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The primary focus of this proposal isto develop a model for understanding plasma and field
properties in downward auroral current regions. In these regions, upgoing electron beams and
heated ion populations are commonly observed. Observations of particle distributionsin this
region are also consistent with a downward pointing parallel eectric field. The FAST satellite
typically detects broadband el ectromagnetic wave activity near the ion cyclotron frequency over
the range 4Hz-20kHz in downward current regions and there is evidence for wave energy
absorption near the ion cyclotron frequency and its harmonics. It is of interest to understand the
relationship between the particle populations and the concomitant waves.

Strong electron beams are one of many sources of free energy which can excite wavesin theion
cyclotron frequency range. Those waves propagate into the ionosphere and where they dissipate
and transfer wave energy to particle acceleration. Dissipation of wave energy leads to ion heating
through collisions and/or ion cyclotron heating. Asaresult of the heating, ions flow out along
field lines leading to modifications in the background plasma and electric field. These plasma
changes feed back on the ion cyclotron instability and wave propagation. The god of thiswork is
to understand the long-time behavior of these regions considering the wave-particle feedback.
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Figure 1. Electron beams accel erated by downward pointing electric field excite electromagnetic ion
cyclotron waves. These waves are guided along field linesto a heavy ion resonance where wave energy
scatters. Part of the wave energy is absorbed, but part is transmitted to the ionosphere where collisional
heating of ions occurs. The dissipation leads to ion heating and ion outflows which modify the background
plasma.

First Phase—Wave Propagation M odel

The first phase of this project is understand excitation and propagation and to identify how wave
energy istransferred to ions in the ionosphere. Figure 1 illustrates the physical processes. Waves
with frequency near the proton cyclotron frequency are excited in the auroral acceleration region
(5000 km above the Earth’s surface). The waves propagate into the topside ionosphere (because
they have field aligned group velocity) where they encounter heavy ion resonances (helium and
oxygen) in the increased magnetic field. The waves scatter off the resonant layer, but some wave
energy is absorbed and some wave energy is transmitted to the ionosphere. In the collisiona



ionosphere, the waves may aso be absorbed by ions. The remaining wave power is reflected off
the ionosphere and may be efficiently absorbed at the heavy ion resonance. Heating of ions leads
to outflows and modification of the parallel eectric field.

In Figure 2 we show solutions of the electric fields as afunction of dtitude. In the electric field,
it is easy to see that where the wave encounters the helium layer, there is an abrupt change in the
character of the electric field which corresponds with helium heating. Lower in the ionosphere
the ratio of E/B becomes larger due to changes in the Alfven velocity. The wave polarization
chanes from mixed polarization to nearly right hand polarization indicating strong coupling
between the compressional and transverse modes in the topside ionosphere.
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Fig 2 Solutions of the low frequency el ectromagnetic wave equations for waves excited in the
auroral accelerationregion. Plotted fromleft to right are: electric field, magnetic field, local
wavevector, polarization, and Poynting flux as a function of altitude. The upper panels show the
entire region from the auroral acceleration region to earth. The lower panel expands the solution
in the ionosphere. Note especially that Poynting flux islost near the He" resonance and in the
ionosphere. For these solutions, the wave frequency is 128 Hz, oxygen and hydrogen each
comprise 5% of the plasma concentration in the auroral acceleration region and the wave normal
angleinthe auroral acceleration region is 60°

Two particular scientific points of interest have developed from our research project. First, we
have provided theoretical evidence that high-frequency ion cyclotron waves (which commonly
are observed modulating the aurora) could be detected on the ground, as shown in Fig.3(b). This
finding is suggestive that modulations of optical aurora and/or €l ectromagnetic rocket
observations could be correlated with high-frequency ground based magnetometer measurements.
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Fig 3. (a) Absorption coefficients as a function of
angle between the wavevector and magnetic field
direction in the auroral acceleration region.
Note that Joule absorption and ion cyclotron
resonant absor ption both play an important role.
Joule dissipation is large because the wave
reaches the ionosphere as confirmed in panel
(b). In panel (b) we compare the magnetic field
wave amplitude at the ground with the amplitude
in the source region. The results demonstrate
that ion cyclotron waves with wave normal angle
less than 85° can reach the ground with
substantial amplitude. For both figures, the
wave frequency is 128 Hz and the concentrations
of oxygen and helium in the auroral acceleration
region are 5%.

Such information would be useful for
understanding wave propagation and
absorption in the collisional ionosphere as
well as heating of ionospheric ions through
Joule dissipation.

