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Abstract. The energization of ions, due to interaction with
electromagnetic turbulence (i.e. wave-particle interactions),
has an important influence on H+ and O+ ions outflows in
the polar region. The effects of altitude and velocity depen-
dent wave-particle interaction on H+ and O+ ions outflows
in the auroral region were investigated by using Monte Carlo
method. The Monte Carlo simulation included the effects
of altitude and velocity dependent wave-particle interaction,
gravity, polarization electrostatic field, and divergence of au-
roral geomagnetic field within the simulation tube (1.2–10
earth radii,RE). As the ions are heated due to wave-particle
interactions (i.e. ion interactions with electromagnetic turbu-
lence) and move to higher altitudes, the ion gyroradiusρi

may become comparable to the electromagnetic turbulence
wavelengthλ⊥ and consequently (k⊥ρi) becomes larger than
unity. This turns the heating rate to be negligible and the mo-
tion of the ions is described by using Liouville theorem. The
main conclusions are as follows: (1) the formation of H+ and
O+ conics at lower altitudes and for all values ofλ⊥; (2) O+

toroids appear at 3.72RE , 2.76RE and 2RE , for λ⊥=100,
10, and 1 km, respectively; however, H+ toroids appear at
6.6RE , 4.4RE and 3RE , for λ⊥=100, 10, and 1 km, respec-
tively; and H+ and O+ ion toroids did not appear for the case
λ⊥ goes to infinity, i.e. when the effect of velocity depen-
dent wave-particle interaction was not included; (3) Asλ⊥

decreases, H+ and O+ ion drift velocity decreases, H+ and
O+ ion density increases, H+ and O+ ion perpendicular tem-
perature and H+ and O+ ion parallel temperature decrease;
(4) Finally, including the effect of finite electromagnetic tur-
bulence wavelength, i.e. the effect of velocity dependent dif-
fusion coefficient and consequently, the velocity dependent
wave-particle interactions produce realistic H+ and O+ ion
temperatures and H+ and O+ toroids, and this is, qualita-
tively, consistent with the observations of H+ and O+ ions in
the auroral region at high altitudes.
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1 Introduction

Transversely accelerated ions at altitudes ranging from a few
hundred kilometers to several Earth radii at auroral and po-
lar cusp latitudes have been observed (Klumpar et al., 1984;
Winningham and Burch, 1984; Arnoldy et al., 1992; Lundin
et al., 1995; Eklund et al., 1997; Moore et al., 1999; Huddle-
ston et al, 2000; Arvelius et al., 2005). The ion acceleration
through wave-particle interaction with plasma turbulence at
high latitudes of the Earth’s magnetosphere has generally
been accepted to explain the origin of the above observations.
The effect of wave-particle interactions on ion outflows in the
polar wind and auroral region is a subject of intense investi-
gations, because the escape of the ionospheric ions to the
magnetosphere is an important ionosphere/magnetosphere
coupling mechanism. Therefore, several models have been
developed to study the ion outflows and to explain the obser-
vations of the non-Maxwellian features of H+ and O+ ion ve-
locity distributions at high latitudes. Chang and Coppi (1981)
suggested a mechanism by which wave-particle interactions
of ions with intense turbulence near lower hybrid frequency
lead to ion conic formation observed by satellite, and con-
sequently the intense lower-hybrid waves that are detected
along the discrete auroral geomagnetic field lines could be
the prime cause for the ion acceleration process. The plasma
simulations of this mechanism (Retterer et al., 1986) pre-
dicted the simulations occurrence of counter streaming elec-
trons that are commonly observed in conjunction with the ion
conics in the suprauroral region.

Retterer et al. (1987a) demonstrated that cyclotron reso-
nance with observed electric field fluctuations is responsible
for production of the oxygen-ion conic that are observed by
the Dynamic Explorer 1 satellite in the central plasma-sheet
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region of the Earth’s magnetosphere. They described the
ion velocity distribution by a quasi-linear diffusion equa-
tion which is solved by the Monte Carlo technique. Crew
et al. (1990) presented a general theoretical treatment of en-
ergetic oxygen ion conics formation through cyclotron res-
onance with magnetospheric electromagnetic plasma turbu-
lence; their theoretical predictions were found to be in ex-
cellent agreement with observations. Retterer et al. (1994)
interpreted the data from the rocket campaigns MARIE and
TOPAZ III, within regions of low-altitude transversely ac-
celerated ions, to explain the acceleration of the ions. They
found that the observed electric field amplitudes are suffi-
cient to explain the observed ion energies in the MARIE
event.

