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The Auroral 6300 A Emission: Observations and Modeling
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Measurements of the auroral atomic oxygen (3P-1D) emission line at 6300 A made by the Atmosphere
Explorer visible airglow experiment are analyzed using a tomographic inversion. Emission altitude profiles
are compared to the results from an electron transport and chemical reaction model. The model incorporates
measurements of the energetic electron flux, neutral composition, ion composition, and electron density.
Reasonable correspondence is obtained using primarily the “classical” sources of O(1D) excitation: electron
impact on atomic oxygen and dissociative recombination of O2*. The reaction of N(’ D? with O, is consid-
ered to be a minor source. Small contributions are also calculated for cascade from O("S), electron impact
dissociation of Oy, reaction of N* with Oy, and energy transfer from 0*(2D) and thermal electrons to O(3P). A

possible minor source from the quenching of N(D) or N(2P) by O(*P) is also discussed.

INTRODUCTION

The 6300 A “red line” of atomic oxygen has been a particular
problem for auroral studies. Although the transition which
causes it is well known, there is little agreement on mech-
anisms resulting in the excited O(!D). Because of its low exci-
tation energy and long radiative lifetime, it has a complex
chemistry that is difficult to understand in the thermosphere and
difficult to measure in the laboratory. Yet the most contro-
versial point in the debate over the auroral sources is the degree
to which the most straightforward process, impact of low-
energy electrons on atomic oxygen, is responsible for the ob-
served emission. If this source cannot account for most of the
production rate, then some other must; the most notable candi-
date being the reaction of N(2D) with O,.

Early studies of the atmospheric excitation of the O(1D)
metastable have been reviewed by Chamberlain [1961], Bates
[1978, 1982], and Torr and Torr [1982]. Studies by Zipf and
Fastie [1963], Dalgarno and Walker [1964], Fournier and Nagy
[1965], Hunten and McEiroy [1966], and Wallace and McElroy
[1966] examined the important mechanisms for production and
loss of O(!D) in the upper atmosphere: photodissociation of
O,, impact of fast electrons on atomic oxygen, dissociative
recombination of Op* (which was first proposed by Bates
[1946] as a nightglow source), quenching by Nj and O,, and
spontaneous emission. Quantification of these reactions has
been accomplished over the last two decades by a combination
of satellite, rocket, ground based, and laboratory experiments
and theoretical studies; notably Rees et al. [1967], Henry et al.
[1969], Nagy and Banks [1970], Noxon and Johanson [1970],
Zipf [1970], Dalgarno and Lejeune [1971], Hernandez [1972],
Brown and Steiger [1972], Walls and Dunn [1974], Sharp et al.
[1975], Rees and Roble [1975], Rusch et al. [1975], Kernahan
and Pang [1975], Streit et al. [1976], Hays et al. [1978], Mul
and McGowan [1979], Cogger et al. [1980], Torr and Torr
[1981], Link et al. [1981], Abreu et al. [1983], Shyn and Sharp
[1986].

A key parameter is the total Einstein probability for the
O(3P-1D) radiative transition. The estimate by Garstang [1951,
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1956] 0fA1D=9.1X10'3 s1 (where A1D=A6300+A6364+A6392) has
been widely used in aeronomic studies despite his later revision
[Garstang, 1968] to 6.7x10°3. The Kernahan and Pang [1975]
laboratory measurement of (6.8+1.3)x1073 is close to the re-
vised value but Fischer and Saha [1983] calculated a value of
9.4x10°3. There is agreement, however, that Ag390/A1,=0.76.
Attempts to use thermospheric nightglow measurements [Hays
et al., 1978; Abreu et al., 1983] to establish the yield of o('D)
from dissociative recombination of O5* and its rate of quench-
ing by N, are sensitive to the choice of Einstein coefficients
[Link et al., 1981)]. The question is further complicated by the
possibility that O(®P) plays a role in quenching [Yee et al.,
1988]. Abreu et al. [1986] found that this is a significant loss
mechanism for O(!D), although not the major loss channel;
Link and Cogger [1988] did not agree.

Turning now to the auroral 6300 A emission, Rees et al.
[1967] proposed that O(!D) is produced in aurorz by impact of
secondary auroral electrons and thermal electrons on atomic
oxygen, dissociative recombination of O,*, and cascade from
o(1s):

e* + OCP) — e* +0O(D) 1)
e+ OCP) > ¢+0(1D) 2)
0Oyt +e = 0+0(D) 3)
O('S) — O('D) + hvass774 1G]

These conclusions were not seriously altered for a decade [cf.
Rees and Jones, 1973; Rees and Luckey, 1974]. Process (1) has
been considered to be the largest source, and although only
theoretical estimates of the cross section of atomic oxygen for
production of O(!D) from electron impact were available for
some time, recent measurements [Shyn and Sharp, 1986] are in
general agreement with theory [Henry et al., 1969; Vo Ky Lan
et al., 1972; Thomas and Nesbet, 1976)]. Gulcicek and Doering
[1986] and Doering and Gulcicek [1987] measured a cross sec-
tion at that is smaller than that of Shyn and Sharp at 30 eV but
larger at 20 eV; however, these results are still preliminary and
do not yet extend to lower energies.

