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Abstract: The Monte Carlo method was applied to investigate electron auroras 

observed by the sounding rocket S-31 OJA-8, which was launched on April 4, 1984 

from Syowa Station in Antarctica of the invariant latitude 66.14 °S and the geo­

magnetic longitude 70.98
°

. The number density of the atmosphere, in which con­

stituent elements were assumed to be N 2, 0 and 02, and temperatures were esti­

mated by the MSIS-86 model for the aurora observed there. A downward electron 

differential number flux was measured at the altitude of 200 km, from which elec­

trons were injected downward into the upper atmosphere. An initial electron ener­

gy Eo is investigated in the range from I 00 e V to 18 ke V. An initial pitch angle 

was assumed to be uniformly distributed in the range of (0, n/2]. 

Ionization rates of N2, 0 and 02 were calculated as a function of an altitude, 

the initial pitch angle, and the initial electron energy. The total ionization rate 

obtained by summing up individual ionization rate was considered to be a produc­

tion rate of thermal electrons. A loss rate of thermal electrons was estimated by 

using an electron density and an effective recombination rate. Under the assump­

tion of local equilibrium of ionization and recombination, the height profile of elec­

tron density was deduced and compared with the observed one. 

The height profile of an emission rate was also investigated for the oxygen 

green line. The emission rate calculated as contribution from the electron impact 

was compared with the one produced by the collision process N2 (A3 .:S"') +OCP), 

and it was made clear that the latter collision process was more efficient to excite 

oxygen atoms from OCP) to OCS) than the electron impact in the wide range of 

electron energy observed by the sounding rocket. 

1. Introduction 

It is highly desirable that experimentalists and theoreticians make plans for coor­
dinated observations and analyses of some auroral events, carry out such plans, and 
collaborate with each other for understanding deeply the physics of these natural 
events. But, it is not easy to realize these projects, because auroras are sporadic events 
and rocket experiments take a long span of time for campaign setup. Furthermore, it 
is not established yet that any theoretical method is applicable to analyzing properly 
observed results and is useful for understanding them. Therefore, it is interesting to 
clarify whether or not any theoretical approach succeeds in representing collision 
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processes between precipitating electrons and constituent elements of the upper atmos­
phere and predicts the rates of excitation and ionization of atmospheric constituents 
and resulting emission rates in electron auroras. 

In the past, REES ( 1963), BANKS et al. (1974), STRICKLAND et al. (1976), SOLOMON 
et al. ( 1988), and LINK ( 1992) studied electron transport and energy deposition of auro­
ra] electrons, and some review papers related to electron auroras were written by REES 
(1969), REES and ROBLE (1975), TORR and TORR (1982), REES (1987), and SOLOMON 
(1991). Specifically, BERGER et al. (]970), CICERONE and BOWHILL (1971), JACKMAN 
and GREEN ( 1979), and very recently SOLOMON (1993) and SERGIENKO and IVANOV 
(1993) applied the Monte Carlo method to electron transport problems related to elec­
tron auroras. Most of them employed empirically fitted formulas (JACKMAN and GREEN, 
1979; YUROVA and IVANOV , 1989) for collision cross sections of electrons scattered 
from N2, 0, and 02 gases. 

The sounding rocket S-31 OJA-8 was launched from Syowa Station in Antarctica 
of the invariant latitude 66.14 °S and the geomagnetic longitude 70.98 ° at the magnetic 
local time being nearly equal to the universal time 1927:0l (UT) on April 4, 1984 
toward active auroral arcs at a substorm expansion phase. An upper hybrid resonance 
in a plasma was detected by a frequency-sweep impedance probe, from which the 
electron density of the plasma was deduced (see OYA, 1965; EJIRI and OBAYASHI, 1970). 
A quadrispherical electrostatic spectrometer measured an energy spectrum of electrons 
in the range from 16 e V to 14.4 ke V. EJIRI (1988) and EJIRI et al. (1988a, b, c) report­
ed observational results in detail. 

We calculated in a previous study the photoemission rate for the first negative 
band system of N2+ at A 427.8 nm by using the Monte Carlo method. The absolute 
intensity of this emission was determined by combining our numerical results for sin­
gle electron with the downward electron differential number flux, which is simply 
denoted as the electron differential flux hereafter. This theoretical absolute intensity 
reasonably agreed with the experimental one as reported by ONDA et al. (1997). This 
confirms the applicability of the Monte Carlo method to the collision processes in 
electron auroras. In order to further make clear quantitative accuracy of the Monte 
Carlo method, we aimed in this study at estimating number density of thermal elec­
trons measured simultaneously at the event of the active auroral arcs by the sounding 
rocket S-31 OJA-8. 