Brown et al. (1995) developed a generalized semi-kinetic
model in order to study the transport of ionospheric plasma
along auroral field lines. They obtained the formation of
toroids and counterstreaming conics when a downward elec-
tric field is added to a case with wave heating. Wu et
al. (2002) simulated ion outflow processes along auroral field
lines with a dynamic fluid kinetic model which coupled a
fluid ionospheric model to a semi-kinetic treatment for the
topside through 3RE region. Large-scale extended paral-
lel electric fields were incorporated in addition to the soft
auroral electron precipitation and wave-driven ion-heating
processes simulated in Wu et al. (1999). The ion velocity
distribution evolves from bowl and suprathermal conic dis-
tributions at lower altitudes into mirrored conics and finally
toroidal distributions at the top.

On the observational side, reports of toroidal ion distri-
butions go back to Moore et al. (1985, 1986). The retard-
ing ion mass spectrometer on DE 1 spacecraft revealed the
occurrence of non-maxwellian suprathermal features in the
auroral topside ionosphere distribution functions, and the ap-
pearance of an upgoing energetic tail having conical lobes as
a common signature.

In a series of studies, Barakat and Barghouthi (1994a, b),
Barghouthi and Barakat (1995), Barghouthi (1997), Bargh-
outhi et al. (1998), Pierrard and Barghouthi (2006) and
Barghouthi and Atout (2006) used Monte Carlo simulation
to investigate the effect of wave-particle interaction on H+

and O+ outflows in the polar wind and auroral region. They
reported that the effect of finite gyroradius is responsible for
production of the H+ and O+ toroids at high altitudes equa-
torward of the cusp that are observed by TIDE and TIMAS
ion instruments on board the polar spacecraft. They de-
scribed the O+ ion conics produced at 2RE on the auroral
field lines by invoking the ion acceleration through wave-
particle interaction (i.e. O+ ions drift upward along geomag-
netic field lines, they interact with electromagnetic turbu-
lence and, consequently, get heated in the direction perpen-
dicular to the geomagnetic field, the mirror force converts
some of the ion energy gained in the perpendicular direc-
tion into parallel kinetic energy, these two effects combine to
form an ion-conic distribution). Also, they found that the O+

ions are preferentially heated owing to their mass and to the
pressure cooker effect, the escape flux of O+ was greatly en-
hanced while that of H+ remained unchanged, both H+ and
O+ ions are more energetic in auroral region than in polar
wind at most altitudes, and the effect of body forces is more
important in the polar wind and for O+ ions than for auroral
region and the H+ ions.

In another series of papers, Bouhram et al. (2002, 2003a,
b, 2004) studied the transverse heating and outflow of ions
in the cusp/cleft region. Bouhram et al. (2002) studied the
spatial properties of ionospheric ion outflows associated with
perpendicular heating processes in the cusp using a conjunc-
tion study from two satellites and ground radar system. They
presented an event of low-energy outflowing H+ and O+

populations observed by the Hyperboloid experiment aboard
Interball Auroral Probe from 13 000 to 19 000 km altitude.
These populations are observed over the dayside morning
polar cap. They discussed the contribution of different en-
ergization mechanisms to the ion heating as a function of
altitude. They found that since broadband extremely low-
frequency turbulence is available to pre-heat the ions up to
non-thermal energies, Lower Hybrid waves may provide ad-
ditional energization up to keV energies for O+ ions at high
altitude.

Bouhram et al. (2003a), developed a two-dimensional,
Monte Carlo, trajectory-based code for ion outflow from the
dayside cusp/cleft, which is associated with transverse ion
heating. They modeled the altitude dependence of ion cy-
clotron resonance heating from 1000 km to 3RE by a power
law spectrum with an indexα, and a parameterω0 that is pro-
portional to the spectral density at a referenced frequency.
They found that any triplet of (residence time of the ions
when being energized,α, andω0) leads to a unique transport
pattern feature of ion flows associated with a cusp/cleft iono-
spheric source. Bouhram et al. (2003b) used high-altitude
(1.5–3RE) ion observation as constraints and the results of
Bouhram et al. (2003a) are used to determine the altitude de-
pendence of transverse ion heating during a significant num-
ber of the Interball-2 satellites. Bouhram et al. (2004) fo-
cused on the altitude dependence of oxygen ion conics in the
dayside cusp/cleft region. They combined oxygen data from
the Akebono, Interball-2, and Cluster satellites and followed
the global development of the energetic (up to∼10 keV)
ion outflow over a continuous and broad altitude range up
to about 5.5RE . They confirmed the results of Bouhram et
al. (2003b), such as the fact that transverse ion heating in the
cusp/cleft is height-integrated at radial distance below 4RE .
The results inferred from Cluster observations put forward
evidence of a saturation of both a transverse energization rate
and ion gyroradii. Bouhram et al. (2004) interpreted these re-
sults in terms of finite perpendicular wavelength effects in the
wave-particle interaction.

