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Abstract

The continuous outflow of thermal plasma escapmugnfthe polar ionosphere at high
latitudes to the magnetosphere along "open" geoetegfield lines is called the polar
wind, [Axford, 1968]. This plays an important role the ionosphere-magnetosphere

coupling.

The heating of ions (i.e., acceleration of ions,jovhmeans, increases of velocity with
altitude), owing to the interaction with electromagc turbulence (i.e., wave particle
interactions), plays an important role in the awflof the polar wind ions (i.e.,"Gand H)
in the polar wind region. The effect of wave paetimteraction (WPI) on Hand O ions

outflows in the polar wind region were investigabgdusing Monte Carlo Simulation.

The Monte Carlo simulation is a simple concept,sgeteaight forward algorithms, and was
developed to include the effects of altitude andocity dependent wave particle
interactions, gravitational force, polarization attestatic field, and the divergence

geomagnetic field, within the simulation tube (l07.3.7R).

As a result of the effect WPI (i.e. the perpendicltieating), the temperature anisotropy

(To/ T ) for H" ions is reduced at low altitudes, but it is reeer§l (H*) > TH(H+) at
higher altitudes. On the other hand, the tempezaamisotropy(T,/ 'I'H ) for O' ions

increases with altitude at low altitude and at hadfitude its average value is (~53), where

(T,(0") > TH (O*) for all altitudes, where the perpendicular heatimakes the Oand H

velocity distribution functions developed a cornfi@ape at high altitudes.

When an ion is heated and moves upward along tbmagnetic field lines, the Larmor
radius (@ ) of that ion increases and it may become compeartblor greater than the
wavelength electromagnetic turbulencd,), then the ratio 4 /A,) exceeds unity,

therefore, the perpendicular diffusion coefficiefiD,) becomes velocity dependent,

consequently, the heating of the ions becomeslisgting and the velocity distribution
function of ions exhibits toroidal features. Thesult is consistent with the observation of
both H and O toroidal distributions at high altitudes. The toad features of O ions
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appear at lower altitudes compared with idns (i.e. the saturation point of Hons

occurred at higher altitudes than those forids).

The most important result in this study is thag twavelength of the electromagnetic
turbulence equal 8knf,e.,A; =8km), since the simulation results of Barghouthi model
represent the closest results to the observatrdmish obtained from different satellites.
Finally, we can conclude that Barghouthi model nsexcellent model in the polar wind
region, since it produce acceptable simulation ltesuhen compared quantitatively and
gualitatively to the corresponding observations.isTklose agreement between the
simulation results and observations provides ewidaghat Barghouthi model described in
this thesis is appropriate to be used, when maglehie heating of ions through the wave

particle interaction in the polar wind region.
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Chapter One

I ntroduction

1.1 Introduction

The polar wind is an ambipolar outflow of therméigma (i.e. mainly H O, He" ions,
and electrons) from the terrestrial ionosphereigtt katitudes to the magnetosphere along
the magnetic field lines of the Earth. The polandvioccurs inside the region of aurora
ovals; which is a beautiful natural phenomenonucxenost often in the polar region of
the Earth, in the form of majestic, colorful, amgegular lights in the night sky, as shown
in photo (1.1).

Photo 1.1: A view of the entire auroral oval taksnsatellite on October 2007 from high
above the North Polar Region.
http://earthobservatory.nasa.gov/IOTD/view.php?RR&(9/11/2008)
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The Aurora oval takes a shape in the form of rough, whose radius about (2252.6 -
2494km) around the Earth's magnetic poles. In exidithe ring generally located between
65 and 75 degrees latitude in both poles of théhEaand its height from the surface of the
Earth is about 96.5 km. However, the aurora carurogt both poles of the earth; the
aurora that occurs in the northern pole is namegbrauBorealis but the aurora that occurs
in the southern pole is named Aurora Australis

[Axford, 1968], coined the term "polar wind" to @deibe the continuous flow of thermal
plasma escaping from the polar ionosphere at ragtutles to the magnetosphere along
"open" geomagnetic field lines (i.e. the supersowiture of thermal plasma expansion and
outflows), in analogy to the supersonic expansibthe solar wind from the sun. As the
polar wind expansion and flows, it undergoes fowjan transitions: from chemical to
diffusion dominance, from subsonic to supersonicpmf collision-dominated to
collisionless regimes, and transition from heavyigbt ions. Also, the polar wind plasma

outflows change with geomagnetic activity, seasand, solar cycles.

The cloud of gas and suspended solids extending fitee Earth surface out many
thousands of kilometers is called the atmospherh@fEarth, which is varied in density
and composition as altitude increases above thacguof the Earth. On the other hand, the
name of the layer of the Earth's atmosphere, aboend 80km that is ionized by solar
radiation, is called the ionosphere, which is atarix of charged patrticles (i.e. ions and
electrons). The ionosphere considers the main sooffche plasma (i.e. ions, electrons,
and neutral atoms) which is supplied to the magmtere of the Earth, [Shelley et al.,
1972].

The magnetosphere is the region surrounding théh Eeinere the geomagnetic field is
stronger than the interplanetary field, and in Whappears the effect of the geomagnetic
force on the ions and electrons. The magnetospseeynamic region of flowing plasma
controlled by the geomagnetic field, and it is @mtcold plasma from the Earth's
ionosphere and hot plasma from solar wind, whiclme® from the sun. The Earth's
magnetic field extends far out into space for tlamais of kilometers and it is like a dipole

magnet near the surface of the Earth.
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1.2 Thepolar wind

The Earth is one of the planets that have a stnoagnetic field. To describe the shape of
the Earth magnetosphere, we must first discussgrhena caused by the sun. The sun
emits charged particles continuously from its exiey hot atmosphere. These charged
particles is mostly electrons and protons, that preduced from the thermonuclear
reactions inside the sun. Solar streams radiabesipéice in all directions at high speed, and
pull the sun magnetic field with it. The energgiarticles and the sun magnetic field that
they pull into space are called the solar wind. 3blar wind spreads in all directions in the
space around the sun at velocities of 450 km/s aremand collides with the planets,

comets, moons, eftc.

The magnetosphere is the place of dynamic intenastbetween the solar wind and the
Earth plasma. The solar wind plays an importareg mlthe shape of the magnetosphere.
Therefore, the magnetic field lines of the Eartht thre facing the sun (sunward side) will
be compressed. On the other hand, the magnetitlifels on the opposite direction (anti
sunward side) will be drags "elongated” into a neagtail. The shape of the
magnetosphere is illustrated in Fig.(1.1).

MAGHETOSPHERE

Figure 1.1: The shape of geomagnetic field lines th compressed from the sun side and
elongated from the opposite side because of sorat autflow.
http://chandra.harvard.edu/photo/2005/earth/eartly @muro_illustration_label.jpg
(15/10/2008)
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The magnetopause is the boundary between the ednfilanetary magnetic field and the
solar wind plasma in the magnetosheath. The loidjka structure on the anti sunward
side seen in Fig.(1.1) allows thermal plasma, (@, He ions, and electrons) to escape
along these fields lines in the tail , since thespure in the ionosphere is much greater than
that in the magnetospheric tail, [Dessler and Midl96; Bauter,1966]. This continuous
outflow of thermal plasma escaping from the poteroisphere to the magnetosphere along
open (more generally tail-like) magnetic field knés called the polar wind, [Axford,
1968], as shown in Fig.(1.2).

Polar Cap

Nightside

Auroral Oval

Figure (1.2): Schematic diagram of polar wind flanvthe polar cap in the northern
hemisphere.

http://ssdoo.gsfc.nasa.gov/education/lectures/fayfi 112/4/2008)

When the charged particles of the solar wind apprda the Earth's magnetic field, they
are forced to change their path, and begin a spimdlon along the magnetic field lines.
Therefore, this spiral motion leads the chargedigdes to the northern and southern
hemisphere of the Earth. At this region the Earfégnetic field lines converge to form a

shape of magnetic tube, which is called Polar Funhflerefore, the trapped charged
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particles can be channeled into the polar funmal,then enter the upper atmosphere of the
earth as shown in Fig.(1.3).

=

.-?:— DEFLECTED SOLAR WIKD PARTHLES

ROMING BOLAR WIND FIRTICLES

I'—E-'IH‘TH‘-‘} MTHOSPHERE 10 -#010 km)

MAGHETOEHEATH

Figure 1.3: Solar wind enters the atmosphere according ther phianel Region.

http://en.wikipedia .org/wiki/Image:Magnetosphechamatic.jpg5/3/2008)

Solar wind has a large kinetic energy due to a Bigged. Therefore. they enter the upper
atmosphere, and collide with the atoms of the aplesc gas. Because of these collisions,
the electrons of atmospheric gas will be excitedhigher states, when excited electrons
return back to their original states in their atpthey will emit energy in the form of light,
this light which forms Aurora, as shown in Fig.(l.fTherodore p. Snow, The Dynamic
universe, fourth Edition, 1993].

Also, when the solar wind hits the magnetic fieldtlee Earth, a shock wave is form,
known as the bow shock. Because the solar windupgrsonic, therefore, the charged
particles of the solar wind are slowed down to llessnic and large amount of the kinetic

energy is converted to thermal energy.
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Figure 1.4: The interaction of electrons from the svith earth's magnetic shield cause the
beautiful auroras we see in the sky
http://z.about.com/d/weather/1/0/q/-/-/-/\What_causeirora.qif(4/2/2009).

The region between the bow shock and the magnetepaicalled the magnetosheath; the
particles in this region originate from the shoclkethr wind The magnetosheath plasma
is thermalized subsonic and the density of the retghmeath plasma is greater than the
solar wind plasma. Also, the magnetic fields imsger in the magnetosheath region
compared to out in the solar wind, in addition, thagnetosheath plasma is deflected

around the Earth magnetic field. The magnetoshegfion can be shown in Fig.(1.3).

The classical polar wind is an outflow of thermé&dgma in the polar cap region from the

high latitude ionosphere to the magnetosphere@srsin Fig.(1.5).
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Figure 1.5: Schematic diagram of polar wind flowtle polar ionosphere. The classical

polar wind occurs in the polar cap region, [Yaalet2007].

The polar cap is the area around the geomagnel& fmunded by the aurora ovals, as
shown in Fig.(1.2). Polar caps are high latitudgiaes on both hemispheres with open

magnetic field lines connecting directly to timerplanetary magnetic fieldn addition,

polar capsorm one of theonosphericsourcesof magnetospheriplasma This is due to

the so-called polar wind, first suggested from te&oal arguments [Banks and Holzer,
1968; Axford, 1968]. The defining classical polaind characteristics are that it is cold,
field-aligned (out of the ionosphere), and the giies are inversely correlated with ion
mass, favoring lighter ions, (i.e. "Hand Hé), [Banks and Holzer, 1969]. Later

observations have revealed some new features ipdla wind. For example, there is
clear day-night asymmetries in the ion and elecfeatures, the ions velocity increases
monotonically with altitude, and they become supeis at high altitudes, [Abe et al.,

1993].

The outflow consists of light thermal ions (HHe) and heavy energized ions
(O*,N",0,",N,",NO") and electrons. As shown in Fig.(1.5), as the pulad ions flow
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upward along “open” geomagnetic field lines andargd anti-sunward convection in the

polar cap, they generally increase in both dritexspband temperature.

Since the ion is much more massive than electrensjt experience a much larger

gravitational force compared with electron. Therefespatial separation between the two
is formed, this slight charge separation in quasitral plasma forms an ambipolar electric
field, were the polar wind plasma outflow resulisdzcelerate the ions by the ambipolar
electric field in order to achieve charge neutyalith fast upflowing electrons. Therefore,

the polar wind outflow occur. Besides the ambipel&ctric field there are another forces
that affect in the polar wind plasma outflow sud) pressure gradient force (up ward),
since the pressure in the ionosphere is greaterttie in the magnetosphere tail, gravity
(down ward), magnetic mirror force (upward), thosce results from the motion of an ions
in a medium which the magnetic field changes inaitd effect of the wave particle

interaction (upward), this result from the interactbetween ion and the electromagnetic

turbulence.

As the polar wind outflow it undergoes four maja@rsitions: the transition from chemical
to diffusion dominance, transition from subsonicstgoersonic, transition from collision-
dominated to collision less regimes, and transifiom heavy to light ions [Schunk, 1988].
But the most important transition is a transitiooni collision-dominated to collisionless
region. Since these two regions are the most irpbntegions in the polar wind. First,
collision-dominated region which called ion-barosgh the ions in this region behaves
like fluid. Second, the collisionless regimes, whaalled exosphere, where each patrticle in
this region is characteristics dominate the ioniomtThese two regions are separated
from each other by a transition layer, where thesiof the plasma change their behavior

rabidly from collision-dominated to collisionless shown in Fig.(1.6).

Over the past 40 years, since the papers of [AffB8, Banks and Holzer1968,
Marubashi 1970], observation from different polapitng satellites (i.e. I1SIS-2, DE-1,
Akebono, and POLAR satellites over the altitudegeafrom 1.16 to 9B have confirmed

the existence of the polar wind and emerges it lchsiracteristics.
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Exosphere
{Collisionless)

Transition layer

Barosphere
(Collision—dominated)

Figure 1.6: A schematic diagram for the differeggions of the ion flow along diverging
geomagnetic field lines, and the transition regemnbedded in between Barosphere and
Exosphere, [Barghouthi et al., 1993].

The velocity of the polar wind ions increases witbreasing altitude, also the electron
temperature play important role in the ion outflowhen the electron temperature
increased the velocity of the polar wind ions iased. In addition, the velocity of the
polar wind ions in the dayside is higher than thrathe nightside, owing to the increase of
the ambipolar electric field or due to the preseoicadditional acceleration mechanisms,
especially escaping atmospheric photoelectronsaduition, the rate of the increase of
velocity of the polar wind ions with altitude isegitest at low altitude on both dayside and
nightside. Since the velocity of the polar windsancreases with altitude, therefore by the
time they reach 2.1Rall polar wind ions are supersonic. The tempeeatfrthe polar
wind ions is generally low, and less than that le# electrons polar wind, [Yau et al.,
2007].

1.3 The sources of the polar wind

The polar ionosphere plasma, which has a maximunsigeat around 300km altitude
from the surface of the Earth, is a significant ahtimes dominant source of plasma to the
magnetosphere, in addition to the direct or indiexttry of the solar wind plasma. The

outflow of polar wind plasma is limited by the raieproduction of the outflowing ions
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and the effect of their Coulomb collisions with thider ions. Oxygen ions results from the
photoionization reaction, which is given by:

O+hv - O" +e ,atA<911A°
where hv is the photon energy that interacts with the Qmatd is the wavelength of the
photon in Angstrom (A=10"°m), which is in the ultraviolet range. On the othand, at
low altitudes, the dominant source of polar wintlibh is the accidental-resonant charge
exchange reaction between hydrogen atoms and oxggenwhich is given by:

" O"+H - H"+O0

Therefore, the amount of'Hons that outflow away from the Earth dependshendensity

of O" ions in the polar ionosphere [Sojka et al., 1979].

The H€ ions are produced by photo-ionization of neutedium, which is given by:

He+hv - He" +e
where hv the photon energy that interacts with the He atord e is the electron. The
density of Hé ions is decreased by the charge exchange betwe&eand the molecules N
and Q, that given by:

He"+N, - He+ N,

He"+0O, - He+O,
Therefore, the above equations producé &hd Q' ions from the accidental-resonant

charge exchange reaction.

The polar wind plasma contains suprathermal commsnaf both light (i.e. B and heavy
ions (i.e. O). It was believed that Dions are exist at low altitude only, since it is
relatively heavy ions and experience large grawvitall force compared to the light ions,
but the observations assure that there is suprathemnd energetic Oons are present at
high altitude(1.8 - 2.588 together with Hand Hé ions [Abe et al., 1993a,b].

The studies proved that the polar wind plays anontgmt role in the ionosphere-
magnetosphere coupling, by transfer the mass, mimenand energy between the
different regions in the solar —terrestrial envir@nt. Also there are three main ion sources

of magnetosphere plasma; these are the polarl@putora region, and the cusp.
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The polar wind plasma outflow changes with the gegnetic activity, season, and solar
cycles. For example, the*@ns flux reaches maximum in the summer, whilekfigons
flux exhibits a spring maximum. Also, the Hiens flux reaches maximum in the winter,
which is increases by a factor of 25 from summewitater and it increases by a factor of
two from solar maximum to solar minimum [Raitt aBdhunk, 1983]. The activity of the
sun changes periodically, which it takes 11-yeansthe sun to change from its low
activity (Solar Minima) to its high activity (Soldvlaxima), and then back to its Solar

Minima, this phenomena is called 11-year solareycl

In addition, the H ions flux is largest in the noon sector and smsélla the midnight
sector. As the polar wind plasma outflow, a mixiwfgcold polar wind plasma with hot
magnetospheric plasma result in stabilities, wimcheases the polar wind plasma outflow
to higher altitude. In the high geomagnetic agfiva large amount of superthermal and
energetic O ions are present in the magnetosphere [Yau et 285; Moore et al., 1986a;
Chappell et al., 1987]. The DE-1 satellite as shawhig.(1.7), and Akebono observations
provide data, that explain how the polar wind vaigdemperature, flux, ion distribution,
and ionospheric conditions changes with altitudsgsen, solar cycle, and geomagnetic
activity. Also the data obtained by the PWI instamhon DE-1 space craft are help us to

known the form of the diffusion coefficienD(,).

o

AURORAL
FIELD LINES

Figure 1.7: The orbit of the DE-1, it gives excetleoverage of the polar cap, the auroral
field lines and the equatorial region at radiatahises extending out to 4.65F5urnett et
al., 1983].
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A well-known mechanism of the coupling between ittreosphere and the magnetosphere
is the outflow of plasma along the magnetic fiette$ of the Earth at high latitudes from
the ionosphere to the magnetosphere. The ion aatiele through wave particle
interaction with electromagnetic turbulence at Hafitudes can be accepted to explain the
existence of ions at altitudes ranging from a femdred kilometers to several Earth radii
in the polar wind region.

The plasma outflow from the polar ionosphere west firoposed by [Axford, 1968; Banks
and Holzer, 1968; Marubashi, 1970]. This outflonsviermed the "polar wind" in analogy
with the solar wind, which had just been theoriaed observed by [Parker, 1958; Bonetti
et al., 1962, 1963; Neugebauer and Snyder, 1962ie8ret al., 1963].

After few years, Observations from several poldritorg satellites have confirmed the
existence of the polar wind and established itscbasaracteristics (i.e. density, velocity,
temperature, etc.). Therefore, there are severalefasowere developed to study the
behavior of the polar wind plasma (i.e. the ionflout) and to explain the non-Maxwelian
features of A and O ion velocity distribution at high latitudes, thes®dels including:
Hydrodynamics [Bank and Holzer 1968, 1969a, b], tdyiagnetic [Holzer et al., 1971],
Generalized transport [Schunk and Watkins 1981 2].98netic [Lemaire 1972, Lemaire
and Scherer 1970, 1973], and Semi-kinetic [Barakalt Schunk 1983, 1984]. Some times
many models are confused with each other to form medel such as, Monte Carlo and

macroscopic PIC (Particle-In-Cell).

[Schunk, 1988] made a detailed review for these @t®dnd the classical picture of the
polar wind. However, it is worthwhile to distinghismong four types of models (i.e.
kinetic, semi-kinetic, Monte Carlo, and macroscopI€) because these models are some

times confused with each other.

The kinetic models used the collisionless Boltzmaguations to describe species of
plasma (ions and electrons) and solve them by lilieutheorem, [Lemaire and Scherer,
1971]. On the other hand, semi-kinetic models usatisionless Boltzmann equations
(Vlasov equation) to describe the ions behavior Bottzmann relation to describe the
electron behavior, [Barakat and Schunk, 1983, 19B%jnte Carlo approach is used to
include the effect of collisions in the Boltzmanelation, [Barakat and Lemaire, 1990;
Barghouthi et al., 1993]. The PIC model used theutation domain which is divided into
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cells, and small steps of tim&t) are used in order to do the simulation. In timsuation
domain (magnetic tube) the ions are allowed to mawder the effect of body forces (i.e.
gravity and electrostatic field) and collisions. Asesult we can compute the ion density,

after (At) the new body force is computed and do simuladigain.

The previous studies on the polar wind results @taasical picture of plasma, were the O
ions are gravitationally bound, since it is a ligkly heavy ion, but the Hions escape to
higher altitude were they become supersonic andeldpvtemperature anisotropy
(T, >T,), [ Barakat and Schunk, 1983]. By using the seme#ic model [Barakat and

Schunk, 1983] showed that™Histribution close to Maxwellian distribution abw
altitudes (~ 1.7B. The outflow of O ions was found to be improved due to the effect of
high electron temperature, [Barakat and Schunk3[L98gh ion temperature, [Li et al.,
1988], and energetic magnetospheric electronsai@drand Schunk, 1984]. In the model
of [Lemaire and Scherer, 1972a], a monotonic pakrgnergy altitude profile was
assumed for each polar wind ion species. The spaceedivided into four trajectory types:
ballistic, escaping, trapped, and incoming. All rfamajectory types are allowed for
particles such as ‘Oions that have positive potential energies (i.kectéc plus
gravitational) above the baropause, but only esga@nd incoming trajectories are
possible for particles such as léns that have monotonically decreasing poteetiargy.

The escape of Dions has a special important due to elevated @Elammperature and

increase the energy of the magnetospheric electfBasakat and Schunk 1983, 1984; Li
et al., 1988]. Furthermore, [Wu et al., 1992 andeBeet al., 1992] studied of the escape
of O" and H ions in the vertical directions in the topsidetalgtitude ionosphere by using

European Incoherent Scatter (EISCAT) VHF radar.yTivere able to estimate vertical
velocities and fluxes of Hand O ions, and to determine the properties of polardwin
plasma outflow, and hence the structure of thabregan be described.

