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AURORAL ELECTRON TRANSPORT USING THE MONTE CARLO METHOD 

Stanley C. Solomon 

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

Abstract. A new algorithm for calculation of energetic 
electron fluxes in the atmosphere is described. Results are 
compared with other methods and the implications for auroral 
spectroscopic analysis are discussed. Good agreement is 
)btained with the model of Strickland et al. [ 1976, 1989]. 

Introduction 

The deposition of auroral electrons in the upper atmosphere 
has been studied by many investigators during the last several 
decades. A variety of techniques have been used, including 
the multi-stream equation of transfer methods developed by 
Strickland et al. [1976, 1989] and by Rees and Lummerzheim 
[1989]. However, serious discrepancies remain. 

The altitude Zmax at which the auroral ionization rate reaches 
a peak is determined by the energy distribution of the primary 
auroral electrons, often characterized by a single parameter, the 
"characteristic energy" E0. This would be, for instance, the 
peak of a Maxwellian energy distribution. Determination of E0 
by spectroscopic means would enable remote estimation of 
:max, which is an important quantity for ionospheric conduc- 
ance and hence for general circulation models of the thermo- 
sphere. Rees and Lummerzheim [1989], using their multi- 
stream electron transport model, predicted that the low energy 
electron flux should be a strong function of E0, even when it is 
in the keV range. Therefore, they advocated using the ratio of 
permitted transitions from a single ground state species to infer 
E0 by comparing emissions which are excited by low-energy 
electrons to emissions from ionized states which are excited by 
high energy electrons, e.g., by ratio of N2 (C-•X) second 
positive (2P) bands to N2 + (B-•X) first negative (IN) bands. 
This would be an attractive method if feasible, as the problems 
of composition variation and time dependence would be 
avoided. However, Strickland et al. [1989] calculated in- 
significant change in the relative magnitude of the low-energy 
•lectron flux resulting from variation of E0 above •-1 keV. 
There are also significant differences in the ionization rate alti- 
tude profiles computed by these models. Solomon [1989] and 
Richards and Torr [1990] agreed with the Strickland et al. 
finding, both using 2-stream electron transport methods. 

One difficulty with numerical models of auroral particle 
transport is that energies can range over five orders of magni- 
tude or more, which necessitates variably-spaced energy grid 
intervals and requires special techniques for computation of the 
redistribution function. Problems with the algorithms can be 
difficult to evaluate and resolve. In this context, a Monte 

Carlo approach that avoids the energy grid problem altogether 
is a natural choice. This method has been applied to electron 
transport before, [e.g., Berger et al., 1970, 1974; Cicerone 
and Bowhill, 1971], but the former did not perform secondary 
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electron flux calculations, and the latter was applied to the 
photoelectron case. Porter and Green [ 1975] have also applied 
the Monte Carlo method to auroral proton transport. Recently, 
work by Kozelov and Ivanov [1992] and Onda et al. [1992] 
employing Monte Carlo methods for some aspects of proton 
and electron transport, respectively, have renewed interest in 
this subject. 

Method 

This model operates in one spatial dimension, along a mag- 
netic field line, one angular dimension, the pitch angle of elec- 
trons to that field line, and an energy dimension. The under- 
lying assumptions are those characteristic of collisional elec- 
tron transport models: that electric field acceleration, magnetic 
field curvature, and gravity have negligible effect, that the 
electrons 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 is introduced into the "top" of a model atmosphere 
(-600 km) with an initial energy and pitch angle, and subjected 
to a sequence of pseudo-random collision events, resulting in a 
new altitude, pitch angle, and energy after each. For compu- 
tation of spatial transport, the concept of "electrical depth" is 
introduced, where Ve is defined as the sum over all atmo- 
spheric species of the product of column density and total 
electron impact cross section, in analogy to the definition of 
optical depth: Ve = 5;i NitYtoti. The distance AVe that an elec- 
tron will move before its next collision is determined from 

Beer's law by taking the logarithm of a number r randomly 
distributed between 0 and 1: AVe = -In(r). The change in alti- 
tude is then calculated, taking into account the current pitch 
angle and magnetic field angle. The type of collision (elastic, 
excitation, dissociation, ionization, or combination of the latter 
three) is determined randomly, weighted by products of spe- 
cific cross sections and densities at that location. If it is an 

