocity components, respectively:
v = wAsin(wt +0) , v}, = wAcos(wt +0) , vZ + ) = (wA)? (B.11)

and

)

B
vy = —wyrcos(wpt — J) + —{—(w, + Q;)sin|(w, + )t —V']+
w
+w,sin(w,t + 9"}
B
vy = —w,resin(w,t — ) — —{

+w,cos(w,t + 09"}

(wr + Q;)cos|(w, + )t — ']+
(B.12)

[Vz + wrrocos(w,t — 19)]2 + [vy + wyresin(w,t — 19)}2 =

Qi ? r\Wr Qz
(—) +2w(w—j)(1+coswt)

w w

- B?
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which gives

Ec 2 2
Ui + 'U; + ERCQZ (% — ;_0) = U:%O + Ujo (Blg)

in which Eq.(B.9) is used. This is simply the energy conservation equation.

From Eq.(B.12), we obtain the components of the ion velocity in the cylindrical
frame viz
Uy = U,C08¢0 + v,8In¢g , vy = —v,sing + v,cos¢ (B.14)

in which ¢ is determined by
tang = y/x (B.15)

where x and y are given in Eq.(B.9). The explicit form of these expressions, while
correct, is rather complicated. A more physically meaningful expression can, how-
ever, be derived from Z.

B.2 Obtaining {v,,vs} Directly from Z
From Eq.(B.6), we obtain
Z = [Zo - z%‘)’ (1- e—iwt)} et (B.16)

in which Z, = Z| is used. Thus,

dZ A
V= i w4 + Vole’(“”“_“’)t (B.17)
Clearly,
Vo = Vo — iw, Zo (B.18)
which gives
= [V5I* = (vs0 + w,0)* + (vy0 — wro)? (B.19)

The above equations provide velocity components in cylindrical coordinates as fol-
lows:

VZ* V*Z
= + = vyeos[(w, — w)t + ¢y
. (B.20)
Vg = —aZl = w,r + ysin[(w, — w)t + @]

in which Z* and V* are the complex conjugates of Z and V, respectively, and ¢ is
determined by
oZ” 1 Im(V5Z7)

i¢0 — =t
=gz O = Rz

(B.21)
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The above also implies
vy = v + (vgo — wrro)? (B.22)

Using Eq.(B.16), we can obtain another expression for the velocity components in
terms of w rather than w, — w:

/7o / U62 : 1 To_. / U62
r = Uy 3 — t, = WpTr—vy— t ——(1- t) (B.23
v = vy cos(w —l—(bo)—l—wrsmw Vg = Wy =g sin(wt+¢;) wr( coswt) ( )

in which ¢y is determined by

¢ith = Yo %o
Vo %l

1 Im(Vb’*ZO)

Re(Vy Z0) (B24)

/ —
, or, ¢, = tan

Eqs.(B.20,B.23) indicate, respectively, that the velocity v = {v,, v,} can be described
in terms of two different circles with different guiding centers and radii:

v+ (v — wir)? = o

2 12

? ? 2 B.25
(vr — U—Osinwt) + |:U¢ + U—O(l — coswt) — wrrl = (@) v (B:25)
wr wr r
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APPENDIX C

HAMILTONIAN MECHANICS OF ION MOTION

Hamiltonian mechanics employs a scalar function, H (the Hamiltonian), and a set
of special phase-space coordinates denoted by two vectors, (r,p). The two vectors
are the canonical generalized coordinates, where r is the position vector, and p the
canonical momentum conjugating to r. They constitute two canonical Hamilton’s
equations of motion to describe the kinetic characteristics for an arbitrary particle

system:

. OH . oOH
r = % = VPH, and, P = —E =-VH (C].)

In external electric, magnetic, and gravitational fields E, B, and g, the Lagrangian
L of a non-relativistic, charged particle with rest mass m and charge e is

1
L:T—PzﬁmVQ—[e(gp—v-A)—l—\If] (C.2)
in which v = 1 is the velocity vector where the dot above r denotes the time deriva-
1
tive, T' = §mv2 the kinetic energy, P = e(p — v - A) + U the potential energy, and
v, A, and ¥ are vector and scalar potentials defined by

0A

B=—Ve-30

B-VxA g—-—V0 (C.3)
m

C.1 Canonical Equation of Motion

Eq.(C.2) produces the canonical momentum p:

1
p=V,L=mv+eA, or, v= E(p —eA) (C4)

The Hamiltonian H(r,p,t) of the particle is then given by

(p—eA)?

H=p-v—-L=—""+4ep+ V¥ (C.5)
2m
Applying Eq.(C.5) in the first equality of Eq.(C.1), we obtain
1
p=mi+eA, or, IT=—(p—cA) (C.6)
m
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which is equivalent to Eq.(C.4). Then,

. A
p:mi‘—i-eA:mi‘jLe{aa—th(i'-V)A] (C.7)
The other equality in Eq.(C.1) gives

b=——(p—cA) x (b~ cA)] — - [(p— cA) - V] (p— cA)-

A
—eV@—V\IJ:eI"xB+e(1"-V)A+e(E+%—t)+mg

in which a vector identity (1/2)VF? = F x (V x F) + (F - V)F (where F is an
arbitrary vector), and then Eqgs.(C.3,C.6) are used successively.

(C.8)

Egs.(C.7,C.8) jointly produce

mi =e(E+1 x B)+mg (C.9)
or, in its popular form,
d
md—\tf =e(E+vxB)+mg (C.10)

C.2 Equation of Motion in Cylindrical Frames

In cylindrical coordinates, the kinetic energy T is

T = %m('f2 + r2g% + 32) (C.11)

in which, and hereafter, we use dimensionless speeds. The unit of speeds is the initial
ion thermal speed vy, = \/2kTy/m where T} is the ion equilibrium temperature, and
k the Boltzmann constant.