Barghouthi (1997) obtained an altitude dependent diffu-
sion coefficient and Bouhram et al. (2004) derived velocity
dependent diffusion coefficient. In this study, we will use a
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combined (altitude part from Barghouthi, 1997, and the ve-
locity part from Bouhram et al., 2004) form for the diffusion
coefficient to investigate the H+ and O+ ion outflows in the
equatorward of the cusp region. The paper is organized as
follows: Theoretical formulations are provided in Sect. 2. In
Sect. 3, we present the Monte Carlo model. The effects of
altitude and velocity dependent wave-particle interactions on
H+ and O+ outflows are presented and discussed in Sect. 4.
The conclusions are presented in Sect. 5.

2 Theoretical formulations

In this paper, we study the steady state flow of a fully ionized
plasma (H+, O+, and electrons) along the auroral geomag-
netic field lines in the high-latitude topside ionosphere (i.e.,
the auroral region). The ions move under the effect of body
forces (gravitational and polarization electrostatic fields) and
mirror force due to the divergence of the auroral geomag-
netic field lines. During their motion, the ions interact with
the electromagnetic turbulence; the simulation region is a
geomagnetic tube extending from the exobase at 1.2RE to
10RE . The geomagnetic field was taken to be proportional
to r−3 wherer is the geocentric distance. In the absence of
wave-particle interactions, the ion motion can be described
by Liouville theorem (Barakat and Schunk, 1983), conser-
vation of energy, conservation of the first adiabatic invariant
(µ), and the ion velocity distribution function at the exobase.
Invoking these conditions, we can calculate the ion velocity
distribution at any point in the simulation region for a given
potential energy profile (φ(r)). The resulting relation can be
solved simultaneously with the expression for (φ(r)) and the
quasi-neutrality condition:

8 (r) = kTe ln

(

ne

(ne)o

)

+ GMem

(

1

r0
−

1

r

)

(1)

ne
∼= n(O+) + n(H+) (2)

wherek is Boltzmann’s constant,Te is electron temperature,
ne andne0 are the electron densities atr andr0, respectively,
G is the universal gravitational constant,ME is the mass of
the Earth, andm is the ion mass.

The effects of wave-particle interactions are represented
by particle diffusion in the velocity space (Retterer et al.,
1987a):
[
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where (D⊥) is the quasi-linear velocity diffusion rate perpen-
dicular to geomagnetic field lines and is given by the follow-
ing expression (Retterer et al., 1987b):
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In these equations,q is the ion charge,m is the ion mass,� is
the ion gyrofrequency,ω is the angular frequency of the elec-

tromagnetic turbulence,k is the wave vector,Jn=Jn

(

k⊥v⊥

�

)

is the standard Bessel function, and|EL|2 and|ER|2 are the
spectral densities of the electric field in the two perpendicular
polarizations. Retterer et al. (1987b) assumed

(

k‖ v‖ ≪�
)

,

n=1 and
(

k⊥v⊥

�
≪1

)

, and found that:

D⊥ =
ηq2

4m2
|Ex(ω = �)|2 (6)

where|EL|2 (ω) =η |Ex |
2 (ω), |Ex |

2 is the measured spec-
tral density of the electromagnetic turbulence, andη is the
proportion of the measured spectral density by plasma wave
instrument (PWI) on board the DE-1 spacecraft that corre-
sponds to the left hand polarized wave. This velocity diffu-
sion rate,D⊥, given in Eq. (6) is independent of velocity, and
it depends on position (altitude) through the variation of the
ion gyrofrequency,�, along the geomagnetic field lines. To
improve the altitude dependence ofD⊥, Barghouthi (1997)
and Barghouthi et al. (1998) processed the data collected by
PWI on board the DE-1 spacecraft. They obtained the fol-
lowing expressions forD⊥ in the region equatorward of the
cusp.

