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Auroral particle transport using Monte Carlo and hybrid methods

Stanley C. Solomon

Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder

Abstract. A numerical model of energetic electron transport in the thermosphere and middle
atmosphere has been extended for application to proton aurora. The electron model employs a
Monte Carlo method for the primary flux and either a full Monte Carlo or two-stream method for
secondary electrons. The hybrid Monte Carlo / two-stream (MC2S) method has been adapted to
the case of auroral proton / hydrogen atom / secondary electron fluxes. The methodology for
implementation of these models is described, and selected results are compared to other algo-
rithms. Good agreement is obtained with recent results using equation of transfer methods.

1. Introduction

The transport of energetic auroral electrons and protons in the
upper atmosphere is an engaging subdivision of the field of radia-
tive transfer. Numerical techniques for calculating fluxes, ioniza-
tion rates, and other forms of energy deposition by electrons, pro-
tons, and other charged and neutral particles have been developed
by several investigators. The electron transport methods are the
most highly developed and intensively used, since the majority of
auroral phenomena are caused by energetic electrons. However,
advances in auroral proton / hydrogen atom modeling have oc-
curred as well. Recent work on H'/H aurora is reviewed by
Galand et al. [1997] and Galand [this issue].

The energy distribution of primary auroral particles determines
the altitude zmax at which peak ionization occurs. This energy dis-
tribution is often specified by a single parameter, the “characteris-
tic energy” Ey, referring to, for instance, the peak of an assumed
Maxwellian energy distribution. Estimation of Ey by spectro-
scopic means enables remote approximation of zpax, Which is an
important quantity for ionospheric conductance and hence for
general circulation models of the thermosphere. Accurate models
are necessary to accomplish this. Auroral particle transport poses
particular numerical challenges, primarily because of the diffi-
culty of performing energy redistribution calculations on energies
that can range over 9 orders of magnitude. The most intense, and
lowest altitude, auroral phenomena are generally caused by the
highest energy particles in a distribution entering the atmosphere
(the primary flux), but much of the excitation and molecular dis-
sociation is dominated by the low energy electrons that result
from energy cascade and secondary electron generation proc-
esses. Details of distribution functions, cross sections, and nu-
merical implementations can lead to varying results.

We may divide the many types of approaches to auroral parti-
cle transport modeling into three broad categories: continuous
loss methods, equation of transfer methods, and Monte Carlo
methods. Continuous loss methods implement laboratory results
or other estimates of the aggregate effect of a particle beam inter-
acting with matter, and obtain an appropriate fit function on a
spatial grid. Equation of transfer methods attempt to solve the
Boltzmann equation by discretizing the energy, angular, and spa-
tial dimensions and integrating the collisional redistribution of
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particles in this space. Monte Carlo methods discretize the indi-
vidual particles instead.

Continuous loss methods are the most direct way to perform
auroral transport calculations, but equation of transfer methods
are more powerful and elegant. In moving from the atomic scale
(cross sections, etc.) to the atmospheric scale (altitude distribu-
tion of ionization rates, etc.), there is always the question of
whether the model predictions are valid, particularly when there
are discrepancies between results from an equation of transfer
method and continuous loss results that are essentially direct
renormalizations of laboratory measurements. Because the ex-
tensive energy range necessitates variably spaced energy grid in-
tervals and requires special techniques for computation of the re-
distribution function, problems with numerical algorithms can be
difficult to evaluate and resolve.

In this context a natural choice is the Monte Carlo approach,
which avoids the energy grid problem altogether. This method
has been applied to electron transport, [e.g., Berger et al., 1970,
1974; Cicerone and Bowhill, 1971], but Berger et al. did not per-
form secondary electron flux calculations, and Cicerone and
Bowhill examined the photoelectron case, which, owing to the
smaller range of energies, is much easier to solve. Porter and
Green [1975] have also applied the Monte Carlo method to low-
energy auroral proton transport. Work by Onda et al. [1992],
Kozelov and Ivanov [1992, 1994], Kozelov [1993], and Synnes et
al. [1998], employing Monte Carlo methods for aspects of elec-
tron and proton transport, have renewed interest in this subject.
Solomon [1993] presented initial results from Monte Carlo calcu-
lations of electron transport. Gattinger et al. [1996] implemented
a similar auroral electron model.

The original motivation for constructing a Monte Carlo model
[Solomon, 1993] was to address the issue of whether emissions
excited in aurora by low-energy secondary electrons vary as a
function of characteristic energy of the primary flux. Calcula-
tions by Lummerzheim et al. [1989] and Rees and Lummerzheim
[1989] showed a large dependence, contradicting the results of
Strickland et al. [1976, 1989], who found negligible dependence
for Eo >~ 1 keV. Solomon [1993] concluded that the dependence
was indeed negligible, and subsequent revisions by Lummerzheim
and Lilensten [1994] agreed. However, for proton / hydrogen
atom aurora the secondary electron distribution can be a function
of primary particle energy, so these conclusions do not apply.