If the electric field is an arbitrary function of r and constant in time, E,, while the
magnetic field is homogeneous in space and constant in time, B, the potential energy

P is .
P=clp(r)—v-A]l=e [gp(r) - §BT‘2(b:| (C.12)
in which the gravitational term is neglected, and

p(r) = —/E-drz —/Erdr (C.13)

For the linear electric field assumed in Chapter 2, E, = —E.(r/R,),

()= SE.R. (= CmBpo (LY (C.14)
A= 5B\ ) T 2. B\ R, :

172



The Lagrangian L is

L=T-P= %m(i’Q +r2p? %) —e [gp(r) — %Br%] (C.15)

which produces the components of the generalized momentum as follows:

oL oL .1 oL
pr=o = mr, pe = % = mr?¢ + 5637’2  Pe= o = mz (C.16)
The above two equations give the Hamiltonian:
: ‘ : Loy 1y 1
H = p7 +pgd + p.2 — L = smu, + smug + -mu; + ep(r) (C.17)

2 2 2

Eqgs.(C.16,C.17) provide the following equations, respectively:

=Z=0; (C.18)

in which ©; = eB/m is used, and,
e =mi, ps=mr (7“95 + 2+ Qr) P =m3 (C.19)
Using Eq.(C.1), or, p, = —0H/0r, py, = —0H/0¢, and p, = —0H/0z, we obtain

i = r($? + ) + %E  rh=—2h— Qi , =0 (C.20)

C.3 Constants and Modified Equation of Motion

The ion Hamiltonian shown in Eq.(C.17) does not contain ¢, z, and time ¢ explic-
itly. This means that there are three constants of motion: the azimuthal angular
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momentum p, = K, the axial momentum p,, and the total energy = = H:

Py = Mmrivg + m’r’%?z = Mmravs + mr%;Z =K

Pz = MVz1 = MUy2

1 1 1 C.21
§mv31 + imvil + Emvgl + ep(ry) = ( )

mu2, + §mv§)2 + §mv§2 + ep(rs)

—_
—
—

I
ST

/

in which v, = 7" is the radial velocity, vy = rd) the azimuthal velocity, v, = Z the axial
velocity parallel to B, and {ry, v,1, vg1,v.1} and {r2, v,2, Vg2, v,2} the parameters of
{r,v,,vp,v,} at t =t; and t = ¢y, respectively.
Eq.(C.21) introduces the following two Hamiltonian’s canonical equations:
Q; Q K

r1v¢1+r%?z = 742%2"‘7”;?Z ] and U§1+U21+€[90<r1)_90(r2)] = U32+U3>2 (C.22)
the former of which corresponds to the conservation of canonical angular momentum,
and the latter to the total energy which can be rewritten as

where P = ep(r) is the potential energy.

Concisely, Eq.(C.22) gives one modified Hamiltonian’s canonical equation of motion:

2+ (%)2 + (%)2 T elp(ry) — p(ra)] = o2 + (Q;”)Q + (ﬂ%)z (C.24)

or,
O\ 2 K \?2 Qo \ 2 K \?
2 i1 2 il'2
+ () s PPy =2 () (2 2
Ury ( 2 ) (mrl) (P 2) =, ( 2 ) (mrg) (C.25)

In the radially linear electric field E, = —E,(r/R.) produced by homogeneous elec-
tron space charges, the above two equations become
Q K

2§k _ 2l _
T111¢1+7"1 9 —7"21)¢2+7"2 9 =

m

E, i\ 2 o\ 2 (C.26)
vh UG+ ERCQZ‘ [(E) - E) = Vg T Vg
and
2 2 2
v+ iy + i + %Rcﬂi L) (=2 =
! 2 mry B R, R, (C.27)

2 QZ”T’Q 2 K 2
=i+ (=) +|—
2 mry
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Taking phase parameters at the final stage t = t; as {r, v,, V4, v, } = {1, Vr1, Vp1, Va1 }

and those at the initial stage t =ty = tg = 0 as {79, V0, Up0, V20 } = {72, Vr2, Vg2, Va2 }
The above two equations change to

Q, 0, K

TUy + T2 — = roUgo + 12 — = —

e g T Ty Ty

E, 2 2 (C.28)
v g+ ERCQi [(%) - (;_0) = V7o + V5o
and,
O\ 2 K\ E 2 2
(8 (8 o ()]
mr ¢ ¢ (C.29)
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APPENDIX D

SOLUTION OF ION EQUATION

OF MoOTION, EQ.(2.11)

D.1 Derivations of Results
from Eq.(2.12) to Eq.(2.15)

For two arbitrary states {r1,vi} and {rs, vo} in phase space, the canonical equation
of motion, Eq.(2.11), or, Eq.(C.27), takes a generalized form as follows:

Q‘T’l 2 K 2 E T 2 T9 2
2 ! - — . — ) - =
Ury < 2 ) + <m7“1) + B Rt (RC R,

D.1
9 QiTQ 2 K 2 ( )
=v,+|(—F) +|—
2 mro
Using
d?”g
y = —— D.2
U2 dtg ( )
this expression becomes
Qﬂ"g 2 K 2 Ec ™ 2 To 2
= 1, | X1 — — | — —R =) — | = D.3
vrs Jl (2) (mr2)+B (Rc R. (D-3)
in which ) )
K
X) =02 +(Qm> +(_) (D.4)
2 mrq
Or,

_ Qch 2 T2 4—}-X T2 _ K 2+X T 2 ( )
2 RC ! Rc ch ? Rc
in which
E T 2 T2 2
Xy = —R., — | = D.6
=g (7) - (7) (D6)




In a concise form, we then obtain

dZEQ
\/—blgl’% + bggl’g — bgg Rc

2
= +—di,

where x5 is a new radial function, bis, bas, b3o are coefficients, shown as follows:

2
€T — 2
= (7)

O,R.\°> E,
by = ( ) + — R,

2 B
r
b22 = blg(ﬁl)2 + ”U,%l + (U¢1 +

2

K 2 T 2
b32 = mRC = EE Vg, -+

The integration of Eq.(D.7) on both sides gives

T2
R,

A

(_)2 = Ao{1 + &5 sin[fw(ts — 1) + @]}

in which
_ b
27 by
N 12032
i b3
E./B
= /1+4
w + RC%
R.)" /A — 1
oy = sin"! (r1/Re)”/As
€9
and the sign “+” before w takes “+” for v,, > 0 and “—” for v,, < 0. Above results

are used in Section 2.3.1.
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D.2 Derivations of Results
from Eq.(2.18) to Eq.(2.21)

