
1 

KINETIC THEORY OF SUPERTHERMAL ELECTRON 
TRANSPORT 
G. V. Khazanov1 and M. W. Liemohn2 
 

1Geophysical Institute and Department of Physics, University of Alaska Fairbanks 

Mailing address:  Geophysical Institute, P. O. Box 757320, Fairbanks, AK  99775-7320  USA 

 

2Space Physics Research Laboratory and Department of Atmospheric, Oceanic, and Space Sciences, 
University of Michigan, Ann Arbor 

Mailing address: University of Michigan, 2455 Hayward St., Ann Arbor, MI  48109-2143  USA 

 
 
Running Header: 
KHAZANOV AND LIEMOHN: SUPERTHERMAL ELECTRON THEORY 

 



2 

ABSTRACT 
 Recent progress in kinetic modeling of su-
perthermal electrons is reviewed.  A brief de-
scription of superthermal electrons is presented, 
followed by a description of the relevant theory 
and numerics necessary to properly simulate 
fast electron flow in the coupled ionosphere-
magnetosphere system.  Results are 
summarized for several recently-developed 
models based on these methods.  First is the 
quantification and explanation of features of the 
superthermal electron distribution function con-
sistent with observations.  The effects of super-
thermal electrons on the thermal plasma, in 
particular electrodynamic and collisional coup-
ling, is presented and discussed.  The concept 
of plasmaspheric transparency for inter-
hemispheric superthermal electron flows is pre-
sented based on simulation results.  An analysis 
and comparison of the distribution function for 
several superthermal electron source terms are 
shown.  The expected interactions between this 
population and plasma waves are discussed 
throughout the presentation, and a brief over-
view of the new relativistic electron extensions 
of these models is also given. 

INTRODUCTION 
 Two of the primary energy inputs into the 
ionosphere-magnetosphere system (see Figure 
1 for a schematic view of near-Earth space) are 
energetic particles and extreme ultraviolet light, 
and one of the essential redistributors of energy 
from these sources is superthermal electrons.  
When an energetic particle or photon strikes an 
atmospheric neutral particle, an electron can be 
dislodged (processes known as impact ioniza-
tion and photoionization, respectively).  Due to 
the mass ratio of the dislodged electron to the 
ion, a large portion of the excess energy (that 
energy not used by ionization and possibly 
excitation) is carried away by the newly-freed 
electron.  These electrons are known as super-
thermal electrons, having energies (1-500 eV) 
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well above the thermal plasma temperature (≤1 
eV), and a non-Maxwellian, anisotropic velo-
city distribution.  They are fast enough to 
escape from the ionosphere and move through 
the geomagnetic field to the conjugate 
ionosphere (see Figure 2 for a schematic of 
interhemispheric electron transport).  As they 
travel, they not only are focused and defocused 
due to the inhomogeneous geomagnetic field, 
but also encounter many different phenomena 
and interact with them, including atmospheric 
neutral particles, thermal plasma particles, hot 
plasma particles, and plasma waves.  Super-
thermal electrons can gain or lose energy from 
any of these interactions, further changing the 
distribution function. Along the way, they lose 
energy through thermal plasma heating, ioni-
zation and excitation of neutral particles, and 
generation of plasma waves.  Furthermore, they 
also contribute to the formation of an ambipolar 
electric field along the magnetic field as they 
rapidly outpace the charge-neutralizing thermal 
ions. 
 Superthermal electrons are ubiquitous 
throughout most of the ionosphere and magne-
tosphere.  Photoionization is dominant on the 
dayside, particularly in the low- to mid-latitude 
region, creating photoelectrons (PEs) in the 
ionosphere that can move into and fill the 
plasmasphere.  Impact ionization dominates in 
the auroral and polar region, where primary 
particles (typically keV energy electrons) create 
secondary electrons in the superthermal energy 
range.  Yet another non-collisional source is the 
acceleration of thermal plasma into this energy 
range.  This happens in the equatorial plane of 
the magnetotail where turbulence and magneto-
spheric convection energize the plasma popu-
lation, creating plasma sheet electrons (PSEs).  
During times of active geomagnetic activity, 
PSEs are pushed into the inner magnetosphere 
to coexist with the PE population.  They are 
also precipitated out of the magnetosphere 
down the flux tubes into the high-latitude iono-
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sphere, often undergoing field-aligned accel-
eration that increases their speeds beyond the 
superthermal energy range (up to several keV) 
[e.g., 1].  These are the primary electrons re-
sponsible for the impact ionization and secon-
dary electron production (in the superthermal 
energy range) in this region. 
 Modeling efforts to simulate the transport of 
superthermal electrons and their phase-space 
distribution function in the ionosphere have 
been conducted for several decades.  They will 
be briefly mentioned here in order to put the 
present review into perspective.  For a more 
detailed discussion of the history of superther-
mal electron modeling, please see one of the 
several comprehensive reviews available in the 
literature [e.g., 2-4]. 
 Many approaches have been used in these 
calculations, from local equilibrium approxima-
tions [e.g., 5, 6] to particle-in-cell kinetic 
techniques [e.g., 7, 8] to direct solutions of the 
kinetic equation [e.g., 9-11].  It was known 
very early on that superthermal electrons could 
escape from their source regions and be trans-
ported through the plasmasphere to the conju-
gate ionosphere [12].  The first attempts at de-
scribing this effect were qualitative in nature 
[13, 14], and more quantitative calculations of 
superthermal electron trapping in the plasma-
sphere soon followed [15-19].  These calcula-
tions presented the concept of plasmaspheric 
transparency, which  is essentially a measure of 
the amount of flux that reaches the conjugate 
ionosphere. 
 One of the problems with ionosphere-plas-
masphere coupling is the vast timescale differ-
ence between the two regions.  A time-depend-
ent model was developed that is equally valid 
in the ionosphere and plasmasphere [20], self-
consistently coupling the two hemispheres.  
However, they simplified the equation by 
bounce-averaging the kinetic equation.  A spa-
tially self-consistent but time-independent cal-
culation was also developed [2, 3]. 
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 A full realization of a time-dependent su-
perthermal electron model that calculates the 
field-line profile of the distribution function 
was finally accomplished several years ago 
[21].  This model calculated non-steady-state 
superthermal electron transport in the 
plasmasphere (at altitudes greater than about 
1000 km) based on the kinetic equation in the 
guiding center approximation.  This model was 
expanded to include the ionospheric source re-
gions [4, 22], including elastic and inelastic 
collisions with neutral particles, for a spatially 
self-consistent and time-dependent calculation 
along a flux tube. 
 All of the above-mentioned studies dealt 
with a single flux tube of the geomagnetic field.  
One feature that is omitted from such an ap-
proach is cross-field drifts.  It was assumed that 
the flux tube was corotating with the Earth, so 
that cross field line drift effects could be ne-
glected.  A global scale model was developed 
[23] to examine the effects of convection of the 
superthermal electron distribution function.  By 
averaging the distribution function along the 
field line (with appropriate mapping to con-
serve the first adiabatic invariant), the high-en-
ergy tail (E>50 eV) of the distribution was 
simulated throughout the inner magnetosphere.  
While other studies had investigated the flow of 
energetic electrons through near-Earth space 
[e.g., 24-26], this was the first to examine the 
time-dependent development of the PE distri-
bution including cross-field convective drifts. 
 This global model has also been used for the 
calculation of PSE entry into and motion 
through the inner magnetosphere.  For instance, 
it was used to simulate PSE injection events 
and the creation of banded structures in the en-
ergy spectrograms [27] that were seen in satel-
lite measurements [28].  Further studies [29, 
30] addressed the combination of the photoe-
lectron and plasma sheet sources in the inner 
magnetosphere.  The approach combined the 
global model [23] with the single tube model 
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[4] to create a fully three-dimensional calcula-
tion of the superthermal electron distribution 
function for the entire energy range throughout 
the subauroral ionosphere and inner magneto-
sphere. 
 The present study reviews the theoretical and 
numerical concepts of the Khazanov and 
Liemohn superthermal electron kinetic trans-
port models.  It also presents a cogent summary 
of the research conducted thus far with the 
models, and gives a brief discussion of new di-
rections being explored in electron transport 
modeling. 