The next section briefly describes the outline of the Monte Carlo method (see 
ONDA et al., 1992, in detail). Ionization rates of N2, 0, and 02 were calculated and a 
loss rate of thermal electrons was estimated by using the electron density and an effec­
tive recombination coefficient. A height distribution of electron density was deduced 
by the consideration based on the assumption that the production and loss of thermal 
electrons were locally in equilibrium. These numerical results are presented and dis­
cussed in Sections 3.1 and 3.2. 

The rates of production and emission of oxygen green line were also derived from 
the results of the Monte Carlo method and are presented in Section 3.3. In addition 
to the electron impact, the rate of production of the oxygen green line was also esti­
mated by taking into account collision process of N2(A3 21/)+0(3P). After that, the 
height profile of the green line emission rate was compared with the one of the first 
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negative band system of N2 + at A 427 .8 nm. These results give us some ideas on the 
absolute value of emission rate of the oxygen green line relative to that of N2 + at A 
427.8 nm in active auroral arcs (OKAMURA and EJIRI, 1992). 

Concluding remarks are stated in the final Section 4. 

2. Calculations 

We regarded the geomagnetic lines of force as approximately straight in the alti­
tude range from 80 to 200 km, and took the z axis of our coordinate system along 
the line of force. On the assumption that only the geomagnetic field causes the Lorentz 
force on an electron and any electric field has no effect on the motion of electrons, 
we determined the motion of the electron between collisions with the atmospheric par­
ticles by solving the classical equation of motion. SI units were used throughout this 
paper unless otherwise stated. 

The details of the Monte Carlo calculation were described in a previous paper by 
ONDA et al. (1992). 

Atmospheric number densities and temperatures were represented by the MSIS-

86 model (HEDIN, 1983, 1987) for aurora observed at the invariant latitude 66.14° and 
the geomagnetic longitude 70.98° on April 4, 1984. The number densities of N2, 0 
and 02, which were assumed as the sole constituent elements of the atmosphere, were 
shown in Fig. I of the previous paper of 0NDA et al. ( 1997). The following parame­
ters were adopted in this study: Tex =1170.28° K; F107 = 129.0; F l07A = 125. l; and 
Ap = 84.0. 

We took into account a momentum-transfer in the elastic collision between the elec­
tron and N2, 0, or 02. The corresponding energy loss was given by M= (2m/M) (I -
cos w) E;, where m is the mass of the electron, Mi is that of the jth atmospheric parti­
cle, w is the scattering angle, and E; is the energy of the electron before the collision. 

Excitation of discrete levels and ionization with or without excitation of residual 
ions were considered for each neutral component of the atmosphere. The electron ener­
gy after an inelastic collision was given by E1

= E;- !!,.E, where 11£ is the energy loss 
in the inelastic collision. The energy loss for an ionizing collision is the sum of the 
relevant ionization energy and the kinetic energy of the secondary electron. Three elec­
tronic states of N2 +- were distinguished in ionizing collisions of N2. However, only the 
ground state was considered for the ions of O and 02. An approximate analytic expres­
sion (OPAL et al., 1971, 1972) for the energy distribution of secondary-electrons was 
employed for N2 and 02. No experimental data are available for the energy distribu­
tion of secondary-electrons of atomic oxygen. Therefore, the same analytic form of 
the energy distribution as that for 02 was used for atomic oxygen. The number of 
states taken into account in this work is 17 for N2 , 12 for 0, and 10 for 02 (see 0NDA 
et al., 1992, in detail). The data on collision cross sections summarized by ITIKAWA 
et al. ( 1986, 1989) and by lTIKAWA and lcHIMURA ( 1990) were employed in this work 
as those for electrons scattered from N2, 0, and 02. Experimental values determined 
by DOERING and GULCICEK ( 1989) and DOERING ( 1992) were considered partly for the 
excitation cross sections for producing O('D) and O('S). 

The energy loss of the precipitating electrons due to collisions with ambient iono-
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spheric electrons was estimated to be negligible (see 0NDA et al., 1997). 