Analysis of auroral rocket measurements by Sharp et al.
[1979] found that far more 6300 A emission was observed than
could be accounted for by (1)(4), leading to the suggestion by
Rusch et al, [1978] that the reaction

N@D) +0, — NO +0(D, ?P) (5)

could account for the auroral red line if the yield of O(!D) were
near unity. This was based on a laboratory study by Kennealy et

9867



9868

al. [1978] in which the vibrational excitation of NO produced
in this reaction was observed to have a structure consistent
with an O(1D) yield of up to 0.8. Besides providing the addi-
tional source required by the rocket observation, the reaction
would explain why the 6300/5200 A emission ratio had been
observed, up to that time, to be relatively constant in aurorz
[Gérard and Harang, 1973], since o(D) is destroyed mainly
through quenching by Nj and the N»/O, density ratio exhibits
slight variation in the 150-250 km region.

The Kennealy et al. [1978] experiment only placed an upper
limit on production of O(1D) by (5), so evidence for the impor-
tance of this reaction is indirect, but this mechanism has been
widely cited in reviews and adopted in thermospheric models
[cf. Bates, 1982; Torr and Torr, 1982; Roble et al., 1987]. Torr
et al. [1980, 1981] calculated that (5) would be an important
source of O(!D) in the dayglow, and Rees et al. [1983] adopted
it for auroral calculations with a high yield of O(1D). However,
the supposition concerning the constancy of the 6300/5200 A
emission ratio was not substantiated. Link [1982, 1983] and
Link et al. [1983] presented measurements from a rocket flight
in the dayside cleft and polar cap which found large variation in
this ratio. Due to its long thermospheric lifetime, N(2D) can be
transported out of the auroral oval and into the polar cap
[Gérard and Roble, 1982]; elevated 5200 A emission levels in
this region were not accompanied by 6300 A emission to any
significant degree which is evidence against (5) as a source of
O(!D). Variations in the overhead brightness ratio alone do not
disprove the validity of the mechanism because N(2D) is lost
through quenching by atomic oxygen and electrons as well as
through reaction with O,, particularly at higher altitudes where
transport is more effective. But a chemical and dynamical
model [Link, 1982] taking these processes into account was
used to establish an upper limit for the yield of O(!D) from (5)
of 0.2, later reduced to 0.1 [Link, 1983]. Ground based obser-
vations at high latitude [Duboin et al., 1984] confirmed the
6300/5200 A variations in the polar cap, and McDade and
Llewellyn [1985] also found support for a low yield in a rocket
study of auroral O, atmospheric band emission. Nevertheless,
the discrepancy between observed 6300 A emission and calcu-
lated O(1D) densities (in the absence of (5)) was also found by
Sharp et al. [1983] using data from the AE-D satellite. Rees and
Roble [1986] also considered (5) to be the major source of
auroral O(!D).

Although the definitive laboratory study which could resolve
the question of the yield of O(!D) from (5) has not been done,
there has been one important experiment. Langford et al.
[1985, 1986] measured the yields of excited states of atomic
oxygen produced by

N*+0y, —» NO*+O (6a)
N*+0; » Ot +N (6b)
N*+0, —» NO+0O* (6¢)

which is a minor source of O(!D) in the aurora (yield=0.7+0.3).
N(2D) is produced by (6b) but the possibility that (5) con-
tributed substantially to the experimental production of O(!D)
was ruled out by the observed absence of any molecular oxygen
pressure dependence of the monitored emission, since (5) is
100 times slower than (6). Langford et al. therefore support the
Link [1983] estimate of a yield of O(1D) from (5) less than 0.1,

Weill [1969] suggested that quenching of N(2D) by atomic
oxygen

NCD) +0(P) — N(*s) +O('D) )
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could be a significant source of O(1D) in the day and nightglow
with even a small efficiency of production; the auroral abun-
dance of N(2D) would imply that this is a non-negligible source
in the aurora as well. However, theoretical studies of potential
curves [Black et al., 1969; Olson and Smith, 1974] indicate
that the probability for production of O(!D) is less than 0.03
and so the process is not expected to be significant [Torr and
Torr, 1982]. Other possible mechanisms for auroral production
of O(!D) include energy transfer from excited atomic oxygen
ions [Mahadevan and Roach, 1968]