SUPERTHERMAL ELECTRON KINETIC 
THEORY 

 The theoretical basis of two non-steady-state 
models that have been recently developed to 
calculate the superthermal electron distribution 
function in the ionosphere-magnetosphere 
system [4, 23] will be described here.  These 
two models complement each other and for the 
first time offer a unique possibility for simu-
lating superthermal electron motion on a global 
scale.  This discussion outlines the derivation 
of the equations solved in these models. 
 Most space plasma modeling efforts begin 
their description of the particle motion with the 
Boltzmann kinetic equation, 
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which describes the evolution of the distribu-
tion function, f, as a function of dependent vari-
ables in the seven-dimensional phase space, 
  f t,

r 
x ,

r 
v ( ).  It includes changes in f due to time, 

transport, internal and external acceleration 
mechanisms, sources, losses, and collisions.  
This equation, in this very general form, can be 
used to solve for the transport of anything, be it 
light through the atmosphere, particles through 
the magnetosphere, air over a wing, neutrons 
through graphite, water through the ground, or 
cars through city streets.  However, it is not 
practical to use (1) for all of these flow proc-
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esses.  For some applications, it is not neces-
sary to simulate all of the details of 7-dimen-
sional phase space in order to get an accurate 
representation of the real flow patterns.  That is, 
it is useful to limit the generality of (1) for the 
particular application to be addressed in order 
to gain computational speed without losing va-
lidity of the result.  Therefore, very few trans-
port models actually solve (1).  Most modeling 
efforts, in fact, make some reasonable assump-
tions for the specific problem being investi-
gated, and then solve this simplified transport 
equation. 
 For superthermal electrons, the most obvious 
simplification is made by recognizing that the 
magnetic field dominates the motion of these 
particles.  In a background magnetic field, 
charged particles gyrate about the magnetic 
lines of force, and the frequency of this gyra-
tion, Ω=qB/m, is very fast for magnetospheric 
electrons (104 to 107 rad/sec).  Therefore, the 
foremost reduction of (1) is to average over this 
gyrational motion.  In this case, velocity space 
reduces to 2 variables, and instead of following 
the individual particles in configuration space, 
the equation solves for the motion of their gy-
rational guiding center.  Yet another simplifi-
cation that is made possible by the magnetic 
dominance is that most spatial transport is 
along the magnetic field lines, and therefore 
cross-field drifts can be omitted in a first-order 
calculation.  Under these assumptions, (1) can 
be rewritten as the field-aligned, guiding-center 
kinetic equation 
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which calculates the time-dependent distribu-
tion of the differential flux function,  φ=2Ef/m2, 
as a function of time, distance along the field 
line, energy, and pitch angle.  This is the equa-
tion solved by our single flux tube model [4] 
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for superthermal electron transport in the 
Earth's ionosphere and plasmasphere.  In (2), t 
is time; s is the distance along the field line; E 
is the particle energy; and µ is the cosine of the 
pitch angle (angle between the particle's helical 
motion and the magnetic field).  The inhomo-
geneity of the geomagnetic field, B, is included, 
as well as other forces, such as electric fields, 
in F.  Q is the superthermal electron source 
term and δφ/δt includes the collision integrals, 
representing interactions with thermal electrons 
and ions, elastic and inelastic scattering with 
neutral particles, and wave-particle interactions, 
and is detailed in Appendix A.  Terms of order 
me/mi and the second derivative with respect to 
energy will be omitted from the kinetic equa-
tion calculations [3].  The model can be cou-
pled with any neutral atmosphere model, ther-
mal plasma model, and geomagnetic field 
model to calculate the electron flux along any 
magnetic field line for any set of background 
and initial conditions.  From these results, the 
energy deposition to the thermal plasma and 
neutral atmosphere can be easily calculated, as 
well as the stability of the superthermal elec-
tron distribution. 
 A different approach to simplifying (1) is to 
recognize that the motion along the field line is 
quite fast compared to other timescales in the 
problem (for instance, collisional timescales).  
In this limit, it is possible to average the parti-
cle fluxes along the field line over a magnetic 
mirror bounce period to eliminate the need for a 
field-aligned calculation.   This bounce-averag-
ing assumption is certainly true for the higher-
energy superthermal electrons, those above a 
few tens of eV, and it was shown [29] that this 
assumption is also valid for the low-energy 
component of this population as long as it is not 
necessary to resolve the details of any transient 
field-aligned flow events.  By including particle 
drifts across field lines, superthermal electron 
fluxes for the entire inner magnetosphere can 
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be determined by solving the bounce-averaged 
kinetic equation [23, 31]: 
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where   