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

I tyi,j(Ep,E•)dE• = A(Ep)F(Ep) tan -1 Es - Tø(EP) + c r(Ep) 
0 

where o'i,j is the state-specific cross section for species i and 
state j at primary energy Ep and secondary energy Es, A(Ep), 
F(Ep), and TO(Ep) are fitting functions defined by tabulated 
parameters, and c = tan-l[TO(Ep)/F(EpS]. Equating to a ran- 
dom number r distributed from 0 to tan-l[(Esmax-TO)/F]+c, 
secondary electron generation functions are obtained: 

E s = F(Ep) tan(r - c) + To(E p) 
For inelastic collisions, the primary electron energy is re- 

duced by the total energy loss. For elastic collisions, the elec- 
tron is randomly given a new pitch angle using expressions 
and parameters developed by Porter and Jump [1978] and 
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Porter et al. [ 1987] for angular scattering of electrons. A new 
AXe is then obtained, and the process is continued until the 
primary electron exits the upper boundary or is "thermalized" 
(E<0.25 eV). This is then repeated for each secondary elec- 
tron created during passage of the primary, and the terriaries 
created by the secondaries, and so on, through all generations. 
The procedure is then restarted for another primary. For most 
purposes, 104 to 105 primary electrons, with a specified initial 
energy distribution and 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. Energy conservation is monitored 
and maintained to approximately 1/.106. 

Cross sections for elastic Collisions, dissociation, and 
state-specific excitation and ionization are obtained from a va- 
riety of laboratory and theoretical sources. The approach used 
by Solomon et al. [1988] is adopted here. There have been a 
few minor revisions to the cross sections used in that work, 
mostly for the triplet and quintet systems of atomic oxygen. 
Heating of the ambient (thermal) electron gas, and the conse- 
quent degradation of energetic electrons, is calculated using the 
Swartz et al. [1971] relationship. A future publication will 
contain a more detailed discussion of cross sections. 

Excitation, dissociation, and ionization rates are obtained 
by accumulating event counts at each altitude level. Fluxes are 
tabulated by counting each altitude level crossing within each 
energy and pitch angle bin. The accumulations are then nor- 
malized to a specified total energy flux. 

Results 

A variety of auroral conditions have been tested; a limited 
selection of results are presented here. Figure 1 is a plot of 
calculated electron flux as a function of energy at selected alti- 
tudes. A Maxwellian energy distribution, E0=2 keV, iso- 
tropically distributed over the downward hemisphere in pitch 
angle, was applied to the top of the atmosphere. An MSIS 
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Fig. 1. Calculated electron fluxes at selected altitudes for a 
Maxwellian flux, E0=2 keV. "Downward" and "upward" 
fluxes were averaged over the respective hemisphere; curves 
labeled "omnidirectional" were averaged over all directions. 
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Fig. 2. Ionization and selected excitation rate profiles for the 
same 2 keV MaxwellJan flux as in figure 1. 

model atmosphere tHedin, 1987], F10.7=150, Ap=30, was 
employed. 5x104 primary electrons were used to create the 
Maxwellian distribution, which is equivalent to a 200 MeV 
energy flux. The results (as with all shown here) were then 
normalized to a 1 erg cm -2 s -1 flux. Ionization and selected 
excitation rates produced by this run are displayed in figure 2. 
The ionization curves represent the total ionization rate for each 
species, including dissociative ionization. The total ionization 
rate profile shown here is also displayed in figure 3 along with 
total ionization rates for different pitch angle distributions of 
the primary flux applied to the upper boundary. 