O*(D) +O(P) — O*(%5) + OCP, D) ®)
and electron impact dissociation of O,
e*+0; — e* +0CP) +O('D) )

The yield of O(!D) from (8), if any, is not known but this is un-
likely to be a significant source except possibly at very high
altitudes because O*(2D) reacts rapidly with N [Gérard, 1970].
Process (9) is also minor due to the small cross section and low
O, density. Schumann-Runge photodissociation of O, in the
night aurora may be ruled out by virtue of the insufficient
strength of auroral emissions in the 1350-1750 A range, al-
though this is of course an important dayside source of O(!D).

Thermal electron excitation of atomic oxygen (2) is a pos-
sible auroral source of O(!D), but elevated ambient electron
temperature levels appear to be required to make this an impor-
tant mechanism in the nightside aurora. Stable auroral red
(SAR) arcs, which occur at lower latitude and higher altitude
than the polar aurora, are an exception. This spectrally pure
6300 A emission is caused by (2) [Kozyra, 1985] but is not
truly an auroral phenomenon. High altitude cleft emission re-
gions also may have a substantial contribution from (2), par-
ticularly when sunlit, The review of cleft auroral processes by
Shepherd [1979] did not consider (2) to be an important source
of O(!D) excitation compared to impact by low-energy elec-
trons, but radar observations by Wickwar and Kofinan [1984]
of greatly elevated electron temperatures coincident with high
altitude 6300 A emission in the (dark) cleft region show that
this is an important source under certain conditions. Electron
temperatures above 2500 K are required to make this source
significant, although once in this temperature range the rate
coefficient increases rapidly. These temperatures are not usually
reached in the nightside aurora.

Finally, the reactions of N(2P) may be considered:

N@P) +0, — NO +0O(P, D) (10)
NCP) + OCP) — N(D) +0CP) (11a)
NCP) + OCP) = N(*S) +OCP, D) (11b)

The auroral chemistry of N(2P) was investigated by Zipf et al.
[1980]. Their conclusion that (11) is very efficient at reducing
N(2P) to N(2D) or N(4S) means that auroral N(2P) densities will
be much lower than N(2D), precluding (10) as a significant
source of O(!D) regardless of the yield, which may be high
[Rawlins, 1986]. The relative importance of (11a) versus (11b)
is not known, although Zipf et al. speculate that (11a) dom-
inates, and production of O(!1D) is not energetically possible
through this path. Even if (11b) is significant, it may produce
little O(1D). Since N(?P) is too short lived to be transported it is
not subject to the objections concerning the observed
6300/5200 A variations. Furthermore, N(2P) is produced by
electron impact on N but not significantly by dissociative
recombination of NO?* so it should cause no additional
difficulties for the nightglow.



SOLOMON ET AL.: AURORAL 6300 A EMISSION

MEASUREMENTS OF THE AURORAL 6300 A EMISSION

Instrumentation for the Atmosphere Explorer mission is
described in Radio Science, volume 8, number 4, 1973, The
visible airglow experiment (VAE) [Hays et al., 1973] consisted
of a two-channel filter wheel photometer designed to monitor
airglow and auroral emission features in the upper atmosphere.
The channels were oriented perpendicular to one another such
that when the satellite was spinning, the two photometers
turned within the orbital plane. The channel one photometer
had a 0.75° half angle cone field of view for high spatial
resolution while channel two had a 3.0° half angle cone.
Integration periods of 0.031 s for channel one and 0.125 s for
channel two were matched to the spin rate of the satellite so
that counts were summed over angular intervals roughly equal
to the field of view when spinning. This resulted in sensitivity
in the neighborhood of 20 R/count/integration for channel one
and 0.3 R/count/integration for channel two, The filter wheel
had six interference filters, a dark position, and a calibration
position. Spectral resolution was from 15-30 A. The labora-
tory calibration was estimated to have an absolute accuracy
within 20%, and the signal-to-noise ratio is specified by
Poisson statistics to be equal to the square root of the number
of counts.

VAE limb brightness and nadir observations are interpreted
using the tomographic inversion of Solomon et al. [1984,
1985]. The most complete description of this algorithm is in
Solomon [1987]. Essentially, the method is to use many sets
of limb scans to obtain the volume emission rate distribution
of the emitting function by application of an equation derived
by Cormack [1963]. This equation relates the Fourier transform
of a function of two polar variables with respect to the angular
variable to the Fourier transform of the function describing its
line integrals. The inversion recovers a two-dimensional slice
of the volume emission rate as a function of altitude and angle
along the satellite track, enabling the recovery of the volume
emission rate profile in each column below the satellite. During
the night, the horizontal resolution of the inversion may be
greatly increased by application of nadir data, or measurements
taken while the photometer looked directly down at the emit-
ting region, to the limb scan inversion. The influence of light
scattered from clouds, lower atmosphere, and ground is removed
following the method of Hays and Anger [1978].