To obtain the results presented in Section 2.3.2, we start by re-expressing Eq.(D.9)

by moving its non-sine terms on the RHS of to the LHS:

2 , \
(7“_2) 7! (r—l) Dy
Rc 2b12 — sin :l:w(tz — t1> + Sin—l Rc 2b12 _
1_ 4b12b3: . TDrobss
e : i,
(2) by
2
= sin [+w(ty — t1)] cos sin~! R, bio
1— 4b12b3:
b3y
<£>2 by
c 2b
+cos [w(ty — t1)] sin gin~! R 12
1 4b12b32
T T2
b3, )
This means
n\ b
R 2015 -
1 4b12b3o
T T2
b3s
<£)2 L
2
= sin [fw(ty — t1)] |1 —sin? |sin™! R b1 n
1— 4b12b3;
b3,
DS
2b
+cos [w(ty — t1)] - Re 12 _
1_ 4b12b37
b2
22

2
o IL b
Rc 2blZ

= sin [Fw(ty — t1)] J

9 2
ﬁ bﬁ . 4b12b32
R, 2b19 b3,
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which is then converted to

(2R, _
baa/(2b12)
. (7”1/Rc)2 (T1/Rc)2 4b12032
= + —t 2 — —
sin (s 1>]J baa/(2012) | baa/(2012) b3
ri/R,
+eos [w(ty — £)] - —bi;/(%l)? 1]
b1o s ? 512 ! b2
_ j: _ - - P - -
sm w(ty t1 ”bzz \/ by Rc) b22+
r1/Re)
+eos [w(ta — t1)] - —6221/(%12) 1]
Besides, Eq.(D.10) gives
Y b () b
RC b22 Rc A b22 9 9
™ ™ Qiry
_(Q)Z_b” (E) +(E) (”¢1+ 2 ) _(1)22’_31
R, Q1 R.) by

b12(R

or,

I

) 2
3)2_@<£)4_@: v
Rc bQ2 Rc b22 RC V 622

(D.13)

(D.14)

(D.15)

in which the sign “£” on the RHS takes “4” for v,, > 0 and “-" for v,, <0.

Substituting Eq.(D.15) into Eq.(D.13) gives

(TQ/RC)2 . bia 11 (%5 (ﬁ/RC)2
— - — 1+sinw(te—1t1)-24/ — — +cosw(te—t1) | ———— —1 D.16
baa/(2b12) (tz=t) V D22 Re\/bao (f2=t1) baa/(2b12) ( )
Thus,
( ) b22 U —smw(t — 1)+ \
2b12 T LR 2
< ) — % cosw(ty —t1) = \/U%Esmw( —t1)+
bao
<E> cosw(ty —t;) + —— %, [1 — cosw(ty — )] = , (D.17)

Ur1 T

= Vb, R.

smw t

b12(R> +UT1+(

( ) cosw(ty — t1)+

Qr

+

2b19

) 1 — cosw(ts — t,)]
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which gives

" Ginw(ty — t \
(r2 >2 1= coswlts — tl)v2 N ESHM( 2 — 1)U .
= = - rl
R. 215 1 , \/5122
1 — cosw(ty — ty) n iry (2 (to —t1)+
v — | cosw(ty —
s o1 5 R 2 — 1
1/ 2 1 — cosw(ty — t1)
Z | = 1— to —11)| = ;
+2 (Rc) 1~ cosw(ty = )] 2012 ont
1 .
+Es1nw(t2 — 1) N 1 — cosw(ty — t) i Qiry ’ +
v, v
Vb1 ' 2b1 " :
1 T 2
+§ = [1 4 cosw(ty —t1)] =
o Lo 2 N L 2
= UT‘ (% r v v
Epg V71— ™ e
B e g /
in which
E. \
_RCQI
az=1- 321)12 [1 — cosw(ty —t1)] =
1 Q; 2
— 1 5 1— (U) [1 — cosw(ty — t1)]
.
EcR 0 —Csmw(tg —t1) 1 1 day
Var1 = — R T e 2 tan
d;} Bl 9] 2a2v/b12 ay 2 dty
LT i
— Ei@;;smwsﬂm —t)
1
Ee (0,2 Re SRS C U W
(Y = c b - by i
o1 = B 9 dagbiy a2 2!
E.r 1 <Q>
= ——— | — | [1—cosw(ty —t
Bha \ o [ (ty —t1)] )

where the last two equations provides an important relation:

2 E.r 2 E. 2
(e 52 - (52
Now let’s notice that Eq.(D.18) produces
1\’ o\’ B
(5) () -

LN ; "
B (Tl )2 1 —cosw(ts —t1) , ﬁsmw( 2~ 1)

C

1 — cosw(ty —t Qir L(ir
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Applying this expression in the generalized form of the second formula in Eq.(2.10),
2 2 2 o Ee
V3o + ’U¢2 =V, + ’U(i)l + ERCQZ
E.

we have
2 2
iy (T2
(%) - (%)
— R

=[1-B (1 — cosw(ts — 1)) | 02—
2b19

E %sinw(tz — tl) %RcQz
R.Q;—< v+ |1 — b (1 — cosw(ty — t1)) 0351_

_E \/ b12 2b12

; %C [1 — cosw(ty — t1)]
E, 1 — cosw(ts —t1) (Qir1\’ n
2b19 2

2
+1%RCQ¢ (%) [1 — cosw(ty —t1)] =

LS
B Esmw(tg —t1)
=ay |V} — =R, —< v | +

U¢1 —

o [1 — cosw(ty — t1)]