r 
R !  includes the spatial directions per-

pendicular to the magnetic field, !  denotes 
averaging ξ  over a bounce period along the 
field line, and h is a bounce-averaging factor.  
This is the equation solved by the second 
model of a superthermal electron transport [23], 
which calculates the distribution on a global 
scale.  The right-hand side of (3) contains are 
collisional Coulomb interactions with the 
thermal plasma and atmospheric precipitation.  
The bounce-averaged drift and collision terms 
are detailed in Appendix B.  The spatial extent 
of this model encircles the globe at radial dis-
tances from L=1.75 out to L=6.5, providing a 
complementary solution of the kinetic equation 
to the first model throughout the subauroral 
magnetosphere. 
 In fact, the two models were coupled [29, 
30] to study the formation and evolution of the 
3-dimensional total distribution function of 
superthermal electrons in near-Earth space.  
The combination of these models is possible 
because the formation of f within the loss cone 
(that is, those pitch angles that map to the 
ionosphere, where atmospheric losses generally 
absorb most of the superthermal electron 
energy) is much faster than the formation of f 
within the trapped zone (the larger pitch angles 
that do not map to the ionosphere).  Therefore, 
(2) can be used for small pitch angles, calcu-
lating the distribution along the field line and in 
both ionospheric endpoints, and (3) can be used 
for the larger pitch angles within the geomag-
netic trap.  At the interface, the results of (2) 
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are bounce-averaged and used as a boundary 
condition for (3), or vice versa, depending on 
the gradient of f at this pitch angle. 
 It should be noted that both of these models 
are fully capable of including interactions with 
plasma waves [for a comprehensive review of 
magnetospheric plasma waves, see 32].  For 
example, one such interaction is with plasmas-
pheric hiss.  This radio-frequency wave is ex-
cited in the plasmasphere, and is ubiquitous in 
the inner magnetosphere [33, 34].  Intense hiss 
is associated with density gradients [35-37], 
where the structures duct the waves into 
smaller wave normal angles, making them 
field-aligned (guided).  The small wave normal 
angle permits these waves to resonate with 
lower energy electrons, down into the super-
thermal energy range.  Using quasilinear theory 
[38], diffusion timescales were calculated for 
plasmaspheric hiss interactions with superther-
mal electrons [39].  They concluded that, for 
particular magnetospheric conditions, hiss 
could be a larger source of scattering than 
Coulomb collisions with the thermal plasma.  
These conditions are infrequent enough, how-
ever, that plasma wave interactions will be 
omitted from the results to be presented below. 

NUMERICAL IMPLEMENTATION 
 As mentioned above, (2) is dominated by the 
motion along the field line (the ∂φ/∂s term).  
However, as the particle moves along the field 
line, its pitch angle is constantly changing be-
cause of the nonuniform magnetic field (pitch 
angle decreases with B).  This results in a 
regular oscillatory motion of the particles in s-µ 
space (see Figure 3) that can lead to serious 
numerical diffusion if the equation is solved on 
a Cartesian grid.  Therefore, it is convenient to 
change variables to a set that will not contain 
this regular oscillatory motion.  For the case 
without any field-aligned forces (F=0), the de-
sired transformation is from s-E-µ to s-E-µ0. 
That is, the pitch angle variable is replaced by 
its equatorial value.  In this case, (2) becomes 

FIGURE 3 CALLOUT 
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is an adiabatic invariant.  In (5), B0 and µ0 de-
note the magnetic field and the cosine of the 
pitch angle at the magnetic equator of the flux 
tube.  The region over which φ(s, E, µ0)  is de-
fined in terms of s and µ0 is shown in Figure 4.  
The shaded region represents the loss cone, the 
striped region shows the trapped zone, and 
white indicates areas outside the region of ex-
istence, where no calculation needs to occur.  
The loss cone is the set of pitch angles at a 
given altitude whose particles will not magneti-
cally mirror before they reach ionospheric alti-
tudes.  It is defined by µob !µo !1 and the 
trapping region by 1!B0 B s( )( )

1 2

"µo "µob , 

where µob = 1!B0 B s1( )( )
1 2

 is the loss cone 
boundary and B s1( )  is the magnetic field at the 
chosen ionosphere-magnetosphere interface al-
titude.  The reflection point is determined as the 
location when µ(s,µ0)=0, that is, when 
B sref( )=B0 1!µ0

2( ) .  Note that in these vari-
ables, the set of derivatives on the left-hand 
side is reduced to time and space, and the only 
deviations from straight-line trajectories will be 
collisional processes, and thus numerical errors 
will be greatly reduced.  Further details of this 
transformation are given elsewhere [40]. 
 In the presence of a field-aligned force term, 
the desired variable transformation from s-E-µ 
to s-ε-µo to reduce numerical diffusion effects 
in the solution of (2) (that is, reduce (2) to (4) 
again).  In this case, ε and µo are defined as 
 ! s, E( ) = E " e#$ s( )  (6) 
and 
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from the total energy of the particle and the 
first adiabatic invariant.  In (6) and (7), ΔΦ(s) 
is the electrostatic potential difference along the 
field line, ΔΦ(s)=Φ(s)-Φ(sref), measured from 
an arbitrary reference point, sref.  Also, ΔΦo is 
the potential difference between sref and so (the 
reference point for the constant term of the first 
adiabatic invariant).  Further details of this 
transformation are also given elsewhere [41]. 
 Using a developed set of boundary and initial 
conditions [4, 40], (4) can be solved for the 
new variable set with a generalized multi-
stream approach taking into account energy 
degradation, pitch–angle focusing, pitch–angle 
diffusion, and field-aligned transport [40]. With 
the following finite-difference approximation 
for the derivatives, 
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where the subscripts n, i, and j are the time, 
space, and energy grid step indices, 
respectively, (4) is reduced to  

 A
!
2
"

!µ
0

2
+ B

!
2
"

!µ
0

+ C" = D  (9) 