In a series of studies, [Barakat and Schunk, 12889; Chen and Ashour-Abdalla, 1990]
concluded that the polar wind could become unstdyeusing plasma wave instrument
(PWI) aboard on the DE-1 satellite significant llsvef electromagnetic turbulence were

observed at high altitude. This electromagnetibulance has an important effect on the
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escape of heavy ionospheric ions (i.€.i@ns) into magnetosphere by heating these ions

due to cyclotron resonance with the electromagnettmulence.

Several studies have been conducted of the efteatsWPI have on ion outflow. The
effects of WPI were first studied in the aurorajiom, because the observed levels of wave
turbulence there are several orders of magnitudgidahan those measured in the polar
cap [Gurnett et al., 1984]. [Chang et al.,1986] @#Rdtterer et al., 1987] used a Monte
Carlo simulation to study the perpendicular heatigD" due to a cyclotron resonance
with broadband electromagnetic turbulence (i.e. evparticle interaction). An imposed
wave spectral density was used that was constdhtaltitude, and Oconics were formed
that had characteristics which were in agreemettt thie measurements. In addition, they
studied the effect of wave particle interaction (YWh the outflow of O and H ions in
the polar wind and aurora region, where they deedrithe ion velocity by a quasi-linear
diffusion equation that can be solved by using Mo@arlo simulation, and also adopted

altitude-independent diffusion coefficierDg).

The studies of the effects of WPI in the polar winggion were motivated by
measurements of electromagnetic wave turbulenceeathe polar cap, [Gurnett and Inan,
1988; Ludin et al., 1990]. In the polar cap, thecalomagnetic turbulence levels are much
smaller than those in the aurora region. [Barakat Barghouthi, 1994] incorporated the
effect of WPI on the polar wind ions into their atg-state collisionless kinetic
calculations. They adopted an iterative approaatrdier to reach a self-consistent solution
that accounted for both the WPI and the ions kinb&havior. These initial studies were
subsequently improved by allowing for an altituderiation of the electromagnetic
turbulence level, which was guided by measuremdBiarghouthi, 1997]. The results
indicated that, as expected, the effects of WPIlanger in the auroral region than in the
polar cap, but they are important in both domawmste the WPI energize the ions and

enhance their escape rates.

Similar to an earlier study of the resonant inteoacbetween electromagnetic turbulence
and the O ions through wave particle interaction [Retterenale, 1987], the effect of the
WPI in the polar wind study was expressed in thenfof an operator for perpendicular

diffusion coefficient, and was taken into accouryt Konte Carlo simulations. The
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perpendicular heating lead to parallel accelerasisrthe ions escape upward, because of
the mirror force transferring their perpendiculaergy to the field-aligned direction (i.e. in
the parallel direction), [Retterer et al., 1987helresults of the polar wind study indicated
that both the density and outflow velocity of th&i@ns are strongly related to the level of
the electromagnetic turbulence; the escape fluh@$e heavy ions (i.e.”@ons) could be
enhanced by a factor of A@ith strong WPI. In addition, [Pierrard and Bargttd, 2006]
have studied the effects of the WPI on the doubleyihn H* ion velocity distribution

function in the polar wind.

The 16-moment models of [Ganguli et al., 1987] ipeimars and Schunk, 1989] predicted
that, the velocity of the Hpolar wind ions was as large as 16 —20 km/s, git hititudes
and the parallel Hion temperature was greater than the perpendidaiaperature
between 2.7 and 6.@R(i.e. above the collision dominated region; abdvéR:). Also,
[Ganguli, 1996] reviewed the various theoreticaldels and observations from different
satellites of the polar wind in details. In additidve survey the sources and characteristics

of the polar wind.

In the classical polar wind models, it was believieat G ions are exist at low altitude
only, since it is considered too heavy to overcdheir gravitational potential barrier and
experience large gravitational force compared ® ltght ions. In contrast, significant
acceleration of Oions is theoretically possible in the non-cladspmar wind models and
this consistent with observations, were suprathe@iaons with supersonic speed were
observed in the polar cap magnetosphere by the Bé&iellite [Gurgiolo and Burch, 1982;
Waite et al., 1985]. Also, [Abe et al., 1993a, bhfirmed that there is suprathermal and
energetic O ions are presented at high altitude (1.8 — 2Z8Bgether with A and Hé
ions There are a number of the non-classical pwiad ion acceleration (increase of
velocity with altitude) models, which include cefugal acceleration, enhanced electron
temperature, enhanced ion temperature, strong pbeos convection, escaping
atmospheric photoelectrons, external ion heatind,veave particle interaction (WPI) [Yau
et al, 2007], where we will use Barghouthi modelstady the effect of velocity and
altitude dependent WPI on"@nd H ions outflows in the polar wind region.

In the Tam et al., [1995] model; they predictedtthi@e perpendicular temperature
comparable to the parallel temperature at higtuakis. Also, [Schunk and Watkins, 1982;
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Demars and Schunk, 1987a, 1995] models predictat ttie temperature anisotropy
increases with altitude at high altitudes for tlibapwind ions.

Another series of studies, [Barakat and Barghoutff4a, b], [Barghouthi and Barakat,
1995], [Barghouthi, (1997), Barghouthi et al., (83%nd Barghouthi and Atout, (2006)],
used Monte Carlo approach, in which the effectarfybforces included, to investigate the
effect of wave particle interaction on thé &hd G ions outflow in the polar wind region.
They conclude that the effect of finite gyroradisghe reason for produce of thé &hd

O ions toroids at high altitudes above the polar, dhpt are observed by TIDE and
TIMAS ion instruments on board the polar spacectafaddition, they found that, the"O
ions are preferentially heated because of highessnaad owing to the pressure cooker
effect. Furthermore, they conclude that the eftédihe body forces is more important in
the polar wind region than their effect in the aalagegion on ions, and also, the effect of
the body forces on Qons is more important than that ori ldns. Furthermore, they found

that the ions are more energetic in the aurorabrethan in the polar wind region. In
addition, they modified the formula for diffusionefficient (D,) to take into account the

effect of finite Larmor radius and used it to stutdg H and O ions outflow in the polar
wind. At higher altitudes in the polar cap (~1.@pRelectromagnetic wave turbulence can
significantly affect the ion outflow through therpendicular ion heating that occurs as a

result of wave patrticle interactions (Ludin et 4B90; Barghouthi, 1997).

[Su et al., 1998] reported the characteristics {iedocity, density, parallel temperature,
perpendicular temperature, parallel heat flux, paghendicular heat flux) of HHe", and
O" ions on POLAR Satellite at both 1.8 Rnd 8 R altitude over the polar cap. In
addition, they concluded the large velocities @& folar wind at very high altitudes reflect
to the continuing acceleration due to a number daclmanisms, were there is a
perpendicular ion heating of the polar wind plasmthe topside ionosphere.

[Lemaire et al., 2007] review the history of deymtwent of polar wind models and theories
and they account the early polar wind measurenrari;Maxwellian distribution of ion

species, and account for collision processes. Tbst important and generally accepted
mechanism for the non-Maxwellian distribution featiis the wave particle interactions.

In this mechanism, as the ions (i.€. &hd O ions) drift upward along the magnetic field
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lines of the earth, they interact with the electagmetic turbulence, that observed at high
altitude, and consequently, give the ions heahéndirection perpendicular to the magnetic
field of the earth. In addition, the mirror forcenwerts some of the gained ion energy in
the perpendicular direction into kinetic energytive parallel direction; therefore these
effects combine to form a well known ion-conic distition. In addition, to [Lemaire et al.,

2007], [Tam et al., 2007] reviewed the variousisahal and collisionless kinetic models

of the polar wind in details. Therefore, theordtistudies and observation conclude that,
the wave particle interaction mechanism is gengwatcepted and play an important role

in determines the behavior of End T ion outflow.

Recently, [yau et al., 2007] reviewed the histdrgevelopment of polar wind models and
theories, and they offered Statistical studies wwveys of polar wind ion observations
using data from ten or more satellite orbit pas$bgese observations were made from the
ISIS-2, DE-1, Akebono, and POLAR satellites over #ititude range of 1,000 to 50,500
km, and spanned different phases of solar cycle,tlaey form a composite picture of the

polar wind.

This study is very important, since it is givendtegical explain for the existing of'Gons

(which is a heavy ions and gravitationally bounthigh altitude from the Earth (1.7 -
13.7R), and to collect information about the environnagspace, in order to know how
we will deal with environmental space when we sepdce craft. In addition, this study
has important applications in space communicatidisn, it provides addition knowledge

to science of space physics.

We can conclude that [Barghouthi, 1997] obtainedalitude diffusion coefficient and
[Barghouthi et al., 1998] obtained a diffusion dméént, which is velocity dependent. In
this study we will use the form of diffusion coefént that depends on altitude from
[Barghouthi, 1997] and that depends on velocitymfrgBarghouthi et al., 1998] to
investigate the Hand O ions outflow in the polar wind region, especiailg will use this
developed model (Barghouthi model) to study theatfbf velocity and altitude dependent
wave particle interactions on"tnd O ions in the polar wind region, and we will compare
between the simulation results wave-particle irtigoa model (Barghouthi model) with

observations.
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1.4 Statement of the problem

Several wave particle interaction models (i.e. Barghi model, Bouharm model, and
RCC model) have been suggested for investigatiagetiergization of Hand O ions in
polar wind region and to explain the non-Maxwellfaatures of ions outflows in the polar

wind region.

In this thesis, we are interested to compare betviee simulation results of Barghouthi
model with observations (i.e. quantitative and gative comparison). Also we are going
to explain the reason why thé @ns (which is a heavy ions) are exist at highuale from
the Earth (1.7 — 13. 7

This thesis is organized as follows: theoreticaimolation for Boltzmann equatuion,
wave-particle interaction, Barghouthi model, and nto Carlo model that takes into
account, polarization electrostatic field, diveggigeomagnetic field, and the effects of
velocity- and altitude-dependent wave-particle imtéons are presented in chapter 2. We
present the simulation results of Barghouthi madethapter 3. In chapters 4 and 5, we
compare between the simulation results for botha®d H ions to the corresponding
observations. Chapter 4 presents a quantitativepadson and chapter 5 presents

qualitative comparison.
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Chapter Two

Theoretical Formulations

2.1 Boltzmann Equation

Plasma is the fourth state of matter in additiomas, liquid, and solid, which consist of
free charges (i.e. ions, electrons, and neutrahsoThe polar wind plasma consists of
several species (i.e."HO", He", and electrons), were the flow of these speciesirsc
under the effect of external forces (gravitatiomaggnetic, and polarization electrostatic)
and the net collisions of species.

Since we deal with polar wind plasma in the Barghomodel, it is convenient to describe

each species in polar wind plasma by a separateityedistribution functiorf (v,,r,,t )
The velocity distribution function is defined sutttat f (v,r,t)dv.dr, which represents
the number of particles of species s which at titmbave velocities betweerv,
andv, +dv,, and positions between and r +dr,. The evolution in time changes the
distribution function (i.e. change of,r,) because of the net effect of many external ®rce

and the net collisions of species, which can berdssd by Boltzmann equatiorSghunk,
R. W., Rev. Geophysics, 15, 429, 1977]

afts +v .Of +[g+ %

m

S

(E +1vs xB)].0Of, = d.
C X

2.1)

where @) is the acceleration of gravityE) is the electric field,§) is the magnetic field,
(e, ms) are the charge and the mass of the species actagly, (c) is the speed of light,

(%) Is the time derivatives,[() is the coordinate space gradient, and.] is the velocity
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space gradient. The right hand side of Boltzmanmagon (dds) represents the rate of

change off (v,r,,t )in a given region of phase spage,r, ag a result of collisions.

The solution of Boltzmann equation given the indual velocity distribution functions of

the different species of the plasma, but the Bdtzamequation is not easy to solve.
Therefore, different approaches are used to firabed-form solutions to Boltzmann
equation. These mathematical approaches are useduse the plasma flow conditions
can change obviously within a given region or frame region to another. These
mathematical approaches include: Hydrodynamics kBand Holzer 1968, 1969a, b],
Hydromagnetic [Holzer et al., 1971], Generalizeahsport [Schunk and Watkins 1981,
1982], kinetic [Lemaire 1972, Lemaire and Scher&7Q, 1973], and Semi-kinetic

[Barakat and Schunk 1983, 1984], Monte Carlo [Batand Lemaire, 1990; Barghouthi et
al., 1993, 2003a], and hybrid particle in cell (PiGodels [Demars and Schunk, 1987;
Ganguli and Palmadesso, 1987; Wilson et al., 1990].

In this study we work in a collisionless region7c1L.3.7R:). Therefore, we concentrate on
the effect of velocity and altitude dependent wagagticle interaction, and neglect the
collisions in this region. In addition, the flow species not only under the effect of the
influence of external forces (gravitational, magrieand polarization electrostatic), but
there exist electromagnetic ion cyclotron waves. (vave particle interaction), so the ions
move in the collisionless region under the effadtshese forces and the effect of wave

particle interaction.

In this thesis we will study the outflow of thernasma (i.e. Q H', and electrons) from

the polar ionosphere to the magnetosphere alongebmagnetic field lines in the polar
cap (i.e., polar wind). Also, we consider that ilves move under the effect of body forces
(gravitational and polarization electrostatic), gemgnetic force, and the affect of wave

particle interaction.

The gravitational potential energy, (r) for the polar wind ions is given by the following

formula:
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%(f)=GMEW{ : —Ej 2.2)

17R. T

where G is the universal gravitational constavt, is the Earth massjis the ion mass, r
is the distance between the ion and the Earth, A@R.is the lower boundary for
Barghouthi model in the polar wind, where> 1.7R. > R, for more details see Appendix

A.

In the geocentric altitude which extend from 1.71®.7R: (i.e. simulation region for
Barghouthi model), the polar wind plasma considetedbe collisionlessSince the
electrons are very light in the ionosphere, theeefilne electron escape away from the
ionosphere a long the geomagnetic field lines lgtebns pressure gradient force, but the
heavier ions are bound by gravity and they canmaove with the electrons. Therefore,
when the electrons start to move away along thenetagfield lines, the ions and electrons
are slightly charge separated and a polarizatiectrestatic field is occurred, due to a
slight separation of charges. The polarizationtedstatic field pulls back the electrons and

pulls up the ions with equal force.

The polarization electrostatic potential engpgfr) is given by:

—_ ne
@ (r) =KT, ln[(ne)oJ (2.3)

where K is the Boltzmann constaii}, is the electron temperature, which is constaptis
electrons density, anthe)O is the equilibrium electron density (i.e., the signat 1.7R),

for more details see Appendix B.

Finally, the final potential energy profile(r 9Qwing to body forces (i.e. gravitational and

polarization electrostatic) is given by [Barakatl&chunk, 1983]:

_ N, 1 1
qp(r)—kTeln[mj+GMEn{ﬁ r} (2.4)

where k is Boltzmann’s constanfl, is the electron temperature, and (n,), are the
electron densities at r and 1gRespectively, which can be calculated from thasiu
neutrality condition b, =n(O*)+n(H " ], G is the gravitational constari¥] . is the mass

of the Earth, andn is the ions mass.
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When a charged particle moves in a magnetic fieldill be affected by magnetic force

which known as the Lorentz force, that given as:

F:gva (25)
C

where (q) is the charge of the partiche) i6 the velocity of the charged particle, (c)he t
speed of light, andB() is the magnetic field. The Lorentz force changely the direction

of ions velocity, but the amount of velocity do mbianges. Therefore, the ion will move in
a circular motion about the magnetic field, duenagnetic force. The radius of the circular
path is called Larmor radias, which it can be obtained by equating between the
magnetic force and the centrifugal force.

_mcVy

a 2.6
Ty B (2.6)
wherem is the mass of the ion arwd the perpendicular component velocity.
(0B ).
The quantit e is called the gyrofrequency denoted by:
B
Q.= * (2.7)
mc

Since the Lorentz force operates in the directienpendicular to velocity vectov,,
therefore there is no work done on the ion anddted energy of the ion remains constant,

for more details see Appendix C.

3

On the other hand, the geomagnetic field is takebet proportional tar =~ where () is
the geocentric distancd3(a %). Therefore:

r
B= B (2.8)

where B, is the magnetic field of the Earth at the surfatthe Earth.

2.2 Wave Particle Interaction (WPI)

The flow of plasma from the ionosphere toward tregnetosphere a long the geomagnetic
field lines known as the polar wind. This indicathat the ionosphere is the major source

of ions provided to the magnetosphere. Several feodere developed to study the
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outflow of ions in the polar cap region (i.e. cémyal acceleration, enhanced electron
temperature, enhanced ion temperature, strong pbw@os convection, escaping
atmospheric photoelectrons, external ion heatind,veave particle interaction, [Yau et al.,
2007]. In our study we use the wave patrticle irdiéoa model to investigate the outflow of

the polar wind plasma.

Many theoretical investigations studied the polandvplasma using WPI. [Ludin et al.,
1990; Barghouthi, 1997], concluded that, at higituales in the polar cap (~1.9pRthe
electromagnetic turbulence can significantly affettte ion outflow through the
perpendicular ion heating that occurs as a redulvBl. WPI are known to plays an
important role in energizing polar wind ions coniesn the ionosphere. This process is
effective over a wide range of altitudes and igipakarly important in polar cap. The WPI
act to preferentially heat the ions in a directp@mpendicular to magnetic field lines of the
Earth, and then the ions are expelled via the mfoae, which yields from the gradient of
the magnetic field with altitude. The heated ions #hen driven upwards by the mirror

force.

The effects of WPI were first studied in the auroeion, since the observed levels of
electromagnetic turbulence in the auroral regiaratgr than that in the polar wind region.
Therefore, the effect of WPI in the auroral regismore obviously, [Gurnett et al., 1984].
In addition, [Chang et al.,1986] and [Rettererlgtl®87] used a Monte Carlo technique to
study the perpendicular heating of” Qlue to a cyclotron resonance with the
electromagnetic turbulence. As a result of WPI, ithes heated and energized to levels
much higher than the gravitational and polarizatmotential energies and the result
obtained a conic for Oions distribution, which in agreement with obs¢imas taken by
(DE-1) satellite, [Barakat and Barghouthi, 1994jerefore the effect of WPI is effective
at high altitudes, were the ions gain more and reasxgy due to the effect of WPI. Since,
it takes along time for the ion to reach high aftégs, the rate of perpendicular adiabatic

cooling decreases because of the decreasing ineti@adield at high altitudes.

The early studies of the effects of WPI that hasredon the polar wind were based on the
Monte Carlo technique, where the diffusion coediiti is altitude independent (i.e. the
effect of WPI is altitude independent), [Barakatl @arghouthi, 1994]. On the other hand,
[Barghouthi, 1997] improved the expression of Wbt altitude dependent by allowing

40

wg,:? This PDF was created using the Sonic PDF Creator.

To remove this watermark, please license this product at www.investintech.com



the electromagnetic turbulence level to be variabth altitude. The results indicated that,
as expected, the effects of WPI are larger in tiveral region than in the polar cap, but
they are important in both regions, where the WRergize the ions and drift them

upwards.

Theoretical studies and observations show that WH&l plays an important role in
determining the behavior of escaping of plasma @'e H', He" ions, and electrons) and
the strength of the effect of WPI are significantdomparison to other forces such as
electrostatic, gravitational, and geomagnetic ferdes a result, the effect of WPI should
be included in the models, as shown in Fig.(2.1).

T E
e, P, Electromagneatic Wawves
R

Cantrifugal

/"'J'.m:calaratlon

Figure 2.1: Schematic diagram showing the causesomfoutflow from the Earths
ionosphere, [Schunk and Sojka, 1997].

To include the effect of the WPI in a collisionleggjion replace the collision term in
Boltzmann equation by the term that is represeatitiberaction between ions and the
electromagnetic turbulence, which is representepasticle diffusion in the velocity space
such that [Retterer et al., 1987a]:

o] _(1)a [y, o
ot |, v, Jav,| T v, (2.9)
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where D_ is the quasi-linear velocity diffusion coefficienate perpendicular to

geomagnetic field lines.

The influence of WPI on the ion species duriity under the effect of the gravitational,
electrostatic, and geomagnetic forces, is takibg aonsideration by incrementing the ions

perpendicular velocity by randomly incremekt, such that:
((v,)?) = 4D At (2.10)

where At is the time interval chosen randomly ah¥, is the perpendicular diffusion

coefficient rate.

To study the effect of WPI, we need to know theresgpion for the diffusion coefficient
D, . [Barghouthi, (1997) and Barghouthi et al., (1998)mputed the altitude dependence

of Dy by analyzing experimental data obtained by PWboard the DE-1 satellite. They

obtained the following expression for the perpeunidic diffusion coefficient rateD in

the polar wind plasma:

(2.11)

5.77x10°(r/R.)"*® cm?sec’, forH*
D) = { (1/Re) }

9.55x10°(r/R¢)*** cm? sec?, for O*

This expression for the altitude dependent diffusioefficient did not produce results that
agree with the observations. To producing thesereasens requires a velocity dependent

diffusion rate as suggested by [Retterer et aB4],9or more details see Appendix D.