Second, this work addresses one of the
outstanding questions raised in the work of
Lund and LaBelle, [1997] : “Can the beam+
generated instabilities based on local
plasmatheory in the auroral acceleration
region (5000 km) provide a source for ion
cyclotron waves observed at rocket
altitudes (400 km)?" To addressthisissue,
we examined ion cyclotron wave
propagation from the auroral acceleration
region to the ionosphere using aredlistic
collisional model for the ionosphere. We
found that ion cyclotron waves that are
excited with wavenormal angle less than
85° may reach rocket atitudes (as shownin
Fig. 3). Thisresultisin contrast to the ray-
tracing result for wave propagation that
predicted only parallel propagating waves
could reach rocket altitude in contrast with
the observations. The underlying physical
reason that the oblique waves could reach
ionospheric atitude is because of amode
conversion process which is beyond the
scope of ray-tracing. Morover, the mode
conversion process also causes the Hion
cyclotron waves to have more spatia
spread than the O*ion cyclotron waves
consistent with observation.

However, this result has aso raised a number of additional scientific issues. While there are
many mechanisms for ion cyclotron wave generation that would be able to generate more field
aligned waves, eectron beam generated instabilities often have growth rates that peak around
85°, which isaround the limit of the transmission window. Therefore, it is possible that other
instabiltity mechanisms related to background distribution could excite waves with less oblique

wavevector.



Second Phase---Particle Heating

In the first phase of the project we established that ion cyclotron waves excited in the aurora

acceleration region could propagate to the ionosphere and the ground. Because the magnetic field
increases as the waves propagate toward the ground, the waves can interact with heavy ions
through the ion cyclotron resonance. The waves can aso interact with ions through ionospheric
collisons. The wave solutions are useful for trying to understand wave and particle observations

of satellitesin the auroral region.
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Figure 4. The FAST satellite detects an ion
heating event showing preferential heating of
helium ions in concert with electromagnetic ion
cyclotron waves. Figure taken from Lund et al.,
GRL, 1998.

The FAST satdlite frequently detects
preferential heating of helium over oxygen
and hydrogen. This observation s
particularly interesting because typica
heuristic heating rates based on quasilinear
theory for ion cyclotron heating predict that
the heating rate varies as nf"* wherem is
the mass and a is spectra index of the the
wave spectral density (E>~f ). The best fit
for a isusualy larger than unity; therefore,
a broadband heating rate would be more
efficient for ions with larger mass (eg.
oxygen heating should be more efficient
than helium heating). On the other hand,
the observation shown in Figure 1 is
typical and shows a preference for heating
due to lighter mass. Lund et a., JASTP,
1999 suggest that over 80% of cases show
preferential heating of helium over oxygen.

In obtaining the full wave solutions for ion
cyclotron wave propagation, we have
found that there is a strong dependence of
the ion heating rate on minor species
density and adltitude related to wave
propagation characteristics of the wave. In
Figure 2, we show the absorption
coefficients as a function of frequency and
minor species concentration.  The four
panels show: (@) the total absorption,
(b) the absorption at the helium resonance,
(c) absorption at the oxygen resonance, and
(d) absorption in the ionosphere. The
wavevector for this plot was taken at 70
degrees and is typica for oblique

propagation.
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Figure 5. Absorption coefficients are shown as a function of helium concentration (in
percentage) and frequency, f. The four panels show: (a) the total absorption, (b)the
absorption at the helium resonance, (c)absorption at the oxygen resonance, and
(d) absorption in the ionosphere. Note that the most efficient wave absorption in the
frequency range 50Hz —100Hz is at the helium resonance leading to efficient heating of
helium. Oxygen ions are heated by the lowfrequency portion of the wave spectrum when
helium concentrations are below a few percent. The modulations in the absorption
coefficients result from an ionospheric resonantor and are most pronounced at high
frequency when Joule dissipation islarge.

Note that for a typica wave spectrum in the auroral region, the waves would heat helium more
efficiently than oxygen. There are two modulations in the absorption coefficients. The large-
scale modulation is due to reflection of the ion cyclotron waves from the ionosphere. Absorption
isminimum if the reflected wave cancels the downcoming wave at the cyclotron resonance. The
small-scale modulations result from coupling to the ionospheric resonantor and do not appear if
the F region is removed from the model ionosphere.

A number of important conclusions should be drawn from this result. First, the wave absorption
is strongly dependent on altitude and should lead to local pockets of ion heating. Second, the
wave absorption is strongly dependent on minority species concentration because it affects wave
propagation. However, the minority concentration will be modified if significant heating occurs.
This means that there should be a significant feedback coupling the downcoming ion cyclotron
waves and the background ionospheric ion profiles with significant changes in the heating rates as
afunction of atitude dependent on the evolution of the background. The feedback between the



waves and particles is therefore an important topic for further study and may have important
implications for disturbed magnetospheric configurations where heavy ion outflows of
ionospheric origin can dominate the energy content of the plasma sheet.