Further difference replacements for the pitch 
angle derivatives of the form 
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where !1="0,k #"0,k#1 and ! 2 =" 0,k+1#"0,k , 
yields a tridiagonal matrix that is readily 
solved.  At each energy step, the calculation is 
swept in both directions along the field line, 
solving (9) for each hemisphere of flow (µ0>0 
and µ0<0), sharing information at the µ=0 
boundary and iterating until the energy level 
has converged at all points in the s-µ0 plane.  
More details of this derivation can be found 
elsewhere [20, 21, 40].  To avoid large numer-
ical diffusion and to obtain second-order 
accuracy in the time and space steps in (4), the 
two-step Lax-Wendroff method was used [42], 
which time (or space)-centers the integration by 
defining intermediate values of the dependent 
variables at the half time (space) steps tn+1/2  
(s i+1/2 ).  After each main step the intermediate 
values !i+1/2

n+1/2  are discarded and form no part of 
the solution [43] and thus were omitted in (8) 
for simplicity. 
 In the second model, the numerical scheme 
used to solve (3) is a combination of advection 
schemes and diffusion techniques to obtain a 
second-order accurate result.  However, it also 
must be transformed to take advantage of com-
putational efficiencies.  Namely, it must be 
converted to a conservative form of the kinetic 
equation where all of the advection coefficients 
are inside of the partial derivatives.  In this 
case, the distribution function should be re-
placed like this, 
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and then (3) can be rewritten in conservative 
form, 
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Note that the collisional terms also are con-
verted to conservative form by this transforma-
tion.  The method of fractional steps [44] is 
used to separate (13) into a series of equations, 
setting each operator equal to the time deriva-
tive operator.  The azimuthal drift and energy 
loss terms are solved using a high-resolution 
method that combines the second-order Lax-
Wendroff scheme with the first-order upwind 
scheme via a superbee flux limiter [45].  In this 
way, the limiter chooses the second-order 
scheme when the function is smooth, gradually 
converting to the first-order scheme near sharp 
gradients.  Thus, it uses the numerical scheme 
most suited to the solution of the problem.  A 
second-order accurate Crank-Nicolson scheme 
is used for the solution of the diffusion opera-
tors [46].  Each of these equations is solved 
once, then again in reverse order to reduce 
systematic error and maintain second-order ac-
curacy. 

COMPARISONS OF SIMULATION 
RESULTS WITH OBSERVATIONS 

 These models have been used to address a 
number of issues regarding superthermal elec-
tron transport and effects in the ionosphere-
magnetosphere system.  A summary of these 
results is presented to give the reader an indi-
cation of the complexity of the superthermal 
electron distribution function, transport 
process, and energy deposition characteristics.  
This overview will begin with a comparison of 
model results against various direct and indirect 
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satellite measurements of superthermal elec-
trons. 
 To describe the basic features of the super-
thermal electron distribution function, it is use-
ful to present both simulation results and ob-
servations.  Since in situ measurements of su-
perthermal electron distributions have primarily 
been conducted in the ionosphere (due to 
spacecraft charging effects contaminating su-
perthermal electron observations in the mag-
netosphere), we will limit our presentation to 
the three main spatial regions, according to the 
local transport characteristics:  the collision-
dominated region (below 200 km), the transi-
tion region (up to ~1000 km), and the transport-
dominated region (above 1000 km). 
 The Atmospheric Explorer (AE) satellites 
offer a plentiful supply of superthermal electron 
energy spectra.  The electron spectrometers on 
the AE satellites are ideal for comparison be-
cause of the fine spectral resolution achieved in 
the low-energy range.  Although the data is 
spin-averaged, this is not a big problem since 
the satellites flew through the low to middle 
ionosphere, where the distribution function is 
nearly isotropic.  Figure 5 shows omnidirec-
tional fluxes from the AE-E satellite and model 
results for similar conditions [47].  The data in 
this plot is for day 355 of 1975 at 182 and 365 
km altitude [48].  This first altitude is in the re-
gion where collisions with neutrals dominate 
the formation of the distribution function, and 
local production and loss mechanisms are the 
major processes in the calculation.  The second 
altitude is in the transition region, where trans-
port is starting to have a significant influence 
on the distribution.  In Figure 5a, the spectra 
agree closely for most of the energy range, in-
cluding definition in the 20-30 eV production 
peaks (peaks generated from the He-II 30.4 nm 
solar line ionizing the various constituents of 
the neutral atmosphere) and the N2 vibrational 
excitation bite-out in the distribution near 2 eV.  
The model predicts a slightly higher flux in the 

FIGURE 5 CALLOUT 
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5-15 eV range, but this difference is less than a 
factor of two.  Figure 5b also shows good 
agreement, with the model predicting more 
definition in the 20-30 eV range and lower 
fluxes above 30 eV by a factor of less than two.  
These differences could all be explained by un-
certainties in the experimental data, differences 
in the neutral atmosphere or ionospheric plasma 
profiles, or uncertainties in the collisional cross 
sections used in the model.  The larger fluxes at 
low energy and the increased definition of the 
production peaks in the model results indicate 
that the thermal plasma density from the 
International Reference Ionosphere (IRI) [49] 
used in the model is probably lower than the 
actual densities; a higher plasma density would 
act to smooth out these features of the 
distribution function.  It is thought that this dif-
ference is not due to detector resolution, be-
cause ΔE/E was 2.5% and the production peaks 
clearly appear in the low altitude measure-
ments.  The comparison does show, however, 
that the model accurately calculates the main 
features of the photoelectron spectrum in the 
local equilibrium and transition regions of the 
ionosphere. 
 It is interesting to note that the distribution of 
superthermal electrons is, in addition to being 
highly non-Maxwellian, quite spiky with many 
relative maxima.  Such distributions can be un-
stable to plasma wave excitation.  In particular, 
a number of studies have examined the two 
main possibilities of wave growth in the iono-
spheric photoelectron distribution: the decrease 
near 2-5 eV and the peaks near 20-30 eV, with 
much progress but no firm conclusion on the 
role of plasma instabilities.  For example, sev-
eral studies have claimed that the 2-5 eV region 
is unstable to wave growth [50-52] while sev-
eral others claim that the distribution is stable 
in this energy range [53-55].  The stability of 
the 20-30 eV production peaks has also been 
extensively examined, again with some claim-
ing it is an unstable energy range [56-58] and 
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others claiming it is not [53, 54].  So, there is 
no definitive agreement on whether or not the 
ionospheric photoelectron distribution is stable 
to the generation of plasma waves. 
 At higher altitudes, the pitch angle depend-
ence of the distribution function becomes more 
important.  Therefore, a direct comparison with 
data for this region should be made with Dy-
namics Explorer 2 (DE 2) results from the Low 
Altitude Plasma Instrument (LAPI), which 
contains pitch angle information (the AE re-
sults do not).  LAPI had less energy resolution 
than the AE electron spectrometers (with a 
ΔE/E of 32%), but had a much narrower field 
of view and allows for pitch angle distribution 
comparisons.  Figure 6 shows this comparison 
at several energies for April 13, 1982, at a local 
time of 9.3 h and altitude of 690 km.  Note that 
the pitch angle distribution is defined by the 
data, with 0˚ being downstreaming particles 
and 180˚ being the upflowing electron fluxes.  
Notice that the model compares reasonably 
well for most of the cases shown.  There is 
quite a bit of disagreement in the 5 eV results, 
as well as part of the 9 eV results, but this 
could be due to spacecraft charging effects or 
other processes not included in the model.  The 
trends in the data distributions of the other en-
ergies are reflected in the model results, and the 
magnitudes of the model results are not far 
from the measured values (within a factor of 
two). 
 The availability of superthermal electron 
velocity-space observations is quite limited 
outside the ionosphere, and so another method 
of comparing results with data will be consid-
ered, namely the superthermal electron influ-
ence on the thermal plasma.  In one such com-
parison [59], a comparison was made between 
data from the retarding ion mass spectrometer 
(RIMS) on the DE 1 satellite and the Field Line 
Interhemispheric Plasma (FLIP) model [60] 
during quiet times (when geomagnetic activity 
levels were low).  The FLIP model solves hy-