Monte Carlo methods are thought of as brute force: they are
time consuming and in some sense less elegant than equation of
transfer solutions. However, they integrate in the way that nature
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does, and at some level they are the most realistic simulations
possible. This does not mean that the mathematics are necessar-
ily simplified, or that approximations are entirely avoided. A
great deal of effort for Monte Carlo techniques goes into the at-
tempt to find analytic, integrable fit functions that describe fun-
damental distributions such as scattering phase angle and secon-
dary electron energy. The basic technique is then to take the in-
definite integral of the fit function, and equate it to a uniformly
distributed number obtained from a pseudorandom generation al-
gorithm and normalized to the range of the fit function abscissa.
The fitted parameter is solved for as a function of the random
number. This scales the cumulative distribution of the fitted pa-
rameter to the uniform distribution of the random number, and
enables rapid computation of appropriately distributed quantities.
Probabilistic decisions can also be implemented by grid searches
and interpolation, but this is generally less efficient.

The goal of this work is to perform auroral particle transport
calculations using a complete model that addresses all aspects of
the problem, including all collisional energy transfer processes,
scattering processes, secondary electron generation, and their
subsequent transport, for all major atmospheric species and alti-
tudes, that is applicable to the full range of energetic particles ob-
served in the terrestrial atmosphere. Ultimately, this will include
magnetic field effects and transport in the horizontal dimensions.
In this paper, results are shown for computations as a function of
altitude, under the collisional regime.

2. Method
2.1. Monte Carlo Electron Model

The electron transport model operates in a spatial dimension,
an angular dimension, and an energy dimension. The spatial di-
mension is along a magnetic field line, and the angular dimension
is the pitch angle to that field line. Other than an interpolation
“mesh” in energy and altitude for calculation of cross sections
and densities and tabulation of results, there is no explicit grid-
ding or binning of an electron’s location in this space. The un-
derlying assumptions are those characteristic of collisional elec-
tron transport models: that electric field acceleration, magnetic
field variation, and gravity have negligible effect; that the elec-
trons are confined to spiral paths about a magnetic field line
characterizable by a pitch angle distribution; and that wave-
plasma interactions are unimportant in the thermosphere.

An electron enters the upper level of a model atmosphere
(~900 km) with an initial energy and pitch angle, and is subjected
to a sequence of pseudorandom collision events, resulting in a
new altitude, pitch angle, and energy after each. For computation
of spatial transport the electrical depth 7, is defined as the sum
over all atmospheric species of the product of column density and
total electron impact cross section, in analogy to the definition of

optical depth:
Te = 2 N; Oiot;
g : (6]

The mean free path of the electron is the distance at which
A7=1. The randomized distance that an electron will move be-
fore its next collision is determined from Beer’s law, using the
method described by Meier and Lee [1978]. If  is a number ran-
domly distributed between 0 and 1, then

Afe =—ln(r) . (2)
The change in altitude is then calculated, taking into account the
current pitch angle and magnetic field angle. The type of colli-
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sion (elastic, excitation, dissociation, or ionization) is determined
randomly, weighted by products of cross sections and densities at
the collision location. The species and specific state transition
are also determined randomly, using cross section ratios. The
primary electron energy is then reduced by an amount equal to
the sum of the excitation, dissociation, and ionization energy plus
the secondary electron energy, if any.

If the collision is an ionizing collision, a secondary electron is
created, randomly assigned an isotropically distributed pitch an-
gle, and randomly assigned an energy using an integral form of
the formula of Green and Sawada [1972] and Jackman et al.
[1977] (which is based on the laboratory results of Opal et al.
[1971]):

i A E - (E)
[0,(E, EDdE, = A(E,)T(E,)| tan™!| =———E~| +¢
Jou(E, I(E,) 3

where 0;;is the state-specific cross section for species i and state
j at primary energy E, and secondary energy Es, A(E,), I'(E,), and
To(Ep) are fitting functions defined by the tabulated parameters of
Jackman et al., and c=tan"[To(Ep)/I“@,,)]. By equating the inte-
gral to a random number r, dropping the leading constants, and
solving for E, randomized secondary electron generation func
tions distributed according to the above parameterizations are ob-
tained:

E =T(E,)tan(r —c)+ To(E,)

4
where r has been normalized over the interval 0 to rpax:
Py = tan”! Lo = To(E) +c; E, = Ep ~ Bion
1"( E) max 2 ( 5)

If the collision is elastic, the electron is randomly given a new
pitch angle using expressions and parameters developed by Por-
ter and Jump [1978] and Porter et al. [1987] for angular scatter-
ing of electrons. This phenomenological extension to the
screened Rutherford formula allows a backscattering lobe at low
energy:

0(0)_a|:(]+2y—c059)+(1+25+0059):l (6)

where @, 3, ¥, and § are fit parameters, tabulated as functions of
energy. Porter and Jump also derived the cumulative distribu-
tion, which is used to produce a change of pitch angle 6:

~A++A?-4B

cosf =
2 ; @)
A:26“2]/+T'ﬂ~11——
., B
2w 242y 268 ,

1+26-B(1+2y)
o, L B
270 242y 26

B=—(1+28+2y +46y)+

For inelastic collisions the forward scattering approximation is
made: it is assumed that the phase function from these collisions
is so strongly peaked in the forward direction that angular redis-
tribution by this means is negligible. That should be a good ap-
proximation at all but the lowest energies; below 100 eV there
can be considerable backscatter, particularly from forbidden exci-
tation transitions, but the flux becomes so isotropic and the rela-
tive size of the elastic cross sections becomes so large that this
has little effect on the final pitch angle distribution.
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After the collision parameters have been calculated and the
electron energy and/or pitch angle has been changed, a new A7, is
obtained, and the process is continued until the primary electron
exits the upper boundary or is thermalized. This is then repeated
for each secondary electron created during passage of the pri-
mary, and the tertiaries created by the secondaries, and so on, un-
til there are none left. The procedure is then recapitulated for an-
other primary. For most purposes, 10%-10° primary electrons,
with a specified (e.g., Maxwellian, Gaussian, or monoenergetic)
initial energy distribution and a specified (e.g., isotropic, cosine,
or monodirectional) initial pitch angle distribution are used for a
particular run to obtain reasonable statistics in the energy spectra;
if details of the angular distribution are desired, a larger number
may be necessary. Ionization, excitation, dissociation, and heat-
ing rates are obtained by accumulating event counts at each alti-
tude level. Fluxes are tabulated by counting each altitude level
crossing within each energy and pitch angle bin. The accumula-
tions are then normalized to a specified total energy flux. Energy
conservation is monitored and maintained to approximately one
part in 10°.

Cross sections for elastic collisions, dissociation, and state-
specific excitation and ionization are obtained from a variety of
laboratory and theoretical sources. The approach used by Solo-
mon et al. [1988] is adopted here. That method is to interpolate
from tabulated values for elastic cross sections but to employ ana-
lytic fit functions for inelastic cross sections, using the Green and
Sawada [1972] and Jackman et al. [1977] formula for ionization
and the Green and Stolarski [1972] equation for excitation. The
Jackman et al. cross section parameters were retained, with the
exception of the linear coefficients for O which were adjusted to
match the results of Burnett and Rountree [1979] as suggested by
Link [1982]. The Green and Stolarski cross sections were re-fit
to more recent laboratory data as described by Solomon et al.
There have been minor revisions to the cross sections used in that
work for the triplet and quintet systems of atomic oxygen, incor-
porating measurements of Gulcicek and Doering [1988], Gulci-
cek et al. [1988], and Doering and Gulcicek [1989]. Heating of
the ambient (thermal) electron gas and the consequent degrada-
tion of energetic electrons are calculated using Swartz et al.’s
[1971] relationship.

2.2. Monte Carlo / Two-Stream Hybrid Electron Model

At low energy, elastic cross sections become so much larger
than inelastic cross sections that an electron makes repeated colli-
sions without losing significant energy. Transport is generally
negligible in this regime, except at the highest altitudes, so the
way this is dealt with in the Monte Carlo code is that below 2 eV,
local energy deposition is assumed. However, a disproportionate
amount of computational time is spent on low-energy electrons in
the 2-10 eV range, which seldom move far from their source be-
fore being thermalized. In fact, secondary electron transport is
negligible below ~200 km, and the distribution is nearly isotropic
throughout the thermosphere. In the exosphere we wish to main-
tain the ability to model non-isotropic fluxes so that the escaping
upward flux (or “backscattered,” although most of it is generated
internal to the thermosphere) may be calculated. For these rea-
sons, neglecting the transport of secondary electrons is not advis-
able, but a detailed calculation of pitch angle distributions is not
necessary. The situation for auroral secondary electrons is analo-
gous to the photoelectron case, where a two-stream approxima-
tion to the electron flux is valid. The two-stream approximation
may also be used for primary auroral fluxes, although not for
highly anisotropic pitch angle distributions.