E
—-c (RcQz)2 Rc

B

+ay |v3; — Vg1 | +

2@2[)12

_|_

E, 2
<§RCQi) T 21— cosw(ty — 1) B
bia R, 2 N
= ay [(vr1 — var1)? + (Vg1 — vag1)?] + C )
(D.22)

in which

E 2
<_CRcQz) 2
1-— to —t
C — a2(’U(217.1 + ,Ui(f)l) - —B (i) Cosw( 2 1) — 0 <D23>

R, 2

Therefore, Eqgs.(D.18,D.20,D.22) imply

2 2 2 )
T2 1— (05} + (05} v N - (05} v
- = Uy r
R B 1 1_a2d1 sl 1—a de1
ERCQi
ag [(vr1 — var1)® + (Vg1 — Vag1)’] = v7y + v,

drl del B Rc - B Rc )
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Consequently, with the consideration of the phase parameters at the final stage t = ¢;
as {r, v, Uy, v, } = {71,01, V1, 0,1}, and those at the initial stage t = t5 =ty = 0
as {ro, Uro, Vg0, V20t = {72, Ur2, Vg2, Usa} with the sign “F” being “—" for v, > 0 and

“+” for v, < 0, we then have

(T_O) = Ao{1l + &g sin(Fwt + ¢g)} =

R,
1—ag ag 2 Qo
= Uy + Var + Vg +
E 1-— Qag 1-— ag
ERCQ,-

U T V3 = ao [(vr — var)® + (v — vag)?] and

, E.r\* [(E.r\°
wt\"~BR) “\BR

Ap = by/(20y)

o = 1-— 4b1b3/bg

o

/ E./B
— (/1 4=
“ ‘ * Rczgzz
)4 /A — 1
5o — s 1 /e A
s 0
R, E
b = e =R,
1 ( 9 ) + B
r Q;r 2
by = bl(E)2 +’U3 + | vs + 9
r\ 2 Q;r 2
bg = E U¢—|‘ 9
1 0\ ?
ag=1- 3 [1 — (j) (1 — coswt)

1 1 dao c T 1 Q’L . "
= — = - ——— in
var ag 2 dt B R.ag ws w2

1 —ao 1 Ec r 1 Ql
= —r{); = ——— | — 1— t
vae ap 2" B R, ag (w) (1= cosw)

/

(D.25)

This solution was checked against a numerical integration of the trajectories so as

to verify that there were no algebraic mistakes.
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APPENDIX E

PROOF OF dF/dt =0

From

2 2
o 9 r{);
o (2,

1 — coswt)

Ve

(E.1)

we know that the partial derivatives of ' and the terms in dF'/dt are in following

expressions, respectively:

2 2
(—T) b —U2—(0¢+rQi)
F E 1= %
or _ —°R.Q; fe 2

) r
sinwt + 2—2vTcoswt

ot B R./by R?
OF v E. )
o 2 TRl
A A b (e + L
U sinwt + i : . 2 (1 — coswt)
Rev/by by
Vs
F E
gvr = 2u, BCRCQi l%\/asinwt — —1(1 — coswt)}
+ TQZ'
oOF E, v 9
I oy~ RO 2 (1 — coswt
v U g b1 (1 — coswt)
Then,
OF _vuv E, )
Z —9 R Q.
U or r * B Rl

r\ 2 r{); 2
1)2 EC bl— 'U¢>+ 9 (

1 — coswt)
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v, r 2 (E.7)

”
v? E, E
(7¢ + 0482 — _CRCQiL> ECRCQ’L' [%\/Esinwt — Z—I(l — coswt)

a oF V02
— <2U Ve + ’UTQZ'> — =4 ¢ _ 21}7«1}(7591'4—
-

vy r
Bepa, a2 t
+§ c g 7(U¢+7’ 1) bl ( —COSC())

In above equations, the respective summations of all LHS terms and all RHS terms
give

2 2 )
(3o (2)
E -1 4F 1 -
(—CRCQ> dF _ \R. 2

T R \/b_1 sinwit+

B %
T 2 T‘QZ‘ 2
U2 E b1 — U¢ + 9

r r . (%S
+2—wv,coswt + ——=sinwt + —

R? Rev/by , 7 by e (E.9)
r Vg E, r
(1 — coswt) — QR_ZUT + (7 + U8 — ERCQiﬁg> :
TQZ‘
Vg +

sinwt — &(1 — coswt) | + U (2v4 + 78Y;) 2 (1 — coswt)

r
Rc\/b_l bl :| r bl )

which gives

2 2 \
Lb—v—i—r—Qi
&RQ‘%W_ R.) " ¢ r
BCZ

— = sinwt — 2—v,.(1 — coswt)+

dt Rc V bl Rg
2 2
Uy Rc ! 2 vd) EC r
+7 b (1 — coswt) + <? + v — §RCQiR_§) .

—_— a0\’
) [R:/ESHMt — Z—I(l — COSWt):| + Q:gl (% n 7’2 l) (1 — coswt)
(E.10)
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or

E “LaF
—R) = =
(BR ) dt

r r{); 2 5 E. r\ 2
E bl — | Vg + 9 + U¢ -+ 7”’U¢Qi — ERCQ,L E

_ sinwt—
R /by
r { L 0\
2y (1 — coswt) + v A e : o
Rg " r b1
v? E
(1 — coswt) — (7(15 + 0482 — ECRCQi%) Z—I(l — coswt)+
12 (g, 4 Sk 2(1— t) =
b vt coswt) =
r\ [ RS%\? N\
I 5 — | vy + 5 + vy + rvell; .
= sinwt—
—2— (1 — w+fwﬁ
Iz Uy COSw B
2 2 2
r r§2; E. r
(E) bl + (’U¢ + 9 ) - Ui - ’I"’U¢QZ‘ + ERCQZ (E)
(1 — coswt)

which produces

\

E, “Lar 0
(ERCQZ) i RC\/b_lsinwt — ZRLgvr(l — coswt)+
2
Uy r
+7“b1 -2 (E) b1 (1 — coswt) =
= —QRLgvr(l — coswt) + QRLgUT(l — coswt) =0 J
Consequently,
dF 0
dt
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APPENDIX F

(GENERALIZED EXPRESSIONS
OF NN; AND f; IN THE COLLISIONAL CASE

DESCRIBED IN CHAPTER 3

In this appendix we derive an expression for the ion density after a sufficiently large
number of gyro-cycles has elapsed in the collisional case described in Chapter 3.
While the expression does not apply to earlier times involving only a few gyro-
cycles, it proves useful in practice for cases in which collisions have taken over the
evolution of the distribution function.