To model the heating process (i.e. wave-particlerautions), we specify a model for the
diffusion coefficient D, as a function of perpendicular velocity, and positionr/R.

along magnetic field lines of the Earth. For the tigpavariation, (i.e. the altitude
dependence) we choose the form obtained by [Batghadl®97], equation (2.11), while
for the velocity dependence, we choose the forrainbt by [Barghouthi et al., 1998].
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2.3 Barghouthi model

[Retterer et al., 1987b]; assumed the wavelengtl) of the electromagnetic turbulence to

. Lok .
be much greater than the ions Larmor radiLuEl .e,g—vmj. However, the ions of the polar

wind plasma are accelerated owing to the WPI. Bey tare escape upward along the
magnetic field lines of the Earth, but the magndigd intensity B8) of the Earth

decreasing when the altitude increasing, where gib@magnetic field is taken to be

proportional tor 2 (wherer is the geocentric distance aila %). However, the ions
r

Larmor radius § ) inversely proportional to the magnetic field mée¢y B) as shown in

equation (2.6). Therefore, the ions Larmor rad@} ihcreasing rapidly with altitude. As a

result, at high altitudes, the ions Larmor radiag (hay become comparable to or even

more than the perpendicular electromagnetic turtm@lgA,) as shown in Fig.(2.2), and
consequently the quantititl(ﬂgﬁ becomes greater than one. As a result, the asgumpt
made by [Retterer et al., 1987b] and the diffustoefficient expressior{D_,) which is

velocity independent becomes in accurate.

[Barghouthi, 1997 and Barghouthi et al., 1998] ot#d a new form for diffusion
coefficient (D) for the case the ions Larmor radiwg)(is comparable or larger than the

perpendicular electromagnetic turbulende ), which is altitude and velocity dependent:

1 for(ﬁj <1
Qi

Dy (r,vy) =Dy (r) (2.12)

where the diffusion coefficientD,(r) is given in equation (2.11). This form of the

diffusion coefficient ©) (i.e., altitude and velocity dependent) is thiison of equation

(2.9), for more details see Appendix E.
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Electromagneti
turbulence

O

Spiral path
> of the ion

A= p

Injected ion

Figure 2.2: Schematic diagram that illustratesgyrating motion of a single ion  across
electromagnetic turbulence perpendicular to thexgemetic field [Barghouthi and Atout,
2006].

2.4 Monte Carlo method (M C method)

The expression "Monte Carlo method" is actually vgperal. Monte Carlo (MC) method
based on the use of random numbers and probadtiitistics to investigate problems. The
beginning of Monte Carlo method as a highly unigemsumerical technique became
applicable just with appearance of computers @49) and its name refers to a city in

Monaco in Canada, [Belotserkovskii and KhlopkovQ&p

The use of Monte Carlo method to model physical lgroB allows us to examine more
complex systems by solving equations which desdtieeinteractions between hundreds
or thousands of ions. Therefore, with Monte Carlothoé we can use Monte Carlo

technique to solve Boltzmann's equation, which dlesd in the section (2.1)

Monte Carlo simulation is a simple concept compavét the other simulation models. It

goes straight forward algorithms, and it is a pduetechnique to solve Boltzmann’s

equation by a particle simulation, in order to fite velocity distribution function and its

moments (i.e. density, drift velocity, parallel feenature, and perpendicular temperature).
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MC simulation developed to include the effect ofdpdorces (i.e. gravitational and
polarization electrostatic), geomagnetic force, #mel effect of WPI, which make it the
best technique, are used in the space plasma phyBierefore, we use it to solve
Boltzmann’s equation to find the velocity distritmut function and the moments of the
ions. In other words, we will use the MC techniqosolve equation (2.9) to obtain the ion
velocity distribution and its moments.

In the MC method we can follows the motion of thdividual particles such as'@r H'
ion and to continually monitor its velocity. We camulate the motion of an ion in the
polar wind region at high altitude and high latiuavhich is collisionless regime. We deal

the polar wind plasma as a steady state flow oftttee main component of the polar wind

plasma (i.eH",0", and electrons). Hence, the simulation regioa igeomagnetic tube

extending from r = 1.7Rto r = 13.7R, as shown in Fig.(2.3).

The ion is injected into the simulation region frone lower boundary (i.e. 1. &Rwith a
random initial velocity that corresponds to the @stribution function immediately below
the lower boundary. The test ion moves under tHeente of body forces (gravitational
and polarization electric field), magnetic mirrorde, and the effect of WPI.

The influence of WPI on the tested ion during shione interval (At) under the effect of
the gravitational force, electrostatic force, andomagnetic force, is taking into

consideration by incrementing the ions perpendicwiglocity by randomly increment

(Av,) such thar<(AvD)2> = 4D At , whereAt is the time interval chosen randomly abd

is the perpendicular diffusion coefficient rate, igéhis given in equation (2.12). The

behavior of the ion during short time intervdlt( is determined by the conservation of

2
O

2B

energy, and the conservation of the first adiabatiariantuy, wherell =
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E,

/ ~ r=1.7"Rg=1p

Injected Particles

Figure 2.3: A schematic representation of the maneisidered by the Monte Carlo
method [Barakat and Barghouthi, 1994a, b].

The above procedures are repeated until the testeexits the simulation region at either
boundary (i.e. lower boundary(1.2Ror higher boundary (13.dp. After that, another test
ion is initiated at the starting point (i.e. 1gJRIn the simulation process we need to inject
10" ions from the starting point, in order to get a pdete picture on the behavior of the
ions, also, since the ‘Qons are gravitationally bound, so not all ®ns that enter the
simulation region can escape to high altitude, esitiee potential energy of ‘Gons is
positive and increases with altitude. These ions$ lvél monitored until they escape from
the simulation region which extends from r = 1Zt&r = 13.7R, and at each altitude the
behavior of these ions is registed by a two dinwraigrid in velocity space (i.e. parallel

and perpendicular velocities to the geomagnetid fires ).

The velocities of the tested ions, that they crossaf the monitoring altitude, can be used
to compute the moments of the distribution funcirhat altitude. Also, the time that an
ion spends in each bin divided by the bin's volusneaken to be proportional to the ion
velocity distribution function at the center of thie, [Barghouthi et al. 2003a].

The moments of the distribution function are givgrihe following expressions:

n, = [ f,(v,)d%, (2.13)
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(2.14)

T, = (2.15)

IIs

_ 2k
T.= 2.16
=T ey, (2:10)

The above equations (2.13) — (2.16) are the iositderrift velocity, parallel temperature,
perpendecular temperature, respectivly, and s deribe type of the ion (i.e."tdr O"), for

more details see Appendix F.

In this study, the Monte Carlo simulation was rwr Barghouthi model, were the
perpendicular diffusion coefficienD,(r,v;)is given in equation (2.12), and in each

simulation we used IQested ions, in order to get a complete picturéherbehavior of the
ions, also, since the *Qons are gravitationally bound, so not all ®ns that enter the
simulation region can escape to high altitude, esitiee potential energy of ‘Gons is

positive and increases with altitude. As a reswi, can compute the ion distribution
function and also the profiles of its velocity mantee (i.e. density, drift velocity, parallel
temperature, and perpendicular temperature) foh bét and O ions. The boundary

conditions selected for polar wind region are samib those of [Barghouthi et al., 1998].

The effects of WPI were introduced via a Monte Gaglchnique by using Compagq Visual
Fortran programming language, and an iterativeagtr was used in order to converge to
self-consistent resultén practice, an iterative approach was used to fimedelectrostatic
potential. The model was run to solve the case lofude dependent and velocity
independent WPI as a starting point. The resukiegtrostatic potential and consequently,
the potential energy due to body force (i.e. equa(R.4)), was then used in the model to
find n(O") and n(H) with altitude and velocity dependent wave-pagtighteractions,

which were substituted imn[ =n(O*) +n(H ™ ])and in equation (2.4) in order to compute

and improved value ofi(r .)The new profile of¢(r )was then used to compute new
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density profile. The iteration process was contthuatil convergence was reached, which
happened to occur in few (3—4) steps.
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Chapter Three

Theresults

3.1 Introduction

The energization of charged particles, due to theeraction with electromagnetic

turbulence (i.e. wave particle interaction) hadgmificant influence on ions transport in
space. The effects of altitude and velocity depehdeave particle interactions dd™ and

O" ions outflow in the polar wind region have beaweistigated by using Monte Carlo

simulation.

To model the heating process, (i.e. wave partitieractions), we specify a model for the
velocity diffusion coefficient D;) as a function of perpendicular velocity,) and
position (r/R:)along geomagnetic field line. For the spatial viwig (i.e. the altitude
dependence) we chose the form obtained by [Barbhol®97], while for the velocity

dependence, we chose the form obtained by [Barghetial., 1998]. The final expression

is called the Barghouthi model, which is given quation (2.12).

The boundary conditions selected for the polar wiedion are similar to those of
[Barghouthi et al., 1998], at lower boundary (i.8.R:). We set the Oion drift velocity at

0 cmsed, the oxygen ion density at 100émand the O ion temperature at 3000°K. In
addition, the boundary condition for thé Holar wind ion, we set at the lower boundary
(i.e.1.7 R) the H ion drift velocity at 11 km$, the hydrogen ion density at 200&nand
the H ion temperature at 3000°K. Also, the electron terafure was kept constant at
1000°K along the entire simulation tube (1.7 — R3)7 In addition, the velocity
distribution function for both Hand O ions is supposed to be Maxwellian (i.e. the
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perpendicular temperature equal the parallel teatpe, in other words, there is no
temperature anisotropy) at the lower boundary &té..7R).

We considered a wide range of characteristic wangghes for the waves (electromagnetic
turbulence) P, = «, 50, 20, 8, and 1km] that covers the circumstaegpgcted to occur in
the polar wind region, since the data obtainedhagyRlasma Wave Instrument (PWI) on
Dynamic Explorer-1(DE-1) satellite do not includafarmation about A), (i.e.

perpendicular wavelength of the electromagnet terime). In addition, there is no detailed

information about the spectrum of the electromagumbiulence.

In previous studies, the ions Larmor radiag (s assumed to be less than the wavelength
of the electromagnetic turbulencd (). However, the ions of the polar wind plasma is
accelerated owing to the WPI. So, they are escgpeamd along the geomagnetic field
lines. As a result, the ions Larmor radiag) (ncreasing rapidly with altitude. Therefore, at
high altitudes, the ions Larmor radiug)(will be comparable to or exceeds the wavelength

of the electromagnetic turbulencd_ (). As a result, [Barghouthi, 1997 and Barghouthi et

al., 1998] obtained a new forms for diffusion casént (D) for the case the ions Larmor
radius @) is comparable or exceeds the perpendicular el@etgnetic turbulenceA(),

which called the Barghouthi model, which is inclutie effects of altitude and velocity
dependent WPI.

3.20%ions

To study the effect of altitude and velocity depamee WPI on th®" ions, we computed
the distribution function f(O" )at several altitudes extended from 10713.7R for
different values of the perpendicular electromaignietrbulence @), which are j = o,
50, 20, 8, and 1km]. The Barghouthi model simutatiesults of the Oions velocity
distribution function f (O™ )are shown in Fig.(3.1). We supposed wide rangélgj in
the O ions case, where {1panell, - « , (2 panel) A, =50km, (3* panel)
A, =20km, (4" panel)A, =8km, and (¥ panel)A, =1km.
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Figure 3.1: O ions velocity distribution functionat differentgeocentric distances (1.7,
4.27, 5.29, 5.97, 6.66, 7.0, 7.34 and 8.89Rr different electromagnetic turbulence

wavelengths 4,), the wavelengths considered here dre— o« (1* panel), A, =50km
(2" panel), A, =20 km (3¢ panel), A, =8km (4" panel), andA, =1km (5" panel).

f(O") is represented by equal values contours in thealkiwed velocity q ,C,) plane,
where E=[v-u(O*)]/[ZkT(O*)/m(O*)]]/2. The contour levels decrease successively by a

factor e from the maximum.

For the case A, - =), the diffusion coefficient(D,) become altitude dependent and

velocity independent, since the perpendicular waaator K, :i—n. So, the perpendicular
m]

wave vectork, - 0, sinced, — «. As a result, from Barghouthi model expressioae. (i.

equation (2.12)), the effect of WPI become veloaityependent (i.e. the effect of WPI is

altitude dependent only). From Barghouthi modehusation results for the casg, — «
(1* panel of Fig.(3.1)) we see that at the exobasel(ZR) in the ' panel the distribution
function f(O") shows Maxwellian features, because the perperaticdiffusion

coefficient D, (O") is very small at low altitude, so the effect of W&negligible. As the

geocentric altitude increases, the diffusion cegdfit D,(O" ) increases, as shown in

equation (2.11), then the role of WPI becomes nsaggificant in heating the ions in the

perpendicular direction (i.e. the strength of WiRdreases). As a result, the distribution

function f(O" ) develops large temperature anisotropy, [Tg(O") > T (O™)], which

forming "pancake-like" distributions that folds an©" conics due to the effect of mirror
force (i.e. diverging magnetic field), as shown(ii' panel of Fig.(3.1)) at geocentric
altitudes start fromd27R; to high altitudes.

But for the case A, =50km), the behavior of ions remains the same as the oés
Ay — o up to altitude 7.0R., where the toroidal features starts to appeartitice
~ 734R. and become obvious at altitud869R,, and saturated above this level @nd
2" panels of Fig.(3.1)). This means that, the gengnape off (O® becomes invariable

with altitude . For the casd, = 20km the distribution functions behaves as in the cdse
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Ay - o and A; =50km up to ~597R., but the toroidal distribution appears at lower
altitude (i.e. 666R; ), which form completely at 743R., and saturated above this level
(3 panels of Fig.(3.1)). However, fod,=8km, the toroidal shape appears at lower
altitudes. It starts to appear at altitud®97R. and becomes well established at altitude
~ 666R: (4" panel of Fig.(3.1)). Moreover, for the cade =1km the toroidal features
appear at a lower altitude427R., which become obvious at geocentric altitude29R.

(5™ panel of Fig.(3.1)), and the distribution functid{O*)becomes saturated above that
level (i.e. abové&29R. ).

The formation of ion toroids can be explained if ig&urn back to equation (2.12), which

represent the expression of Barghouthi model, ifiestbn coefficient ©_) has maximum
value near zero perpendicular velocity (ikev,/Q <1), and decreases rapidly for large
values of {,) (i.e. k,v,/Q =1). Therefore, the ions (Hor O) tend to move out of the
region of large diffusion coefficientdy) (i.e. k,v,/Q <1) and accumulate in the region
of relatively low diffusion coefficient D) (i.e. kv, /Q =1) forming theaforementioned

toroidal distribution.

For the casesi, =50 km,A, =20 km ,A, =8 km, and A, =1km, the O velocity
distribution function f (O ) saturates after forming the toroidal shape(i.e. dgeneral

shape of the distribution functiof (O® Becomes invariable with altitude), because the

perpendicular heating becomes invariable (i.e. geependicular heating become self-

limiting). We also notice that as electromagnetibtilence @) decreases, the argument

a : : e
/l_L approaches one at low altitudes, and consequdmlyoroidal distribution appears at

O
lower altitudes, namely for the cask =1km the toroidal become to appear at altitude

~427R.. The toroidal features become completely at al&tu- 529R; (5" panel of
Fig.(3.1)).
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In addition we see in Fig.(3.2) the altitude pmdilof lower order moments of Gons,

which include; densityn(O* ) drift velocity u(O" ), parallel temperaturd | (0"), and

perpendicular temperatufie,(O" ) for wide range of the electromagnetic turbulefdg).

[A; - o (double-dotted dashed)d, =50km (dotted dashed),A; =20km (dotted),

A, =8km (dashed) andl, = 1km (solid)].
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Figure 3.2:Altitude profiles of the lower order Omoment for differenelectromagnetic

turbulencewavelengths(A,). The wavelengths considered here afe - o (double-

dotted dashed line) A, =50 km (dotted dashed line),A; =20 km (dotted line),

A, =8 km (dashed line) A, =1 km (solid line). The O moments considered here are:

density n(O" ) (top left), drift velocity u(O" ) (top right), perpendicular temperature

T,(O") (bottom left), and parallel temperatu'ﬁp(O*) (bottom right).
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The drift velocity of O ions u(O* )(top right panel of Fig.(3.2)) increases with altié,

which can be explained as follow: the effect of Wiehting the ions in the perpendicular
direction, which increases the upward mirror folmeg so increases the acceleration of the
ions in the upward direction, (i.e. increases oft drelocity with altitude). However, we

note that, the drift velocities at low altitudese(ibelow 4.5R; ) are coincided for different

values of the perpendicular electromagnetic turmegA_ ), which are fi;= «, 50, 20, 8,

and 1km], since the argumen?—%) is less than unity (i.e. the behavior of ©ns below
O

the saturation point is the same for all valuek)( that is, the ion self-limiting is
negligible. For the casel, =50km, the acceleration rate decreases, andu@®’ )
decreases above the saturation point which oct¢ualiude ~7.5R. in comparison with

the casel, - o, and this is obvious result of the energizatidftlgaiting nature, which

a o . .
occurs when—- exceeds unity (i.e. above saturation point). Rerdasel, = 20km, we
O

see that the saturation level appears earlgebR. , as A, decreases more (i&, = 8km).
The saturation level appears at lower altitudéOR., for smaller values A,
(i.e.A; =1km). u(O")is reduced and the saturation level appears atrlait#ude

~45R.. These results have a close agreement with theibdison function results

displayed in Fig.(3.1).

The drift velocity of O ions u(O*") (top right panel of Fig.(3.2)) decreases as
electromagnetic turbulence wavelength, ) decreases, because of the reduction of the

heating rate, this can be explained as follow: gkpression for the diffusion coefficient

(D) is a function of altitude and velocity as showrequation (2.12). As electromagnetic

2.
turbulence wavelength/A()) decreases therefore, the wave ve%ﬂqg :A_j increases. So
O

k _ A
the argument( Dg\;ﬂj increases, and hence the expressﬁeﬁg—uj decreases, so the

diffusion coefficien{D_,) decreases. As a result, the strength of WPI dseseand

reduction the heating rate.
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To study the effect of finite electromagnetic tudmce wavelength A,) on the O
densityn(O* ), we first set the following argument. For the rangf (A, =1km)
considered here, the finite electromagnetic tumcdewavelength A,) effect occurs at
relatively high altitude £ 45R.) where the kinetic energy of the ion becomes ntioa@
the energy needed to escape and cross the potbatigr. Therefore, the drift velocity
u(O*) is trans-sonic, and since the” Oions are in the flux-limiting flow condition

[Barakat and Schunk, 1983], a corresponding ine®as the ions drift velocity (top right
panel of Fig.(3.2)) is expected to compensate éndicreases in the ions density (top left

panel of Fig.(3.2)), and hence to keep the netpesflax constant, where in the steady-

state polar wind ion flow, the continuity equaticequired thatF, =nv,, where Fn. ,
andv, are the flux, density, and velocity of the polamdavions. As electromagnetic
turbulence wavelengthA() decreases the increased scale height startsvat kEtitudes,

which consistent with the drift velocitfO™ .)

The WPI (i.e. perpendicular heating) has two oppwpseffects on the D ions
densityn(O* ). It increases the number of Qons that can escape and crossing the

potential barrier and reach to higher altitudess ghightly dominates at low altitudes. In
contrast, WPI increases the drift velocity of iOns, which reduce the density of @ns,
this effect dominates at high altitudes. This expahe slight increase in density at low
altitudes and large increases in it at high alegjdiue to WPI effects.

The behavior of Oions temperature (perpendicular or parallel) isesult of balance

between WPI heating affect in the perpendiculaeadion and perpendicular adiabatic

2
O

2B

monotonically with altitude; which means that dt altitudes the effect WPI is greater (i.e.

cooling (i.,ed = ); but the O ions perpendicular temperatufg(O* is)increasing

WPI is dominant) than that of perpendicular adi@baboling. At lower altitudes the
heating is enhanced owing to the "pressure cookircte which results from the
temporary trapping of Oions between the lower magnetic deflection poitt &he upper
gravitational point, when an ion bounces betwe@&seahdeflection points, it is accelerated
in the perpendicular direction (i.e. the ion eneegdito higher perpendicular temperature).
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The profiles of O ions parallel temperaturq (O") (right bottom panel of Fig.(3.2)) is

influenced by WPI, where as'@ns perpendicular heating increases, part ofghergy is
transfer from the perpendicular direction to theapal direction, and consequently, the

parallel temperature increases at high altitude, dtulow altitude O ions parallel
temperature'l’H (O") decreases with altitude, owing to parallel adiabatioling. However,
as T (O" ) decreases due to the effect of finite Larmor radhis on the other hand

decreases the *Oparallel temperatufﬁz (O"). In general, we see that perpendicular
temperatureT,(O" )and parallel temperaturé.rH (O") display much more changes

(several orders of magnitude) with electromagnétibulence wavelength A()) than

densityn(O" ) and drift velocityu(O™ )

Finally, from the profiles of lower order moments@" ions are shown in Fig.(3.2), we

note that the behavior of “ons for each profile at low altitudes (i.e. belo®B8R. )

- . a, . .
coincide for all the values ofl,, that is because the argume/ifh is less than unity. For
O

instance, the drift velocity of Oons u(O*) (top right panel of Fig.(3.2)) decreases as
electromagnetic turbulence wavelength, ) decreases, because of the reduction of the
heating rate, and the density of @ns n(O") (top left panel of Fig.(3.2)) increases as
electromagnetic turbulence wavelength, ] decreases to keep the escape flux constant.
Also as electromagnetic turbulence wavelength) (decreases, the growth rateTo{O" )

(bottom left panel of Fig.(3.2)) and §'ﬁ) (O") (bottom right panel of Fig.(3.2)) is reduced

owing to the significant reduction in the heatiagerabove the saturation levels. Generally,
the saturation level appears at low altitudes foals values of electromagnetic turbulence

wavelength Q) as discussed above.