109

To exploit this difference between requirements for primary
and secondary transport calculations, a “hybrid” approach is
adopted. The method uses the Monte Carlo algorithm described
above, but rather than recursively feeding the secondary electrons
back into the code, secondary production is tabulated for each al-
titude and energy bin. Then, after the Monte Carlo run is com-
plete, this secondary production function is input to a two-stream
mode] in a manner completely analogous to the way that photoe-
lectron production would be handled. The model employed for
secondaries is described by Solomon et al. [1988] and Solomon
and Abreu [1989] and is based on the original two-stream algo-
rithm of Banks and Nagy [1970] and Banks et al. [1974]. Itis a
member of the class of equation of transfer methods but uses the
simplification that the pitch angle distribution may be approxi-
mated by discretization into two categories, upward and down-
ward, with an average or characteristic pitch angle cosine (here
+£0.5) describing each.  Hemispherically integrated fluxes as a
function of energy, and ionization, excitation, dissociation, and
heating rates as a function of altitude, are then combined from the
two model outputs.

The Monte Carlo / two-stream model (henceforth “MC2S”) is
found to be adequate for auroral calculations. The MC2S model
has been compared to the “pure” Monte Carlo for a variety of
cases, as briefly described in the section 3.1. The differences are
small, and negligible for quantities that integrate over an energy
range, such as ionization or excitation rates. The benefit in com-
putational efficiency of using the MC2S method is dramatic, up
to two orders of magnitude, a few minutes instead of a few hours
on a typical fin-de-siécle desktop computer.

2.3. Extension to Relativistic Energies

Calculations for high-energy particles take proportionally
longer than those for auroral energies do because there are more
collisions per input particle, yet it still takes at least 10* particles
to build up acceptable statistics. With the MC2S method these
computations may nevertheless be performed in reasonable times,
although not as efficiently as with the two-stream algorithm.
These models have therefore been extended to high energy to en-
able calculation of high energy electrons, including, in principle,
highly relativistic energies out to 1 GeV.

The key factors in this extension are the ionization cross sec-
tions and secondary electron production functions. Elastic colli-
sions become so strongly peaked in the forward direction at high
energies that their effect becomes negligible, and excitation cross
sections become proportionally less important than ionization.
The total ionization cross sections for N, calculated by Porter et
al. [1976] are in accord with measurements (up to 2.7 MeV) by
Rieke and Prepejchal [1972] and with recent theoretical analysis
[Saksena et al., 1997] and so are adopted here. These results
show the same behavior at high energy for O,. The implementa-
tion here is simply to calculate the ratio of the Porter et al. relativ-
istic cross section to the Jackman et al. [1977] non-relativistic
cross section for ionization of N3 as a function of energy, and to
apply that ratio to all three major species (N2, Oz, and O). Inter-
estingly, the cross sections start to increase at 1 MeV. However,
they do not increase as fast as the energy of the electrons, so the
“stopping power” of atmospheric gases continues to decline as it
takes more collisions to thermalize a higher energy electron:
higher energy electrons still penetrate deeper into the atmosphere.

There is little information available on the distribution of sec-
ondary electrons generated by relativistic primaries. The Opal et
al. [1971] measurements show no significant change of produc-
tion spectrum shape with primary energy above ~1 keV, so the
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Jackman et al. [1977] fit to these data is used at high energy as
well. Secondary production has little effect on peak altitude and
ionization rates, but it can be important for excitation rates of
transitions that peak at low energy and hence for spectroscopic
analysis.

2.4. Proton Model

Modeling particle transport in proton aurora presents particular
difficulties, because the phenomenon couples fluxes of protons,
hydrogen atoms, and electrons. Fortunately, the electron flux
does not significantly affect the proton / hydrogen atom flux in
the collisional regime, so the generation and transport of secon-
dary electrons may be handled using either of the techniques de-
scribed in sections 2.1 and 2.2 for electron aurora. The choice
was made to proceed with the MC2S approach, since it has been
satisfactory for electron calculations. Proton and hydrogen atom
fluxes are computed using the Monte Carlo method, and secon-
dary electron fluxes generated thereby are calculated using the
two-stream method.

Application of the method described in section 2.1 to protons
proceeds in an analogous fashion, but with the critical difference
that the collision types and cross sections change as the particle
changes from a proton to a hydrogen atom and back through the
processes of charge exchange and electron stripping. The algo-
rithm follows an individual particle and changes an index mark-
ing its charge state, applying the appropriate collision parameters
in either case. Energy is lost in each of these collisions, but
rather than using an average energy loss approximation for each
collision type [e.g., Basu et al., 1993], the energy loss for each
collision is explicitly calculated, depending on the energy of the
individual secondary electron generated (if any). However, un-
like the electron algorithm, total excitation and ionization cross
sections are used for each species rather than individual states,
since there is much less information available for individual state
transitions due to proton and hydrogen atom impact. This neces-
sitates the assumption of an average excitation energy and an av-
erage ionization potential (including dissociated and excited ion
states); following Basu et al. we adopt 17, 15, and 16 eV for ioni-
zation, and 10, 8, and 12 eV for excitation of N3, O3, and O, re-
spectively.