The expression that we need to evaluate is given by Eq.(3.19), which reads

Vin
n; Vin —f“’tda//a (o)
N; = ao(?f) T nig- e W } " I(a) (F.1)
in which
Vin wt!
ot 67? fo da”/ao(a”)
I(a) :/ da/ (F.2)
0 a%(al>

To simplify the notation, we use a = wt and define

ha) = — /Ow de’ (F.3)

T on ap(a)

We limit our calculation to the case o > 2x for simplicity. It is perfectly possible
to be more general. However, the algebra becomes unnecessarily tedious in that and
little of physical interest in gained by doing so.

Since ag is 27-periodic in wt’ = o/, we can write

21 dOé, 47 dOé/ 2l dOé/ 2ml+e dOé,
2mh(a) = +/ +---+/ +/ FA4
(@) /0 ag(a) ar o() 2r(l—1) ap(a’) 2rl ap(a’) (F-4)

where [ = INT[wt/(27)] and € is the phase left in an incomplete cycle. Our interest
is in € < 27l so that the last term can be ignored and then, | = INT[wt/(27)] =
wt/(2m). Tt follows that

orh(a) 21 / A i = wth (F.5)
- 0 ao(@,) 2T — 27 .



where

e L [ o
Using the expression of ag in Eq.(2.19), we have
/027r a;i(O;’/) _ QW% or, hg, = Qiz (F.7)
F.1 Evaluation of the first integral
The simplest integral that we have to perform is
% Owt a(()i(c;’/) o %(;—;QWhgﬁ = Uit - hox = %wt (F.8)

after a large enough number of cycles, in which Eq.(F.7) is used.

F.2 Evaluation of the second integral

We are also required to evaluate the integral I(a) shown in Eq.(F.2). The inner
integral inside it is of the same form as that we just evaluated. Therefore,

I() / T (F.9)
0 ag(a)

We once again break the integration into 27 integrals and end up with

Vin Vin Vin Vin
——2n ——2m-2 ——2m ——c /27r e~ Win/Qu)o!
0

Ia)=[1+e % +e & 4.4 U e 5——da/
ag(a)

(F.10)
We are still interested in ¢ < 27l so that the last term in the brackets can be ignored.
Then, using

-1 1— e—(um/Qi)wt

=27 (Vin /%) _
Z e ™ ] — e 2m(vin /) (F.11)
=0
we have
; 1 — e—(Vin/Qi)Wt 2T 6—(Vin/ﬂi)a’d , 1— 6—(Vin/Qi)Wt 2T e—(um/ﬂi)a’d .
() = 1 — e—27(vin/%) /0 a2(a) R R S o8 /0 a2(a) a
(F.12)

from Eq.(F.10).
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F.3 Expression of N,

Use Eqgs.(F.8,F.12) in Eq.(F.1). We obtain

, o pWin/Qiwt _ 1 r2m o q

Mo Vin € /

N; = 0— d F.13
ao(t) L /0 a? “ (F.13)

in which e~(m/%)" = 1 is used. Because 1 — e~ 27(Win/%) = 27(y,. /Q;), Eq.(F.13)
becomes

10

2] dOé/ (F14>

Ny o et PO /% 1
ao(t) w 27 0 ad

Using the expression of ag in Eq.(2.19) again, we have
27 /
da w
—— =2 — F.15
| e o 19

where a; = 142(E,./B)/(R.2;). The derivations of this result is shown below in the
last section. Therefore,

1
N; = njo {a— +ay [e¥in/Met ] } (F.16)
0

F.4 Expression of f;

For the expression of f;, let’s start from substituting Eq.(3.21) directly in Eq.(3.6):

. Vin 11 -
fi = fae Vit 4 np— e"mt/ {a—o +a; [e(”m/gl)“t — 1] } fu(tdt (F.17)
0

Tn

Using wt instead of ¢ and performing similar manipulations as done above for NN;,
this equation becomes

130 Vin e_,jmt-

= fuemset 418
wt ny, W wt , (F18)
L 5" — an) o)l + J anen 0 (atydar

or,

fi = fuemvit 4 MO Vin i,
N, W
1— e(uin/Qi)w

wt 2 _ 3} .
'{ﬁfo (25" —an) fula)do 55 37 e/ fufa ')da'}+J{
(F.19)
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in which

i0 Vin __,,. a © /)
Jll = @V_e vint {/ (— - al) fn(a/)da/ + Gl/ elvin/Ri)e fn(O/)dO/} (FQ())
0

Ny W ap 0

The fact that v;,/€; is very small makes e2™in/% x5 1+ 27y, /Q;, e/ 1 and
J| — 0. Thus,

fi = fae "t + 10 Vin —vint,
[wt o ( 1 /@it _ 1 (F.21)

o fo a_o — a1) fu(a)da! + a4 2o [0 0% fo(a)do!
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APPENDIX G

FORMULAE FOR VELOCITY MOMENTS

G.1 Initially homogeneous Ion Density

A series of mathematical formulae must be used in the calculation of velocity mo-
menta. I derived these formulae as follows.