FIGURE 6 CALLOUT 
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drodynamic equations for the thermal plasma 
along a flux tube, combined with a superther-
mal electron two-stream transport model (that 
is, only 2 pitch angle grid points, to resolve the 
upward and downward hemispherical fluxes) to 
calculate heating rates in the thermal plasma 
energy equations.  This model includes a phe-
nomenological factor (trapping factor) to repre-
sent the amount of energy lost in the plasma-
sphere by the photoelectrons.  Without this 
trapping factor, the observed ion temperatures 
could not be reproduced, and it was concluded 
that good agreement is achieved between the 
calculated and measured ion temperatures when 
~55% of the total photoelectron flux is trapped 
in the plasmasphere.  A similar study was con-
ducted with the field-line model [4], using the 
same thermal electron profile in the ionosphere 
and plasmasphere.  They found that the portion 
of energy absorbed in the plasmasphere due to 
Coulomb losses with the thermal plasma is 
0.53.  This shows that our calculations are in 
agreement with phenomenological modeling 
and measurements of the thermal structure of 
the plasmasphere during quiet times.  The accu-
racy of the comparison also indicates that 
Coulomb interaction with the thermal plasma is 
the dominant process acting on the superther-
mal electrons in the plasmasphere where the 
data was collected (midlatitudes on the day-
side). 
SELF-CONSISTENT COUPLING WITH THE 

THERMAL PLASMA 
 The real power of the interhemispheric flux 
tube model is that it self-consistently calculates 
the time-dependence of the electron distribution 
in the ionosphere and plasmasphere.  When 
coupled with a time-dependent thermal plasma 
model [e.g., 61], it also self-consistently calcu-
lates the feedback between the thermal and su-
perthermal plasma populations along a field 
line.  Such a study was done for the case of 
plasmaspheric refilling [41], determining that 
photoelectrons can yield a large influence on 
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the initial thermal plasma flows along a 
depleted field line, but then their effects are di-
minished after the thermal plasma streams in-
terpenetrate and flow into the conjugate iono-
spheres.  Superthermal electron results from 
this study are shown in Figures 7 and 8.  These 
plots show the energy spectra and pitch angle 
distributions of the superthermal electrons 
during the few 30 min of the refilling process 
along an L=4 field line with asymmetric iono-
spheric illumination (one-sided refilling).  Seen 
in Figure 7a is the effect of the self-consistent 
ambipolar electric field, acting to decelerate the 
electrons along the field line.  Also seen in Fig-
ure 7 is the propagation of the front of particles 
along the flux tube, eventually reaching a 
steady omnidirectional flux scenario, increasing 
very slowly as the trapped zone is repopulated. 
Figure 8 shows the development of the equato-
rial pitch angle distribution.  It can be seen that 
a steady-state level will require at least an hour 
for the 5 eV energy level, but 30 eV will need 
many hours.  While this differential refilling 
timescale has been phenomenologically known 
for many years (because of the E-2 energy de-
pendence of the Coulomb scattering term), this 
model is the first to quantify these refilling 
timescales self-consistently with the develop-
ment of the thermal plasma.   
 It should be noted that the early stages of 
plasmaspheric refilling are particularly suscep-
tible to plasma wave excitation and feedback.  
For instance, wave growth from the counter-
streaming ion beams and the additional trap-
ping associated with the subsequent interac-
tions was been investigated [e.g., 62].  In the 
presented results, it can be seen in Figure 7 that 
the flux of superthermal electrons drops off at 
low energies, especially in Figure 7a but also in 
Figures 7b and 7c.  Such a distribution can be 
unstable to Cherenkov (Landau) resonance ex-
citation of plasma waves.  Furthermore, the 
streaming beam distributions of the early stages 
of the refilling process (Figure 8) can be unsta-
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ble to anomalous Doppler resonance wave ex-
citation.  Another instability mechanism is the 
transfer of wave energy through wave-wave 
coupling mechanisms.  It is well known [e.g., 
63] that in the presence of a low-frequency 
electric field (f<fci), electrons and ions move 
with different drift velocities, and it was re-
cently shown [64-67] that this relative velocity 
can excite lower hybrid waves.  It is conceiv-
able, then, to think of a similar mechanism 
generating lower hybrid oscillations from the 
relative velocities during the early stages of 
plasmaspheric refilling, where the thermal 
electrons and ions are flowing in opposite di-
rections. 
 Another region where electrodynamic cou-
pling between superthermal electrons and the 
thermal plasma is in the polar cap region of the 
ionosphere.  In this region, the ambipolar 
electric field accelerates the ions out along the 
magnetic field lines, creating what is known as 
the polar wind [68, 69].  It has long been 
known that energetic electron populations can 
enhance the ambipolar electric field and thus 
accelerate the cold ions out along the field lines 
[70].  An example of this, using a collisionless 
ion-exosphere model [71] to self-consistently 
couple all of the plasma constituents, is shown 
in Figure 9, where the oxygen ion density pro-
file is shown as a function of photoelectron 
concentration at the 500 km base of the simu-
lation domain [72].  Note that these are very 
small concentrations, yet they can have a large 
impact on the ion escape flux because of their 
high mobility along the field line.  Larger con-
centrations are not shown because of limita-
tions in the potential structures that the model 
can appropriately calculate [73-75].  However, 
the applicability of exosphere modeling was 
generalized [74] so that an arbitrary potential 
structure can be calculated by the model, and it 
was demonstrated that polar outflows and 
magnetospheric precipitation can now be 
accurately simulated with this approach [75]. 