3. Results and Discussion 

An IGRF 90 model was employed to estimate the geomagnetic flux intensity. The 
resulting values were 40274 nT at an altitude of 250 km, 41070 nT at 200 km, and 
42723 nT at 100 km at 1927:0 I (UT) on April 4, 1984 at Syowa Station. It was found 
by ONDA et al. ( 1997) that the excitation and ionization rates were almost insensitive 
to the magnitude of the magnetic flux density in the range of 30000-50000 nT. Thus, 
we took the magnetic flux density to be 43000 nT in this study. 

In our calculations, the angle fJ between the local line of force and the vertical 
was set to be /3 = 25° (the declination of the geomagnetic field line is about - 64 °), 
and electrons were started at an altitude of ho = 200 km (the observational electron 
spectrum was given at this altitude) downward into the atmosphere. We investigated 
the energy of precipitating electrons in the range of Eo = 0.1-18 ke V. If the electron 
energy falls below 2 eV, we stopped tracing of the electrons. A pitch angle a0 was 
taken in the range of ao = 0-90°. As was shown by ONDA et al. (1997), results for 
ao = 90° will be safely replaced by those for ao = 80 °. 

3.1. Dependence (lionization rates on initial electron pitch angle and energy 
The atmospheric constituents N2, 0, and 02 were ionized through collisions with 

precipitating electrons and the secondary electrons produced by the ionization. 
Ionization rates of N2, 0, and 02 were calculated at the initial electron energies of 
Eo = 0.1-18 ke V. A height distribution of these ionization rates is presented in Fig. I a 
for the initial electron pitch angle ao = 0° and energy Eo = I ke V. The total ionization 
rate is defined here as the sum of the individual ionization rate of N2, 0, and 02. In 
Fig. lb, the result for ao = 80° and Eo = I keV is shown. These ionization rates of N2, 
0, and 02 at Eo = I ke V were about 68%, 20%, and 12%, respectively, as a percent­
age of the total ionization rate, and about 75%, 6%, and 19%, respectively, at Eo = 5 
ke V. The results for Eo = I O  ke V are shown in Figs. 2a and 2b for ao = 0° and 80° , 
respectively. The contribution to the total ionization rate from N2, 0, and 02 at Eo = 

10 keV was about 76%, 3%, and 21 %, respectively. In Figs. 3a and 3b, the results at 
Eo = 15 keV are shown for ao = 0° and 80° , respectively. The ionization rates of N2, 
0, and 02 at Eo = 15 keV are about 77%, I %, and 22%, respectively, as a percentage 
of the total ionization rate. The contribution to the ionization rate comes less from 
oxygen atoms, and more from N2 molecules as the initial energy of electrons in­
creases. It is easily understandable, because electrons can deeply penetrate into the 
atmosphere with increasing the initial energy. 

The results for a0 
= 30° and 60° were similar to those for ao = 0° at almost all the 

initial electron energies considered here. At a height above 140 km, the ionization rate of 
0 atoms was larger than that of 02 molecules irrespective of the initial electron energy. 

Dependence of the total ionization rate on pitch angles is shown in Figs. 4a-4d 
at the initial electron energies of Eo = 1, 5, 10, and 15 keV, respectively. As can be 
understood from these figures, the main contribution to the ionization rate comes from 
the initial electron energy above about Eo = 5 ke V. It is worth mentioning that the peak 
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height of the total ionization rate decreased to about 100 km with increasing the ini­
tial energy of electrons. 

3.2. Height profile of thermal electron density 
The sounding rocket experiment was carried out at Syowa Station in Antarctica, 