3.3H"ions

To study the effect of the wave particle interactan the H ions, we calculated velocity
distribution function f (H* ) at different altitudes extended from 1.7 to 13 7®d for

different values of the perpendicular electromagnteirbulence 4), which areA = o,
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50, 20, 8, and 1km. The Barghouthi model simulatiesults of the Hions velocity
distribution function f (H* )are shown in Fig.(3.3). we supposed a wide rafgé as in
the O ions case (ipanel\, — o , (2" panel) A, =50km, (3° panel) A, = 20km, (4"
panel) A, =8km, and (8 panel)A, =1km.

For the cased, — o, the diffusion coefficient(D,) become altitude dependent and
velocity independent as shown in section (3.2)tifer O ions case. From the simulation
results for the casel, — o (left panel of Fig.(3.3)), we note that at the lexee (i.e.
1.7Re), the distribution function shows Maxwellian fegds, because the perpendicular
diffusion coefficient D (H") is very small at low altitude. As the geocentrlttade
increases, the diffusion coefficie® (H" ijcreases, as shown in equation (2.11), and
then the strength of WPI increases. As result,dis&ibution function f (H* )develops
large temperature anisotropy. For example,529R. there are temperature anisotropy

where TH(H+)>TD(H+), but at 819R. the temperature anisotropy inverted [i.e.

T,(H") > TH(H+)]. This is because the effect of WPI increases w&lthiude, so as the

ions drift upward the WPI heat the ions in the padicular direction, which yields an
increasing of the perpendicular ions temperafiufld” as $hown in Fig.(3.4). At high
altitudes, the role of the WPI become significanheating the ions in the perpendicular
directions. This causes the forming "pancake-liistributions T;(H") > T (H"), that
folds into H conics due to the effect of mirror force (i.e. eliging magnetic field), as
shown in (£ panel of Fig.(3.3)) at geocentric altitude§*9R. ), which become obvious

at altitude (41.1R. ) and above this level the conics features is at#ar This means that

the general shape of the distribution functighl® betomes invariable with altitude.

58

=™ This PDF was created using the Sonic PDF Creator.

SONIK |
:H‘ To remove this watermark, please license this product at www.investintech.com



i:'?" (H*) t’."u (H") 4’:’7" (H*) t’."u (H") 4’:’7" (H*) t’."u (H*)

t’."u (H*)

A— 00 A =50 km A =20 km A =8 km A=1km

2 13.7Re 13.7Re 13.7RE 13.7REe. 13.7Re
o—= =l ——— =25 ere—
-2
2 12.8Rg] 12.8RE 12.8RE. 12.8Re 12.8Re
O—=— == — == == S1ES—
-2
2 11.1Re 11.1REe 11.1Re 11.1Rg 11.1Re
== s —— = e1S—
-2
2 9.39Re 9.39R¢g| 9.39Re 9.39Re 9.39Re
oO——=—— - —_— - S
2 8.19Re 8.19Re 8.19Re 8.19Re 8.19Re.
o—<>> > > > —o
-2

5.29Re 5.29Re 5.29Re 5.29Rg] 5.29Re

2 1.7Re 1.7Re 1.7Re 1.7Re 1.7Re
o) 2 @ @D @Y
- N - N =24 2
-2
2 0 2 2 0 2 2 0 2 2 0 2 2 0 2
C + C + o + C + o +
CyHY) CHY  CHH  CHH  CHY
59
o MRl R L A




Figure 3.3:H" ions velocity distribution functionat differentgeocentric distances (1.7,
5.29, 8.19, 9.39, 11.1, 12.8, and 13%)Ror different electromagnetic turbulence

wavelengths 4). The wavelengths considered here dre— « (1% panel), A, =50km
(2" panel), A, =20 km (3¢ panel), A, =8km (4" panel), andA, =1km (5" panel).

f(H") is represented by equal values contours in themalimed velocity Q ,C,) plane,
Where'c'=[v-u(H*)]/[ZkT(H*)/m(H*)]/2. The contour levels decrease successively by a

factor e from the maximum.

We also note that for the cade =50km the distribution function remains the same as the
cased, — o« at all geocentric altitudes (1st antf panels of Fig.(3.3)). Furthermore, for
the case 4, = 20km) the distribution function remains the same ascts®si, - « and

A, =50km up to 12.8R. (1%, 2" and ¥ panels of Fig.(3.3)), but at high altitudes
~13.7R; the distribution function begins to display toralideatures. In addition, the case
A5 =8km the distribution function remains the same asctsesA, — o, A; =50km,

and A, =20km up to 41.1R. (1%, 2" 3% and 4" panels of Fig.(3.3)), but at high
altitudes (42.8R.) the distribution function starts to display tatai features, which

becomes obvious &13.7R.).

As previously discussed, at high altitudes, thesibarmor radius &) will be comparable

to or exceeds the wavelength of the electromagnaiibulence @,). Also, as

. a
electromagnetic turbulencd, decreases, the argumeij‘{— approaches one at lower
m]

altitudes, and consequently the toroidal distrimutappears at lower altitudes, namely for
the cased, =8km at altitude 428R.. The toroidal features become more obvious at
altitude ~13.7R: (4" panel of Fig.(3.3)). Moreover, for the cade = 1km the toroidal
features appear at a lower altitud®39R. , and become more pronounced at geocentric

altitude 411.1R_ (5" panel of Fig.(3.3)).
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After forming the toroidal shape of distributionnfttionf (H" ), it becomes saturates as
shown in (8 panel of Fig.(3.3)) at high altitude (.428R. andl3.7R;), since the

perpendicular heating becomes self-limiting.

Fig.(3.4) shows the altitude profiles fof Hower order moments (i.e. densityH* , Jrift
velocity u(H"), parallel temperaturé H(H*), and perpendicular temperatufg(H" ) fpr

wide range of the electromagnetic turbulendg)( [A, — o (double-dotted dashed line),

A, =50km (dotted dashed line)d, =20km (dotted line), A, =8km (dashed line) and

A =1km (solid line)].

15 reer . . :
;::)\:20,5090 km
— / A =8km
D:Lulo- A =1km
)
©
=
< 5
10" 10" 100 10° 10° . 10 10°
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15 Akm] = 1 8 29/5Qoo Alkm] = j 20500
1y’ 7 /,/"
— /' ///
g:"”lO- - ] [ r //
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©
=
= 5f
<
10° 10° 10° 10° 10° 10° 10° 10"
To(HY) [K] T,(H) [K]

Figure 3.4: Altitude profiles of the lower order ihoment for differenelectromagnetic
turbulencewavelengths(A,). The wavelengths considered here afe -~ o« (double-

dotted dashed line)A, =50 km (dotted dashed line),A; =20 km (dotted line),
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A, =8 km (dashed line) A, =1 km (solid line). The H moments considered here are:
density n(H* ) (top left), drift velocity u(H" ) (top right), perpendicular temperature

T.(H") (bottom left), and parallel temperatuTF(H+) (bottom right).

The drift velocity of H ions u(H* )(top right panel of Fig.(3.4)) increases with altie,

owing to the effect of WPI and heating in the pexgeular direction, which increases the

upward mirror force, and hence, accelerate thehs in the upward direction.

However, we note that, the lower ordef tHoment at low altitudes are superimposed for

different values of the perpendicular electromaignietrbulence 4,), which are § = o,

50, 20, 8, and 1km], because the argum%ht is less than unity (i.e. the behavior of H
m]

ions below the saturation point is the same fovalliesA,), that is, the ion self-limiting is
negligible. The cased_ =20, 50, and o km are same ad_, - «, where the two cases
are coincide for all altitudes in the simulatiorbéu But for the casel, =20km, the
acceleration rate decreases, and so drift veloafty”) decreases above the saturation
point which occurs at altitude2.0R; in comparison with the cas&, - «, where the two
cases are coincide for all altitude beld®OR:. This is more obvious if we look at the

perpendicular and parallel temperature. This i®lawious result of the energization self-

— . a _ . :
limiting nature which occurs WheﬂL exceeds unity (i.e. above saturation point). Rer t
O

case A, =8km, we note that the saturation point appears eafllér5R.. For smaller
values of electromagnetic turbulencé.j (i.e. A, =1km), u(H") is reduced more and
more and the saturation point occurs at lowerualét~7.8R; . These results have a close

agreement with the distribution function resultspiiayed in Fig.(3.3).

The drift velocity of H ions u(H*) (top right panel of Fig.(3.4)) decreases as
electromagnetic turbulence wavelength decreases, because of the reduction of the

heating rate. This can be explained as follows. &tession for the diffusion coefficient

D, is a function of altitude and velocity as showreguation (2.12). As electromagnetic
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(kv Y° e
turbulence wavelengti, decreases. The expreng}nDQ—Dj decreases, so the diffusion

coefficient D, decreases. As a result, the strength of WPI deeseawhich means,
reduction the heating rate. The density of iBns n(H* ) (top left panel of Fig.(3.4))

increases as electromagnetic turbulence waveléngthdecreases to keep the escape flux

constant, since theHions are in the flux-limiting flow condition [Bakat and Schunk,
1983]. A corresponding increases in the ions @efocity (top right panel of Fig.(3.4)) is
expected to compensate for the decreases in tisediemsity (top left panel of Fig.(3.4)),

and hence to keep the net escape flux constant.

Also, as electromagnetic turbulence wavelengih )(decreases, the growth rate of
T,(H") (bottom left panel of Fig.(3.4)) and 90 (H") (bottom right panel of Fig.(3.4)) is

reduced, owing to the significant reduction in tieating rate above the saturation levels.
Generally, the saturation level appears at lowtualds for smaller values of

electromagnetic turbulence wavelength J.

The behavior of Hions perpendicular temperatufe(H* is)a result of balance between

WPI heating affecting in the perpendicular direct@and perpendicular adiabatic cooling

2
0

2B
monotonically with altitude at high altitude, sinttee effect WPI is greater than that of

(.e.) = ); but the H ions perpendicular temperatuf (H* i3 increasing

perpendicular adiabatic cooling (i.e. WPI is domi)aBut at low altitude the Hions
perpendicular temperatufg,(H* i3 decreasing with altitude, since the adiabaticling

Is greater than that of the effect of WPI in thepe@dicular direction.

The profiles of parallel temperatuW? (H") (right bottom panel of Fig.(3.4)) is influenced

by WPI, where the effect of WPI have a three-folédiect on parallel temperature
TH(H+): First, the perpendicular heating enhances the ambwmirror force and
consequently, the parallel adiabatic cooling i®rggthened. Second, as the ions move

upward along the divergent magnetic field linesuiein parallel temperaturé’H(H+)

increases due to the energy transfer from the pdipalar to the parallel directions. Third,
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the effect of velocity dependent diffusion coeftici, which decreases the heating in
perpendicular direction, the net result of thedeots determines the behavior of parallel

temperatur@ (H).

Since H ions perpendicular heating increases at highudkit since the WPI is the
dominant, which causes heating in the perpendicdigactions, part of this energy is
transferred from the perpendicular direction to pheallel direction, and consequently, the

parallel temperature increases at high altitudd, dulower altitude F ions parallel
temperatureT, (H") decreases with altitude, since the parallel adiabaoling is the
dominant and the effect of WPI is too weak. Ondtleer hand, at relatively higher altitude
the effect of WPI is strengthened, but parallelabdtic cooling is still the dominant,

therefore H ions parallel temperaturq (H") decreases slowly with altitude. However, as

T,(H*) decreases due to the effect of finite Larmor radhis also decreases thé H

parallel temperatur‘% (H™). In general, we see that perpendicular temperafu(él™)
and parallel temperaturé’H (H") display much more changes (several orders of

magnitude) with electromagnetic turbulence wavelerid,) than densityn(H" )and drift

velocityu(H™).

The behavior of Oions different from that of Hions, under the effect of WPI. This is due
to two reasons: First, the potential energy of Hidons is negative and decreasing with
altitude, while the potential energy for' @ns is positive and monotonically increasing

with altitude, as we well show in chapter five, @ed, the diffusion coefficient of Gons
D_(O")greater than the diffusion coefficient of HonsD_ (H* ), and so O ions is

preferentially heated compared witf tans.

Also, the differences between the behavior 6fadd O under the effect of finite Larmor

radius can be owing to two factors: First, the mafs®’ ion is much large comparable to
that of H ion [m(O*) =16xm(H")]. Second, the preferential heating ofiOn seemed at

lower altitudes, and so the saturation levels oczanier because of the self-limiting

heating.
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Chapter Four

Quantitative Comparison

4.1 Introduction

The Monte Carlo (MC) simulation was used in ordestudy the effect of wave particle
interaction on H and O outflow at high altitudes and high latitudes ire tholar wind

region. The MC technique considered WPI in additothe mechanisms included in the
classical polar wind studies such as gravity, poédion electrostatic field, and divergence
of magnetic field of the Earth. In this study theome Carlo simulation was run for

Barghouthi model, were the perpendicular diffusiomefficient D, (r,v.)is given in

equation (2.12), and in each simulation we uséddsied ions in order to compute the ion
distribution function and also compute the profitdsits velocity moments (i.e. density,
drift velocity, parallel temperature, and perpentiic temperature) for both ‘Hand O
ions. The boundary conditions selected for polandnvregion are similar to those of
[Barghouthi et al., 1998].

From the year of 1968 (i.e. over the past 40 yeaiage the seminal papers of Nishida,
[1966] and others Axford, [1968], Banks and Holzgr968], and Marubashi, [1970],
observations from several polar orbiting satelliage confirmed the existence of the polar
wind and established its basic characteristicsdeesity, velocity, temperatur ect).

Statistical studies or surveys of polar wind iors@iyations using data from ten or more
satellite orbit passes, these observations wereerfrach the I1SIS-2, DE-1, Akebono, and
POLAR satellites over the altitude range of 1,00060,500 km (i.e. 1.16 to YRand

spanned different phases of solar cycle. The pwiad ion observations made on all four
satellites, the 1SIS-2 and DE-1 observations cal/¢he 1,000 — 4,000 km altitude range,

but the POLAR observations were made at solar mimiand were made over one year
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period. Also, it focused on the altitude range€6,8 6,000 km and 29,000 — 50,500 km
altitude (i.e. near the POLAR perigee and apogegjon, respectively. The Akebono
observations were made over a 10-year period sparmio 11-year solar cycles, and
focused on the altitude range 1,000 —10,000 kmleT@hl) summarizes the properties of

some polar wind satellites.

Table 4.1: summarizes the properties of some paladt satellites

Altitude(km) Satellite | Epoch Observed Species Reference
1,400 ISIS-2 1971-1972 H*, He', O Hoffman,1980
1,000 — 4,000 | DE-1 1981-1983 H*, He", O Chandler,1991
1995
1,000 — 10,000 Akebono | 1989-1998 |H", He', O, € Abe, 1993, 2004
Yau, 1995
5,000 - 6,000 | POLAR 1996 H*, O Su, 1998
Huddleston, 2005
7,000 — 23,300 DE-1 1981-1982 |e Persoon 198
50,500 POLAR 1996 H*. He", O Su, 1998; Elliott,
2001

In this thesis, we focus on the observations owerattitude range of 4,438 to 80,518 km
(i.e. from 1.7R to 13.7R), which is the simulation tube in the Monte Cadohnique. For
the sake of comparison, we chose to present thaation results of Barghouthi model for

the perpendicular electromagnetic turbulence wagagth(A, =8km), since these

simulation results represent the closest to themhsions, which obtained from different

satellites.

In this study, we compared between the simulatesults of Barghouthi model to the
corresponding observations from different satallisemd simulation result from previous
models. Also, we classify our comparison into twieauters: Chapter four presents
quantitative comparison (section 4.2), and chapter presents qualitative comparison
(section 5.1).
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4.2 Quantitative comparison

In this section, we present the quantitative charastics of the polar wind ions (i.e."O
and H ions) from different satellite observations andmsosimulation results from

previous models.

Nagai et al. [1984] observed cold (i.e. <1 eV terapge) H polar wind ions in the
nightside polar cap near ZRaltitude using DE-1 satellite. This study confidnéhe
supersonic nature of the"Hpolar wind at high altitudes, and motivated thevey of
Chandler et al. [1991] using DE-1 data and th&loé et al. [1993a, 2004] using Akebono

data.

At high (~2 R) altitude outside the plasmasphere, were the puilad ions density was
typically less than T0cmi® and the DE-1 spacecraft was often charged to apfesitive
volts, and this causes the lowest energy polar viem$ to repelled by the spacecraft
potential. But Nagai et al. [1984] used a negatbvas aperture in the DE-1 RIMS
instrument to partially overcome the positive spaa# potential, and successfully
detected both Hand Hé polar wind ions down to about zero Ev. As a reshk velocity
of H" ions ranges from 16 to 25 km/s and there temperatunges from 0.12 to 0.2 eV.
Chandler et al. [1991] concluded that, the averagégbolar wind velocity observed on
DE-1 increased with altitude, from about ~3.5kmg®lv 1.32R to ~11km/s above 1.5R

The data collected from Akebono satellite used bg At al. [1993a], and they concluded
that the dayside and nightside profiles were catalely similar for all three polar wind
species (i.e. H He', and O ions); approximately monotonic increase in velpaitith
altitude and the velocity of these ions dependertheir masses. The Helocity typically
reached 1 km/s near 1.32Bnd the O velocities near 1.95R This means that the'Qons
attain significant average upward velocity at higakitudes compared with 'Hons. Also
they concluded that, for all three polar wind iomle velocity on the dayside was
significantly larger than that on the nightside.dddition, they obtained the*Hand O
velocity at 2.58R to be about 12 and 3km/s, respectively.
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The survey of Abe et al. [1993a] found the obseneadvelocity of all polar wind species
to be highly variable, and the"Qolar wind ions above 1.7@R have upward velocity up
to 4km/s.

Drakou et al. [1997] observed downward flowing"Hed O ions with a net downward
velocity less than 1.5 km/s below 2d4Rn the nightside, the contribution of the
perpendicular ion velocity component, downward flegvHe™ and O ions were clearly
present in the polar cap, but were less frequettt mwcreasing altitude compared with their

upward flowing counterparts.

Su et al. [1998] used data from POLAR satellit®,800km (i.e.1.79B altitude and they
found the following characteristics of the” ldolar wind ion at this altitude: Its density
ranged from less than 0.1 to 100&nand its average was 10¢nthe parallel velocity
ranged from 10 to 21km/s, and its average was ~1i&kand the averaged parallel and

perpendicular temperature was ~0.12 and ~0.23sgentively.

In addition, to properties Hons, Su et al. [1998] obtained the following cweristics of
the O ions at 5000km. The ‘Odensity ranged from 0.1 to 100&mand its average was
7.7cm?; its parallel velocity ranged from -3 to 2km/s adtsdaverage was —0.9km/s, which
means that the ions moving downward, were both upwad downward velocities are
observed; finally, its averaged parallel and pedparar temperature was ~0.34 and
~0.61eV, respectively.

Furthermore, Su et al. [1998] used data from POLgd®ellite at 50,500 km (i.e. @R
altitude and they obtained the following charastés of the Fl and O polar wind ion at
this altitude. First, for Hions, the H density ranged from 0.01 to 2¢hand its average
was ~0.3cri; its parallel velocity ranged from 20 to 110 knafsd its average was ~45
km/s; and its averaged perpendicular temperatuse~iial eV. Second, for'Gons, the O
parallel velocity ranged from 8 to 32 km/s, andaterage was ~17 km/s, which means

that all observed velocities were upward at the RRlapogee.

Su et al. [1998] surveyed the characteristics 6fadd O polar wind ions on POLAR
satellite at 44,380km (i.e.8gRaltitude over the polar cap, and found the aveia@
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velocities to be ~27 km/s. This large velocitieBea the continuing acceleration of the
polar wind at very high altitudes due to a numidenechanisms.

The major polar wind ions consist primarily from’,HHe", and O ions and have a
significant drift velocity component in the upwaditection ( opposite to the magnetic
field in the northern hemisphere), the averagedl@velocity at high altitude for Hion

is 14km/s at altitude range 2.26-2.42Rrakou et al. [1997].

Yau et al. [2007] reviewed the polar wind modeld abservations, and they conclude that
the generalized transport equations based modettcptthat the supersonic’kbns flow

at high altitudes at velocity as large as 16-20kah/sr below 2.9R In addition, Drakou et
al. [1997] and Su et al. [1998] observed from $itgslthat the temperature of polar wind
ions (i.e. H and O ions) is generally low, and is in the range 053:0.35 eV between 2.1
and 2.58R.

Recently, Nilsson et al. [2008] demonstrated tha, velocity of O ion at 5R is about
20km/s; they used this value as an initial valuthefO ion velocity in their model.

Finally, we compared between the above observatiodssimulation results of Barghouthi
model, for both H ion observations and "Oion observations. The comparison is
summarized in the following two tables; Table (4Bpws the comparison for kbns, and

Table (4.3) shows the comparison forions.

The simulation results of Barghouthi model are wi#d from; the profiles of the
distribution function velocity moments (i.e. degsidrift velocity, parallel temperature,
and perpendicular temperature) for bothand O ions (i.e. Fig.(4.1)), the altitude profile
of ions temperatures (i.e. Fig.(4.2) for both &hd O ions), the altitude profile of ions
velocity for both H and O ions (i.e. Fig.(4.3)), and altitude profile of ®rparallel
velocity for both H and O ions (i.e. Fig.(4.4)).
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Figure 4.1: Altitude profiles of the lower order ment for the electromagnetic turbulence

wavelength A, =8km, for O" ions (solid line) and Hions (dashed line). The moments

considered here are: densitfjcm™ (fop left), drift velocity u[cm/s] (top right),

perpendicular temperatur€,[k] (bottom left), and parallel temperatuﬂ?[k] (bottom

right).