D⊥(r) =











4.45× 107(r
/

RE)7.95 cm2 s
−3

, for H+,

6.94× 105(r
/

RE)13.3 cm2 s
−3

, for O+.

(7)

However, the adoption of this altitude dependent diffusion
coefficient and similar ones such as that adopted by Crew et
al. (1990), Barghouthi (1997), and Barghouthi et al. (1998)
results in unrealistically high H+ and O+ ion temperatures at
high altitudes. Also, it did not explained the non-Maxwellian
features of ions at middle (∼4RE) and high (∼8RE) al-
titudes, such as H+ and O+ ion toroids and H+ and O+

ions temperatures. The description of these non-Maxwellian
features requires a velocity dependent diffusion rate as sug-
gested by Retterer et al. (1994).

Bouhram et al. (2004) obtained the velocity dependence of
the diffusion coefficient,D⊥. They found:

D⊥αJ 2
0 (k⊥0ρi) = J 2

0

(

k⊥0v⊥

�i

)

= J 2
0

(

2πv⊥

λ⊥0�i

)

(8)

whereρi=v⊥/�i denotes the ion gyroradius,k⊥ is the per-
pendicular component of the wave vectork, �i is the ion
gyrofrequency, andJ0 is the zeroth order of standard Bessel
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function. Therefore, to model the ion perpendicular heat-
ing process, we specified a model forD⊥ as a function of
perpendicular velocityv⊥ and positionr/RE along the au-
roral geomagnetic field line. For the velocity dependence,
we chose the above form obtained by Bouhram et al. (2004),
while for the altitude dependence we chose the form calcu-
lated by Barghouthi (1997). Altogether, the velocity and al-
titude dependent diffusion coefficient is written:

D⊥(r, v⊥) =















4.45× 107(r
/

RE)7.95J 2
0

(

2πv⊥

λ⊥0�i

)

cm2 s
−3

, for H+,

6.94× 105(r
/

RE)13.3J 2
0

(

2πv⊥

λ⊥0�i

)

cm2 s
−3

, for O+.

(9)

According to Eq. (9), in the infinite wavelength limit, e.g.
k⊥0ρi≪1, J0∼1, we obtain the expression calculated by
Barghouthi (1997) which does not depend on the ion veloc-
ity and, therefore, does not constrain the ion gyrating motion
to the perpendicular scale size of the structures. However,
for values ofk⊥0ρi∼2.4, the termJ 2

0 (2πv⊥/λ⊥0�i) tends
to lower the heating rate (Bouhram et al., 2004), and for
k⊥0ρi≫2.4, the effect of wave-particle interactions becomes
negligible and the body and mirror forces control the motion
of the ion.

3 Monte Carlo model

We will solve the kinetic Eq. (3) for the ion velocity distri-
bution using a Monte Carlo model which was developed to
investigate problems of this kind (Barghouthi, 1997). We
considered the steady state flow of three components plasma
composed of H+, O+, and electrons. The simulation region
was a geomagnetic tube extending from 1.2RE to 10RE .
The ions were injected at 1.2RE with velocity consistent
with a drifting Maxwellian distribution function. The ion
motion was followed for a small time interval (1t) as it
moved under the influence of gravity, polarization electric
field, and diverging geomagnetic field. The wave-particle in-
teractions are taken into account by perturbing the ion veloc-
ity perpendicular toB, (v⊥), with a random increment (1v⊥)

such that:
〈

(1v⊥)2
〉

= 4D⊥(r, v⊥)1t (10)

A large number of ions (H+ or O+) are followed (one at a
time), where they are monitored as they cross a predeter-
mined set of altitudes. The accumulated data at the monitor-
ing altitudes are used to calculate the H+ and O+ ion velocity
distributions and the H+ and O+ ions moments.

Since the data collected by the PWI instrument on board
DE-1 spacecraft do not include information aboutλ⊥, de-
tailed information aboutk-spectrum of the electromagnetic
turbulence is unavailable. Owing to this, we considered a
wide range of characteristic wavelengths for electromagnetic
turbulence [λ⊥=∞, 100, 10, 1 km]. The boundary condi-
tions selected for the auroral region are similar to those of

Barghouthi (1997). In practice, an iterative approach was
used to find the electrostatic potential in a consistent manner.
The model was run to solve the case of altitude dependent
and velocity independent WPI as a starting point. The result-
ing electrostatic potential and consequently, the potential en-
ergy due to body force, Eq. (1), was then used in the model to
find n(O+) andn(H+) with altitude and velocity dependent
wave-particle interactions, which were substituted in Eqs. (2)
and (1) in order to compute and improved value ofφ(r). The
new profile ofφ(r) was then used to compute new density
profile. The iteration process was continued until conver-
gence was reached, which happened to occur in few (2–3)
steps.