on April 4, 1984, in order to investigate the physical causality between the precipi­
tating auroral particles and the resultant photo-emission rates or an ionization rate. The 
following scientific payloads were installed: the visible auroral TV camera (VAT) to 
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Fig. 1 a. Ionization rates per primary electron of N2 ( shown by a dashed line with the char­
acter N2), 0 (presented by a long dashed line with 0), and 02 (represented by a 
solid line with 02) and the total ionization rate per primary electron ( shown by a 
solid line with "Total") as a function of height at the initial electron energy Eo = 
I keV and the initial pitch angle ao =0 °. 
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Fig. 1 b. The same as Fig. la except for the initial pitch angle a0 =80 °. 
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Fig. 2a. The same as Fig. 1 a except for the initial electron energy Eo = 10 ke V. 
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monitor the two-dimensional panchromatic auroral emission; the photometer (PHO) to 
measure an absolute intensity of A 427 .8 nm emission; the electron spectrum analyz­
er (ESP) to measure electron energy spectra with three pitch angles, i.e., down-ward, 
trapped and up-ward; a number of electrons (NEL) by a swept-frequency impedance 
probe and a Langmuir probe; and a temperature of electron (TEL) by a resonance 
probe. The sounding rocket S-310JA-8 was launched at 1927:01 (UT) northward in 
the geomagnetic meridian (azimuth of 313°). An apogee was a height of 202 km and 
a total flight period was 429 s. The planetary magnetic three-hour-range indices, Kp, 
was 8, that is, at the substorm expansion phase. The rocket traversed the different 
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Fig. 3a. The same as Fig. la exceptf<Jr the initial electron energy Eo = l5 keV. 
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Fig. 3b. The same as Fig. Ja except f<H the initial pitch angle ao =80 °. 

magnetic field lines during its flight. Therefore, the electron density profile observed 
by this rocket experiment was a profile of the in-situ electron density along the rock­
et trajectory for about 7 min, and was not a snapshot of the one along the geomag­
netic field line. On the other hand, the theoretical electron density distribution shown 
below is the one along the field line, because the electron energy spectra observed at 
around the apogee were used in our calculations. The details of this rocket experiment 
were described by EJIRI et al. (1988c). 

A previous study (see 0NDA et al., 1992) showed that secondary electrons hav­
ing energy below I 00 e V produced by the ionization were abundant in number. In 
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order to understand how far these secondary electrons can travel around, the mean 
free path of the electron was estimated to be from about 1300 m for the energy of 
100 e V to 980 m for 30 e V at the altitude of 200 km, from 220 m for 100 e V to 160 
m for 30 eV at 150 km, and from 30 m for 100 eV to 20 m for 30 eV at 120 km. 
If we take into account these values of the mean free path of the electron, the sec­
ondary electrons produced through the ionization of the atmospheric constituents are 
regarded as to be immediately thermalized at the height of ionization. Therefore, the 
altitude distribution of the total ionization rate can give the production rate of ther-
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Fig. 4a. Altitude dependence of the total ionization rate per primary electron calculated for 
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Fig. 4d. The same as Fig. 4a except for the initial electron energy Eu = 15 ke V. 

mal electrons. 
In order to estimate the absolute production rate of thermal electrons, the altitude 

distribution of the total ionization rate /( a, h, E) per primary electron was integrated 
over the pitch angles as follows: /(h, E) = 2n Jg12 /(a, h, E) sina da = 2n f(\ l(z, h, E) 
dz = � [J(z = 0, h, E)+ l(z = +, h, E)+ /(z = 'i , h, E) + /(z = I ,  h, E)]. Here, we 
assumed that the pitch angle distribution was uniform in the range of [O, n/2]. The 
absolute altitude distribution of the production rate of thermal electrons Qe(h) was cal­
culated by integrating the altitude distribution of the total ionization rate multiplied 
by the electron differential flux over the initial energy of precipitating electrons such 
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as J;:·,''.' j(E) l(h, E) dE particles cm-3s-- 1
, where j(E) is the electron differential flux 

measured by the sounding rocket experiment. The electron differential flux j(E) at the 
time T = X+ 189, X+ 195, X+201, X+208, or X+226 s is presented in Fig. 5 as a 
function of energy in the range from 1 6  e V to l 4.4 ke V. The flux for the energy 

Q) 

C/'J 

Q) 
C/'J 

C\J 

::§, 

1e+10 

1e+09 

1e+08 

1e+07 
1e+01 1e+02 

X+189 

X+201 

- - - X+208 

1e+03 

Energy (eV) 

1e+04 

Fig. 5. Electron differential flux as a function of the electron energy observed by the 
sounding rocket S-310JA-8 at Syowa Station on April 4, 1984. The thin dot­
ted line is the value at the time X + 189 s, the thick broken line the one at X + 
195 s, the solid line the one at X +20l s, the thick long broken line the one 
at X + 208 s, and the thick solid line the one at X + 226 s. 
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higher than 1 4.4 keV was obtained by an extrapolation with using a formula j(E) = 

j(E = 12.25 keV) (E(in keV)/12.25)- 5 ·2, which was deduced from the high energy part 
of the energy flux observed at the time T = X + 220 s. We extended this calculation 
up to 18 ke V for the initial energy of electron. The absolute value of the production 
rate of thermal electrons Qe(h) is displayed in Fig. 6 as a function of height. Since 
the electron differential flux drops rapidly beyond 18 ke V as can be understood from 
the extrapolation formula shown above and the peak height of the ionization rate 
becomes lower than 90 km as the initial electron energy is increased above 18 ke V, 
the contribution from the energy region above 19 ke V to the production rate of ther­
mal electrons was estimated to be negligible in the height profile of electron density 
above 90 km. 