FIGURE 9 CALLOUT 



21 

PLASMASPHERIC TRANSPARENCY 
 Another unique feature of this model is to set 
quantitative values to the concept of plasma-
spheric transparency, T.  This quantity is a 
measure of how easily the electrons fly through 
the plasmasphere to the conjugate ionosphere.  
Such a quantity is used by the numerous iono-
sphere-only electron transport models (as de-
scribed in the Introduction) to parameterize the 
plasmaspheric processes because these models 
assume a constant background magnetic field 
and are thus invalid in the magnetosphere.  
Using T, calculation in the conjugate iono-
sphere can be conducted with a precipitating 
flux at the upper boundary from the interhemi-
spheric transport of superthermal electrons.  
Historically, the value of T has been addressed 
qualitatively, but the flux tube model [4] can 
accurately define this parameter.  Because of 
the energy dependence of the collisional times-
cales for superthermal electrons, it is useful to 
describe transparency versus energy, T(E).  
There are several ways to define this quantity, 
so the first definition will be the ratio of parti-
cle fluxes precipitating into one ionosphere di-
vided by the particle fluxes flowing out of the 
conjugate ionosphere [16], 

 T E( )=

µ! s
2,top ,E,µ( )dµ

0

1

"

µ! s1,top ,E,µ( )dµ
0

1

"
 (14) 

where s1,top is the location of the "top" of one 
ionosphere and s2,top is the altitude of the loca-
tion of the "top" of the conjugate ionosphere.  
Note that this is not the probability of a single 
particle reaching the conjugate hemisphere, but 
rather is an attenuation factor such that the 
downward flux entering the conjugate iono-
sphere is equal to the upward flux leaving the 
first ionosphere multiplied by T(E).  Another 
definition for plasmaspheric transparency that 
could be used with ionospheric models is the 
ratio of the flux flowing down from the plasma-
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sphere to the flux flowing up into the plasma-
sphere, 

 T
*
E( )=

µ! s1,top,E,µ( )dµ
"1

0

#

µ! s1,top,E,µ( )dµ
0

1

#
 (15) 

Notice that both integrals in (15) are at the 
same spatial location:  the top of one of the 
ionospheres.  T*(E) is an attenuation factor to 
obtain the flux entering an ionosphere given the 
flux leaving that same ionosphere.  With this 
quantity, an ionospheric model can iterate to a 
solution in one ionosphere, without having to 
perform a calculation in the conjugate iono-
sphere. 
 Both of these quantities can be calculated 
with the interhemispheric model.  Figure 10 
shows two plasmaspheric transparencies for an 
L=2 field line.  The results are for a "filled" 
flux tube, when the thermal plasma density 
along the field line can be assumed 
proportional to the magnetic field [59].  The 
solid line shows T(E) from (14) with both 
ionospheres illuminated (S. I. stands for 
"southern illumination"), while the dotted line 
shows T(E) with the southern hemisphere 
source term artificially omitted.  There is a 
difference between these two results at low 
energies.  The features of these curves are due 
to many things, including the features of the 
photoelectron production spectra of both 
ionospheres as well as the scattering processes 
included in the plasmasphere and both 
ionospheres. 
 The transparency from (15) is also shown in 
Figure 10.  The dashed line is T*(E) with south-
ern hemisphere illumination, and the dash-dot-
dot-dot line is T*(E) without this source in-
cluded.  There is quite a difference between 
these two lines.  The only difference between 
T(E) and T*(E) with southern illumination is 
from differences in the photoelectron sources 
because of the dipole tilt.  The difference be-

FIGURE 10 CALLOUT 
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tween these quantities without the southern 
source is drastic, particularly at high energies, 
because the numerator in (15) is produced only 
by backscattered electrons that started in the 
northern ionosphere.  From these results, it can 
be concluded that the high-energy particles 
leaving the plasmasphere are primarily unhin-
dered through the plasmasphere, with back-
scattering occurring in the conjugate iono-
sphere, while the low-energy electrons that 
leave the plasmasphere are mostly those back-
scattered in the plasmasphere and not from the 
conjugate ionosphere.  More details on plasma-
spheric transparency are available elsewhere [4, 
47]. 