Third Phase---Waves and Background Plasma

The feedback between the waves and particles is an important topic because during disturbed
magnetospheric configurations heavy ion outflows of ionospheric origin can dominate the energy
content of the plasma sheet. One method commonly employed when assessing wave-particle
heating in the auroral region is based on quasilinear theory of ion heating where it is assumed that
the observed wave spectrum at the satellite atitude accurately reflects the wave spectrum in the
heating region below the spacecraft. However, this phenomenologica approach does not take
into account the possibility that the wave spectrum might be modified as the waves propagate
down the field line into the ion heating region. Because wave propagation and ion heating
efficiency depend heavily on the profile of the minor ion concentration, it is necessary to take the
background plasma profiles into account when computing heating rates and determining ion
outflows.
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Figure 6. Heating rates for a spectrum with spectral density which falls off asf ™" with 5%
helium and 5% oxygen and wave normal 60 degrees. Panel (a) shows Poynting flux, panel (b)
shows wave energy deposition (energy/time) due to the waves, panel (c) shows ion heating
rates obtained from the volume heating rate, and panel (d) shows the absor ption coefficients
as a function of frequency. Note that there is a one to one mapping between frequency and
altitude. The peaksinabsorption arerelated to wave reflection and interference.



To illustrate how the heating rate depends on dtitude, we take a wave ectral dendty that falls
off with f*” at 5000km altitude. Auroral ion cyclotron waves with frequency below the local
proton gyrofrequency typicaly are observed to have downward Poynting flux. As the waves
propagate toward the ionosphere, Poynting flux is lost as indicated in Figure 6a where we have
assumed a background concentration of 5% oxygen and 5% helium and wave-normal angle 60
degrees.  From the loss of Poynting flux, we compute energy dissipated into ion cyclotron
heating and Joule dissipation. Note that although the energy dissipated per volume is large in the
ionosphere, the density of particles is aso much larger and therefore Joule heating tends to be less
effective due to the large ionospheric sink of particles. Note that the heating rate shown in Figure
6c has maxima and minima which correspond to the maxima and minima in the absorption
coefficients as a function of frequency (there is a ane-to-one mapping of local ion cyclotron
frequency and dtitude). In Figure 7 we show the hesating rates if there is 1% helium and 5%
oxygen. Note that in this case, oxygen heating can be the dominant source of dissipation around
2000 km and 4000km while helium heating dominates at 3000km.
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Figure 7. Heating rates for a spectrum with spectral density which falls off asf ™ with 1%
helium and 5% oxygen and wave normal 60 degrees. Panel (a) shows Poynting flux, panel (b)
shows wave energy deposition (energy/time) due to the waves, panel (c) shows ion heating
rates obtained from the volume heating rate, and panel (d) shows the absor ption coefficients
as a function of frequency. Note in contrast to Figure 6 that significant oxygen heating
occurs at 2000 and 4000 km and significant helium heating occurs at 3000 km. Thus, the
heating rates depend sensitively on the background minor species profiles.



When we use the heating rates obtained from the wave calculation with a Monte Carlo particle
simulation of the ion distribution, we obtain the ion digtribution shown in Figure 8. In this figure
we show the ion distribution function obtained at ten altitudes ranging from the ionosphere to the
auroral acceleration region. Note that the heating occurs in spurts with altitudes of strong heating
followed by adiabatic heating. These ion distributions can be compared with distributions
obtained from the more commonly employed heuristic heating rates which are shown in Figure 9.
The major difference is the “sdf-smilar” nature of the ions in Figure 9 which results from a
balance in heating and adiabatic folding in contrast to the ions of Figure 8 which result from
spurts of heating at favorable altitudes.
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Figure8. lon distribution, f(v~,v;,,2) asafunction of altitude,z. Note that heating occurs
in spurts followed by adiabatic conversion of perpendicular velocity to parallel velocity.
Velocitiesare inicated in knvs.