The value of an effective recombination coefficient acir depends on electron tem­
peratures, which were about 500 K at the height of I 00 km and 700 K at 150 km, 
and increased rapidly to 1750 K at 200 km as measured with TEL (EJIRI et al. , 1988c). 
It is not established yet what is the reliable value of aeff as a function of height in the 
range from 100 km to 200 km. Here, we took tentatively aen= (2-3) X 10- 7 em's 
estimated by OSEPIAN and KIRKWOOD ( 1996) at the height around l 00 km. 

A height profile of the absolute electron density was calculated by using a rela­
tion of Ne(h) = (Qe(h)laenY 12 under the assumption that the production and loss of ther­
mal electrons were locally in equilibrium. The height profile of electron density thus 
estimated is compared in Fig. 7 with the value deduced from the sounding rocket 
experiment carried out by EnRI et al. ( 1988c) as a function of time after launching 
the rocket. Theoretical results were obtained by using the value of effective recombi­
nation coefficient aeff= 3 X 10 -7 em's - 1 and the electron differential flux at three dif-
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Fig. 7. Altitude dependence of the electron number density estimated by using an effec­
tive recombination rate of aerr = 3. 0 X JO 7 cm' s- 1 calculated at X + 189 s ( a 
solid line), X + 1 9  5 s ( a dashed line) and X + 214  s ( a long dashed I ine ). The 
observed in-situ electron density is also shown hy the circled data point. 
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ferent times of X + 189 s, X + 1 95 s, and X + 2 1 4  s. The experimental values of the 
electron density were measured during the ascending phase of rocket. As can be seen 
from Fig. 7, the theoretical electron density agrees reasonably well with the experi­
mental result in the range of the height from 1 25 km to 170 km. 

Now we discuss a discrepancy between the peak height of the electron density 
measured by the rocket experiment and that obtained theoretically. Since the rocket 
traversed the different magnetic field lines during ascending phase, it is highly prob­
able that the electron density measured at the height below 125 km is not related to 
the active aurora arcs, for which the electron differential flux was measured at around 
the apogee of the rocket. Although the theoretical electron density depends strongly 
on the value of effective recombination coefficient aeff, the peak height of the elec­
tron density should be independent of the value of aen· The reason is that the height 
distribution of the production rate of thermal electrons and the peak height of elec­
tron density are determined by the electron differential flux measured by the rocket 
experiment. Since the electron differential flux extends in energy up to about 1 5  ke V 
as can be understood from Fig. 5, the peak of the theoretical production rate of ther­
mal electron attained a height of about 1 00 km as represented in Fig. 6. The ioniza­
tion cross sections of N2, 0, and 02 by the electron impact are measured with suffi­
cient accuracy. Therefore, the theoretical ionization rates shown in Figs. 1-4 above 
are reasonably reliable. By considering these facts, the peak height of the theoretical 
thermal electron density is considered to be reasonably accurate compared with that 
measured by the rocket experiment. 

Precipitating electrons having the energy below a few ke V mainly contribute to 
the source of the thermal electrons at a height above 170 km. The magnitude of the 
electron differential flux at the energy below 1 ke V is larger than the one at the ener­
gy above several ke V . by about I O  times. This is the reason why the theoretical elec­
tron density began to increase at a height above 170 km. But, the experimental result 
keeps decreasing in the electron density. We cannot understand this discrepancy 
between the experimental result and theoretical one. 

In our calculation, we employed the value of aeff= 3 X 1 0 - 7 cm3s- 1 irrespective 
of the height. Since the electron temperatures were changed from 500 K at the height 
of 100 km to 1 750 K at 200 km, the value of aeff should be decreased as the electron 
temperature rises. But, there is no data available for aeff as a function of the height. 
Therefore, it is highly desirable for experimentalists to measure as many as possible 
electron densities in active auroras. Such experimental results should be useful to esti­
mate the value of reliable effective recombination coefficient as a function of the 
height. It is also important to determine the contribution to the electron density from 
the background, which should be lessened to zero at midnight. 