The ion velocity vector can be analyzed into twthogonal components, with respect to

the direction of the magnetic field(), these two components are: one parallelBg)(

which represented byv‘ ) and the other perpendicular tB () which represented by(,).

Therefore, it is recommended to write:

Vv +vg 4.1)
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Figure 4.2: Altitude profile of ions temperatures fO" ions (solid line) and Hions
(dashed line), according to Barghouthi model and tfee electromagnetic turbulence

wavelengthA, = 8km.

The random thermal velocity is definedcas v, —u,. From the expectation value of the

kinetic energy%mcf), we can obtain the thermal energglk(l's), [Barghouthi et al., 2003]

o [amfy-uf e ],

KT, = (4.2)
2 [ f.(v. )%,

from the above equation (i.e. equation (4.2)), ae simplify it to obtain equation (4.3):
3 1

=KT ==m(v® —u? 4.3
> > ( ) (4.3)

Therefore, the velocity of the ions is given by:
2
v 3T +mu® 4.4)
m

In addition, to derive the parallel velocity of th@ns, equation (4.2) can be written as
[Barghouthi et al., 2003]:
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I;ng( )f(v)d3v Irrguss )d3v

%kTS +KT = J f + J f (4.5)
s s Vs s
From equation (4.5), we can write the following atijon:
i | ;m(vs —us)2 f.(v,)d%,
2¥Te= [t (v ), ’ (4.6)
and the above equation can be simplified to olegumation (4.7)
k'I'Hs 1mv2H —%mu2 4.7)
Therefore, the parallel velocity of the ions iseqby:
(4.8)

v, =[(k Tis +m F)/m]*?

Finally, we calculated the velocity and parallelogity for both H and O ions at all
geocentric altitude in the simulation tube. Afteattwe plot the altitude profile of the ions

velocity as shown in Fig.(4.3), and the altitudefie of the ions parallel velocity as

shown in Fig.(4.4).

& 10} ]

(¢D]

©

ER

< 2 '.
T 10

Vikm/s

Figure 4.3: Altitude profile of ions velocity, f@" ions (solid line) and Hions (dashed
line), according to Barghouthi model and for thectlomagnetic turbulencsavelength

A, =8km.
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Figure 4.4: Altitude profile of ions parallel veiog for O" ions (solid line) and Hions

(dashed line), according to Barghouthi model and tfe electromagnetic turbulence

wavelengthA_ = 8km.

The following two tables summarize the quantitateenparison between the observations
and the simulation results of Barghouthi model foth H ions (i.e. Table (4.2)) and
O’ions (i.e. Table (4.3)), which gives evidence farghouthi model.

We can see from these two tables that the simulagsults of Barghouthi model in an
excellent agreement with observations from diffesatellites for both Oand H ions for
the following quantity: density, velocity, paralleVelocity, parallel temperature,
perpendicular temperature, temperature, and teryperanisotropy at different altitudes.
As an example, Su et al. [1998] obtained the teatpes of H ions at 4.2R to be 0.02eV
from observations. To be specific, Barghouthi mogdedduced similar results to the
observations of Su et al. [1998], where the tentpegaof H ions at 4.2R is 0.03eV as
obtained from Barghouthi model. Another exampleg8al. [1998] found that, the parallel
velocity of O ions at 9R in the range (8 — 32km/s), this is consistent i simulation
results of Barghouthi model, where the paralleloegy equal to 27.5km/s at @R
Therefore, Barghouthi model produce acceptable Isition results when compared

quantitatively to the corresponding observationsfth O and H ions whenA, = 8km.
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Table 4.2: Comparison between the observations samdlation results of Barghouthi

model for H ions.

Altitude (Re) | Characteristics Observations Barghouthi
H"ions model
1.79R: Density (0.1-100), [Su et al., 1998] 100

n (cm?)
9.0R: Density (0.01 - 2), [Su et al., 1998] 0.7
n (cm?)
1.7R: Velocity 11, [Chandler et al., 1991] 15.2
v (km/s)
2.0Re Velocity (16 — 25), [Nagai et al.,1984] 16.1
v (km/s)
2.58R Velocity 12, [Abe et al., 19934] 17.2
v (km/s)
2.89R Velocity (16 — 20), [Generalized 17.8
v (km/s) transport models]
1.79R: | Parallel velocity (10 - 21), [Su et al., 1998] 13.4
v (km/ s)
2.26R: —2.42R | Parallel velocity 14 [Drakou et al., 1997] 16.1
v (km/ s)
9.0R: | Parallel velocity] (20 — 110), [Su et al., 1998] 22.8
v (km/ s)
1.79R Perpendicular 0.23, [Su et al., 1998] 0.22
Temperature
(eVv) T,
9.0R: Perpendicular 1.1, [Su et al., 1999] 0.7
Temperature
(eVv) T,
1.79R: Parallel 0.12, [Su et al., 1998] 0.082
Temperature
Ev)T
2.0Re Temperature <1, [Nagai et al., 1984] 0.15
T (eV)
2.0Re Temperaturg 0.12 — 0.2), [Nagai et al., 1984] 0.15
T (eV)
2.1R- -2.58R Temperature (0.05 - 0.35), [Drakou et al., (0.11-0.07)
T (eV) 1997 and Su et al.,1998]
4.2R: Temperature 0.02, [Su et al.,1998] 0.03
T (eV)
1.78R (rH / T.) 0.52, [Su et al.,1999] 0.37
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Table 4.3: Comparison between the observations samdlation results of Barghouthi

model for O ions.

Altitude (Re) Characteristics Observations Barghouthi
O'ions model
1.79R Density (0.1-100), [Su et al., 1998] 30

n (cm?)
1.79R: Velocity 4, [Abe et al., 1993a] 2.15
v (km/s)
1.95R Velocity 1, [Su etal., 1998 2.2
v (km/s)
2.1R Velocity 1.5, [Drakou et al., 1997] 2.2
v (km/s)
2.58R: Velocity 3, [Abe et al., 19934 2.3
v (km/s)
5.0R: Velocity 20, [Nilsson et al., 2008] 14
v (km/s)
8.0R: Velocity 27, [Su et al., 1998] 33
v (km/s)
1.79R: | Parallel velocity (-3-2), [Su etal., 1998§] 1.3
v (km/ s)
9.0R: | Parallel velocity (8 —32), [Su et al., 1998] 27.5
v (km/ s)
1.79R: Perpendicular 0.61, [Su et al., 1998] 0.28
Temperature
eV) T,
1.79R: Parallel 0.34, [Su et al., 1998] 0.28
Temperature
(V) T,
2.1R: - Temperature (0.05 - 0.35), [Drakou et al., 0.25
2.58R T (eV) 1997 and Su et al.,1998]
1.78R: / T.) 0.55, [Su et al.,1999] 0.95

s
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Chapter Five

Qualitative Comparison

5.1 Qualitative comparison

In this section, we present the qualitative chamastics of the polar wind ions (i.e."@nd
H" ions) from various satellite observations and $aton results from previous models.
Also, the qualitative comparison between the sitmaresults of Barghouthi model from

one hand and observations and simulation resulteenther hand has been investigated.

The simulation results of Barghouthi model are wi#d from: the profiles of the
distribution function moments (i.e. density, drielocity, parallel temperature, and
perpendicular temperature) for botf &hd O ions (i.e. Fig.(4.1)), altitude profile of ions
temperatures for both 'Hand O ions (i.e. Fig.(4.2), altitude profile of ions welty for
both H and O ions (i.e. Fig.(4.3)), altitude profile of ionsrpéel velocity for both H and
O" ions (i.e. Fig.(4.4)), altitude profile of ionsteatial energy for both Hand O ions (i.e.
Fig.(5.1)), altitude profile of ions temperatureisatropy (T, / TH ) for both H and O

ions (i.e. Fig.(5.2)), altitude profile of ions tperature anisotropyT, / Tj) for both H

and J ions (i.e. Fig.(5.3)), and altitude profile of menergy for both Hand O ions (i.e.
Fig.(5.4)).
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Figure 5.1: Altitude profile of ions potential eggk¢) due to the body force for‘Qons

(solid line) and H ions (dashed line), according to Barghouthi modet for the

electromagnetic turbulenegavelengthA, = 8km.
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Figure 5.2: Altitude profile of ions temperatureisatropy (T, / TH ) for O ions (solid

line) and H ions (dashed line), according to Barghouthi maahel for the electromagnetic

turbulencewavelengthA_ = 8km.
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Figure 5.3: Altitude profile of ions temperatureisanropy (TH / T,), for O" ions (solid

line) and H ions (dashed line), according to Barghouthi mautel for the electromagnetic

turbulencewavelengthA_ = 8km.

Since the Lorentz force operates in the directiempendicular to velocity vectorv(),

therefore there is no work done on the ion andtolted energy of the ion that is moving
along the magnetic field lines remains constarguftitani and Lakhina, 1997].

_1 . 1 .1 5 _
ET —Em\/ —Em\/H +§|T|VD = EH +ED (51)

whereE; , EH and E_ are the total, parallel, and perpendicular kinetergy of the ion

respectively. On the other hand, the total enefdli@ion is given by:

1 , 3
E. ==—mv° =—kT 5.2
=5 > (5.2)

wherem,v,and T are the mass, velocity, and temperature of thg, imspectively, an#

is the Boltzmann's constant. Therefore, we findehergy of the polar wind ions (i.e” O
and H) at different altitudes in the simulation regi@dter that we plot altitude profile of
ions energy for both Hand T ions (i.e. Fig.(5.4)).
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Figure 5.4: Altitude profile of ions energy for"@ons (solid line) and Hions (dashed

line), according to Barghouthi model and for thectlomagnetic turbulencsavelength

Ay =8km.

Finally, the polar wind ions consider supersonithdir thermal velocity greater than their

velocity, were the thermal velocity for boti @nd H ions are given by:

%rm; =Skt (5.3)
Therefore, the thermal velocity is given by:

3KT
Vin =\ Ty (5.4)

where m is the mass the ion§, is the temperature of the ions at the lower bogn(ae.

1.7Re), andk is the Boltzmann's constant, Therefepereads

8.62km/s forH*
{ } (55)

Vth

2.16km/s forO*

On the other hand, the velocity of the polar wiods can be obtained from Fig.(4.3) at any

altitude in the simulation region, which extendsfrl.7 to 13.7R

The qualitative comparisons between the simulatesults of Barghouthi model and

observations give evidences that Barghouthi moedstidbed in this thesis is appropriate to
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be used when modeling the heating of ions throdghwave particle interaction with

electromagnetic turbulence in the polar wind region

Experimental verification from different satellitesxd simulation results from different
models that confirmed Barghouthi model predictians given as follow: In the model of
Lemaire and Scherer [1971], the potential diffeeebetween 1.32 and 4.15Rvas about
1.7V. This resulted in the acceleration of théibhs to above supersonic velocities, and
the transition from Oions dominant to Hions dominant occurs above 1.§7Rhis result

is agreement with the simulation results from Barghi model as shown in Fig.(4.1),
where the density for Dions is smaller than that for'Hons above 1.7R where the
density for both ®and H ions at 1.87Requals to 19 and 120¢hrespectively. So the

H" ion is the major species above 1.87R

After few years Hoffman and Dobson [1980] concluded that the pualerd is composed
primarily of electrons and ions (i.e."HHe" and O), which varies with the solar cycle, and
is dominated in density by ‘Gons up to at least 1.68Rand perhaps 1.95 —2.2Rhis
result is agreement with the results of Barghountbiel, which produce the density of O
and H ions at 1.95Rto be 20 and 110ct respectively. Also, at 2.%Rhe density of ©
ions is 3.2 and that for Hions is 79crif. Therefore, above 1.7Rthe H ions is the
dominant, as shown in Fig.(4.1). After that, Abe adt [1993a] concluded that, the
transition from dominant Oions at low altitudes to dominant kbns at high altitudes is
expected to occur between 1.¢3Rd 2.18R, depending on the neutral hydrogen density,
since the dominant source of polar windlibin is the accidental-resonant charge exchange
reaction between hydrogen atoms and oxygen ions. résult agreement with the results
of Barghouthi model, where 'Hs the major ion above 1.ZRas shown in Fig.(4.1). The
density of O and H ions at 2.18Rare 1.4 and 59ct) respectively, so above 2.18Re

H" is the dominant and the transition from dominaftiés to dominant Hions occurs
below 1.7R.

In the 16-moment model of Demars and Schunk [1984]ch included A, He", and O
ions as major species and a number of other iomsiggr species, in the supersonic case,
the H" density decreasing with increasing altitude. Tospecific, the simulation results
from Barghouthi model is consistent with the resyltedicted from in the 16-moment

model of Demars and Schunk [1994], where the derditH" ions decreasing almost
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linearly with increasing altitude, which decreagesm 180 to 25ci when altitude
increases from 1.7 to 3RAIso, it deceases to 0.13 ¢rat 13.7R, as shown in Fig.(4.1).

Furthermore, the Hions are supersonic above 1g7R

In addition, observations from the POLAR satelléspeciallynear the POLAR satellite
apogee (i.e. near @R the density of the polar wind ions was very I@ypically < 10cm

%), Moore et al. [1995]. This result is consisteritwthe results obtained by Barghouthi
model, where we obtained the density for botre@d H ions at 9R equals to 810° and

0.7cm®, respectively, where the density for both iongdsy low.

On the other hand, the composition ratio of theeolesd density and velocity betweer, H
O" provides interesting insight into the relative rigyegains of the polar wind ion species.
Su et al. [1998] found good correlation betweendeesities of the polar wind ion species
and between their parallel velocities. On averael) : n(O") ~ 1 : 0.17 and MH") :
v;(O") ~1 : 0.38. The results from Barghouthi model tfoe density ratio between the H
and O ions is n(H) : n(O") ~ 1 : 0.1 at 2R which is consistent with that result obtained
by Su et al. [1998]. Also, the parallel velocityioabetween the Hand O ions at 5R,
which is calculated by using Barghouthi model, igeg as w(H") : v,(O") ~ 1 : 0.31,

which is very similar to the observation especialipR:.

Furthermore, Su et al. [1998] concluded that thseolation from POLAR satellite near
solar minimum shows that the polar wind is domidaly H ions at 9R, in terms of
density and the Heions are a minor constituent at this altitude. fha other hand,
Barghouthi model simulation results obtained thesitees of O and H ions at 9R to be
1.6x10° and 0.7crit, respectively. So, at this altitude kbn is the dominated species of
the polar wind ions, as shown in Fig.(4.1), thisule is consistent with observation.
Moreover, the density of the’@olar wind ions was an order of magnitude smahlan of
the H polar wind ions in the geocentric altitude (4.58Rg), Elliott et al. [2001]. To be
specific, this result is in a close agreement wilie simulation result obtained from
Barghouthi model, where the density fof ©ns is smaller than that for'Hons in the
altitude range (4.5 — 7.8Ras shown in Fig.(4.1). From Fig.(4.1) we notet the density
for both G and H ions at 6R equals to 1.£10* and 2.5cri, respectively. Also, Yau et
al. [2007] demonstrated from previous papers, gh haltitude (~2 R) outside the
plasmasphere that the density of the polar wind igas typically less than 1@m?®. This
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result is consistent with the results of Barghoumiaidel, which produce the density of O
and H ions at 2R to be about 13cthand 100crii respectively, which are less than
10°%cm?,

At high altitude, the median electron density foléo a power law relationship with
geocentric altitude with a power law index of —5.8.e., ra R*) whereo = — 3.85+0.32,
and the electron density ranges from ~35 to ~1° evhen altitude ranges from 2.1 to
4.66R: altitude, which cause an approximately linear éase in the polar wind ion
velocity with geocentric altitude over (2.1 to 459 altitude range, Persoon et al. [1983].
On the other hand, Barghouthi model results shairtbrease of velocity for both*@nd
H* ions with geocentric altitude is approximatelyelm in the altitude range (2.1 to
4.66R:), as shown in Fig.(4.3). This result is consisigith the observation obtained from

different satellites.

The O velocity increases from <1 km/s to a few km/s mhhaltitudes, Barakat and
Schunk [1983]. This is consistent with simulatiesult from Barghouthi model, where the
O" velocity increases from 2.15 to 13km/s, when wdit varies from 1.7 to Rowing to

the effect of WPI and heating in the perpendicdlezctions.

Also, the 16-moment models of Ganguli et al. [19&Ad Demars and Schunk [1989]
predicted that the velocity of the"kpolar wind ions was as large as 16 —20 km/s, gtt hi
altitudes. This result is agreement with the simoiaresults obtained from Barghouthi
model, where the Hvelocity varies from 15 to 23.7km/s, when altitudeies from 1.7to
8Rg, and it is equal to 18km/s at 2.§9Rs shown in Fig.(4.3).

Abe et al. [1993ajound that the observed ion velocity of all spe@é&she polar wind to
be highly variable in the altitude range (1.16 &RH), this consistent with Barghouthi
model results, where the*®@elocity varies from 2.2 to 2.3km/s, when altitudeies from
1.7 t02.58R. Also, the H velocity varies from 15.5 to 18km/s, when altitudeies from
1.7 t02.58R. Therefore, this agreement with observation, whieeevelocity of the polar
wind ions is highly variable. This suggested sigaifit upward O polar wind flow,
contrary to classical polar wind theory predictioaad motivated the interest on thé O
component of the polar wind in the subsequent studf Chandler [1995] and of Su et al.

[1998]. Also, Abe et al. [1993a] demonstrated thatvelocity of polar wind ions increases
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with altitude, and it is related with the electr@mperature at a given altitude. The effect
of electron temperature on"@olar wind flow studied by Barakat and Schunk [3]08
They assumed that the ambipolar electric field ¢oapproximately proportional to the
electron temperature (i.e,,Ex — kTe a@ ne, where T is electron temperature and is
electron density). As a result, they found that @evelocity, at high altitudes, increases
from <1 km/s to a few km/s. This demonstrates tationship between the magnitude of
polar wind ion acceleration and that of the amlapadlectric field responsible for the
acceleration. On the other hand, the results ofjfauthi model produce the®@elocity
increases almost monotonically with altitude aswshian Fig.(4.3), which increases from
2.2 to 58km/s, when altitude varies from 1.7 toRg.7Also, the H velocity increases
almost linearly with altitude as shown in Fig.(4.8)hich increases from 16 to 50km/s,
when altitude varies from 1.7 to13.Z.R50, the velocity of polar wind ions increaseshwit
altitude. On the other hand Barghouthi model expthe increases of the polar wind ions
with altitude owing to the effect of WPI and hegtim the perpendicular direction,
especially for O ions (i.e. acceleration of ions). Another resuihcduded by Abe et al.
[19934] is that the Dions attain significant average upward velocityhiher altitudes
compared with F and Hé ions. This results is excellent agreement with simulation
results obtained by Barghouthi model, where fomepia, the H velocity equal 17km/s at
2Re, but the O velocity equal 2.2km/s at this altitude and it$oe#ty becomes equal to
17km/s at ~5.3R Therefore, the Oions attain significant average upward velocity at

higher altitudes compared with'lbns at low altitude, as shown in Fig.(4.3).

In addition,Abe ea al. [1993a] used the data collected fromb&ke satellite to confirm
that the velocity for both Dand H ions is approximately monotonic increases with
altitude and for both polar wind ion species. Tléuity on the dayside was significantly
larger than that on the nightside. On the daydlueaverage Ovelocity began to increase
near 1.87R, and reached a maximum of about 4 km/s near apdgemparing these
results with the simulation results of Barghouttadal, Barghouthi model results are very
close to these result as shown in Fig.(4.3), whbee velocity of O ions increases
monotonically with altitude, which increases from 2o 58km/s, when altitude varies from
1.7 t013.7R. Also, the velocity of A ions increases monotonically with altitude, which
increases from 15 to 50km/s, when altitude vamesfl.7 to 13.7R Also, the velocity of
O" ions begins to increase monotonically with altédound 2.3R as shown in Fig.(4.3).

Further more, the Oion velocity increases with altitude, Abe et d1993a, b, and 1996].
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On the other hand, the simulation result from Barghi model produce the velocity of O
ions which increases monotonically with altitudesa®wn in Fig.(4.3), which increases
from 2.2 to 58km/s, when altitude varies from 10713.7R. So, the velocity of Opolar

wind ions increases with altitude.

The velocity of the polar wind ions (i.e."@nd H) increases with altitude, Drakou et al.
[1997]. Also, the simulation result from Barghouthodel produce the velocity of'Gons
increases monotonically with altitude as shown iig.(B.3), which increases from 2.2 to
58km/s, when altitude varies from 1.7 to137Rlso, the H velocity increases almost
linearly with altitude as shown in Fig.(4.3), whiahcreases from 15 to 50km/s, when
altitude varies from 1.7 t0o13.ZRSo, the velocity of polar wind ions increaseshwit
altitude. The large velocities of the polar windsaeflect to the continuous acceleration of
the polar wind at very high altitudes due to a namif mechanisms, Su et al. [1998]. This
agreement with the Barghouthi model results, whiggevelocity for both Oand H ions is
38 and 26km/s respectively, at QRAIso, their velocities at 13.#are 58 and 50km/s,
respectively, which are very large velocities. tidiéion, Barghouthi model says that the
acceleration of the polar wind ions to large veiesi at high altitude, owing to the effect
of WPI mechanism and heating in the perpendicufaction.