There are four useful formulae,

T da 1 [ da
/ Ll :5/ - (G.1)
o @1 L aCcosx o Q1+ axcosa ai — a3
T sina - do
/ =0 (G.2)
o (a1 + ascosar)?

do

J 07r -

(a1 + agcosa)k+1

(2k—1a1f do B k—1 fﬂ do
 k(a? - O (ay + agcosa)k  k(a? —a3) ' (a1 + agcosa)h—1

T sinfa-da
= -4
/0 (a1 + agcosar)F+1 k+1 k4o (G4)
et (i)

where a? > a3, k is an integer, and & > —1 for the upper one, and k > 0 for the
lower one.
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Above equations produce following equalities:

I da o da (af + 5@2)
O (a; £ agcosar)? (al — 3 O (a; £ ascosar)d (2 — a2y
2 2
fﬂ do may (a7 + §a2) fﬁ cosa-da TaY
Y (ay £ agcosa)* (%% a2)” 7% (a1 £ agcosa)? B / (a2 — a2)?
I cosa - dav 5 Tds »  cosla-da W(ﬁa% +a3)
g :F R —
O (a1 + agcosar)? (a2 — a2)? O (ay + agcosar)? (a2 — a2)® \
fﬂ' cosa - dav B 7TCZ2(2(I% + 50/%) COS2Oé -da B 7TCL1(§CL% + 2@%)
O (ay £ ascosa)? ™ V(a2 = a2y *J0 (ay £ agcosa)t (a2 — a2)7
3 5 o
fﬂ cosPa - da B 7ra2(§a1 +a3) sina - da 2
O (ay i2a2cosa)4 -t (a>—a2)7 =0 (gzl + ascosa)? a? — al
»  sin‘a-da /2 sin“a - dev 4/3
Jo (ay &+ agcosa)® (a2 —a3)3/?’ fo (ay & agcosa)? (a2 — a3)? J
(G.5)
Thus,
1 )\
2 2
fg,, doa _ 2may o da _ 2m(ay + 5“2)
0 (a1 + CLQCOSO[)2 (@% — a%)3 ’ 0 (Cbl + CLQCOSO[)3 (a% — @%)5
2 2
f27r da B 2may (ay + §a2) 2r  cosa-da 2mas
O (a1 + ascosa)? (a3 —ad)T = 7° (a1 + agcosa)? (af — a3)?
or  cosa-da 3maias or  cos?a - da m(a? + 2a3)
) (a; + axcosa)® (@@ —a2)p " 7" (a1 +agcosa)® /(a2 — a2)P (
[ cosa-dov _ may(4ai + a3 I cos?a - da _ may(a? 4 4a3)
O (a; + agcosa)? (a2 — a2)7 "0 (ag + agcosar)? (a2 = a2)7
fg,, cosar - da _ _Wag(?)a% + 2a3) fgﬂ- sina - dov _0
O (a1 + agcosa)* (a2 —a2)” 7% (a1 + agcosa)?
f27r sina - dav _ T fgw sina - dev _
O (a; + agcosa)® (a2 —a2)32 7 70 (ay + aycosa)? )
(G.6)
which produces
fgﬂ 1 — cosa B 2T )
0 o+ azeosa)? T ot an)ar — P
o 1 — cosa 7(2a1 + as)
) (a; + azcosa)® V(ar + az)3(a; — ag)? @7
fgﬂ (1 — cosar)? 3 :
0 (a1 + agcosa)? V(a1 + ag)(ay — ag)?
fgw (1 — cosar)? 5
O (a1 + agcosa)? \/(al +az)(ay —az)"
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Above formulae give

o VY, E.r 39 p2r  sina-da
S e = =26 / =0 G.8
) ay “~B Rc(al a2 g (a1 + ascosa)? (G.8)
or Vdg E.r or 1 —cosa
T P —
Jo 2R (a1 + a2) [ (@ T agcosa)? "
Ecr( + a) 2w 5 E.r a, + as (G.9)
=——(a1+a =2n == | —
B RC ! 2 \/(al + ag)(al — a2)3 B Rc (al - a2)3
2 )
or VZ. (Ec r ) 5 (27 sinav
“Tda === (a1 +a) da =
J aj, B R. J (a1 + agcosar)3 (G.10)

E.r 2( n )2 T E.r 2 a1 + aq
= _— a a —_— = 7T _— S
BR.) ' (af - a3 BR.) \ (a1 —a)?
2r Vi E.r\° or (1 — cosa)?
Jo —rda= BER (a1 +az) [, da =

0 (ay + agcosar)?

_ (EL)Q(M@) 3T _ W(%L)Q G Tay
B R, \/(&1 + ag)(al - a2)5 B R. (CL1 - (12)5

(G.11)
27 1 o da 27ra1
—d — 2 — 2— —
s ag o= (ata), (a1 + azcosa)? (@1 + a2) (a? — a3)?
— (G.12)
= 2may, | — 2
e (a1 — ag)?
3 .3
or U, E. r /o (2m sin°«
Jo ) o ) < B Rc) (a1 +02)" Jg (a1 + agcosa)t “ (G.13)
E, '
- (ER;) (a1 +a)®?-0=0
2m Vi E. Y\’ or (1 — cosar)?
200 = [ 2
J aj “ (B R. (a1 +a2) Jy (a1 + azcosar)?
_(Ecr>3<a +a) 5 _57T(ECT>3 a1 + as
=55 1+ as = — = —_—
B Rc \/(al + ag)(al — (I2>7 B Rc <G1 - a2)7
(G.14)
27 2m :
V4, E. r 5/2/ sina
—da=—— da=0 G.15
/0 al “~B Rc(al +a2) o (a1 + agcosar)? “ ( )
: E.r 1 — cosa
2m Yd¢ c 9 2w
e = =2 —
fo %2 Q B R, (a1 + az) 0 (a1 T agcosa)3 Q
E.r 7(2a1 + az) E. r a1 + as
= ——(a; + as)? =17——(2a; +a —
B RC( L) V(a1 + az)3(ar — ag)’ B Rc( ) (a1 — az)?
(G.16)
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Therefore,

I%<vd2r kT 1 )da: (E r )2 CRICHN )
0 my ag B R, | (a1 — ag)?