As the O(D) metastable is quenched by molecular nitrogen
and other species, emission is mostly above 150 km and gen-
erally pesks in the 200-300 km region in the dayglow, night-
glow, and aurora; the SAR arc, which usually occurs above 400
km, is an exception. This behavior is fortunate for interfero-
metric study of the 6300 A line shape to recover winds and
temperatures as the altitude with which these properties may be
associated remains fairly constant. The high, broad altitude
profile associated with the auroral red line also renders it an
attractive object for study with satellite photometry; several
examples of VAE observations interpreted via the tomographic
algorithm are presented here.

AE-C orbit 4389 was nearly circular, with satellite altitude
over 400 km in the auroral zone. Inversion of the auroral seg-
ment the using VAE channel one with nadir data included is
shown in Figure 1a. The albedo was estimated to have a value of
0.8 by comparing the inverted limb brightness measurements
to the nadir vertical column brightness function [Solomon et
al., 1985]. This is a reasonable albedo for the combination of
clouds, ice, and snow expected to be below the satellite during a
winter auroral pass. There is a small feature at high dip latitude
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Fig. 1. (a) Auroral 6300 A emission from inversion of AE-C orbit
4389. (b) Altitude profile of the brightest column from AE-C orbit
4389, with estimated error bars.

near the terminator and another, brighter, aurora at 65° dip lati-
tude. The volume emission rate altitude profile of the brightest
inversion column is plotted in Figureld. The emission in-
creases with decreasing altitude at a scale height of about 40 km
in the high altitude region where quenching is unimportant,
reaches a peak near 220 km, and rapidly decreases below there
as quenching sets in,

Figures 2a and 2b show inversions of two auroral transits on
a night when several occurred with full instrument function and
the 6300 A filter on VAE channel one. Satellite altitude was
near 250 km throughout, and magnetic activity was low, Kp=1
to 3. The altitude scale has been changed to 5 km resolution due
to proximity to the peak emission region. Another northern
hemisphere winter orbit, AE-C 5631, is displayed in Figure 2c.
The satellite altitude is yet lower, near 245 km. Orbit 6136,
shown in Figure 2d, passed over the aurora australis during
southern hemisphere autumn. This orbit observed the brightest
6300 A aurora found in the AE data base, with peak volume
emission rate above 200 photons cm™3 51, The slow decrease
below the peak is associated with high mean electron energy of
approximately 7.0 keV.

These observations of the auroral 6300 A emission were
made during a low solar activity regime—the Fiq index was
below 100 throughout the period. Also, no major magnetic
storms or extremely bright auroral events have been found with
the necessary filter wheel position for 6300 A measurements.
Subtle changes with electron flux characteristics are present,
though, and these may be exploited to analyze the magnitude of
proposed O(1D) source and sink mechanisms.

OBSERVATIONS OF THE ENERGETIC ELECTRON FLUX

The principal instrument used in this study for measurement
of energetic electron fluxes in the aurora is the low-energy
electron experiment (LEE) carried by the AE-C and AE-D satel-
lites. This instrument is described by Hoffman et al. [1973].
The stepped-energy electron detector on AE~-C was chosen to
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Fig. 2. Auroral 6300 A emission from inversion of four orbits.

5631. (d) AE-C orbit 6136.

be the main source of flux measurements for comparison with
photometric observations. The time for one complete energy
cycle from 0.2 to 26 keV was one second; this corresponds to
approximately 8 km of distance along the satellite track and it
is possible to miss important parts of a structured event using a
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Fig. 3. Auroral electron flux from AE-C orbit 5378 measured by the
LEE instrument. () Total energy flux over the range 0.2-26 keV (solid
line) with 6300 A vertical column brightness integrated from 150-245
km (dotted line) over-plotted for comparison. (b) Dependence on
energy and pitch angle of the differential number flux averaged over the
interval from 44890 to 44990 s UT.
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single detector in this fashion. This time span is small, how-
ever, compared to the 15 s spin period of the satellite. The 5
keV detector measurements were examined to determine whether
such structure was a problem for any of the auroral events, and
the stepped proton detector was used to assure that precipi-
tating protons did not play a significant role, as they were not
included in the model.