One of the important simulation results from Banggf model is the rate of increase of
velocity larger at low altitudes and smaller atrhagtitudes. For example, the” @elocity
increases from 2.2 to 2.3km/s, when altitude varnes 2 to 3R (i.e. low altitude), but at
high altitude the Ovelocity increases from 26.9 to 30.9km/s, wheituale varies from 7
to 8Re, which means the rate of increase of velocitydagy low altitudes, similarly for H
ions, where the rate of increase of velocity largelow altitudes, as shown in Fig.(4.3).
This result of Barghouthi model is confirmed by Adteal. [2004], where they concluded
that the rate of increase of velocity larger at lititudes and smaller at high altitudes for
high the solar radio flux (i.e. in maximum solati@ty). Also, Abe ea al. [2004] presented
that, the velocity of Oions in the sunlit region remained below 1 km/pWe2.03R: but
increased with altitude above this altitude. Thasult is consistent with the simulation
results of Barghouthi model, where the velocity@f ions at 2.03R is 2.2km/s and it

increases monotonically with altitude above 2.3& shown in Fig.(4.3).
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Yau et al. [2007] concluded that; as the polar wiads flow upward along “open”
magnetic field lines of the Earth in the polar capd dayside cusp poleward of the
plasmasphere, they increases in both drift speddemperature. This result is consistent
with the simulation results of Barghouthi model, emd the drift velocity of Oions
increases with altitude as shown in Fig.(4.1), Whitccreases from 6:5L0“ to 45km/s,
when altitude increases from 1.7 tol137Rlso, the drift velocity of Hions increases
with altitude as shown in Fig.(4.1), which increadeom 12 to 37km/s, when altitude
increases from 1.7 to13.2ROn the other hand, the temperature bfi@s increases with
altitude at all altitude, but for Hons it increases with altitude at high altitude.(above
~5Rg), as shown in Fig.(4.2).

From several observations obtained by many sa&ellduch as POLAR, DE-1 and
Akebono, Su et al. [1998] and Abe et al. [1993aduet al. [2007] concluded that the
velocity ratio between ion species of the polardvapans a wide range of values, and on
average lies between unity and the inverse squam# mass ratio of the ions
(i.e.1<w(H)vi(O") < [m(O+)/m(H+)]*= = 4). This suggests that the total ion acceleration
produces from a number of processes and factoxmwiparable energy gain probably.
simulation results from Barghouthi model yieldstttiee parallel velocity ratio between H
and J, when altitude varies from1.7 to 7.4Rs, 1 <w(H") / w(O") < 10. This is

agreement with the concluded result by Yau et2al0y].

Nagai et al. [1984], Chandler et al. [1991], Aleak [1993a], and Drakou et al. [1997]
concluded that the polar wind ions are supersogithb time they reach 2.:Rand we
obtained the velocity for both*@nd H ions to be equals to 2.2 and 16.9km/s at 2. 5R,
they are supersonic ions by the time they reachatitude, since their velocities at 2glR
greater than their thermal velocities, where therrtial velocity for both Oand H ions
are 2.16 and 8.62km/s, respectively. This explaiving to several factors contribute in the
increasing of the polar wind ions with altitude lsws, WPI and heating the perpendicular

direction.

In addition, Yasseen and Retterer [1991] model ipted the subsonic to supersonic
transition altitude for the Hpolar wind ions (i.e. the sonic point) is typicaiigar 1.24R,
the sonic point corresponds to a singularity irystesn of moment equations, making its

numerical solution intrinsically difficult to obtaiin moment based polar wind models.
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Simulation results from Barghouthi model yieldstthiae velocity of H ions equals to
15km/s (i.e. supersonic, since the thermal velooftyd” ions is 8.62km/s) at 1.7ZRand
above this altitude it increases with altitude tts® H' ions is supersonic above 1ZB&nd

the sonic occur below 1.ZRwhich consistent with Yasseen and Retterer [199ddel.

Furthermore, Su et al. [1998] calculated the Macimimer (i.e. the ratio of ion drift
velocity over ion thermal velocity) for the polaing ions by using the data obtained from
POLAR satellite. They found the Mach number dfringed from ~2 to 7, with an average
of 4.6; and the Mach number of @anged from ~1 to 8, with an average of 3.5. As a
result, polar wind ion species are supersonic dtARDapogee (i.e. 98. To be specific,
Barghouthi model produced similar results to theesbations of Su et al. [1998], where
the velocity of both Oand H ions is 27.3 and 25.9km/s, respectively, at,3® both ions
are supersonic at this altitude, since the thesmakcity for both O and H ions are 2.16

and 8.62km/s, respectively.

Su et al. [1998¢oncluded that Hion is supersonic, while Qon is subsonic at 1.§Rand
for H' polar wind ion the perpendicular temperature exsehd parallel temperature, this
reflects to perpendicular ion heating of the palamd plasma in the topside ionosphere.
This is in a close agreement with the simulatisults from Barghouthi model, where we
calculated the velocity of both ‘Cand H ions at 1.8R equals to 2.15 and 16km/s,
respectively. So, Hions are supersonic, while ‘Oons are subsonic, since the thermal
velocity for both O and H ions are 2.16 and 8.62km/s, respectively. In &mititwe
confirmed that the perpendicular temperature highan parallel temperature for' kbns,
where the parallel and perpendicular temperatudd’abns at 1.8R is 1100 and 3000k,
respectively, owing to the WPI with the electrometimn turbulence and heading in the
perpendicular direction and this cause the acdederaf the polar wind ions to large
velocities at high altitude. This mechanism (i.ePNVis suggested in Barghouthi model.
Also, Su et al. [1998] demonstrated that the pelrédl perpendicular temperature ratio is
less than unity at low altitudes, which is equad162 for H and 0.55 for Oat 1.8R. On
the other hand, at high altitude it more than unitizis results is consistent with the
simulation results from Barghouthi model. We obttia following results: the parallel to
perpendicular temperature for botd @d H ions equal to 0.8 at 2.3Rwere it is less
than unity at low altitude for both ions. Anothessult is the parallel to perpendicular

temperature ratio is about 0.37 fof ldt 1.8R, which agreement with the observation
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results with the same scale. Also, forions the parallel to perpendicular temperaturie rat
is about 0.95 for at 1.8Rand this result is agreement with observatiorh wite same
scale. Finally, the parallel to perpendicular terapge ratio exceeds unity for'Hons
between 2.7Rand 6.6R (i.e. high altitude), which is equal to 4 at 489Ras shown in
Fig.(5.3), where this results consistent with obagons.

The observed parallel to perpendicular temperatatie from POLAR satellite of the polar
wind ion species was significantly different at therigee (i.e.5000km or 1.8Rand
apogee (i.e. 50500km or Rof the POLAR satellite. Su et al. [1998] calcatathe ratio
of the averaged parallel to perpendicular tempegatube ~ 0.46, and 0.58 foi ldnd O,
respectively, at POLAR perigee. Also, they conctudeat the perpendicular to parallel
temperature ratio for Hdecreasing with altitude in the altitude range791-1.95R)
presumably reflects the conversion of perpendicttarparallel ion energy along the
diverging magnetic field line owing to conservatiohthe first adiabatic invariant. These
observations obtained from the POLAR satellite ageeement with the simulation results
calculated by using Barghouthi model in polar wiegion. These results include: First,
the parallel to perpendicular temperature ratios@ ions at 1.8R and 9R are 1 and
0.02, respectively. Also, for Hions the ratios are 0.37 at 18Rnd 0.0625 at 9R
therefore the ratio of both ions was significardifferent at the two altitudes (i.e. at the
POLAR apogee and perigee). Second, the parallpletpendicular temperature ratio is
about 0.37 for Hat 1.8R. It is very consistent with the ratio obtainednfr@bservation,
which equal to 0.37 at the same altitude. Thire, plarallel to perpendicular temperature
ratio is about 0.95 for Dat 1.8R, which is with the same order with the ratio cédoed
from observation. Forth, the averaged perpendicagparallel temperature ratio for'H
decreasing with altitude in the altitude range ¢bR) as shown in Fig.(5.2), owing to the
conservation of the first adiabatic invariant, whicause conversion of perpendicular to
parallel ion energy along the diverging magnet&tdfiline and additional ion acceleration
or heating along the field line such as WPI andihgan the perpendicular directions, due

the presence of the electromagnetic turbulence.

Moreover, the composition ratios of parallel andpeadicular temperatures between the
polar wind ion species are of interest. Su etl#9B] observed @H" parallel temperature
ratio to be about 4.6 at 1.8ZRwhile the corresponding perpendicular temperatatie is
about 3.4 at 1.87R Therefore, the Dions have a higher temperature than tHedss in
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both the parallel and perpendicular directions.sehebservations are in close agreement
with the simulation results of Barghouthi model,erd we calculated the™®" parallel
temperature ratio at 1.8¢Ro be ~ 3.52 and the*®" perpendicular ratio at 1.8ZRs
about ~2 and at 2.5R~ 3.4, which is very close to the correspondinlyeabservation.
This means that, the parallel and perpendiculap&zature of Oions greater than that of
H"ions at all altitude as shown in Fig.(4.1).

In the 13-moment of Schunk and Watkins [1981,198®]del, the parallel Hion
temperature at high altitudes was greater thanp@émpendicular temperature. This is
consistent with the results obtained from Barghiutiodel, where the parallel to
perpendicular temperature ratio exceeds unity foidds between 2.7%Rand 6.6R (i.e.
high altitude), which is equal to 4 at 4 QR\lso, Barghouthi result consistent with the 16-
moment models of Ganguli et al. [1987] and Demad &chunk [1989] resulting in, the
parallel H ion temperature was greater than the perpenditetaperature between 2.7
and 6.6R (i.e. above the collision dominated region; abbwdR:).

In the Tam et al. [1995] model, they predicted thia¢ perpendicular temperature
comparable to the parallel temperature at highudkis. This result consistent with the
simulation results of Barghouthi model where theajal to perpendicular temperature
ratio is about one for Dat 1.7R, but for H ions the ratio is about one at 2&nd at
6.6R:, (i.e. high altitude). So at these geocentrictid® Tam et al. [1995] model is
consistent with Barghouthi model.

Schunk and Watkins [1982] and Demars and Schun&7491995] models predicted that
the temperature anisotropy increases with altitatdeigh altitudes for the polar wind ions.

Also, Barghouthi model produces the same resultgrevthe temperature anisotropy for
O ions increases with altitude. Also, fof’ kbns the anisotropy is increases with altitude,
except at 2.7Rand 6.6R, where there is no anisotropy (i.e. the perpendidemperature

equal to the parallel temperature), as shown in(5@).

Most models predict that the perpendicular tempegais decreasing with altitude, while
the parallel temperature is less dependent oru@étjtDrakou et al. [1997]. On the other
hand, the simulation results of Barghouthi model agreement with the above results,

where the perpendicular temperature dfiehs decreases with altitude in the geocentric
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altitude (1.7R — 4.9R) as shown in Fig.(4.1), and the parallel tempeeatf H" ions is
not varying significantly with altitude, which vas from 0.07 to 0.05eV when altitude
increases from 2Rto 10R: as shown in Fig.(4.1). In addition, for Gons the parallel
temperature varies from 0.95 to 1.9eV, when alétincreases from gRto 13.7R as
shown in Fig.(4.1). Therefore, the parallel tempee for both O and H ion is
significantly variable with altitude. When plasmeaached altitudes %Ror above, it
developed large temperature anisotropy (i.e. thellph temperature greater than the
perpendicular temperature, Persoon et al. [1988]Baddle et al. [1985]. Also, Barghouthi
model produces results that agreement with thesdtsesuch as, the parallel temperature
exceeds the perpendicular temperature forids between 2.7Rand 6.6R, where the
parallel to perpendicular temperature ratio equaktat 4.9R, (i.e. it develops large

temperature anisotropy).

Drakou et al. [1997] demonstrated that the parédigderpendicular temperature ratio was
in the range(]/3<'l'H [ Ty <3 lmng data from Akebono. This result is consistent
with the simulation result from Barghouthi modelhave the parallel to perpendicular
temperature ratio of Hions is (()38<'|'H / T,<4) . whentalle changes from 1.7 to
4.9R:. In addition, Drakou et al. [1997] and Su et d998] concluded that the
temperature of polar wind ions is generally lowd as in the range of 0.05-0.35eV when
altitude varies between 2.1 and 2.58Rhich consistent with the results of Barghouthi
model, where the temperature of @ns varies from 0.26 to 57eV, when the altitude
changes from 1.7 t013.ZRAIlso, for H ions the temperature varies from 0.2 to 3.9eV,
when the altitude changes from 1£@13.7R and the temperature at 538quals 10 and
0.03 eV for O and H ions, respectively. Therefore, the polar wind ides\perature is
generally low. In addition, the temperature of iGns varies from 0.26 to 0.265eV, when
the altitude changes from 2.2®2.58R. Also, for the temperature of Hons varies from
0.11 to 0.07eV, when the altitude changes fromt@2158R., which is in the observation
range for temperature 0.05-0.35eV.

At the POLAR apogee (i.e. @R and perigee (i.e. at 1.8R O" ions has a higher
temperature than Hions, and the observed temperature of both polad species is
higher than that from polar wind model predictioBs, et al. [1998]. On the other hand,
this result is consistent with the simulation résdtom Barghouthi model, where the

temperature for both Cand H ions at 1.8R equals to 0.26 and 0.18eV, respectively, and
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at 9R: it equal to 36eV for Oand 0.5eV for A as shown in Fig.(4.2). Therefore, the
temperature of Oions exceeds the temperature &fibhs at all altitudes.

Drakou et al. [1997], concluded that the tempegatirthe polar wind ions (i.e.’Gnd H)

is little dependence on altitude. On the other haBdrghouthi model produces the
temperature of Oions which varies from 0.26 to 0.265eV, when tlitguale changes from
1.7 to 2.58R. Also, for H ions it varies from 0.2 to 0.08eV, when the attéuchanges
from 1.7 to 2.58R So, the polar wind ions temperature did not \&gnificantly with

altitude.

Yau and André. [1997] classified outflows, whichcocin the polar ionosphere into two
groups: bulk ion flows with energies up to a few, @dch as the polar wind, and energetic
ion outflows. The energy of the*Hons, which calculated from Barghouthi model varie
from 0.3 to 6eV, when the altitude changes fromt@1B.7R. But for the O ions it varies
from (0.38 to 105eV), when the altitude changemffio7 t013.7R. From these results, we
note that the energies are few eV forfar all altitude, but the energies are few eV @r

ions at low altitude only.

In the model of Lemaire and Scherer [1972a], a nawio potential energy altitude profile
was assumed for each polar wind ion species. Teelepare divided into four trajectory
types: ballistic, escaping, trapped, and incomigfour trajectory types are allowed for
particles such as Oions that have positive potential energies (i.kectéc plus
gravitational) above the baropause, but only escp@nd incoming trajectories are
possible for particles such as’ Hons that have monotonically decreasing potential
energies. To be specific, Barghouthi model prodsoesilation results which is consistent
with the results obtained in the model of Lemairel é&Scherer [1972a] as shown in
Fig.(5.1) for both O and H ions. From this Fig.(5.1), we note that the pdsrenergy of

O" ions is positive and increasing with altitude. fBa other hand, the potential energy for

H" ions is negative and almost linearly decreasirty waititude.

Barghouthi model produces, the” @d H ions distributions above 1.ZRwhich is not
Maxwellian, but they become conic distributioissame altitude and then they become
toroidal distributions at higher altitude, this acowing to temperature anisotropy, which

results from different factors such as the effdct#1 and pressure cooker effect. These
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results are agreement with the results obtaine®iakou et al. [1997]. They concluded
that the actual ion distributions are not maxwalldue to higher energy tail component

drifting at higher velocity.

Finally, the H" distribution close to Maxwellian distribution aw altitudes (~ 1.7B by
using the semi-kinetic model, Barakat and Schur@88l. To be specific, the simulation
results from Barghouthi model obtained consistentits, where the distribution of thé H

ions is Maxwellian at low altitudes (i.e. 1.#)Ry using the Barghouthi model.

We can conclude that Barghouthi model is an exceleodel in the polar wind region,
since it produces acceptable simulation results nwhempared qualitatively to the
corresponding observations. So far, Barghouthi maglehe best model that produces
simulation results when compared to the correspandbservations from different

satellite.
We summarized the Barghouthi model predictions. (ilge simulation results of
Barghouthi model) and experimental verificatioe.(observations) in Tables (5.1-A, B, C,

D, E, F) as shown below.

Table 5.1-A: Barghouthi Model Predictions and Expental Verification

Experimental Verifications Barghouthi Model Predictions
1. At high altitude (-2 B outside the The density of Oand H ions at 2R are
plasmasphere, the plasma density is 13cm® and 100cr respectively, which
typically below 168cm?. are less than fom?.

[Yau et al., 2007]
2. The polar wind is dominated in density The density of Oand H ions at 1.95R

by O"ions up to at least 1.63Rind are 20 and 110ct respectively. Also, at
perhaps 1.95 -2.1R 2.1R: the density are 3.2 and 79ém
[Hoffman and Dobson,1980] respectivelyand above 1.7Rthe H ions

is the dominant as shown in Fig.(4.1).
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Table 5.1-B: Barghouthi Model Prediction

s and Expental Verification

3. The polar wind plasma density is ver
low (typically <10cn®) near 9R.
[Moore et al.,1995]

The density for both Oand H ions at
9Re equals to 6*18 and 0.7cr,

respectively. Therefore, the density 1
both ions is very low at this altitud

y

or

[

4. The correlation between the densitie
of the J and H ions on average are:
n(H") :n(O" ~1:0.17

[Su et al.,1998]

s The density ratio between thé Hnd O
ions at 2R is
nH) :n(0OH~1:0.1

5. The polar wind is dominated by H
ions at 9R.
[Su et al.,1998]

The densities of Oand H ions at 9R
are 1.6*10°and 0.7crit, respectively. So
at this altitude Hion is the dominate
species, as shown in Fig.(3.]

6. O density is an order of magnitude
smaller than the Hdensity in the
geocentric altitude (4.5 -7.8R

[Elliott et al.,2001]

The density for Oions is smaller tha
that for H ions in the altitude range(4.5

7.8Re), as shown in Fig.(4.1).

7. The transition from dominant Gt
low altitudes to dominant Hat high
altitudes is expected to occur between
1.63 and 2.18R depending on the
neutral hydrogen density.

[Abe et al., 19933]

Above 1.7R H" is the major ion, a
shown in Figure (4.1). The density of ¢
and H ions at 2.18Ris 1.4 and 59ci
respectively. So, above 2.18Re H is

the dominant ion

8. The observed ion velocity of all polar
wind species is highly variable in the
altitude range (1.16 -2.58R

[Abe et al., 19933]

The O velocity varies from

2.2 to 2.3km/s, when altitude varies frg
1.7 to 2.58R. Also, the H velocity
varies from 15.5 to 18km/s, when altitu

velocity of the polar wind ions is high

varies from 1.7 to 2.58R Therefore, the

variable in this altitude range.

9. At very high altitudes (above ~gR
the polar wind ions have large velocitie
[Su et al.,1998]

The velocity for both Oand H ions is
5.38 and 26km/s respectively, atQRlso,

their velocities at 13.7Rare 58 ang

50km/s, respectively, which are ve

large velocities

10. As the polar wind ions flow upward,
increase in drift speed of the polar wind
ions.

[Yau et al., 2007]

The drift velocity of Oions increase

increases from 6.5*Ito 45km/s, wher
altitude increases from 1.7 to13&F
Also, the drift velocity of Hions
increases with altitude as shown
Fig.(4.1), which increases from 12
37km/s, when altitude increases from
t013.7RE.

with altitude as shown in Fig.(4.1), whi¢

n
to
1.7
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Table 5.1-C: Barghouthi Model Prediction

s and Ekpental Verification

11. On average, the velocity of polar
wind ions increases with altitude.
[Abe et al., 19933]

The O velocity increases almo
monotonically with altitude as shown
Fig(4.3), which increases from 2.2

to13.7R. Also, the H velocity increase
almost linearly with altitude as shown
Fig.(4.3), which increases from 16

t013.7R. So, the velocity of polar win
ions increases with altitud

58km/s, when altitude varies from 1.

50km/s, when altitude varies from 1.

12. The rate of increase of velocity of
polar wind ions larger at low altitudes
and smaller at high altitudes.

[Abe et al., 2004]

to 5Re (i.e. low altitude), but at hig

34.5 to 37.5km/s, when altitude vari
from 8 to 9R, which means the rate
increases of velocitharger at low|

The O velocity increases fror
5 to 14km/s, when altitude varies from

altitude the O velocity increases fron

altitudes, as shown in Fig.(4.3

13. O ions attain significant average
upward velocity at higher altitudes
Compared with Hions below 2.58R
[Abe et al., 19933]

The H velocity equal 17km/s at 2Rbut
the O velocity equal 2.2km/s at th
altitude and its velocity becomes equa
17km/s at (~5.3R. Therefore, the O
ions attain significant average upwa
velocity at higher altitudes Compar
with H* ions at low altitude, as shown

Fig.(4.3.

urd
d
in

14. Linear increase in the polar wind io
velocity with geocentric distance over
(2.1 to 4.66R) altitude range.

[Persoon et al., 1983]

n The increase of velocity for both'@nd
H* ions with geocentric altitude
approximately linear in the altitude ran

(2.1 to 4.66R), as shown in Fig.(4.3).

ge

15. The velocity for both Oand H ions
is (approximately) monotonic increases
with altitude.

[Abe ea al., 1993a]

The velocity of O increases
monotonically with altitude as shown
Fig.(4.3), which increases from 2.2

t013.7R. Also, the velocity of H
increases with altitude as shown
Fig.(4.3), which increases from 15
50km/s, when altitude varies from 1.7
13.7R:.

58km/s, when altitude varies from 1.

16. The averaged 'Grelocity begins to
increase near 1.8R
[Abe ea al., 19934

The velocity of O begins to increas
monotonically with altitude around 2.3F

]

as shown in Fig.(4.3).