/{Zan ai + as EC T 2]€an ai + ao

.9 Tt Ze T _M e

+ My T (a1 — ag)? m B R, + My “ (a1 — ag)3

or (Vis kT 1 E.r\’ a; + as

Zdo ~ Vda=3r[ =2 it

Jo (Gf) T ag) T \ B R. 2(661 “a)

kv T, . 2k T,
+ b - 2maq —a1 + a2 =713 Ze + b ai _rar + a2 ,

my (a1 — ag)3 B R, My (a1 — ag)3 (G.17)

f27r (id?;n ?)ka Udr>
0
e 3k: Tn E. r\°
fo2 <$+ ’ d¢>da=57r( 7’) ot +

Qg My ao EE (al —fl2)7
3kyl, E. r ap + a9
= (9 2 =
e 7TB R ( ai +a2) (al _a2)5
E.r a + as 5 E.r 2 3ky T,
=MT— = —— 2
WBRC (a1 — ag)® al—ag(BRC> + (201 + ) My )
Considering
E./B E./B
a; = 1+2——— / o9 = 2 /
R.Q); R.Q);
E./B o % (G.18)
CL1+CL2:1+4RQ:<§) s al—CLQ:l
there exist following relations:
/ 3
I %da =0
0
/
2r Yde wkEk, r
L P, i S
b "0, BR.
2
2 qu k?an 1 W 1 Ec T k?an
Zdr —Vda=27= | = [ 2
fo (a() + my, af « WQi 2\ B R, + o My
) 2
on [ Vdg kyTy, 1 w |3 /(E, r kyT,
_de —Vda=27= |2 =2
Jo (a() * my af “ in 2\ B R, t o My (G.19)
= (V3 3kT,
I Zd) da =0
9 R
Vi 3kyTh qus
do =
fo (ao + My a62 “
o wE o |5 (B 2+ w\> E./By| 3kT,
= 7T——— — _— R — —
) BR. |2\ BR. Q; R.Q; Mn )
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G.2 Initially Inhomogeneous Ion Density

A general class of Gaussian integrals has a form of

(n—11 [« B
- ] 2”/24‘—1)\7‘/2 XfOI‘ TL—O,2,4,"'
/ e M dr =
0

(n—l)' (G.20)
N2/ for n=1,3,5,---

2\ (n+1)/2

L(\) =

which are convenient in applications. For example, for n = 6, we have

[ s 2. B [T 1547

A series of expressions are used in the thesis. They are given as follows:

)

1 1 1
g e = (v )

]- foo 3 _)\U2d 0 <G22)
— voe “rdo, =
J e

1 e 2 x 3
L vie Miduy, = 3
R SayoE 2

I e A(ve—vas) 1 PR o5 3
_ Vz —Vdz d r = —— €z _
\/ﬁf_w vie v S v, + 3\ o
_ fOO ,U567)\vgdvx — O
Ve

1 o0 5 —Ave—v4az) do. = Vdz 4 5U§I 15
ﬁffoo ’Uxe VUV, = —)\ de )\ W

where following polynomial identities are used:
(a+b)? = a®+ 2ab + b*
a+b)? = a3+ 3a®b + 3ab® + b*
(G.23)
(a+0)* = a* + 4a®b + 6a%V* + 4ab® + b*
(a+0)° = a® + 5a’b + 10a*b* + 10a?b® + 5ab* + b°
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In addition,

1 Vdr )
Tom = — fvre’ao("*"dydv = ai
T 0 (G.24)
1 2 ﬁQUdr
I —(aoctao)(v—PF2va)? Jy = =747
Iyo, - fvre A\ oo+ ao |
Ipge = 1 fv¢€_a0(v_vd)2dv — Yo )
7{ @0 ﬂzvdd) (G.25)
[ —(aoc+a0)(v—5zvd)2d — _Me7de
Ioos - fv¢e v o + 4o )
1 1 1 )
oy = & [uzemotv gy = L (g 4 L
T %o ,200 (G.26)
I = l fUQGf(a()chao)(vfﬂgvdeV _ ﬁQUdr 1
003 = 7 ape +ag 2(ape + ap)?
1 2 —ao(v—va)?® 1 ) 1 )
I a(v-va)'dy = — _
oos ™ Jvee v agp K 2aq (G.27)
2,2 )
I = l fv e~ (@octao)(v—PF2va)® 20dg 1
004 g aoe +ag  2(ape +ag)? )
1 3 3\
Toos = = [ Uge_ao(v_vdpdv — V3, + 5
™ agp 4 2ay ; (G.28)
1 2 2Vdr
= = —(aoctao)(v=PF2va)’ Jy — =747 202 4 —)
Ioos Wf“re v e + o ( 2Vdr 20000 + a0))
1 3 )
]006——fl)6a0v_vd2dv:@ U§¢+_
T AT 2a0 ; (G.29)
1 2 2Ud¢
I 3 —(aoetao)(v—PF2v4q) dv = 2,U2 +
Tons T fv¢e v Qo + ag (62 a0 2(aoe +ao) ) )
L caovvar gy = L (4 3% 3 ) )
o7 = — fvre dv = o vy, + 2 + Ia?
Bgp = — [ e otoatv-bavaly (G:30)
_ 1 iy ﬁQUdr 3 )
Qo Qe + ao ap \'° Vi ape +ag  4(ape + ap)? )
vev 1 3vd, , 3\ )
]008——fl)€a0 ddV:a—0<U§¢+a_0+4_a(2)
Toog = l [ vie(eoeta)v=pavaP qy = (G.31)
T
_ 1 ﬁ4v4 36%Ud2¢> + 3 )
Canetao \' Y anctag 4(age + ag)? ]
2 A
_ /Udr Ud'r‘ 15
—— 5¢ ap(v—vyq) _ _ar 4 5_dr _
Toog f v, ‘dv ” (Udr-k o + 4@(2))
Loy = l [ wle(@otao)v=Fava)® v = (G.32)
T
/62vd7' 4 4 /622U(21T ].5
= - - 5 +
Brtar + aoe +ag  Aape + ap)?