To guide our thinking for energy loss and ion or electron gen-
eration in the four types of collisions, Table 1 is presented. E;
and J; are the average excitation energy and ionization potential
for species i , Iy is the average ionization potential for hydrogen
(~13.6 V), and S is the energy of the secondary electron gener-
ated by the collision. The cross sections adopted for these proc-
esses are taken from the survey by Basu et al. [1987].

A critical matter in proton auroral modeling is the energy dis-
tribution of secondary electron production. Laboratory meas-

Table 1. Energy Loss in H+ and H Collisions

Collision Ion Secondary Energy
Type Generated?  Electron? Loss
Excitation: - - E;
(H" or H+M — M*
Ionization: v e I +§
(H' or H+M — M"
Charge Exchange: v - I - Iy
H+M — H+M"
Electron Stripping: - v i+S
H+M — H'+M+e*
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urements by Crooks and Rudd [1971] and Toburen [1971] for
protons in the 50 keV to 1 MeV range on N, were analyzed by
Porter et al. [1976], showing a shape similar to that generated for
electrons using the Jackman et al. [1977] formula discussed in
section 2.1, including a power law decay at energy > ~20 eV and
little or no dependence of the shape on primary energy above 100
keV. However, subsequent work using protons at 5-70 keV
[Rudd, 1979, 1988] showed an exponential decay, with signifi-
cant dependence of the logarithmic slope on primary energy, as
discussed by Basu et al. [1993]. For this work a simple exponen-
tial function is adopted, hence the secondary electron component
of this model must be used with caution above 100 keV. The
Rudd H* + N, measurements are fit with a function of the form

o,(E,) =exp(-0E,) , (3)

where E; is the secondary electron energy and a is a function of
primary proton energy with the empirically derived form

1.8x105:|. ©9)

P

W(E,)= 0.0341:{

The same secondary electron energy distribution parameters are
assumed for O, and O, although different ionization cross sec-
tions are used. This results in a secondary electron energy distri-
bution that is considerably lower in average energy than corre-
sponding distributions from primary electrons, and becomes more
so at lower (<20 keV) proton energies. Following Porter et al.
and Basu et al., and in the absence of evidence to the contrary,
the same distribution is assumed for secondary electrons gener-
ated by hydrogen atom impact ionization.

In order to generate a randomized secondary electron distribu-
tion, the integral form must be employed:

_ 1-exp(-akE,)
- a

[o(E,)aE, =—(—i—exp(-0cEx)+c _rs (10)
_=In(l-ar)
o

E, (1n
where r is a pseudorandom number distributed over the interval 0
to rmax=1/0L.

For ionization collisions, isotropically distributed secondaries
are generated using this method. For electron stripping, the as-
sumption is made, following Basu et al. [1993], that the secon-
dary distribution function is the same with respect to energy and
direction, but in the rest frame of the energetic hydrogen atom.
When transformed back into the atmospheric rest frame, this re-
sults in a higher energy distribution that favors the direction of
motion of the hydrogen atom; this effect becomes particularly
significant at high energy. To perform this transform, the initial
velocity vw=(2En/mu)"? and secondary velocity in the hydrogen
atom rest frame v;=(2E/m.)"? are calculated from the hydrogen
atom energy Ey and mass my and the secondary electron energy
E. and mass m., respectively. Then, using the law of cosines:

(2,2 12
vs—(vo +v, —2p.lvovl)

. my? (12)
: 2
A, = Vo MV
: v

s

where W, is the secondary electron pitch angle cosine in the hy-
drogen atom rest frame, v; and E; are the velocity and energy of
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the secondary electron in the atmosphere, and A, is the amount
by which the pitch angle cosine is changed from the primary
pitch angle.

As with the electron model, the forward scattering approxima-
tion is made for inelastic collisions. In addition, with little cer-
tainty on the cross sections or phase functions of elastic scattering
of protons and hydrogen atoms, other than that they are ex-
tremely forward-peaked for the energies evaluated here, elastic
pitch angle distribution is neglected as well. This assumption is
the same as that made for comparative work shown in section
4.2, s0 it is at least a consistent basis for comparison.

3. Results
3.1. Electrons

A variety of auroral conditions have been tested; a limited se-
lection of results are presented here. Figure 1 is a plot of calcu-
lated electron flux as a function of altitude and energy. A Max-
wellian energy distribution, characteristic energy E¢=2 keV, total
energy flux Q¢=1 erg cm™ 5™, isotropically distributed in pitch
angle over the downward hemisphere, was applied to the “top” of
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the atmosphere at 900 km. The 1986 Mass Spectrometer Inco-
herent Scatter (MSIS-86) model atmosphere for moderate solar
activity, Fl07=<F0.7>=150, 4,=30, was employed [Hedin, 1987].
A total of 5x10° primary electrons were used to create the Max-
wellian distribution, which is equivalent to a 200 MeV energy
flux. The results were then normalized to a 1 erg cm™s™ flux.
Fluxes averaged over the downward traveling hemisphere and
upward traveling hemisphere are shown in Figures la and 1b, re-
spectively.