3.3. Photoemission rate of oxygen green line 
The production of excited states of the atmospheric constituents N2, 0, and 02 in 

this work is caused solely through collisions with precipitating electrons and the elec­
trons produced by ionization. We consider the representative auroral emission from 
the excited states of N2 +(B2 l:u +)  and O('S). The radiative lifetime of these excited 
states is known to be 60 X 10--9 s and 0. 79 s, respectively. The excited state of 0( 1S) 
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can be quenched by collision with N2 and 02 before emission of photons (see 
TAKAYANAGI 1984; STREIT et al., 1976). In order to estimate the emission rate of the 
oxygen green line, we have taken into account collisions of these excited O atoms 
with N2 and 02 molecules under the neutral gas temperature in the altitude range of 
80-200 km (see ONDA et al., 1992, in detail). Since the rate coefficient for 0( 1S) + 
02-0(3P) + 02 is much larger than that for 0( 1S) + N2-0(3P) + N2, 02 molecules play 
an important role in quenching the excited state 0( 1S). 

We first consider the emission rate of the oxygen green line at A 557.7 nm per 
primary electron. The contribution to the emission rate from the electron impact is 
represented by a long dashed line in Figs. 8a-d at the initial electron energies Eo = 1, 
5, 10, and 15 keV, respectively. By taking into account a height profile of the num­
ber density of 02 molecules, it is understood that the collisional quenching effect is 
small for this emission at the altitude above 110 km. This emission is predominantly 
caused by the secondary electrons as the previous studies of ONDA et al. ( 1992) and 
ONDA and lTIKAWA (1995) have shown. The emission rate shown by a long dashed 
line in Figs. 8a-d is weakly dependent on the initial energy of precipitating electrons. 
This weak energy dependence reflects the fact that O('S) state is effectively excited 
through impact of secondary electrons. 

It was pointed out by MEYER et al. ( 1969) and PARKINSON and ZIP E ( 1970) and 
has been investigated quantitatively by GATTINGER et al. ( 1985), GERDJIKOVA and 
SHEPHERD ( 1987), and SHEPHERD et al. ( 1995) that the major production process of 
0( 1S) can be the following collision process: 

N2(A3 �,, + ) + 0( 3P) - N2(X 1 �/) + 0( 1S). (1) 
Since N2(A3 �u +) state was produced by collision of precipitating electrons with 

N2 in the electronic ground state, its abundance can be calculated by our Monte Carlo 
method. Therefore, it is possible to estimate the production rate of O('S) through this 
process, if the rate coefficient for this process is available. As pointed out by SHEPHERD 
et al. ( 1995), the value of this rate coefficient was experimentally determined by PIPER 
(1982) and reanalyzed by DE SouzA et al. (1985) to be 2.1 X 1 o� 11 cm3s -- ' at temper­
ature of 298 K. We employed this value as the rate coefficient of the collision process 
eq. (1) in the following. The emission rate of the oxygen green line through this col­
lision process was thus calculated and shown by a dashed line in Figs. 8a-d. As can 
be understood from these figures, the emission rate through this collision process is 
larger than that through electron collision by a factor of about 6 at Eo = 1 ke V, 30 at 
E0

= 5 keV, 45 at Eo = 10 keV, and 65 at Eo = 1 5  keV, respectively. 
Note that a large structure seen in Figs. 8a-d is caused by our numerical proce­

dures, in which the initial pitch angles were taken to be 0° , 30° , 60° , and 80° . If we 
want to have a smooth curve for the emission rate, we have to execute the Monte 
Carlo calculations at much finer intervals of the pitch angle. Since a global height pro­
file of the emission rate can be grasped from these figures, any further calculations 
are thought to be unnecessary. 

The absolute emission rate of the green line was obtained by integrating the prod­
uct of the height profile of the green line emission rate multiplied by the electron dif­
ferential flux j(E) over the initial energy of the precipitating electrons. The result is 
illustrated in Fig. 9. It is clearly seen that the collision process eq. ( 1 )  dominantly 
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contributes to the emission rate of the green line. A similar height profile of the green 
line produced through this collision process was reported by SHEPHERD et al. ( 1995), 
who analyzed the experimental results obtained by experiments based on the Energy 
Budget Campaign 1980. 