The angle between the field line and an electron velocity vec-
tor is defined as the pitch angle &; the flux in any direction
@(E,E,¥) in electrons cm™2 5°1 srl eV*! is then a function of
energy, pitch angle and azimuthal angle y. The distribution of
flux is not expected to depend on v, but it does vary with &; this
is measured by the spinning satellite as the detector scans dif-
ferent angles to the magnetic field. Hemispherical fluxes ® (E)
®,(E) are defined for the downward and upward directions as the
integral over a hemisphere of the component of the flux along
the field line. The total downward (or upward) energy flux, is
then defined as the integral over energy of the respective hemi-
spherical flux, given in erg cm™ s°1. Figures 3 and 4 display the
downward energy fluxes during two of the AE-C orbits for
which inverted 6300 A auroral emission data was shown above;
the vertical column brightness obtained by integrating from
the satellite altitude to the lowest inversion level is also plot-
ted for morphological comparison. (This column brightness is
less than the total brightness that would be observed from the
ground, as it does not include any emission above the satellite
orbit or at low altitude,) The ratio between energy and bright-
ness is not constant as changing flux characteristics and atmo-
spheric composition cause varying amounts of O(!D) exci-
tation. The curve shapes correspond quite well, although the
locations of peaks are sometimes displaced by about 10 s. This
is partially due to the angular offset between photometer and
electron detector of 135°, a small portion may be due to the
angle of the magnetic field. Also displayed with these figures is
a surface plot of the dependence of the electron flux on energy
and pitch angle averaged over a section of each orbit corre-
sponding to an auroral precipitation event. Examination of
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Fig. 4. Auroral electron flux from AE-C orbit 6136 measured by the
LEE instrument. (a) Total energy flux over the range 0.2-26 keV (solid
line) with 6300 A vertical column brightness integrated from 150-245
km (dotted line) over-plotted for comparison. (b) Dependence on

energy and pitch angle of the differential number flux averaged over the
interval from 40650 to 40740 seconds UT.

these figures reveals that for these events, at these altitudes,
downward hemispherical isotropy is a good approximation.
The energy range of the detector was sufficient to characterize
the primary flux, although some electrons had higher energies
than those measured; see Figure 4 where a fairly hard flux from
AE-C orbit 6136 is shown. Considering the logarithmic scale,
however, the portion of the flux with energy greater than the
maximum measured is not significant. Protons were also moni-
tored for these orbits but are not plotted because the fluxes were
extremely low. There is always the possibility of high energy
proton events undetectable by the instrument but these would
cause spikes in the 4278 A emission which was monitored in
the nadir direction on VAE channel two, and were not observed.
The photo-electron spectrometer (PES) [Doering et al., 1973]
measured electron fluxes in the interval 2-500 eV, overlapping
with the LEE detectors in the upper portion of its range. This
provides a check on the accuracy of measurements from 200-
500 eV, and should yield the secondary electron spectrum as
well. However, interpretation of auroral PES data is difficult,
particularly at low energy. One problem is that the energy
band pass of the instrument was a constant fraction of electron
energy detection level so sensitivity decreased with energy;
this resulted in very low count rates for energies less than about
50 eV when the instrument was in high spatial resolution
mode. Another difficulty is the spacecraft shadowing effect; at
certain orientations the spiral trajectories of the electrons are
blocked from entering the detector by the body of the satellite
itself. Also, ram and wake effects modulate low energy mea-
surements at twice the satellite spin frequency. In addition there
is the question of the effect of spacecraft charging and
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magnetization, which could degrade the instrument's sensi-
tivity and interfere with electron detection.

Nevertheless, two attempts to utilize these measurements are
shown here. The first, which is plotted in Figure 5a, uses PES
summary data from the unified abstract (UA) files for the only
orbit for which both auroral 6300 A and PES UA data are avail-
able, AE-C 5376. The electron spectrometer was in a variable
sweep interval mode rather than the high spatial resolution
mode, and the summary data specify the differential energy flux
of electrons at 6 points, averaged over pitch angle (the fluxes
are reasonably isotropic at low energies.) These are compared
with LEE measurements near the region of energy overlap.
Both measurements were averaged over the same 90 s interval.
The comparison is fair in the overlap region but at low energy
the collisional transport model employed (see below) shows a
much faster rise of the secondary flux with decreasing energy
than the PES measurements. Another approach is to average
over a discrete precipitation event while the instrument was in
high spatial resolution mode and compare with similarly aver-
aged LEE measurements. This was done for a single intense
event on AE-C orbit 6136, and the result plotted in Figure 5b.
The comparison is again reasonable but the rate at which the
PES flux increases with decreasing energy is still less than
expected.