Total ionization rate profiles calculated as a function of alti-
tude are shown in Figure 2. All input fluxes were Maxwellian
energy distributions; the same moderate solar activity MSIS-86
model atmosphere was used. lonization rates for Qp=1 erg cm’
sh Ee=1,2, 5, and 10 keV are plotted as a function of altitude in
Figure 2a. Ionization rates for Qo=1 erg em? s, Eq=2 keV are
plotted in Figure 2b for cases with varying initial pitch angles.
Results for initial pitch angle cosines p=0.2, 0.5, and 1.0 are
compared to the standard isotropic (over the downward hemi-
sphere) input flux. It is notable that even for an extreme case
such as an electron beam aligned with the magnetic field (u=1),
there is little effect on the altitude of peak ionization rate for elec-
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Figure 2. Ionization rate profiles calculated as a function of altitude for electron aurora. (a) Ionization rates for
00=1 erg cm? s, E¢=1, 2, 5, and 10 keV. (b) Ionization rates for Ec=2 keV at initial pitch angle cosines u=0.2,
0.5, 1.0, and isotropic (over the downward hemisphere). All input fluxes were Maxwellian energy distributions; an
MSIS-86 model atmosphere with moderate solar activity, Fio.7=<F10.7>=150, was used.
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Figure 3. Comparison of the Monte Carlo model to the Monte Carlo / two-stream (MC2S) model for an isotropic

Maxwellian input flux of electrons with Qg=1 erg cm™ s

! Ey=1 keV. The same model atmosphere was used as in

Figures 1 and 2. (a) Input hemispherical flux at 900 km and omnidirectional flux at 150 km. (b) Ionization and se-

lected excitation rates as a function of altitude.

trons at typical auroral energies. However, the shape of the pro-
file can vary considerably with the initial value of u.

Results from the Monte Carlo and MC2S models were com-
pared for a variety of input conditions and altitudes, and negligi-
ble differences were found. Here, a comparison for isotropic
Maxwellian input fluxes of electrons with E¢=1 and 10 keV,
Qo=1 erg cm™ s™!, are shown. The same model atmosphere was
used as in Figures 1 and 2. Selected model fluxes are shown in
Figure 3a, including the input hemispherical flux at 900 km and
the angle-averaged omnidirectional flux at 150 km. Ionization
rates produced by these runs are displayed in Figure 3b. The
curves represent the total ionization rate for each species, includ-
ing dissociative ionization. lonization rates are in close agree-
ment, within 1-3% at all but the highest altitudes, where rates are
low and statistics are less robust.

3.2. Protons

Model proton and hydrogen atom fluxes are displayed as a
function of altitude and energy in Figure 4. A Maxwellian proton
flux, total energy flux Qp=1 erg cm™ s™', characteristic energy
E¢=8 keV, isotropic over the downward hemisphere, was input at
900 km. Figure 4a shows the proton flux and Figure 4b shows
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the hydrogen atom flux, in both cases averaged over the down-
ward hemisphere. The MSIS-90 [Hedin, 1991] model atmos-
phere for high solar activity conditions, F077=289, <F07>=209,
Ap=15, was used to facilitate comparisons to other published
work.

In Figure 5, ionization rate profiles calculated as a function of
altitude for proton aurora are plotted. Characteristic energies of
4, 8, 20, and 100 keV were used, as shown in Figures 5 a, b, c, d,
respectively. All input fluxes were isotropic Maxwellians with
Qo=1 erg cm™s™', and the same model atmosphere as in Figure 4
was employed. Ionization rates by the primary (H' and H) flux
and by secondary electrons are shown, and their sum, which is
the total ionization rate. As the characteristic energy increases,
secondary electron ionization becomes progressively more impor-
tant as the secondary spectrum hardens (increases in average en-
ergy).

4. Comparison With Other Work
4.1. Electrons
Results from the Monte Carlo electron model have been com-

pared to the two-stream calculation of auroral electron transport
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Figure 4. Model proton and hydrogen atom fluxes as a function of altitude and energy. A Maxwellian proton flux,
Qo=1 erg cm™ s, E¢=8 keV, isotropic over the downward hemisphere, was input at 900 km. (a) Proton flux aver-
aged over the downward hemisphere. (b) Hydrogen atom flux averaged over the downward hemisphere.



Altitude (km)

Altitude (km)

SOLOMON: AURORAL PARTICLE TRANSPORT

240
ooob
200}
180
160}
140}
120}

100F
80!