Results from the Monte Carlo model may be compared with 
the 2-stream calculation of auroral electron transport used by 
Solomon et al. [1988] and Solomon [1989] which is an ex- 
tension of the photoelectron algorithm of Banks and Nagy 
[1970]. In figure 4, total ionization rates from the two models 
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Fig. 3. Tot• ionization rates for a 2 keV MaxwellJan flux for 
v•ious values of the Nitial pimh angle cosine 
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Fig. 4. Comparison of total ionization rate profiles calculated 
using the Monte Carlo and 2-stream methods. 
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Fig. 6. Modeled N2(C) to N2+(B) altitude-integrated excita- 
tion rate ratio as a function of E0. 

are displayed for four different characteristic energies, using 
hemispherically isotropic Maxwellian fluxes in all cases. 
Reasonable agreement is obtained. The E0=I keV case ioniza- 
tion rate is -20% higher in the 2-stream model at 200 km but 
7% lower at Zmax, while the 2 keV case is 8-10% higher at 
and above Zmax. Below Zmax, the 2-stream model is up to 
30% lower in both cases. At E0=5 keV and 10 keV, there is 
fortuitously good agreement at higher altitude, but the 2-stream 
model peak ionization rates are -15% higher due to grid- 
resolution problems. However, the values of Zmax predicted 
by the two models conform over a wide range of energies. 

Values of Zmax for a given E0 also agree with the multi- 
stream model of Strickland et al. [1976, 1989], as shown in 
figure 5. Results for excitation of the N2+(B) state were 

provided by D. J. Strickland [personal communication] and so 
are compared here instead of the total ionization rate. 
Agreement is very good, with the multi-steam model 4-13% 
higher from 200 km to Zmax for E0=2keV and within --.5% at 
all altitudes for E0=10 keV. In general, these results are in 
accord with the Strickland et al. model for flux distributions 

and ionization/excitation rates. In particular, their finding of 
no significant variation in the N2(C) to N2+(B) excitation rate 
ratio for E0 > 1 keV is supported, as shown in figure 6. The 
model ratio is 0.75 for E0>5 keV, which translates into a value 
of 0.90 for the 2P(0,0) to 1N(0,1) (3371• to 4278•) vertical 
column brightness ratio, in good agreement with previous 
work [Solomon, 1989]. 
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Fig. 5. Comparison of ionization rate profiles for the N2+(B) 
state calculated using the Monte Carlo method to the multi- 
stream model of Strickland et al. [1989]. All fluxes were 
hemispherically isotropic Maxwellian distributions. 

Discussion 

These results pertain to the calculated dependence of sec- 
ondary electron distributions on primary characteristic energy 
under the assumptions common to collisional transport mod- 
els, and not to the larger issue of whether, in fact, there are 
changes in the 2P to 1N brightness ratio caused by physics not 
contained in these models. Rees and Lummerzheim [1989] 
found a strong correlation of 2P/1N with indicators of E0 in 
aircraft observations. Analysis of ground-based measure- 
ments by Gattinger et al. [1991] found that at keV energies, 
systematic changes were slight, but there were some variations 
in the range E0=l-3 keV. Solomon [1989] analyzed satellite 
measurements of 2P/1N and found little systematic variation. 
Model predictions using the 2-stream method described above 
agreed with these observations, and are in agreement with both 
the Monte Carlo calculations and with the Strickland et al. 
model. 

Recently, revisions to the Rees and Lummerzheim model 
appear to have resolved the discrepancies found earlier with 
the S trickland et al. model [D. Lummerzheim and M. H. Rees, 
personal communication]. Therefore, the quest for a simple, 
composition-independent spectroscopic ratio that can serve as 
an indicator of E0 is probably futile, and we are thrown back 
into the morass of chemical calculations and compositional 
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inference. It is thus necessary to measure several transitions, 
some allowed and some metastable, from at least two thermo- 
spheric species to obtain the fundamental auroral parameters, 
or to incorporate additional means such as radar measurement 
or triangulation of the peak altitude. In the case of space-based 
measurement, such additional information is generally difficult 
to obtain, and so methods that employ differential absorption 
in the far-ultraviolet to estimate the emission altitude [e.g., 
Strickland et al., 1983; Germany et al., 1990] or that utilize the 
bremsstrahlung X-ray spectrum to infer energetic electron 
characteristics are of value. But for ground based measure- 
ment, the venerable "red/blue" (63003,/42783,) ratio used with 
additional means of inferring the atomic oxygen density such 
as its allowed transitions from the 3p and 5p states at 8446]• 
and 7774]• [cf., Hecht et al., 1989] may remain the best avail- 
able device. 
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