This question of secondary electron energy dependence has
been controversial for some time and is in fact at the heart of
the O(1D) electron impact excitation rate debate. It is generally
agreed that primary fluxes in the 1-20 keV range produce a sec-
ondary flux whose spectral shape in the 10-100 eV interval is
described by a power law, i.e., the differential flux is propor-
tional to E-Y where ¥ is the spectral index. On the one hand are
laboratory experiments [Opal et al., 1971] and collisional

1075 TAT TTTTTT T T YT TTT
_ E a
3 A
3 A
& 108 4
£ F A
)
x
3
T 105 L .
§ g
3 L
]
104 NI B | L
1 10 100 1000
Energy (eV)
107 E T T ..b..
g A
"> 6 L
o 10 E ‘A .-
s Aan
x A B
3
w
c 108 E-
o 3
G
(7]
w [
104 NPT BT BT
1 10 100 1000
Energy (eV)

Fig. 5. Low-energy hemispherical electron fluxes measured by PES
(triangles) and LEE (squares). (@) AE-C orbit 5376. Fluxes from the UA
data base averaged over the interval from 34100 10 34190 UT. (b) AE-
C orbit 6136. Fluxes integrated over a half-spin of the satellite (0°-
180" pitch angle) from 40702 to 40709 UT.
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models [e.g., Banks et al., 1974; Evans, 1974; Strickland et
al., 1976; Stamnes, 1981] which support y~2 with little
dependence on the primary characteristic energy. On the other
hand are collisionless models [Papadopoulos and Coffey,
1974; Stasiewicz, 1984] which support certain atmospheric
measurements of y~1 [e.g., Sharp and Hays, 1974; Doering et
al., 1976, and other PES spectra such as those shown here]. Of
course, the situation is never so simple as to allow the
straightforward fit of data by a single parameter; for instance,
Sharp et al. [1979] measured spectra characterized by y~2 in the
10-100 eV interval at 143 km, decreasing to 'y~1 as the rocket
ascended to 245 km. If the typical spectral index at 100-300
km altitude is substantially less than 2.0, a great deal of this
work would be invalidated as there would be far fewer low-
energy electrons produced. But recent measurements from the
low altitude plasma instrument (LAPI) on Dynamics Explorer 2
[Fung and Hoffman, 1988] agree with some older ones [Frank
and Ackerson, 1971; Reasoner and Chappell, 1973] that a
value of y~2 is appropriate for “inverted-V” auroral fluxes. The
LAPI results found 7 to decrease slowly with increasing altitude
from 2.0 at 325 km to 1.7 at 950 km; the overall average was
v=1.85. There was little systematic variation with pitch angle
but there was a negative correlation with the peak energy of the
primary beam. Extrapolation from the lower limit of the alti-
tude range at 325 km down to 250 km yields y~2.2, which hap-
pens to be the value predicted by the Banks and Nagy two-
stream model adopted here. For these reasons, AE-C PES auro-
ral measurements are not used in this work. This is a matter of
some concem as the central conclusions obtained herein hinge
on the question of correct determination of secondary electron
fluxes.

MODEL OF THE AURORAL 6300 A EMISSION

The electron transport algorithm selected for analysis of LEE
particle flux measurements is the model developed by Banks
and Nagy [1970], Nagy and Banks [1970], Banks et al. [1974]
which is generally referred to as the Banks and Nagy two-
stream code. This method was originally developed for photo-
electrons and later extended to higher electron energies for
auroral computations. The electron flux is calculated using the
two-stream approximation to the transport equations, solving
for the upward and downward hemispherical fluxes along a
magnetic field line as a function of energy. The effects of grav-
ity, parallel electric fields, and magnetic field convergence are
neglected. Elastic collisions with three neutral species (O, Na,
03,), discrete energy losses from inelastic collisions resulting
in excitation and ionization of these species, and thermal exci-
tation of the ambient electron gas are considered. Electron
impact cross sections and backscatter ratios used in the model
are described in Appendix A. Thermalization of fast electrons
by the ambient electron gas was treated as in Swartz et al.
[1971]; [cf. Schunk and Hays, 1971]. A continuously variable
energy grid was employed with 190 bins from 0.25 eV to 49.0
keV, and a method similar to that of Swartz [1985] adopted for
energy redistribution. Because the model does not consider
pitch angle variation, it is necessary to assume an average
cosine of the pitch angle which appropriately characterizes the
transport; the value p=0.577 was used here as recommended by
Banks et al. [1974].