10° 10° 10%
lonization Rate (cm™®s™)

10!

T T

240
o20f
200}
180
160}
140[
120
100}
80

(c) 20 keV

10° 10° 10%
lonization Rate (cm?s™)

10]

10°

113

240
ooob ¢
200}
180
160
140
120} »
100 .
80

10

T
PR IR N

Altitude (km)

10° 10° 104
lonization Rate (cm®s™)

240 : ' : _
220/ i
200+ X\, (d) 100 keV

180
160
140
120

100
80
10

Altitude (km)
T 1T 71T

T 4

10° 10° 10
lonization Rate (cm®s™)

10

Figure 5. Ionization rate profiles calculated as a function of altitude for proton aurora: (a) Eo=4 keV, (b) Eo=8
keV, (c) E¢=20 keV, (d) E¢=100 keV. Dashed lines: primary ionization rate from protons and hydrogen atoms; dot-
ted lines: secondary electron ionization rate; solid lines: total ionization rate. All input fluxes were isotropic Max-
wellians with Q=1 erg cm™ s™'; an MSIS-90 model atmosphere with high solar activity, Fio =289, <Fig7>=209,

Apy=15, was used.

used by Solomon et al. [1988] and Solomon [1989], which is an
extension of the photoelectron algorithm of Banks and Nagy
[1970]. A comparison for auroral energies was shown by Solo-
mon [1993], obtaining good agreement for Eo=2 keV but less sat-
isfactory, agreement at 10 keV and above, attributed to insuffi-
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cient altitude grid resolution in the two-stream model. The grid
resolution was increased to facilitate higher energy calculations
by both models, and a comparison is shown for four orders of
magnitude in Eq in Figure 6a, using hemispherically isotropic
fluxes, Qo=1 erg cm? sl in all cases. Here, the MC2S model
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Figure 6. Comparison of ionization rates for electron aurora, calculated using different methods. (a) MC2S and
two-stream models, extended to high energies. (b) Monte Carlo and multi-stream [Strickland et al., 1989] models.
Here the N;* (B ?%,") production rate is shown instead of the total ionization rate. All fluxes were Maxwellian ds-
tributions with O¢=1 erg cm” s and the indicated Eo, isotropic over the downward hemisphere. The MSIS-86

F107=<F\07>=150 atmosphere was used.
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Figure 7. Comparison of ionization rates for proton aurora, calculated using different methods. (a) MC2S total
ionization rates compared to the model of Basu, Jasperse, Strickland, and Daniell (BJSD) [Basu et al., 1993; Strick-
land et al., 1993]. (b) MC2S primary ionization rates compared to the model of Galand et al. [1997, 1998]. All
fluxes were Maxwellian distributions with Qo=1 erg cm™ s™' and the indicated Eo, isotropic over the downward
hemisphere. The MSIS-90 atmosphere, F07=289, <F0.7>=209, 4,=15, was used.

was used instead of the full Monte Carlo to facilitate the high-
energy calculations. The zy.x predicted by the two models is in
excellent agreement over all energies. This is also true for com-
parisons with the multi-stream equation of transfer model of
Strickland et al. [1976, 1989, 1993], as shown in Figure 6b. Re-
sults for excitation of the N,"(B) state were provided by D. J.
Strickland (personal communication, 1992) and so are compared
here instead of the total ionization rate, as it is directly propor-
tional to the N ionization rate. Isotropic Maxwellian distribu-
tions with Qo=1 erg cm? s were again employed for the Eo=2
keV and E¢=10 keV cases plotted here. The MSIS-86
F107=<F07>=150 atmosphere was used. In general, these results
are in accord with the Strickland et al. model for flux distribu-
tions and ionization/excitation rates. In particular, for character-
istic energies greater than ~1 keV, no significant variation is pre-
dicted in the N(C) to N,'(B) excitation rate ratio, and thus in the
N3 2P to N,* IN band system emission rates. This is in agree-
ment with Richards and Torr [1990], Solomon [1993], Strickland
et al. [1993], and Lummerzheim and Lilensten [1994]. The
model Np(C) to N,"(B) excitation rate ratio is 0.75 to 0.77 for Eo
> 1 keV, which translates into a ratio of 0.90 for the 2P(0,0) to
IN(0,1) (3371A to 4278A) vertical column brightness ratio, in
good agreement with previous modeling and observations [Solo-
mon, 1989].

4.2. Protons

Comparisons of ionization rates for proton aurora are shown in
Figure 7. In Figure 7a, Monte Carlo model total ionization rates
are compared to the model of Basu, Jasperse, Strickland, and
Daniell (BJSD) [Basu et al., 1993; Strickland et al., 1993]. All
fluxes were Maxwellian distributions with Q¢=1 erg cm?s™! and
E¢=4, 8, and 20 keV, isotropic over the downward hemisphere.
The MSIS-90 F107=289, <F107>=209, 4,=15 atmosphere was
used. These are the same runs as those shown in Figure 5.