17. The velocity of Oions is increasing
with altitude above 2.03R
[Abe ea al., 2004]

The velocity of O ions at 2.03Ris
2.2km/s and it increases monotonically
with altitude above 2.03Ras shown in

Fig.(4.3).
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Table 5.1-D: Barghouthi Model Prediction

s and Expental Verification

18. The velocity of the polar wind ions
(i.e. O and H) increases with altitude.
[Drakou et al., 1997].

The velocity of O ions increase
monotonically with altitude as shown
Fig.(4.3), which increases from 2.2

t013.7R. Also, the H velocity increase
almost linearly with altitude as shown
Fig.(4.3), which increases from 15

t013.7R. So, the velocity of polar win
ions increases with altitud

19. The O ion velocity increases wit
altitude.
[Abe et al.,1993a,b, and 199

n The velocity of O ions increase
monotonically with altitude as shown
6] Fig.(4.3), which increases from 2.2
t013.7R. So, the velocity of Opolar

wind ions increases with altitud

20. The velocity ratio between ion
species spans a wide range of values,
on average:

1 <vy(H") /vy(O") < [m(O")/m(H")]"* =4
[Su et al.,1998] and [Abe et al., 1993a]

The parallel velocity ratio between'

to 7.4R..
1 <V//(H+) /V//(O+) < 10.
Therefore, this ratio spans wide ran

58km/s, when altitude varies from 1.

50km/s, when altitude varies from 1.

58km/s, when altitude varies from 1.

arehd T ions, when altitude varies from1,.

21. The correlation between the parallg
velocities of the Oand H ions on
average is

vi(H) : w(O") ~1:0.38

[Su et al.,1998]

| The parallel velocity ratio between thé
and O ions at 5R is
vi(H") : w(O") ~1:0.31

22. The polar wind ions are supersonic
the time they reach 2.2R

[Chandler et al., 1991] [Nagai et
al.,1984] [Abe et al., 1993a].

by  The velocity for both Oand H ions
equals to 2.2 and 16.9km/s at 2¢1Ro,
they are supersonic ions by the time tl
reach this altitude, since the thern
velocity for both O and H ions are 2.14
and 8.62km/s, respectivel

ney
nal

<<

23. The polar wind ions are supersonic

ORe.
[Su et al.,1998]

at The velocity of both Oand H ions is
27.3 and 25.9km/s, respectively, ate9
So, they are supersonic at this altitu
since the thermal velocity for both"@nd
H* ions are 2.16 and 8.62km
respectively.

24. At 1.8R, H' ionsare supersonic,
while O" ions are subsonic.
[Su et al.,1998]

The velocity of both Oand H ions at
1.8R: equals to 2.15 and 16km/s,
respectively. So, Honsare supersonic,
while O" ions are subsonic, since the
thermal velocity for both Oand H ions

are 2.16 and 8.62km/s, respectively.
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Table 5.1-E: Barghouthi Model Predictions and Expental Verification

25. The polar wind species are supersanic The velocity for both Oand H ions at
above 2.1R 2.1R: equals to 2.2 and 16.9km/s,
[Drakou et al., 1997] respectively. In addition, the velocity for

both ions increases with altitude. So, they
are supersonic, since the thermal velocity
for both O and H ions are 2.16 and
8.62km/s, respectively.

26. The H polar wind ion is supersonic The velocity of H ions equals to 15km/s
at high altitude at 1.7R and above this altitude its

[ Nagai et al.,1984] velocity increases with altitude. So thé H

ions is supersonic above 1&Rince its
thermal velocity equals to 8.62km/s.

27. The parallel to perpendicular The parallel to perpendicular temperat
temperature ratio is less than unity at Iqwratio for both O and H ions equal to 0.8
altitudes for the polar wind ions. at 2.5R, where the parallel tp
[Su et al.,1998] perpendicular temperature ratio fof O
ions less than unity at all altitude, but for

H* ions it is less than unity in the altitude
ranges (1.7 -2.78 and (6.6 -13.7R.
Therefore at low altitude the parallel to
perpendicular temperature ratio is less
than unity.
28. The parallel to perpendicular The parallel to perpendicular temperature
temperature ratio of the’@nd H ions is | ratios for O ions at 1.8Rand 9R are 1
significantly different at two altitudes 9 | and 0.02, respectively. Also, for'kbns
and 1.8R. the ratios are 0.37 at 1.8Rnd 0.0625 at
[Su et al.,1998] 9Re. Therefore, the ratios of both ions are
significantly different at the two altitudes.
29. The averaged perpendicularn tdhe perpendicular to parallel temperature
parallel temperature ratio for'kis ratio for H' is decreasing with altitude
decreasing with altitude in the altituge from 1.7 to 5R as shown in Fig.(5.2).
range (1.79 -1.958.
[Su et al.,1998]
30. The O/H" parallel temperature ratio| The O/H" parallel temperature ratio at
<Tu(O") [Tu(H")> ~ 4.6 at 1.87R 1.87R:is
[Su et al.,1998] <Ti (Q") /Tu(H")> ~ 3.52
31. The O/H" perpendicular temperatureThe O/H" perpendicular temperature

ratio is <T(O") / T.(H")> ~ 3.4at 1.87R. | ratio at 1.87Ris <T.(O") /T.(H")> ~ 2,

[Su et al.,1998] and at 2.5Ris <T.(O") /T.(H*)> ~ 3.4

32. The Oions have a higher The parallel and perpendicular

temperature than the'bns in both the temperature of Oions are greater than

parallel and perpendicular directions. | that of H ions at all altitudes, as shown|in

[Su et al.,1998] Fig.(4.1).
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Table 5.1-F: Barghouthi Model Predictions and Exkpental Verification

33. The perpendicular temperature
exceeds the parallel temperature fér H
ions at 1.8R.

[Su et al.,1998]

The parallel and perpendicular
temperature of Hions at 1.8Ris 1100
and 3000k, respectively, where the
perpendicular temperature higher than
parallel temperature for 'Hons.

34. The temperature of polar wind ions
generally low and it is in the range of

0.05 - 0.35 eV between 2.1and 2.58R
[Drakou et al.,1997] and [Su et al.,1998

is The temperature of Qons varies from
0.26 to 0.265eV, when the altitug

changes from 2.1R02.58R. Also, for

]
0.11 to 0.07eV, when the altitude chan

from 2.1R: t02.58R. Therefore, the
temperature of the polar wind ions is Ig
in this altitude range.

the temperature of Hons varies from

jes

174

DW

35. O ions have a higher temperature
than H ions, at 1.8 and 9R
[Su et al.,1998]

The temperature for both*@nd H ions
at 1.8R equals to 0.26 and 0.18e

respectively, and at QRt equals to 36eV
for O" and 0.5eV for A. Therefore, the

temperature of Oions exceeds th

temperature of Hions at both altitudes

as shown in Fig.(4)2

v,

)

e

P

36. The temperature of the polar wind
ions (i.e. O and H) is little dependence
on altitude.

[Drakou et al., 1997].

The temperature of Qons varies from

0.26 to 0.265eV, when the altitu
changes from 1.7 to 2.58Ralso for H
ions it varies from 0.2 to 0.08eV, wh¢
the altitude changes from 1.7 to 2.58
So the polar wind ions temperature (

not vary significantly with altitude.

e

2N
R
jid

37. As the polar wind ions flow upward,
increases in temperature of the polar w|
ions.

[Yau et al., 2007]

The temperature of Qons increase

nd with altitude at all altitude, but for'H
ions it increases with altitude at hig
altitude (i.e. above ~5), as shown ir

Fig.(4.9.

)

yh

38. Polar wind ion flows with energies U
to a few eV.
[Yau and André,1997]

The energy of the Hions varies from
0.31 to 5.8eV, when the altitude chang
from 1.7 to 13.7R but for the O ions it

varies from 0.39 to 105eV, when t
altitude changes from 1.7 t013 ZH

p

jes

a4

We also summarized the simulation results fromediiit models that consistent with

Barghouthi model predictions in Table (5.2-A, B,&)shown below.
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Table 5.2-A: Barghouthi Model Predictions and siatian results Verification

Simulation result Verifications

Barghouthi Model Predictions

1. The transition from &to H', as the
major ion species, occurs above 1.87R
[Lemaire and Scherer,197

1]density for both Oand H ions at 1.87R

The density for Oions is smaller tha
that for H ions above 1.7R where the

-

equals to 19 and 120¢hrespectively

So, the H ion is the major species aboye
1.87R:, as shown in Fig.(4)1
2. In the supersonic case, thédénsity is The density of Hions is decreasing
decreasing with increasing altitude. almost linearly with increasing altitude as
[Demars and Schunk,1994] shown in Fig.(4.1), which decreases from

180 to 25c¢rit when altitude increases
from 1.7 to 3R. Also, it is deceased to
0.13 at 13.7R where the Hions above
1.7R: are supersonic, since thé
velocity greater than its thermal veloc
above 1.7R

3. The predict ions velocity is as large as

16 —20 km/s at high altitude (~2.89R
[Ganguli et al, 1987] and [Demars a
Schunk, 1989]

nd

The H velocity varies from 15 to
23.7km/s, when altitude varies from 1.
to 8Re, and it is equal to 18km/s
2.89R:, as shown in Fig.(4)3

4. The O velocity increases from <1
km/s to a few km/s at high altitudes.
[Barakat and Schunk,1983]

2.15 to 13km/s, when altitude varies frg

The O velocity increases from

1.7 to SR.

5. The subsonic to supersonic transition The velocity of H ions equals to 15km

altitude for the A polar wind (i.e. the
sonic point) is typically near 1.24R
[Yasseen and Retterer,1991]

(i.e. supersonic) at 1. #&nd above this
altitude it increases with altitude. Since
the thermal velocity of Hions is
8.62km/s, so the Hons is supersoni
above 1.7R Therefore, the sonic point
occurs below 1.7R

6. The parallel Hion temperature at high The parallel to perpendicular temperat
lar ratio exceeds unity for Hons betweer
2.7 and 6.6R(i.e. high altitude), which i

altitudes is greater than the perpendicu
temperature.
[Schunk and Watkins, 1981, 1982]

Lre

U

equal to 4 at 4.9R

7. The parallel Hion temperature is
greater than the perpendicular
temperature above the collision
dominated region

The parallel to perpendicular temperat

ire
ratio exceeds unity for Hons between
2.7 and 6.6R(i.e. above the collisio
dominated region, were it is less th

=)

an

[Ganguli et al, 1987] and [Demars and 1.7R:), where the ratio equal to 4 at
Schunk, 1989]. 4.9R:.
8. The perpendicular temperatur& he parallel to perpendicular temperature

comparable to the parallel temperat
occurs at high altitudes. [Tam et al.,
1995]

ureatio is about one for Qat 1.7R, but for

H™ ions the ratio is about one at tywo
altitudes 2.8 and 6.6R(i.e. high
altitude).
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Table 5.2-B: Barghouthi Model Predictions and siatioh results Verification

9. The temperature anisotropy increasesThe temperature anisotropy fof @ns
with altitude at high altitudes. increases with altitude. Also, for'ibns
[Schunk and Watkins, 1982;Demars andthe anisotropy is increases with altitugle,

Schunk,1987a,1995] except at 2.8Rand 6.6R, where there i$

no anisotropy (i.e. The perpendicu
temperature equal to the paral
temperature), as shown in Fig.(5.

10. Most models predict that theThe perpendicular temperature of idns
perpendicular temperature is decreas
with altitude at low altitude|

[Drakou et al., 1997

ingdecreases with altitude in the geoce
altitude (1.7 — 4.9B, where the effect

range are dominated by the effect of
perpendicular adiabatic coolin

11. Most models predict that the para
temperature is less dependent on altitydearying significantly with altitude, whic
[Drakou et al., 1997

leThe parallel temperature of kbns is not

varies from 0.07 to 0.05eV when altitu
increases from 2 to 1@RIn addition, for
O" ions it varies from 0.95 to 1.9e
when altitude increases from 6 to 13z7
Therefore the parallel temperature
both O and H ion is significantly,
variable with altitude as shown
Fig.(4.1).

12. When plasma reach altitudess5iR
above, it develop large temperatire perpendicular temperature fof kbns
anisotropy (i.e. the parallel temperaturketween 2.8 and 6.@Rwhere the paralle
greater than the perpendicu
temperature)

[Persoon et al., 1983; Biddle et al., 198

The parallel temperature exceeds

ar to perpendicular temperature ratio eq
to 4 at 4.9R, (i.e. it develops larg
5].

r;rrlc
WPl is negligible and the ions in this
the

temperature anisotropy).

f

n

the

ual

112

13. O ions have positive potential
above the baropause. In contrast,iéhs

energies with altitude.

energies (i.e. electric plus gravitational)
have monotonically decreasing potential

[Lemaire and Scherer,1972

The potential energy for Qons is
positive and increasing with altitude, b

and almost linearly decreasing w

gl

the potential energy of Hons is negative

altitude as shown in Fig.(5.1).

ut

14

th

N—r

We can conclude that Barghouthi model is an exceleodel in the polar wind region,

since it produces acceptable simulation results nwlkkempared quantitatively and

qualitatively to the corresponding observationsf&pBarghouthi model is the best model

that produces simulation results when comparedh&o dorresponding observations. In

addition, Barghouthi model is also the best modat tan be used in the aurora region,

since it produces simulation results when compaecethe corresponding observations,

[Barghouthi, 2008]. This close agreement betweenstmulation results and observations
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provides and evidence that Barghouthi model desdrih this thesis is appropriate to be
used when modeling the heating of ions throughwthee particle interaction in the polar

wind region.

The most important result in this study is that thavelength of the electromagnetic
turbulence equals 8km, since the simulation resot®arghouthi model represent the
closest results to the observations, which areirddafrom different satellites. We can
apply this model (i.e. Barghouthi model), that proels consistent simulation results when
compared to the corresponding observations, orsdla wind, since it is "similar" to the
polar wind with different boundary conditions.

5.2 Summary and conclusion

A Monte Carlo technique was used in order to stih@yeffect of wave particle interaction
(i.e. altitude and velocity dependent) on thea#d O ions outflow at high altitudes and
high latitudes in the polar wind region. This teicjug also includes the effects of body
forces (i.e. gravity and polarization electrostdigdd) and divergence of magnetic field of
the Earth. The effects of wave particle interactionthe H and O ions outflows (i.e. the
ions perpendicular heating and acceleration ofidhs in the upward direction, owing to
the conservation of the first adiabatic invariamgs modeled, developing a form for the
perpendicular diffusion coefficienD_(r,v,)as a function of the positiofr/R.) along
the magnetic field lines of the Earth and perpeuldicvelocity(v,). In this study, the
Monte Carlo simulation was run for Barghouthi modehere the perpendicular diffusion
coefficient D, (r,v) is given in equation (2.26), and in each simulati@nused 16tested
ions in order to compute the ion distribution fuontand also compute the profiles of its
velocity moments (i.e. density, drift velocity, pdel temperature, and perpendicular
temperature) for both Hand O ions. The boundary conditions selected for polardw
region are similar to those of [Barghouthi et 4998], with the effect of body forces,

divergence of magnetic field, and WPI.

As a result, we have found that:

1) The temperature anisotrogy/ TH ) for H" ions was reduced at lower altitudes,

but it is reversed T (H") > T (H") at higher altitudes. On the other hand, the
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2)

3)

4)

5)

temperature anisotropyT,, / TH) for O" ions increases with altitude at low

altitude, and at high altitude it's average valus (~53), where

(To(0") > T(O")for all altitudes.

The O and H velocity distribution functions [i.e.f (O* gndf(H* )] develop

conic features, owing to the effect of WPI (i.ee tlon perpendicular heating) and
mirror force (i.e. diverging of the magnetic fieldyvere the perpendicular
temperature becomes greater than the parallel tatpe. The O ions develop

conic features at (427R.), while the H ions develop the conic features at
(~11.1R.), for the perpendicular electromagnetic turbulepte=8km).

Above a certain point, called saturation point, #¢ffect of altitude- and velocity-
dependent WPI is the dominant and the ion heategpimes self-limiting. The
saturation point for Hions occurs at (30.5R.), while for O ions occurs at
(~5.97R. ), for the perpendicular electromagnetic turbulefite= 8km).

The O ion is preferentially heated comparing with ien, where the temperature
of O" ion higher than that of Hion at all altitude. This is owing to the potehtia
energy of the Hions is negative and decreasing with altitude levtiie potential
energy for O ions is positive and monotonically increasing wihitude, in

addition, the diffusion coefficient of Oions D, (O" )greater than the diffusion

coefficient of H ions D (H*).

The O ions are heated more efficiently than th& ibhs at low altitudes due to

pressure cooker effect.

As the polar wind ions heated in the perpendicdiegction, they moved in the upward

direction, and then their Larmor radiug, | increases (i.e. the ions Larmor radiwg) (

increasing rapidly with altitude), and may becomemparable to or exceeds the

wavelength of the electromagnetic turbulende)( The effect of this phenomenon was

studied by assuming a wide range of the wavelenftthe electromagnetic turbulence

(Ay), [i.e. A;=w0, 50, 20, 8, and 1km],.As a result, we concludé tha

1) Atlow altitudes, the wave length of the electrometgc turbulence {,) is much

greater than the ions Larmor radiug)( Therefore, the simulation results of

Barghouthi model are independent of the wavelengftithe electromagnetic

100

=™ This PDF was created using the Sonic PDF Creator.

SONIK |
:‘ To remove this watermark, please license this product at www.investintech.com



2)

3)

4)

turbulence 4.), but at high altitudes and above a certain pdoailed the
saturation point) the ions Larmor radiug)(may become comparable to or even
more than the perpendicular electromagnetic turtmdgA,). Consequently, the
heating of the ions becomes self-limiting. The s&ttan point for H ions occurs
at (~10.5R.) for the perpendicular electromagnetic turbulefite = 8km). On the
other hand, the saturation point fof @ns occurs at (6.0R.) for the same
perpendicular electromagnetic turbulence.

Above the saturation point, the ions velocity disttion function displays toroidal
features, because the ions tend to move out ofregen of large diffusion
coefficient (v, J0) and accumulate in the region of relatively lowfuion
coefficient (i.e. the ions tend to diffuse out bktheating zone in the velocity
space). The velocity distribution function of kbns displays toroidal features at
(~12.8R.), but for O ions the toroidal features appear at597R.), for the
perpendicular electromagnetic turbulendg € 8km).

The ion heating is dramatically reduced above #taration point, since the ions
tend to move out of the region of large diffusionefficient (v, JO) and

accumulate in the region of relatively low diffusicoefficient (i.e. the ions tend
to move out of the heating zone into a region dligéble WPI, and we explain
this in the peaked nature of the diffusion coeéiit). Therefore, the effect of WPI

becomes negligible (i.e. the ion heating rate dsiced).

Since the ions Larmor radiug { will be comparable to or exceeds the wavelength

of the electromagnetic turbulencd,( at high altitude, also as electromagnetic

a .
turbulence @) decreases, the argumelﬁhti() approaches one at lower altitudes,
O

then the saturation point occurred earlier, andsequently, the toroidal features
appears at lower altitudes. Fof léns, namely for the cask, = 8km the toroidal
features appear atl2.8R., but for the casel, =20km at geocentric altitude
~13.7R;. the velocity distribution function begins to diapltoroidal features. In
addition, for O ions, namely, for the electromagnetic turbulencavetength

A, =20km, the toroidal features appears at altitud&@66R., but for the case
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A,=8km, the toroidal appears at lower altitudes, whéerstarts to appear at

geocentric altitude S97R. .
5) The toroidal features of Oions appear at lower altitudes compared withidths
(i.e. the saturation point of'Hons is occurred at higher altitudes than thos&fo

ions), where the toroidal features of kbns appear at12.8R., but for O ions
the toroidal features appear ab97R., for the perpendicular electromagnetic
turbulence wavelengtid; = 8km. This is owing to two reasons: First, the mass of

O ion is much large comparable to that &fiehn [m(O*) =16xm(H*)]. Second,
the potential energy of Qons larger than that of ‘Hions, where the potential
energy of the Hions is negative and decreasing with altitude Javtiie potential

energy for O ions is positive and monotonically increasing wéttitude.

From the comparison of the simulation results ofgBauthi model quantitatively and
qualitatively with observations from different détes, we confirm that the
electromagnetic turbulence wavelength equals &kenA, =8km , sifce the simulation
results of Barghouthi model represent the closestilts to the observations when the

electromagnetic turbulence wavelength = 8km, [Barghouthi, 2008], concluded that the
wavelength of electromagnetic turbulende =8km in the aurora region. Therefore, our
study confirmed that the wavelength of the elecagnetic turbulence equals to 8km

(ie Ay =8km).

Finally, we can say, as an important result froms g8tudy, that Barghouthi model is an
excellent model in the polar wind region, sincg@rbduces acceptable simulation results
when compared quantitatively and qualitatively be tcorresponding observations; and
consequently, Barghouthi model so far, is the bestiel that produces simulation results
when compared to the corresponding observationaddition, Barghouthi model also the
best model that can be used in the aurora regioce & produces simulation results which

are compared with the obsevations, [Barghouthi8R00
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Appendices

Appendix A: Gravitational Force

Newton's law of gravity states that the mutualaative force between two patrticles in the

universe is directly proportional to the producttieéir masses and inversely proportional

to the square of the distance between them, reggmdif the medium that separates them.
If an ion of mass (m) separated by a distance r@infthe Earth, then the ion will

experience an attractive force (gravitational fpigigen by:

F(r)=-MeMy

r.2

(A1)

where G is the universal gravitational constavit, is the Earth massg, is a unit vector
directed from the center of the Earth to the iothwhnass (m), and the negative sign
indicates that the gravitational force is attragtiherefore, the ion is attracted to the
Earth.