Hemispherical fluxes ®4E) and ®,(E) were calculated using
the stepped electron detector measurements and averaged over
an auroral precipitation event, usually considering a fairly wide
spatial interval of 400-800 km along the satellite track.
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Logarithmic interpolation was used to find ®4E) between the
16 energy step levels and logarithmic extrapolation employed
to estimate the flux from 200 eV down to 100 eV and from 26
keV up to 30 keV. The downward flux applied to the top model
level at 400 km was then adjusted in the 200-1000 eV range so
that the modeled ®(E) at satellite altitude matched the measured
@ (E). This adjustment was never greater than a 15% increase.
Fluxes at satellite altitude for the two auroral events displayed
in Figures 3b and 4b are plotted in Figures 6a, 6b. Comparison
between measured and modeled upward fluxes is very good. This
is quite encouraging as it indicates that the backscatter ratios
and elastic cross sections are correct. Furthermore, it shows
that no significant portion of the primary flux went unmeasured
as the satellite flew through a structured, anisotropic event.
When this occurs, it will show up as an unexplained increase in
®,(E); this was observed on only one of the orbits analyzed.

One potential difficulty with the two-stream method is that it
can fail to conserve energy when applied to keV fluxes if the
altitude and energy resolution is not adequate. To evaluate this
problem, all energy output from the model—the sum of exci-
tation, ionization, heating, and backscatter energies—is
computed for each run and compared to that which was input.
For insufficiently fine altitude grids, flux calculations start to
become unstable near the peak deposition altitude and energy is
*“created”. Even at the 2 km grid spacing used to overcome this,
there is a 10% increase in output energy, mostly occurring
below 120 km. This is below the region of interest for 6300 A
studies, and is thus only of concern when comparison is made
to emissions emanating from low altitude such as the N,* ING
bands.

The two-stream code was compared to several other electron
transport codes using the same atmospheric parameters and
electron fluxes. Correspondence was fairly good for a variety of
fluxes ranging from a soft 150 eV Maxwellian, to a hard 10 keV
exponential flux. Models employed in the study were supplied
by R. Link and M. H. Rees, and from the published multistream
calculation of Strickland et al. [1976]. The results of these
comparisons are not shown here but may be found in Solomon
[1987]. The conclusions were that the two-stream method
slightly overestimates (by about 10%) energy deposition at the
peak emission altitude, but it is a sufficient method for calcu-
lation of fluxes in the 150250 km altitude range, which is the
atmospheric region of interest for study of auroral O('D).

The semi-empirical mass spectrometer incoherent scatter
(MSIS-83) model [Hedin, 1983] was used to obtain neutral
densities. Despite its wide acceptance by the aeronomy com-
munity, there is still a great deal of doubt as to whether this
model (or any other) gives a realistic portrait of composition,
particularly of atomic oxygen densities, in auroral arcs.
Because of increased turbulence and heating at the altitudes of
major auroral energy deposition (100-150 km), it is assumed
that transport occurs from lower thermosphere to upper, result-
ing in a lower proportion of light atomic species than would be
found elsewhere. Neutral winds then redistribute this mix
through the polar regions before diffusion can restore the equi-
librium profile. Satellite measurements of individual species
incorporated into MSIS should take this into account, but there
is some doubt that the full structure in the vicinity of a discrete
auroral event is predicted by a model that is based on global
averaging.

To investigate this question, 120 auroral oval transits made
by the AE-C satellite during its elliptical phase were analyzed.
Rather than specify the auroral zone by geophysical coordi-
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nates, UA data from the LEE detectors were monitored to detect
the presence of significant electron flux activity. The O and N,
densities measured by the open source spectrometer (OSS) [Nier
et al., 1973] were taken from the UA database at these points.
The ratios between measured densities and those predicted by
the MSIS model for that geophysical location were then calcu-
lated. The overall nighttime average of the ratio Opss/Omsis
was 0.9, a small but significant reduction of atomic oxygen
compared to the model. Molecular nitrogen was conversely
raised by a factor of about 1.1 over the MSIS values, indicating
that a vertical transport mechanism may be responsible.
Molecular oxygen was not measured on these orbits.

These results were only used for orbits where mass spec-
trometer measurements of neutral composition at the satellite
altitude were not made. For most orbits analyzed here, OSS data
were available from the UA files and were used to normalize the
MSIS values. The average O and N, densities over the auroral
event were divided by the MSIS prediction for that location,
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and the entire MSIS profile multiplied by that number. No at-
tempt was made to adjust the O, distribution as that species has
little effect on electron deposition at high altitude, but the O5*
profile was adjusted using densities measured by the Bennett
ion mass spectrometer (BIMS) [Brinton et al., 1973] as de-
scribed below, to account for any deviations due to inadequate
knowledge of O,. Orbits for which composition data were un-
available had their O and N; profiles adjusted by 10% downward
and upward, respectively. The electron density profile is also
important as heating of the ambient electron gas competes
with O(!D) excitation as a sink of low-energy secondary
electrons. The transport code and chemical model were
therefore run twice for each event, first with an assumed elec-
tron density profile, then again using the profile calculated in
the first run as described below.