In Figure 10 we show the ion profiles obtained from our wave heating model. There are a
number of items of note. Pane (a) shows that the energization peaks at around 200 eV with
many particles accelerated b 1keV. Pand (b) shows the background density for the minor
species consistent with the ion heating coefficient. Note, that this background density & not the
same as the background density assumed in the wave propagation code. The reduced density in
this case would alow waves to penetrate to lower atitude and pull more ions out of the
ionosphere. The feedback should eventually shut off when the density falls low enough (around



1% for helium) where it may be possible to reach a steady state between the wave heating and
background profiles. What this result suggests is that the waves penetrate into the topside
ionosphere and start evaporating the ions there. As the evaporation carves away the minor ionsin
the topside ionosphere (energizing them to magnetospheric energies) the waves can propagate
deeper and pull more ions out of the ionsphere until a steady state is reached. A future goa of
thiswork is to examine the feedback of the density on the wave propagation model and to iterate
to determine if there is a steady state profile and if not whether there is alimit cycle. Panels (c)
and (d) show the pitch angle and energy as afunction of altitude. Notice that the pitch angle has
akink which corresponds to the spurts of heating. In comparison, the heuristic heating rate gives
roughly the same energies, but the background ion profile is different (it is smooth without steps).
Note that

Figure8. lon distribution, f(v~,v;,,2) asafunction of altitude,z. Note that heating occurs
in spurts followed by adiabatic conversion of perpendicular velocity to parallel velocity.
Velocitiesareinicated in knvs.
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Figure 9. lon profiles obtained using the wave propagation model to obtain the ion
heating rates. Panel (a) shows the energy as a function of altitude, panal (b) shows
minor species density as a function of altitude, panel (€) shows energy as a function of
altiude for the distribution and panel (d) shows the pitch angle as a function of altitude.
In panel (b) the green line indicates the density falloff in the absence of ion heating with
conservation of adiabatic moment (results because B decreases). Note that the waves
carve out additional particles bringing them to higher altitude. The carving occurs in
steps due to the peaks in ion heating rate as a function of altitude. The kink in the pitch
angle (d) occurs because there is a spurt of heating (which brings the pitch angle closer
to 90 degrees. Changing the minor species density significantly modifies this picture,
therefore it will be necessary to solve the problemiteratively.
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Figure 10. lon profiles obtained using heuristic ion heating rates based on the same
spectrum as used in Figure 9.. Panel (a) shows the energy as a function of altitude,
panal (b) shows minor species density as a function of altitude, panel (c) shows energy as
afunction of altiude for the distribution and panel (d) shows the pitch angle as a function
of altitude. Asin Figure 9 the density is carved out, but not in steps. Theseresults do not
depend on minor species concentrations as the theory does not account for wave

propagation but assumes a ubiquitous spectrum along the length of the field line sharing
the same spectral features.
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Summary of New Results:

We have obtained the following results:

1)

2

3

We solved the wave equations for electromagnetic ion cyclotron waves propagating from
the auroral acceleration region with downward Poynting flux taking into account minor
ion species and a collisiona ionosphere. We found both ion cyclotron and collisional
absorption of the waves were important. One important consequence of this work was
that we explained how the ion cyclotron waves could reach ionospheric altitudes and/or
the ground if they were generated in the auroral acceleration region. Ray tracing results
were not adequate to address thisissue. The work serves as a motivation for setting up an
array of higher frequency magnetometers which could be used to monitor EMIC waves
and their sources in the auroral acceleration region.

We examined the strong dependence of wave absorption on the fraction of minor ions,
frequency, and wave normal angle. We found two modulations of the absorption which
appeared to be frequency dependent. The large scale modulation appears to be related to
interference of upgoing and downgoing waves and does not appear in the case when the
the ionospheric reflection is removed. Interference leads to minimain wave amplitude
which minimize the absorption when they correspond to the resonance location. Changes
in the frequency stretch the wavelength and shift the position of the minima. The small
scale modulations are due to wave interaction with the F region of the ionosphere. There
is coupling to a compressional wave in the F-region which produces modulations asin
the case of the Alfven resonator.

We obtained heating rates for atypical model for the wave spectrum at satellite atitudes
using the wave propagation code. The heating rate was used in aMonte Carlo
distribution of the ions and compared with the ion distribution obtained from the
commonly employed heuristic heating rate. We found severd items of note.

a. Fird, the wave propagation model gives heating rates that depend on the minor
ion profile, so we expect that the minor ion profile will adjust to balance the
source (topside ionospheric dengity) , heating and loss of the ions. This process
could be important in the development of ion outflows and possibly lead to a
steady state profile which balances wave heating, propagation, and background
plasma profiles.

b. Second, the wave propagation model suggests that heating occurs in spurts and
that there may be steps in the density and pitch angle profilesin the topside
ionosphere.

c. Because the background ion density is modified by the waves, it is necessary to
obtain a steady state plasma profile iteratively or search for alimit cycleif a
steady state profile cannot be found. The development of the steady state could
be related to relative concentrations of heavy ions that populate the plasma sheet
during active times.
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