4 Results

The Monte Carlo model above is used to calculate the O+

and H+ ions velocity distributionsfi and the following lower
order velocity moments:

ni =

∫

fid
3vi (11)

ui =
1

ni

∫

vi‖ fid
3vi (12)

T
i‖ =

mi

nik

∫

(

v
i‖ − ui

)2
fid

3vi (13)

Ti⊥ =
mi

2nik

∫

v2
i⊥fid

3vi (14)

In the above equations,i denotes the type of ion (O+ or H+),
ni , ui , Ti‖ , andTi⊥ are the ion density, drift velocity, parallel
temperature, and perpendicular temperature, respectively.

Figure 1 shows the O+ velocity distributionf (O+) at dif-
ferent altitudes and for different values of electromagnetic
turbulence wavelengthλ⊥. For the case ofλ⊥=∞ (i.e. the
velocity dependence ofD⊥ was not taken into considera-
tion), the results are consistent with those of Barghouthi
(1997). At 1.2RE , f (O+) is consistent with the bound-
ary conditions, and as the altitude increases, the distribution
function develops conic features at 1.8RE and beyond. The
formation of ion conics is due to altitude dependent wave-
particle interaction, which heats the ions in the perpendicular
direction, and to the mirror force, which converts some of
the energy gained in the perpendicular direction to the par-
allel direction. At higher altitudes, the ion velocity distri-
butionf (O+)saturates owing to dominant wave-particle in-
teraction. Also, as mentioned in Sect. 2, for small infinite
wavelength limit,k⊥0ρi≪1, J0∼1, i.e., the heating rate is
independent of the ion velocity. For the case ofλ⊥=100 km,
f (O+) is similar to the case ofλ⊥=∞ up to ∼2.76RE .
At altitude (∼3.72RE), the distribution function displays
toroidal features. This toroidal shape can be explained if we
remember thatD⊥ (Eq. 9) peaks nearv⊥

∼=0, and decreases
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Fig. 1. O+ ions velocity distribution functions at differ-
ent geocentric distances (1.2, 2.0, 2.76, 3.0, 4.4, 6.6, and
7.2RE) for different electromagnetic turbulence wavelengths
(λ⊥), the wavelengths considered here areλ⊥→∞, λ⊥=100 km,
λ⊥=10 km, andλ⊥=1 km. f

(

O+
)

is represented by equal val-
ues contours in the normalized velocity (c̃‖ , c̃⊥) plane, where

c̃=
[
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]/[
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)/

m
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)]1/2. The contour levels de-

crease successively by a factore1/2 from the maximum.

very rapidly, asJ 2
0

(

k⊥v⊥

�i

)

, for large values ofv⊥; therefore,

the ions tend to move out of the region of large diffusion co-
efficient and accumulate in the region of relatively lowD⊥,
forming the aforementioned toroidal distributions. At very
high altitude (∼6.6RE and above), the heating rate becomes
negligible, and the effect of wave-particle interaction turns
to be not significant. In the absence of wave-particle interac-
tions, ions move under the effect of body forces (gravitational
and polarization fields) and the mirror force due to the diver-
gence of geomagnetic field. The ion motion can be described
by Liouville theorem (Barakat and Schunk, 1983). At these
high altitudes,f (O+) develops temperature anisotropy, and
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Fig. 2. Altitude profiles of the lower order O+ moment for dif-
ferent electromagnetic turbulence wavelengths (λ⊥). The wave-
lengths considered here areλ⊥→∞ (solid),λ⊥=100 km (dashed),
λ⊥=10 km (dotted), andλ⊥=1 km (dashed dotted). The O+ mo-
ments considered here are: densityn(O+) (top left), drift velocity
u(O+) (top right), perpendicular temperature T⊥(O+)(bottom left),
and parallel temperature T‖ (O+) (bottom right).