GLOBAL TRANSPORT STUDIES 
 The bounce-averaged superthermal electron 
transport model has also been used to answer 
unresolved questions of space physics.  For in-
stance, it was used to describe the cross-field 
drift effects on photoelectron distribution func-
tion evolution [23], noting that convection not 
only built up extra flux in the afternoon sector 
but also carried photoelectrons, which only 
have a dayside source, around through the 
nightside in a narrow spatial band.  It was also 
used to theoretically describe the banded 
structures in the energy spectrograms seen by 
the Combined Release and Radiation Effects 
Satellite (CRRES) in January 1991 [28], con-
cluding that it was a natural consequence of the 
differential cross-field drift of electrons from 
the sub-keV to keV energy range [27].  Fur-
thermore, it has been used in conjunction with 
the field line model to calculate the full 3-di-
mensional distribution of superthermal elec-
trons (from both photoelectrons and plasma 
sheet electrons) and its aeronomical effects [29, 
30]. 
 It is interesting to examine the combined 
distribution function in the superthermal energy 
range to understand how the bulk influences are 
generated.  This will be done for the January 
1991 results.  Figure 11 shows energy spectra FIGURE 11 CALLOUT 
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for the two source populations at various spatial 
locations during the final Kp spike and PSE 
capture (late January 27, 1991).  The spatial lo-
cations are chosen to be in the nightside peak of 
the cloud (first row) and the nightside PE band 
(second band), and two analogous points on the 
dayside.  Also, two equatorial pitch angles are 
shown: 90˚ and the loss cone boundary (LCB).  
Row 1 clearly shows the PSE dominance of the 
distribution throughout the pitch angle range, 
with fluxes several orders of magnitude larger 
than the PE fluxes at this location.  In the nar-
row PE band on the nightside, however, PEs 
dominate the low-energy range of the spectrum, 
even at 90˚.  On the dayside, however, the in-
tersection shifts to higher energies because of 
the proximity of the PE source, reaching 400 
eV near the LCB at L=4.  In every case, how-
ever, the PSEs dominate the high-energy part 
of the spectrum, often with positive gradients in 
the distribution at the intersection and else-
where.  It can be seen that rotating the PSE re-
sults by 12 hours will make the energy of the 
PSE-PE intersection decrease in the dayside 
plots, and will also make the PEs more compa-
rable to the PSEs on the nightside.  As time 
continues, the PSE fluxes will degrade (no 
more injections), allowing more of the PE dis-
tribution to dominate the combined flux func-
tion. 
 The combined distribution function of su-
perthermal electrons from these two sources is 
shown in Figure 12 throughout the CRRES ob-
servations at the 4 spatial locations discussed in 
Figure 11 (again at 90˚ and the LCB).  Here, 
the two populations have been summed into a 
single distribution.  In the first column, PSEs 
form the nightside and PEs for the dayside dis-
tributions, except for the high-energy bulge at 
90˚ at L=6.  After this, the distribution becomes 
mixed, except in the first row, which is always 
dominated by PSEs.  The second row shows the 
PE distribution at low energies transitioning 
into the PSE distribution.  The third column, 
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however, shows no PE rise at low energies be-
cause Kp remained sufficiently high to prevent 
them from reaching L=6 at midnight.  The third 
and fourth rows also show the PEs at low ener-
gies and the PSEs at high energies.  There is a 
substantial number of spikes forming in the two 
L=4 rows at high energies.  This is the banded 
structure forming inside of the Alfvén bound-
ary after the capture of the PSEs, as the mag-
netic drifts cause the electrons at these energies 
to have a drift period shorter than the corotation 
period, and they eventually lap the low-energy 
electrons.  The spikes is not seen for most of 
the L=6 results because this is typically beyond 
the Alfvén boundary.  Only after extended quiet 
times would this radial distance develop the 
banded structure seen closer in.  Note that these 
spikes could be unstable to cyclotron or Landau 
resonance excitation of plasma waves.  Addi-
tionally, the large disparity between the trapped 
zone and the loss cone (the difference between 
the two curves in Figure 12) could also be 
unstable to wave growth. 
 Another important result from this model 
output is the energy deposition to the thermal 
plasma.  As the superthermal electrons convect 
through the inner magnetosphere, they interact 
with many things, including the background 
plasma.  Because of the nature of the Coulomb 
force between charged particles, most of the 
energy transfer is from the superthermal elec-
trons to the thermal electrons.  Figure 13 shows 
heating rates from the combined source (PE 
and PSE) superthermal electrons into the ambi-
ent thermal electrons.  These values have been 
integrated along the field line and therefore are 
the heat fluxes into the topside ionosphere cor-
responding to these equatorial plane locations.  
Two extreme cases are shown, one for quiet 
geomagnetic activity with a strong PE source 
and a weak PSE source, and another for active 
geomagnetic conditions with a weak PE source 
and a strong PSE source (note that weak and 
strong are relative terms, and that there is far 
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more variability in the PSE source function 
than in the PE source).  In the first case (top 
panel), it is clear that PEs dominate the super-
thermal electron heating rates into the thermal 
electrons, and that the PSEs only contribute a 
minor amount of heat far out on the dawn side.  
In the second case (lower panel), the PSEs have 
encroached on most of the inner magnetosphere 
while the PE heating rates have diminished sig-
nificantly on the dayside (however, they are 
still dominant there).  A critical factor in cal-
culating these heating rates is the distribution of 
thermal plasma, which for these cases was 
given by the chosen dynamic plasmasphere 
model [76].  When coupled with this thermal 
plasma model, the global model can predict the 
time-dependent heating rates into the thermal 
plasma throughout the inner-magnetospheric 
region, and can be used to identify the signifi-
cance of energy deposition from superthermal 
electrons into the plasmasphere, topside iono-
sphere, and thermosphere.  This was the point 
of a particular study [30], where it was con-
cluded that PEs dominate the dayside heating 
rates at all times, and that PSEs dominate the 
heating rates in the post-midnight sector during 
geomagnetic active times. 

RELATIVISTIC BEAM MODELING 
 An important advance in hot electron mod-
eling is that both of the models discussed in this 
review have been extended to include the rela-
tivistic energy range.  In particular, these stud-
ies have focused on simulating the evolution of 
a relativistic electron beam through the iono-
sphere and magnetosphere.  About 15 years 
ago, relativistic electron beam linear accelera-
tors (LINACs) were reduced in size to the point 
where they could be feasibly flown onboard 
spacecraft, suborbital rockets, and balloons. 
 While there has been some modeling efforts 
to describe the dynamics of these injected parti-
cles [77-80], no study had examined the inter-
hemispheric transport of these beams.  How-
ever, the flux tube model [4] was converted to 
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include relativistic effects and used to simulate 
the initial evolution of the beam [81], and the 
bounce-averaged model [23] was similarly 
converted and the global structure of the beam 
evolution was quantified [82].  While the entire 
phase-space distribution was calculated, of par-
ticular interest is the lifetime of these particles 
in the inner magnetosphere.  Figure 14 shows 
the normalized total particle count for various 
simulations conducted with the global model 
[82].  A notable finding of that study was that 
the injected beam transforms from a localized 
packet into a shell around the Earth.  This shell 
initially forms within an hour of injection, but 
exhibits a banded energy spectrum structure for 
many hours, and does not become a uniform 
shell until perhaps a day after injection. 
 All of these simulations, however, were for 
upper ionospheric injection (say, from the 
space shuttle).  Figure 15 shows the normalized 
total particle count for several equatorial injec-
tion simulations [83].  It is clear that the life-
time can be strikingly different depending on 
the circumstances of the injection, and for some 
scenarios the beam can persist on timescales 
comparable to those of the natural radiation en-
vironment [see, e.g., 84].  Therefore, while the 
studies thus far have focused on anthropogenic 
sources of relativistic electrons, these studies 
have particular relevance for radiation belt sci-
ence.  In fact, relativistic beam injections and 
the simulation of such experiments can be used 
as controlled tracer experiments to investigate 
the natural radiation environment.  

DISCUSSION 
 The time-dependent magnetospheric trans-
port models for superthermal electrons de-
scribed above offer the first opportunity to 
computationally quantify the evolution of this 
population's distribution function.  This has al-
lowed for the rigorous analysis of satellite 
measurements in order to place responsibility 
for certain features of the observations on spe-
cific geophysical processes and phenomena.  

FIGURE 15 CALLOUT 
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Take, for instance, plasmaspheric transparency.  
The attenuation factor has been known to exist 
for a long time, but only these models can 
accurately define the energy dependence of this 
quantity under realistic physical conditions.  
Furthermore, these are the only models that 
calculate the full 3-dimensional distribution 
function of hot electrons in near-Earth space. 
 Much has been done over the years to under-
stand the nature of superthermal electrons in 
the Earth's plasma environment.  This review 
has attempted to present a summary of the his-
tory of superthermal electron modeling in the 
terrestrial ionosphere and magnetosphere, and 
specifically to summarize the theory, numerical 
approach, and primary results from several re-
cent studies of time-dependent superthermal 
electron transport modeling.  It is the hope of 
the authors that this exposition will be a useful 
tool for the understanding of the state-of-the-art 
in this field. 

APPENDIX A 
 The collision term in (2) can be written as 
the sum of several distinction collision 
operators [85], 

 
!"