Since the production rate of N2 +(B 2 l u +) per primary electron and the resultant 
emission rate for the first negative band system at A 427.8 nm were reported by ONDA 
et al. ( 1997), only the height profile of the emission rate of this band system is pre-
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sented here. In Fig. 1 0, the absolute emission rate of the green line is compared with 
the one of the first negative band system of N2 + (B2 �u + ). As can be understood from 
Fig. 9, the main contribution to the emission rate of the green line comes from Ni{A 
3 �u +) impact. We employed the value of 2.1 X 10- 1 1  cm3s - i  as the rate coefficient of 
the collision process eq. ( 1  ). As pointed out by SHEPHERD et al. (1995), the value of 
this rate coefficient determined from aeronomical investigation was as small as 
(0.3-0.78) X 1 0- 1 1  cm3s- 1

• Thus, we took the value of 0.5 X 1 0- 1 1  cm3s- 1 determined 
by GATTINGER et al. ( 1 985) as an alternative value of this rate coefficient. In Fig. 1 0, 
a solid line represents the emission rate of the green line calculated by using this 
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smaller value of the rate coefficient of the collision process eq. ( 1  ) .  
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It is important to measure the ratio of the emission intensity of the green line at 
;t 557.7 nm to that of the first negative band system at A 427.8 nm. To measure simul-



52 K. ONDA, M .  EJIRI, Y. lTIKAWA and H. MIYAOKA 

taneously this intensity ratio, OKAMURA and EnRI ( 1992) developed the imaging spec­
trometer which took snapshots (an exposure time of 3.2 s) of spectral apparent emis­
sion rate of aurora in a coordinate system of a wavelength from 300.3 nm to 732.5 
nm and a spatial field of view of 72.6 degrees. Observations with this instrument were 
carried out at Syowa Station, Antarctica, in 1989 austral winter. The results showed 
various different spectral characteristics of aurora which, some cases, varied rapidly 
with a time, and the above ratio is, as a matter of course, also changing with auroral 
types. However, it is worth mentioning that the ratio observed in the middle of the 
auroral arc was 5.6 at the expansion phase (0001 :07 UT, June 8, 1989). As can be 
understood from Fig. 10, the ratio of the emission intensity of ). 557. 7 nm to that of 
). 427.8 nm was about 3.8 at the height of 100 km, 4.2 at 140 km, and 5.0 at 180 
km, respectively. Therefore, the result obtained by OKAMURA and EnRI ( 1992) sug­
gests that the value of rate coefficient can be slightly greater than 2.1 X 10 · 1 1  cm3s- 1 

for the collision process eq. ( 1  ). 

4. Concluding Remarks 

We report here the results of simulation of collision processes of precipitating 
electrons with the atmospheric particles and emission processes in electron auroras 
observed by the sounding rocket experiment by using the Monte Carlo method. Our 
absolute electron density was reasonably in accord with the result deduced from 
the sounding rocket experiment at a height between 125 km and 170 km. The com­
parison in the thermal electron density clearly shows a discrepancy between the exper­
iment and the theoretical results in the peak height of the electron density and the 
electron densities at a height above 170 km and below 125 km. One reason for this 
discrepancy below 125 km height comes from the fact that the measured electron den­
sity profile is not along the geomagnetic field line, and the horizontal distance between 
the rocket position at 125 km height and that at apogee was about 80 km. Thus, it is 
highly desirable to investigate the discrepancy further experimentally and theoretical­
ly. Specifically, the value of effective recombination coefficient must be experimen­
tally determined as a function of height. 

We also investigated the absolute intensity of the oxygen green line and of the 
first negative band system of nitrogen molecular ion N2 +(B2 �" +). If we employ the 
value of 2.1 X 10- 1 1 cm3s- 1 determined in laboratories as the rate coefficient of the 
collision process N2(A3 � 1, +) + 0(3P) ___. N2{X 1 �/)+ OC S), the absolute intensity of 
557. 7 nm emission line is much stronger than that of the first negative band system 
at A 427.8 nm. But, if we take the value 0.5 X  10-- 1 1  cm3s - 1 determined by aeronom­
ical investigation, the absolute intensity of the green line is very close to the one of 
the first negative band system. Therefore, it is crucially important to measure the ratio 
of intensity of 557.7 nm emission line to that of 427.8 nm band emission in electron 
auroras. 
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