Q¢ + Qg
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IOl3
I(/)l?)
IOl4
[(/)14
1015
[(,)15
[016

!
1016

1 . o2 dqb Uﬁqg 15 )
[ = — 5 ao(V Vd) d — 5_ -
010 - f U¢€ o0 qu + a0 +

1
[/ — /U 6_ aOc+aO)( 2Vd) dV —
010 — T f

15
_ ﬁ?vdgb (6§U§¢+5 /82 d¢ + )

Qe + Qg Qo + ag 4(@00 + (10)2 )
1 ) :
Iy = — fvrvqﬁe*“()("*vd)de _ Yartds
T ao ,
_[111 — l f /Urvqﬁef(aOc*FaO)(V*ﬂQVd)Qdv — /62 UdTUd¢
" T Qe + ag /
1 1 1 1 3\
Ino = — [0202e—90(v—va)’Jy = 2,
1612 — f ’(}2 2 7(a0c+a0)(v 2Vd)2dv — >
L L > 1
e - v + L
Qpc + Qo <ﬁ2 dT 2<a00 + CLO)) (62 d¢ 2(0500 + (LO>> )

. |
= fvr 2e—a0(v—va)’qy — & (Uc21¢ + 2_ao)

™ ag

1 2 Bavq

= [, v2e(@octao)(v=Fava)®qy = 2 Vig + =

p J g Qe + ag B 2(ave + ao)
1

1
I 2 —ao(v—vd)zd _ Vdg 2
= VEVHE v=—|v3 +
T f s ¢ aO dr 20/0

1 2 Pavag 1

= = [ 20,.e(@ctao)(v=F2va)* y = -
T f r Yo Qe + ao 62 dr 2(&00 4 CLQ)
1 r 3

=— fva(ﬁe*‘lo("*"d)zdv Vartdg (Udr + —)
e Qo 2&0

1 3
_ ; fU§U¢€_(aoc+a0)(v_52vd)2dV — m (531}37" + 2(—

Qoc + g Qo + ao)

1 —ag(v—vyq)? 'Udr'Ud¢> 3
= Juger ey = M (4

T 0
_1 [ oyude(acta)v=va? gy = Hrvarvas Bivgs + o
T ¢ Qe + Qo * " 2(a0e + ao)
1 2 Vq 3 L \
I - — 3,,2 —CLO v—vq) d = - 2 a. ] 9
- - fv v ” vg, + 20 Vge T a0
Iy = l fvaie—(aoﬁao)(v—ﬁwdfdv =

ﬁzvdr ( 3 > ( 1
— , - /62,02 + -
" age + ag Bava 2(040c + ap) 27d¢ 2(avoe + ao) )

1 3 )
T P 2,,3 fao(vad)zd — Vdg 2
- fvTUd)e M ag var 2ay Ud¢ * 20, 2ay

g = — fvagef(o‘“*“‘))("’ﬁ?vd)zdv =

_ ﬁ2vd¢ 1 2 9 3
= oo g Bt oS e s )
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Using above expressions, we have

L = ffooo v fi(r, v, t)dv = o fooo vre_“o[(“T_“dr)2+(“¢_”d¢)2]dv+
T

Nor 00
+ 72 age [Zop vr [V2 4 03 + B7VE = 261 (Varvy + vagts)] -

.67(a0c+a0)[(UT*BQUdr)2+(v¢752vd¢)2} dv —

Vdr oy o foo
o T Oc J_oo )
.ef(a0c+ao)[(”T*ﬂ”dr)Q*(%*ﬂde’) }dv =

(02 + 003 + BEVive — 201 (VarVf 4 Vagy V)|

Vdr
= No—— ~+ Nor Qe

Qo
’ [I(/)os + Iois + 5 (Ugr + U§¢>) Ioo1 — 261 (vardgos + Ud¢](/)11)]

Iy= [Z v filr, v, t)dv = fo T que_“o[(”T_”dr)2+(“¢_”d¢)2]dv+
™

Nor 00
+ 72 e f_oo Vg [vf + vi + B3v3 — 206 (vgvr + vd¢v¢)} .

.e_(aoc-i-ao) {(”T_ﬁ2”dr)2+(W’_ﬁw‘w’)z] dv =

Uq nor
= n0—¢ +
Qo

.ef(aochao) {(UT*ﬂ2“dT)2+(U¢’7ﬁ2vd¢)2] dv =

Var
= no—& + NorQoe-

0
' [](/)06 + Ioyy + o (Ugr + Uiqs) Too2 — 261 (vaglpos + Udr—f(l)n)}

I = [ 02 flr v dy = 20 % gzl oo Ty
T
n s o0
g, 5,02 [02 4 03+ BV = 261 (v + vagvs)] -
2
.e—(aoc-l—ao)[(v,«—ﬁzvd,«)2+(v¢—52vd¢>2] dv = no & 4 LQ +
ap  2a
+n7(r)r age [0 [v + 0203 + BivivE — 261 (v vl + vagvivg)] -
'6*(a0c+0‘0)[(’UT*/BQUdr)Q‘F(U¢7ﬁ2vd¢)2] dv —
Vdr
= noa— + Nor Qe
0
. [[(/)07 + Iyo + o (Ugr + Uip) Ioo3 — 21 (varLos + Udﬂ()mﬂ )
Iy = [7 vifi(r,v,t)dv = o e v?se*ao[(“T’“dr)%(”d’*“dd’y]dv+ )
T

Nor

e 7o 03 [0 05 + BTVE = 281 (varvr + vagvg)] -

2
¢~ (@oeta) [ (or—Bavar)®+ (vo—avas) | gy _ (Qﬂ + L) +

ag  2a3
n T o0

+ 72 e f_oo [vé + vaé + ﬁfvflvé — 20 (Ud¢v§’) + vdrvrvi)] .
_e—(aoc+a0)[(vr—ﬁzvdr)2+<v¢—ﬁzvd¢)2] dv =

Vdr
=Ny g + Nor Qo

0

[ Lhos + Iona + 07 (v3, + v§¢) Thos — 261 (vagLhos + varllys)] J
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S o oo 3 _GO[(Ur_vdr)2+(v¢_vd¢)2]d )
= 3f = — vle v+
[5 - JLOO 'UTfZ<I',V,t)dV T ffoo T
+ 20 e 25, 03 [02 4+ 02+ B2VE — 281 (varv, + vagrs)] -
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