Agreement is excellent at 8 keV, very good at 20 keV, and
only fair at 4 keV. This is perplexing because the same cross sec-
tions and assumptions were used. However, the treatment of sec-
ondary electrons and the energy loss they cause to the H'/H flux
are not identical. The Monte Carlo model produces less primary
ionization but more secondary ionization than the BJSD model,

resulting in very similar peak ionization rates for the higher ener-
gies. This may indicate differences in low-energy electron exci-
tation rate predictions. At 4 keV, primary ionization accounts for
>97% of the total in both models, so this cannot explain the dif-
ferences seen at and below the peak.

Monte Carlo primary ionization rates were also compared to
results from the work of Galand et al. [1997, 1998]. Primary
ionization rates were published in that work and compared to the
BJSD primary ionization rates, so those calculations are used
here. The model flux and neutral atmosphere parameters were
the same as above. Agreement is also very good at the higher en-
ergies, although the Monte Carlo model is slightly lower. The
discrepancy at 4 keV is similar to that observed in the compari-
son to the BJISD results above.

5. Discussion

Monte Carlo methods are often viewed as beneficial for vali-
dating or calibrating other models but not for the routine calcula-
tion of geophysical parameters. In fact, that has been the primary
application of this model in the past, while the two-stream algo-
rithm has been used for spectroscopic analysis and interaction
with other modeling. But with implementation of the MC2S
model, and the increasing speed of common desktop computers,
run times of the order of a few minutes do not seem excessive, so
the model may be put to more frequent use. For very high (many
megavolt) energies the two-stream method is an effective and ef-
ficient approach. However, caution is still indicated, especially
in the case of highly anisotropic pitch angle distributions, so
Monte Carlo comparisons will still be of value.

Modification of this algorithm for computation of energetic
proton and hydrogen atom fluxes and the accompanying genera-
tion of secondary electrons have been described in this paper.
Correspondence with other methods is good. There are still sig-
nificant uncertainties, though, particularly with respect to secon-
dary electron production functions below ~5 keV and above ~100
keV primary energies. Electron aurora exhibits little or no de-
pendence on the shape and magnitude of the secondary electron
distribution on primary energy, but this is not the case for proton
aurora if the conclusions of Rudd [1979, 1988] are correct. For
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typical auroral proton fluxes < ~30 keV the secondary electron
distribution generated by H'/H ionization is softer and steeper
than that for electrons, but with increasing energy the distribution
becomes progressively harder and, above ~100 keV, progres-
sively more uncertain, as discussed in section 2.3.

There is also a question concerning the importance of pitch
angle redistribution in both elastic and inelastic collisions of H"
and H with the neutral atmosphere. These processes are ne-
glected in this work, as they were in the treatment by Basu et al.
[1993). Galand et al. [1997, 1998] included collisional pitch an-
gle redistribution, but only for primary energies below 1 keV, and
only for elastic, charge exchange, and electron stripping colli-
sions. They used the Rutherford formula (a modified form of
which is used here for electrons) with a screening parameter of
0.001, which results in predominantly forward scattering. This is
in accord with measurements by Newman et al. [1986] which
show extremely forward peaked phase functions for H on Nz and
05 at 1.5 and 5 keV, with ~99% of all collisions scattering less
than 0.5°. Even at 0.5 keV, ~95% of collisions scatter less than
0.5°. In the absence of evidence to the contrary, the assumption
that collisional pitch angle redistribution is negligible for keV
protons and hydrogen atoms appears valid. This differs from the
electron case, where collisional pitch angle redistribution by elas-
tic scattering is an important process for typical auroral electron
fluxes, although not for relativistic ones. Thus, unlike electron
aurora, where zmax is relatively insensitive to initial pitch angle,
proton aurora has significant dependence of zmax on the initial
pitch angle distribution.

The influence of non-collisional pitch angle redistribution can
also be significant. This occurs because of the convergence of
magnetic field lines in the terrestrial exosphere and thermo-
sphere, due to a process sometimes known as “magnetic mirror-
ing.” Galand et al. [1998] have shown that this can be important
for protons, particularly at high altitude. Preliminary work
[Solomon, 1999] has established a methodology for computation
of electron pitch angle redistribution in the combined colli-
sional/magnetic regime. That technique can be applied to protons
as well. Another area where the Monte Carlo algorithm is adapt-
able to increased sophistication is in computation of the horizon-
tal divergence or “beam spreading” of a H'/H flux due to the par-
ticle’s disengagement from the magnetic field during the time
that it has neutral charge. These enhancements will be the sub-
ject of impending investigation.
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