an asymmetry with an upward tail. The anisotropy is due
to perpendicular adiabatic cooling, which occurs as O+ ions
drift upward into regions of lower magnetic field. The per-
pendicular temperature decreases in order to keep the con-
servation of the first adiabatic invariantµ. This explains the
behavior of O+ ions at 6.6RE and 8.4RE altitudes for the
case ofλ⊥=100 km. Asλ⊥ decreases, the toroidal features
appear at lower altitudes, at 2.76RE and 2RE for λ⊥=10 km
and 1 km, respectively. Also above these altitudes, the ef-
fect of wave-particle interactions becomes negligible and the
motion of O+ ions is described by Liouville theorem as men-
tioned above. Because, asλ⊥ decreases, the argument of

Bessel function,
(

2πv⊥

λ⊥0�i

)

, increases,J0 decreases and then

the heating rate becomes negligible and the effect of wave-
particle interaction turns to be negligible.

The effects of altitude and velocity dependent wave-
particle interactions on the O+ low-order velocity mo-
ments are presented in Fig. 2. Altitude profiles for ion
density n(O+), drift velocity u(O+), parallel temperature
T‖ (O+), and perpendicular temperatureT⊥(O+) are given
for λ⊥=∞ (solid), λ⊥=100 km (dashed),λ⊥=10 km (dot-
ted), andλ⊥=1 km (dotted dashed). The top right panel of
Fig. 2 shows the profiles ofu(O+) for different values of
λ⊥. At low altitudes, the argumentk⊥0ρi is much lower
than unity, and hence the profiles ofu(O+) coincide for all
values ofλ⊥, i.e., the effect of velocity dependent wave-
particle interaction is negligible becauseJ0∼1. For the
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Fig. 3. H+ ions velocity distribution functions at differ-
ent geocentric altitudes (1.2, 2.0, 2.76, 3.0, 4.4, 6.6, and
7.2RE) for different electromagnetic turbulence wavelengths
(λ⊥), the wavelengths considered here areλ⊥→∞, λ⊥=100 km,
λ⊥=10 km, andλ⊥=1 km. f

(

H+
)

is represented by equal val-
ues contours in the normalized velocity (c̃‖ , c̃⊥) plane, where

c̃=
[

v−u(H+)
]/[

2kT
(

H+
)/

m
(

H+
)]1/2. The contour levels de-

crease successively by a factore1/2 from the maximum.

caseλ⊥=100 km, the heating (accelerating) rate and hence,
u(O+) is reduced above the saturation level, 3RE , when
compared to the case of (λ⊥=∞). This is an obvious re-
sult of the heating process because the heating rate decreases
when k⊥0ρi>1. As λ⊥ decreases,k⊥0ρi becomes greater
than unity at lower altitudes and consequently the saturation
level occurs at lower altitudes. Above the saturation level, the
drift velocity is almost constant. This is due to the conserva-
tion of energy, because there is no heating and the motion
is under the effect of body and mirror forces. Therefore, as
λ⊥ decreases, the drift velocity decreases because of the re-
duction of the heating rate, and O+ densityn(O+) (top left
panel) increases to keep the escape flux constant (Barghouthi
et al., 1998). The O+ perpendicular temperature (bottom-
left panel) monotonically increases for the case ofλ⊥=∞,
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Fig. 4. Altitude profiles of the lower order H+ moment for dif-
ferent electromagnetic turbulence wavelengths (λ⊥). The wave-
lengths considered here areλ⊥→∞ (solid),λ⊥=100 km (dashed),
λ⊥=10 km (dotted), andλ⊥=1 km (dashed dotted). The H+ mo-
ments considered here are: densityn(H+) (top left), drift veloc-
ity u(H+) (top right), perpendicular temperatureT⊥

(

H+
)

(bottom
left), and parallel temperatureT‖

(

H+
)

(bottom right).

and the model produces unrealistic temperatures at high al-
titudes (∼1011 K). This is due to the heating in the perpen-
dicular direction, which is occurred as a result of altitude de-
pendent and velocity independent wave-particle interaction.
However, including the effect of velocity dependent wave-
particle interaction reducesT⊥(O+), especially at high alti-
tudes, to realistic temperatures. This reduction is expected
because asλ⊥ decreases,k⊥0ρi becomes greater than unity
and the heating rate turns to be negligible. The behavior of
T⊥(O+) above the saturation level is consistent with the fea-
tures of the O+ velocity distribution presented in Fig. 1. In
the absence of wave-particle interaction, i.e. above the satu-
ration level, the O+ ions move under the effect of body and
mirror forces and consequently, energy is transferred from
perpendicular direction to the parallel direction in order to
keepµ constant. The wave-particle interaction can influence
the behavior of O+ parallel temperatureT‖ (O+) in two in-
direct ways (Barakat and Barghouthi, 1994a). First, the in-
creased upward mirror force enhances the parallel adiabatic
cooling. Second, the transfer of the energy from the perpen-
dicular direction to the parallel direction tends to enhance
T‖ (O+). The balance between these two effects determines
the behavior ofT‖ (O+).