!t
=See+ Sei

0

i

# + Se$
0

$
# + Se$

*

$
# + Se$

+

$
#  (A1) 

The terms See , Sei
0 , Se!

0 , Se!
* , and Se!

+

 represent 
the collision integrals of superthermal electrons 
with thermal electrons, 

 

See =Ane

!

!E

"

E
+Te

!

!E

"

E

# 
$ 
% & 

' 
( ) 

* + 
, 

- . 
/ 
0 
1 

   +
1

4E
2

!

!µ
12µ2( )!"

!µ

) 

* + 
, 

- . 
3 
4 
5 

 (A2) 

with thermal ions, 
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elastic scattering with neutral particles, 
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inelastic excitation scattering with neutral par-
ticles, 
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and inelastic ionization scattering with neutral 
particles, 
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The derivation of the Coulomb collisional in-
teractions is also given elsewhere [e.g., 86], and 
the neutral particle interaction terms can be de-
rived phenomenologically (that is, the collision 
terms are the net gain (or loss) to a given en-
ergy bin from electrons cascading into it from 
higher energies as well as losses from those de-
grading to lower energies).  Here, A=2πe4lnΛ = 
2.6x10-12 eV2cm2, where lnΛ is the Coulomb 
logarithm; m  is the electron mass; ne, ni, and nα 
are the density of electrons, ions and neutral 
particles of species α; Te, Ti, and Tα are the 
temperatures of electrons, ions and neutral par-
ticles; !"

(1)
(E)= I"# (E,$ )(1%cos$ )d&  is the 

momentum transfer cross section; χ is the 
scattering angle; Iα(E,χ) the differential elastic 
cross section; !"j

*  is the total cross section of 
scattering for bringing a neutral particle into an 
excited state characterized by a threshold en-
ergy E!j

* ; E!
+  is the ionization energy; ϕ is the 
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azimuthal scattering angle, and cosθ'= 
cosχcosθ+sinθsinχcosϕ. .  We also have 

 !"
+
E( )= I"m

+

0

(E#E"m
+
)/2

$ E,E2( )dE2
m

%  (A7) 

which is the total cross section of ionization by 
an electron with an energy E, where I!m

+
E,E2( )  

is the appropriate differential cross section, and 
E2 is the energy of a secondary electron.  The 
energy-conserving discrete energy jump tech-
nique [87] is used for (A5) and (A6) to properly 
cascade the superthermal electrons due to these 
inelastic scattering interactions. 

APPENDIX B 
 Using the Volland-Stern convection model 
[88, 89] and a dipole magnetic field, the 
bounce-averaged velocity terms in (3) from 
adiabatic drift can be written in the form [e.g., 
29] 
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where R is geocentric distance in the equatorial 
plane, ϕ is MLT in radians (ϕ=0 at MLT=00), 
A is a function of geomagnetic activity (Kp in 
this case [90]), C is a constant characterizing 
the corotation electric field, ME=8.02x1015 Tm3 
is the magnetic dipole of the Earth, q is the 
charge of the particle including sign, and I(µ0) 
and h(µ0) are slowly-varying functions of 
equatorial pitch angle resulting from the 
bounce-averaging process [26].  The various 
processes can be identified in the right-hand 
sides of these equations.  Corotation yields the 
first term in (B2), magnetic gradient-curvature 
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drift produces the third term in (B2), and the 
rest of the terms in (B1)-(B4) are due to mag-
netospheric convection. 
 The collision term in (3) is, in the present 
form of the bounce-averaged global model, de-
fined solely by the Coulomb collision interac-
tion of the superthermal electron with the ther-
mal plasma, and has the form 
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 (B5) 

It is the bounce-averaged version of a slightly 
more general form of the Coulomb collision 
operator than is used in the flux tube model 
(compare with (A2)).  Also note that (B5) 
includes interactions with thermal electrons and 
ions.  The more general form is used in this 
model because this code is capable of 
simulating the motion of both electrons and 
ions.  For ions interacting with the thermal 
electrons, it is no longer valid to assume that 
the particle of interest is much faster than the 
background particle (as was assumed in the 
derivation of See  and Sei

0  in Appendix A). 
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Figure 1.  A schematic of the magnetosphere. 
 
 
 
 
 
 

 
Figure 2.  Schematic of electron motion along a geo-
magnetic field line. 
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Figure 3.  Particle trajectories (solid lines) in the s-µ 
plane described by the left-hand side of (2) .  The 
shaded region is the loss cone and the striped region is 
the trapped zone. 
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Figure 4.  Particle trajectories (solid straight lines) in 
the s-µ0 plane as described by the left-hand side of (4).  
The shaded region is the loss cone, the striped region is 
the trapped zone, and the white area indicates non-
calculational areas outside of the region of existence. 
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Figure 5.  Comparison of model results (solid lines) 
with AE-E data (dashed lines) at (a) 182 km and (b) 
365 km altitude on day December 25, 1975 [47]. 
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Figure 6.  Comparison of model results with DE 2 LAPI pitch angle distributions.  Data courtesy of R. E. 
Erlandson [private communication, 1994]. 
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Figure 9.  Oxygen ion density profiles for several 
photoelectron concentrations at the base of the simu-
lation domain. 
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Figure 10.  Plasmaspheric transparencies versus energy 
for a filled (ne∝B) L=4 field line from equations (14) 
and (15), with and without conjugate hemisphere 
illumination. 
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Figure 11.  Energy spectra for photoelectrons (solid 
line) and plasma sheet electrons (dotted line) at various 
pitch angles and spatial locations on January 27, 1991 
at UT=1800 (the final injection of PSEs into the inner 
magnetosphere. 
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Figure 12.  Time development of the combined-source superthermal electron distribution function at several 
spatial locations and pitch angles during the injection event of January 1991. 
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Figure 13.  Flux-tube integrated energy deposition rates 
to the thermal electrons in the topside ionosphere for 
(left plot) quiet geomagnetic activity and (right plot) 
intense geomagnetic activity.  Note the color bar has a 
log scale. 
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Figure 14.  Evolution of the normalized total number of 
particles of the beam (a) at L=2 for several simulations 
with various processes included and (b) at several L 
values with all processes included. 
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Figure 15.  Total beam content results for various 
injection configurations at L=3, normalized to their 
initial beam contents. The solid curve is for isotropic 
injection at the equatorial plane, the dotted curve is for 
injection only in the 80-90˚ pitch angle range at the 
equatorial plane, and the dashed curve is for injection 
from the upper ionosphere, as in Figure 13b (9-10˚ 
pitch angle range at the equatorial plane). 
 