The acceleration of gravity commonly is denoted (xy), which is produced by
gravitational force from the Earth on the igns given by:
F_ GM..

g=—= T (A.2)
m r

The gravitational potential energg, (r) can be found from the definition of work done by

the force:

r

W=-(@g-@)= —Aqb(r) =- J'F(r). dr (A.3)
17R:

wherer andl.7R; are the geocentric distance to the location ofdheg, andg, are the

gravitational potential energy at altitudesand 1.7R., respectively. We can use the above

equations to find the formula of gravitational pdtal energy as a function af, which is
the separated distance in the Earth-ion systemsubgtitute the gravitational force of
equation (A.1) into equation (A.3) to obtain thédwing formula, [Barghouthi, 2008].

©odr 1 1
B, (1) = -aM EmuLE_Z - oM En{liRE _?] (A-4)

where r is the distance separated the Earth- istesyand provided that> 1.7R. > R..
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Appendix B: Polarization Electrostatic Field

To describe the outflow of plasma under the effgfcpolarization electric field, many
approximations are used. A diffusion approximai®one of these approximations, which
we use it. In this approximation the wave phenonaeaneglected and the flow of plasma

is considered to be subsonic.

In addition, because the ions and electrons moul e@ach other, a net zero current
conditions prevail, also the heat flow can be iguorfor partially ionized plasma.
Therefore, the momentum equation of electrons aarwbtten as [Schunk and Nagy,
2000]:

0 pe+(D'Te)H +tnes -nmg =nmu,(u _ue)H +nmy,u, _ue)H (B.1)
where p, is electrons partial pressunEH is the polarization electrostatic field that

develops due to the very slight charge separatiQnjs electrons stress tensam, is
electrons densitym, is the mass of electrorgﬂ is the component of acceleration due to
gravity along the geomagnetic field linas,is the collision frequency and, is the drift

velocity of ions, andl, is the drift velocity of electrons.

However, in many applications it is needed to et ¢lectrostatic potentie(VE), which
can be obtained from an explicit expression for é¢hectric field created owing to the
movements of electrons. This electric field candiained from equation (B.1) under
some conditions; which are the terms containmg is neglected, since the mass of
electron is small. In addition, the electron-ionllismon term is dropped. Therefore,
equation (B.1) becomes as:

6, =-—0p, (B.2)

e

The expression is valid regardless of the numberogpecies in the plasma.
For alternate form of isothermal electron gass ialid to writeE, = ~0OV(r), and letting

E=-0¢,, and p, =nKkT,, where g, is the potential energy to the polarization electr

field, k is the Boltzmann constant, and assumirgg Tp is constant, which is the electron

temperature. So equation (B.2) reads:
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e ovelr) _10n,
KT, or n, or

e

(B.3)

where () is the spatial coordinate either along or perpridr to magnetic field lines of
the Earth B). To get the electrostatic potentiéVE), we treat equation (B.3), by

integration it, to get the well-known Boltzmannatgbn:

Ve

n, =(n.),e" (B.4)
where (ne)0 is the equilibrium electron density that prevailsen V. = 0. We can now

find the electrostatic potenti&V/, ) as:

WGFEQ{fEJ (B.5)

e ne )0

Therefore, the polarization electrostatic potengiaérgy ¢ (r) is given by, [Barghouthi,

2008]

n
= KT, In| —* B.6
¢ (r) =KT, n((ne)oj (B.6)

Appendix C: Charged Particlesin a Magnetic Field

It is known that when an ion of charge (q) and g#jo(v) enters a uniform magnetic field,
then it will be experienced by magnetic force, whis represented in Gaussian system of

units as:

F=-vxB (C.1)

oo

where ¢ is the speed of light. When a positive ion movesppndicular in a uniform
magnetic fieldB,, the magnetic force (Lorentz force) can change ¢mé direction of
ion's velocity, with the same speed. Thereforejdhewill move in a circular motion about
the magnetic field. The radius of the circular pathcalled Larmor radius (guroradius)
which it can be obtained by equating between thgnatic force and the centrifugal force

to have:
mc Vv,
aLz_a_T§ (C.2)

The quantity(q—Boj is called the Larmor frequency, which is denotgd b
mc
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0 =% (C.3)

However, the path of positive ion in a uniform mefyn field can be represented by a

\
\
- B B

spatial path as shown in Fig.(C.1).
N\ A
\
|
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L {L'

Left-hand corkscrew
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o e S

i
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R &

Figure C.1:Spiral motion of a charged patrticle in a uniformgmetic field [Tsurutani and
Lakhina, 1997].

The ion velocity vector can be analyzed into twthogonal components, with respect to

the direction of the magnetic field(). These two components are: one paralleBtg
which represented byH and the other perpendicular 8, which represented by, .

Therefore, it is recommended to write:

V=V vy (C.4)

Assume that there are no forces exerted on théitime parallel direction of the uniform

magnetic field 8,); this implies that the ion moves unimpeded Wittoastanth along

the uniform magnetic field. This yields a cyclatranotion (as shown in the Fig.(C.1)),
which is associated with the, velocity component and with larmor radius depenishe
perpendicular velocity component.

In this cyclotron motion the magnitude of remains constant (unchanged), but the
direction of the perpendicular velocity, change continuously in a uniform magnetic
field, as shown in Fig.(C.1). According to Loreffitzce, the positive ions (i.e."Dgyrate

in an opposite direction of gyration for negatioas (i.e. electrons), because the positive
ions gyrate in a left-hand sense relative to théoum magnetic field. The central field line
about which the ions gyrate is called guiding cent¢hen there is a strong magnetic field

gradient in certain regions (i.e. non uniform mdgnéeld), the ion mirrored by Lorentz
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force. At the moment in time when the ion is bemgrored, v, =v and v =0(i.e. all
velocity of the ion is in the perpendicular compat)ethe ion accelerates in a direction
anti parallel to the magnetic field, since the lmdreforce has a component toward the left.
Since the Lorentz force operates in the directierpendicular to velocity vector,, there

is no work done on the ion, and the total energyefion remains constant:

S U S U SR S
ET—Emv _Emv” +§m\/D-EH +E, (C.5)

whereE; , EH and E_ are the total, parallel, and perpendicular kinetiergy of the ion

respectively.However, for ion moves from left tghi in magnetic field gradient as shown
in Fig.(C.2), whenEH decreases, an&, increases, keeping, constant. The mirror

point occurs when E, = E; andE, =0, then the ion starts to be mirrored and o

begin to increase ak, decreases. By the mirror force, the ion will beve in spiral

motion a long the magnetic field lines and alsornwauback and forth between mirror

points [Tsurutani and Lakhina, 1997].

Magnetic Mirror.

S

Earth 8§

Figure C.2: Magnetic bottles for plasma particlesyrutani and Lakhina, 1997]
Appendix D: Wave Particle Interaction (WPI)

To include the effect of the WPI in a collisionlegsgjion, replace the binary collision term
(i.e. right-hand side Boltzmann equation) by themtdhat is represent the interaction
between ions and the electromagnetic turbulenceshaik represented by particle diffusion
in the velocity space such that [Retterer et 887h]:

s
1 = = |— Vo — D.1
ot |, \Vg)ovy| 7 ov, -
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where D, is the quasi-linear velocity diffusion coefficienate perpendicular to

geomagnetic field lines.

The influence of WPI on the ion species duriity under the effect of the gravitational,
electrostatic, and geomagnetic forces, is taking aonsideration by incrementing the ions

perpendicular velocity by randomly incremekt, such that:

((v,)?) = 4D At (D.2)
where At is the time interval chosen randomly ah¥, is the perpendicular diffusion
coefficient rate.

The perpendicular diffusion coefficient ral®; is given by the following expression

[Retterer et al., (1987b)]:

= rqn_ Zm: I J’ (277)3L p” TAnira'(a) -nQ - kv, ) (D.3)

with

Ee|* (k) (D.4)

} ‘EH ‘Z(k’w)*'%Jsﬂ

2
1 v Jo
An =EJ§_1‘EL‘2(|(,CU)+[ Vv

In the above equations, q is the ions charge, nthés ions mass,Q is the ions

gyrofrequency (i.e. larmor frequencyy, is the angular frequency of the electromagnetic
turbulenceK is the wave vector of the electromagnetic turbege|E, |* and|E,|” are the

spectral densities of the electric field in the twmerpendicular polarizations,

J = Jn(kgmj is the standard Bessel function.

[Retterer et al., 1987b], assumed the wavelendtl) 6f the electromagnetic turbulence to

be much greater than the ions Larmor radiag, (and assumec(kH v << Q),nzl

an{kﬂ—gD << 1), and found thaD can be simplified as:

D, = |E (w=Q)f (D.5)

4m2

where |E|'(w)=7lE/"(«), |E| is the measured spectral density of the wave

:

(electromagnetic turbulence), amdis the proportion of the measured spectral denwsity
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plasma wave instrument (PWI) on board (DE-1) s&tethat corresponds to a left-hand

polarized wave.

However, the diffusion coefficientQ;) given in equation (D.5) is independent of

velocity, and it depends on position (altitude) otigh the variation of the ion
gyrofrequency Q) along the magnetic field lines of the Earth, vehethe ion
gyrofrequency depends on the magnetic field intgnsvhich is decreasing when the

altitude is increasing.

To improve the altitude dependenceldf [Barghouthi, 1997 and Barghouthi et al., 1998]
computed the altitude dependenceldf by analyzing experimental data obtained by PWI
on board the DE-1 satellite. They obtained theofeihg expressions for the perpendicular
diffusion coefficient rate D) in the polar wind plasma.

5.77x10°(r/R.)"* cm’sec’, forH*
D,(r) = (D.6)

9.55x10%(r/R)** cm?® sec’, forO*

However, this expression for the altitude dependifision coefficient did not produced
results that agree with the observations. To predhese observations requires a velocity

dependent diffusion rate as suggested by [Retéerar, 1994].
Appendix E: Barghouthi model

[Barghouthi, 1997 and Barghouthi et al., 1998] ol#d a new forms for diffusion
coefficient (D,) for the case where the ions Larmor radigy (s comparable or larger
than the perpendicular electromagnetic turbulenkcg @y dividing the general form of the
diffusion coefficient O-) giving in equation (D.3) by the simplified forni the diffusion

coefficient (D) giving in equation (D.5) to get the following i@twhich denoted by R,
[Barghouthi, 2008].
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% :i: J-de- ‘ ks [HQ} ATB(w—-nQ =K,v,)

m* ==’ 2’ (2n)° | w
R* (f7o|2 2 a
E (w=Q
4m2 x( ) |

They plot the ratio R against the argument of Befsection k.v,/Q; as shown in
Fig.(2.5); they have two cases from the figurestFiwhen the argumert,v,/Q, is less
than one, the ratio R is one, which means thatliffiesion coefficient ©) is true. They
reproduce [Retterer et al., 1987] simplified foron the diffusion coefficient D), which
given in equation (2.23) (i.e. the diffusion coeifint (D) is still velocity-independent).
Second, the ratio R decreases (&sv,/Q;)~°, when the argumenk v, /Q, becomes
greater than one as shown in Fig.(E.1). In thiectiee diffusion coefficientlD;) giving
in equation (D.5) needs modifications by multiplyoiy the quantity(k_v,/Q;)~ (i.e. it

becomes velocity dependent).

Finally, they obtained the following form for theffdsion coefficient D), which is

altitude and velocity dependent:

1 for[kDVDJ<1
Q,

Dy (r,vy) = Dy(r) (E.2)

where the diffusion coefficien (r) is given in equation (D.6).
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Figure E.1: The ratio R given in equation (E.1)susrthe argumerk v, /Q, . The straight
line is the adopted dependence of the ratio R vtherargumentk_v,/Q; is greater than

one, [Barghouthi, 2008].

Appendix F: Monte Carlo method
F.1 Generation of ions velocity

The starting point of most plasma simulations &sitf)ection ion into the simulation region
with a random initial velocity that corresponds ttee ion distribution function at the
injection point. Which in our study is the lowerdmalary (i.e. r = 1.7F), the ion velocity
distribution functions assumed to be Maxwelliartheg top of the barosphere (just below

the exobase), [Barghouthi et al., 2003a, b], whicitten as:

f(v):n{ i } e (F.1)

where k is Boltzmann's constant, is the temperature at the injection point (i.e@ndr

boundary conditions)N is the number densityn is the mass of the igmnd v is the

velocity vector of the injected ion.
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The ion velocity vector can be analyzed into twthogonal components, with respect to

the direction of the magnetic field(). These two components are: one paralleBtg

which represented byH and the other perpendicular 8, which represented by,
therefore it is recommended to write as=y, v . Therefore, it is recommended to

write v* asv® =y * +v,,”.So, we can write the equation (F.1) as:

g -m(y’ +vA)
} e 2

f(v)=n{

27KT (F-2)
This can be written as:
5 ™ -m?
f(v)=n (_m jze 2Kt (_m je 2T
27KT 27KT
= nf (v )f(vD)
With:
_,.m S
f(vy) (—271'<T)e IF
1 -m,
F(y)=(oom)2 e (F.4)

27KT

where 1‘(\/H ) is the injected ions velocity distribution functiparallel to the geomagnetic

field lines andf (VD) is the injected ions velocity distribution funatiperpendicular to the
geomagnetic field lines. Using these distributiamdtions, parallel and perpendicular

velocities to the geomagnetic field lines (i-ﬁs andv..) of the injected ions can be

generating.

F.2 Generation of V¢

By using the probability density, we want to ge¢ talues for random variable of ions

perpendicular velocity\(,,) at the starting point (injection point) whichdstributed over

the interva(O,oo), [Aldrich, 1985], with probability density equal bne, which given by:

p(VDs) = mesf (VDS) (F-5)
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By taking the total probability from O to, that equal to a random numb& ) which has

values betweer{01)as in equation (F.6), which obtained by the sulnstitf (v,,) from

equation (F.3) into equation (F.5) to obtain:

Vos

[Plvi)av, =G (F.6)

0
The value of ions perpendicular velocity,{() can be obtained by solving equation (F.6),
which is equal to:
V2, = —[ ZkTsjln(l— G) (F.7)
m

Therefore, the ion is injected or initiated withaadom ions perpendicular velocity ()

at the starting point or the exobase.

F.3 Generation of VHS

At this stage, we must differentiate between theallmumber of ions withv, and the

actual number of those ions which can cross theddwundary of the simulation region,
which in the polar wind region is a geomagneticetidxtending from r = 1.7Rto r =

13.7R;, (i.e. those ions With/HS <0 will not cross the assumed injected boundary)e Th

probability of finding an ion pass through the leweoundary (injection point) is

proportional to the flux of those ions (i.e. thelpability of those ions with/HS >0, were

they can reach and cross the lower boundary), whkigiven by:
Ple)= PV} X Ve %a )

where

—
p(Vs),oca, = f(vs):{zzlajzems H

This is given from equation (F.4) amd is normalizing constant (i.ﬁp(\/us)dvHS =1).
0

From the previous equations we obtain the formaitale probability density, which given
by:
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_ m | aa
ply.)= st{m}em (F.9)

The value of ions parallel velocithg) can be obtained by solving the above equatien (i.

equation (F.9)), same as we solved equation (wlgigh is equal to:

Vijs = _( Zr‘;TSjm(l— G) (F.10)

S

We must keep in mind that the formulas for iongopadicular velocity ¥ ), which given
in equation (F.7) and ions parallel veIocityHS(), which given in equation (F.10) are

similar, but they have different numerical valuegirgg to a random numbelr&) which
has values betwe¢@l). This gives random generation of an ion from Malkiae

distribution at the boundary level.

F.4 Distribution Function

As we mentioned in the previous sections we nedtersimulation process to inject’10
ions from the starting point (r = 1.ZR Where we deal with polar wind ions as a steady
state flow of the three main component of the puoliaxd ions (i.eH”, O and electrons),
these ions will be monitored until they escape frone ends of the simulation region,
which is a geomagnetic tube extending from r =L.#Rr =13.7R. At each altitude in the
simulation region the behavior of these ions weomitored by a two dimensional grid in

velocity space‘(Hs,vDs), in order to compute the distribution function.

The velocities of the tested ions that they crass af the monitoring altitude, can be used
to compute the moments of the distribution funcirhat altitude. Also, the time that an
ion spend in each bin divided by the bin's voluméaken to be proportional to the ion
velocity distribution function at the center of thn, [Barghouthi et al. 2003a].

To simplify the registration process, we use thenmsgtry in the azimuthal direction.
Therefore, the bin's volume in velocity space carrdpresented ad’v = ZINDAVH Avg,
andf(v)d®v is equal to the number of test ions with velositietweerv and v +dv.

From the above, if the width of the bin was chosehe arbitrary constant such @s then

the time needed for the ion to cross that bin is:
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t=— (F.11)
v
Is
G
Vs
But f(v) o ——M,
272vDA\/H Av,

This can be written as

C,

Vis

T ————— (F.12)
21 Ay Av,

1

2
Let the width of the bin sides equals%«% Zthj which is (é of the thermal speed of the
m

background ions).So,

1

2

s = Qv = E(ZKTIJ (F.13)
3L m

Keep in mind that the volume of the bin does na@nge, but these bins differ in volume,

Ay

this makes that the distribution function to betten as:

f (V)= (F.14)
v |

H

wherec is constant.

At each predetermined altitude, we can determiaddbation of the tested ion by knowing

the ion parallel velocity\q‘s) and the ion perpendicular velocity() of the tested ion, in

order to make the registration process in the lgind to be more easy.

The way of registration is described as the follogyiwe use two integers such as and

| to determine the location of the ion whete= INT(3v,,) and we take in consideration
that ion parallel velocity\q‘s) is symmetric around the ion perpendicular velo€it,, ).

Therefore,J takes integer from 0 to 10, the higher value Jowas selected to be 10,
because it corresponds to a velocity three timghedmi than the thermal velocity of the
background ions, which is difficult for the testen to reach it. Therefore, we put a

restriction on the values df, such that = Min(J 10) owing to make sure that the sorting

is inside the array. On the other hand, we geptrallel direction (i.e. the value df) by
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considering the boundaries of the bins (at95,-85......... 8595), since there is no

azimuthal symmetry, where the value lofcan be calculated bl = NINT(3><VHS), which

take the values between (-10, 10), after the astyes, every bin can be described by, (

J and altitude). After we had determined the locatérthe test ions (i.e. the bin) and if
the tested ion crossed through a certain bin, wepca the numerical value of (v,) in
that bin. after that, if another tested ion pagbedugh the same bin we add its numerical
value of f_(v,) to the previous one. We repeat the above proceshtiewe finished all
the ions. After we finished all the tested ions.(after running the Barghouthi model), we
get the numerical values for all bins. Finally, ge&t the graph of the distribution function
of these ions at each altitude by connecting betwee bins of the same numerical values
of f.(v,), [Barghouthi et al., 2003].

F.5 Moments of thedistribution function

After we obtained the distribution function frometiprevious section, in this section we
seek to obtain the moments of the ions (i.e. dgnsjt drift velocity u, parallel

temperaturéfH , and perpendicular temperatiirg.

The distribution function can be written as:

f (VS) = 9C22i (VHS _VHiS)J(VDs _Vus)

. F.15
~ 278, ( )

i
Is

where 5(x) is the Dirac delta function [Barakat and SchuniBZg, the superscripi

denotes that the summation is over all continuegsnents of the monitored ion trajectory
in the velocity space.
We used the above distribution function to find #ression for the moments of the

tested ions in the next subsections.

F.5.1. Density:

The number density of the test ion s can be written as, [Barghoutlal ¢ 2003].
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n =jf (v, )d%v, —27Tj 8 VARG VN

5(VDS - Vli] s )5(\/“ s VHIS )dVH sVI] stD s

= QCZZ‘ ZITJ - ]_4 ]

i
Vi Vs

n = 9CZZ (F.16

HS

Therefore, after the calculating of the locationtloé test ion (i.e. the bin) we add the

density stor 1 .
\/‘I

|s

F.5.2. Drift velocity:

The drift velocityu of the test ions is equal to the expectation valuev%f (i.e.<vHS> ):

5(\/!]5 - Vlljs)d(vus - VHIS)

277\/HS Vi

= 5, — 51 - |
J-dVHSVDSdVDSZﬂZ (VDS ZZI‘Dsi) (VHS VHs)

I dv, SdevDSZHZ

j"uss d*v
[ )dv

i
i Vis[Vos

z‘ ] Y sonl
Pyl gt

i |V i |V

Is Is

(F.17)

where sign means (+) or (-).

F.5.3. Perpendicular temperature:

The random thermal velocity is defined @s= v, —u,. From the expectation value of the

kinetic energy%mcsz), we can obtained the thermal ener%;kﬂ's), which is given by

j”k[(s 3)2 Ds] s(Vs)dng
[ £,(v,)d,
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I ; mly-ufrooav, N J ; v (v, Jd v,
I fs(Vs)dSVs j f. (vs)dgvs (F.18)

E kﬂs + kTIZIS =
2

The perpendicular temperature is given by the empiea value oT =%<(%rrgv;sj>,

I.e. which is the second term of the above equatimreford . can be represented by:

2

m Z(Vés)z/ Vs
O (F.19)
o
F.5.4. Parallel temperature:
From equation (F.18), the parallel temperaturesindd as:
T = EJ'(VHS - us)2 fs(vs)dsvs
’ [ v ),
el -2y, o vl
g [ v ),
and so, it is can be written as:
_ -
Az M | S senly)
Ts =?S ' 1 - = 1 (F.20)
2 20
G Vsl )]

where sign means (+) or (-).

Therefore, we found the solution of Boltzmann's agpn i.e. the distribution function

f.(v.) and the moments of the distribution function bingghe Monte Carlo Simulation.
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