Similarly, Fig. 3 presents the effect of altitude and veloc-
ity dependent wave-particle interaction on H+ ion velocity
distributions for different values ofλ⊥ and at different al-
titudes. For all values ofλ⊥, f (H+) is Maxwellian and
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consistent with the boundary conditions at the exobase, and
bi-Maxwellian at 2RE . This is due to perpendicular ion
heating. The conic features appear at 2.76RE and saturated
for the case ofλ⊥=∞. However, toroidal features appear at
6.6RE , 4.4RE , and 3RE , for λ⊥=100 km, 10 km, and 1 km,
respectively. The behavior off (H+) at high altitudes for
the case ofλ⊥=1 km can be described in terms of Liouville
theorem noted earlier. The difference between the behavior
of O+ and H+ under the influence of altitude and velocity
dependent wave-particle interactions is due to two factors.
First, the large mass ratio (mO+=16mH+) and secondly, the
preferential heating of O+ ions due to pressure cooker effect
(Barakat and Barghouthi, 1994a). The heating rate is signifi-
cant fork⊥0ρi≥1. Consequently, the saturation point occurs
at higher altitudes for H+ than for O+.

Figure 4 shows the profiles of the lower order moment for
H+ ions. The behavior of H+ ions below the saturation point
(i.e., k⊥0ρi<1 ) is the same for all values ofλ⊥ because
J0∼1. Above the saturation point, H+ moments display
trends similar to those of O+ moments asλ⊥ decreases. For
example, the drift velocityu(H+) (top-right panel) decreases
due to the reduction in the heating rate and consequently, the
densityn(H+) (top left panel) increases to keep the net es-
cape flux constant. Because of the significant reduction in
the heating rate above the saturation point, H+ perpendicu-
lar temperature (bottom left panel) decreases in order to keep
the first adiabatic invariantµ constant, and consequentlyT‖

(O+) (bottom right panel) decreases, asλ⊥ decreased.
In an on-going study, a comparison has been made be-

tween the above results and the results of other wave-particle
interaction models with observations at high altitudes and
high-latitudes. Qualitatively, the results of this model are
comparable to the observations.

5 Conclusion

The effect of altitude and velocity dependent wave-particle
interactions on O+ and H+ ions outflows was studied for
conditions representative of the auroral region using a Monte
Carlo simulation. In addition to the altitude and velocity de-
pendent wave-particle interaction, we considered the body
force (gravitational and polarization electrostatic) and the di-
vergence of geomagnetic field lines. It was concluded that:

1. At low altitudes, the argumentk⊥0ρi was much less than
unity and, consequently the results were independent of
λ⊥. Above a certain point called saturation point, the ar-
gumentk⊥0ρi became larger than unity and the heating
rate turned to be very negligible.

2. Below the saturation point, the O+ and H+ ions veloc-
ity distributions displayed a conic features due to the
effects of perpendicular heating and mirror force.

3. Above the saturation points, O+ and H+ velocity distri-
bution displayed toroidal features, because the ions tend
to diffuse out of the heating region in the velocity space.

4. The ion heating rate is dramatically decreased above the
saturation point, because of the velocity dependence of
D⊥ onJ 2

0 (k⊥0ρi).

5. As the electromagnetic turbulence wavelengthλ⊥ de-
creases, the ion heating rate decreased and the satura-
tion point occurred at lower altitudes.

6. The saturation points of O+ ions occurred at lower alti-
tudes than those of H+ ions.

In conclusion, the main effect of finite electromagnetic turbu-
lence wavelengthλ⊥ on O+ and H+ outflows at high-altitude
and high-latitude is to produce O+ and H+ toroids at the sat-
uration point and to decrease the heating rate above the satu-
ration point. Consequently, for large values ofλ⊥, the effect
of wave-particle interactions turned to be not important, and
then the ion outflow can be described by Liouville theorem.
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