Electron, ion, and neutral temperatures were also measured by
the cylindrical electrostatic probe (CEP) [Brace et al., 1973],
by the retarding potential analyzer (RPA) [Hanson et al.,
1973], and by the neutral atmosphere temperature experiment
(NATE) [Spencer et al., 1973], respectively. The electron
temperature was treated by assuming an isothermal distribution
equal to the measured value above 200 km and a linear decrease
to 300 K at the turbopause. Most measured values were in the
heighborhood of 2000 K. The ion and neutral temperatures were
estimated by normalizing the MSIS temperature profile to RPA
and NATE measurements. The neutral temperature was generally
elevated by about 100 K above the MSIS prediction, the ion
temperature usually another 100-300 K above that.

The computations described above yield electron impact
excitation and ionization rates as a function of altitude; to
calculate the contributions to excitation of the O(D)
metastable chemical reactions among atmospheric constituents
must be considered. The model created for use with this data is a
one-dimensional, steady state reaction scheme with no trans-
port or diffusion effects. This is a considerable simplification
of the actual situation, which may be justified by the following
reasoning. The measured emission profile averaged over a
discrete auroral precipitation event is the most accurate piece of
information recovered from the photometer data analysis, it is
best compared to a similarly averaged set of electron flux
measurements. The history of the electron flux in that region is
not known, so time dependent calculations yield no additional
information. Also, the bulk motions of the upper atmosphere
are not measured so addition of horizontal transport effects
would be speculative; conditions outside the plane of the satel-
lite orbit are likewise unknown so the transport contribution to
changes in density of long-lived species is obscure. Vertical
diffusion is important for distribution of electrons and atomic
oxygen ions above 200 km, but a more accurate means of
finding these parameters is to measure them at satellite altitude
near 250 km. Diffusion of metastables such as N(2D) and O(!D)
only becomes important above this altitude.

The chemical reactions and rate coefficients are tabulated in
Appendix B. In addition to the excited and ionized species,
neutral species are included in the model which participate in
the chemistry but whose densities are not adjusted but rather
assumed to remain constant—O(*P), Oy, N3 and NO. The first
three are determined as described above, the latter is taken from
the model calculation of Gérard and Rusch [1979]. N(4S) is not
considered here; its minor contribution to chemistry leading to
O(1D) excitation is essentially similar to that of NO and so is
contained in the uncertainty inherent in the adoption of an
assumed profile for that species. N(P) is also not specifically
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considered as its density is so low; however, paths leading to
N(2P) are included in N(2D) excitation so this species is implic-
itly contained in the N(2D) density. This simplification should
be kept in mind when considering the estimation of N(2D) reac-
tion branching ratios; some of the contributions may stem
from N(2P).

The literature on reactions producing O(1D) is reviewed in the
introduction. As indicated there, branching ratios for several of
these reactions are ill-defined, controversial, or unknown. The
values used in the model are summarized here due to their
importance. The quantum yield for production of O(!D) by
dissociative recombination of O,% was taken as 1.2 [Abreu et
al., 1986]. O(1D) production from reaction of N(2D) with O, was
assumed to be the upper limit value of 0.1 promulgated by Link
[1983] and substantiated by Langford et al. [1986]. Reaction of
N(2D) (with a possible contribution from N(2P)) with O was
treated as a free parameter and estimated to have an O(!D) quan-
tum yield of 0.1. The rate coefficient for this reaction is a prob-
lem as laboratory measurements [Davenport et al., 1976;
Iannuzzi and Kaufman, 1980] find a rate three to four times
faster than the aeronomically derived results [Frederick and
Rusch, 1977, Richards et al., 1981]. The Davenport et al. value
of 1.8x10"12 was used here, although work in progress indicates
that the rate mey be an order of magnitude greater at thermo-
spheric temperatures [Jusinski and Slanger, 1987]. A rate
coefficient this large is difficult to reconcile with measurements
of the 5200 A emission. If true, it indicates serious misunder-
standing of N(2D) sources or a problem with the N(45—2D) tran-
sition coefficient. Until this can be resolved, the Davenport et
al. value is adopted as a compromise. The Langford et al.
[1985, 1986] measurements were used to establish the fraction
of O(!D) created when N* reacts with O, to give NO* and O at
0.7. The O('D) yield for the reaction of O*(2D) with O is not
known; an arbitrary value of 0.5 was used in this study.
Finally, there is a minor contribution to the O(*D) density from
radiative cascade of O('S) emitting a 5577 A photon. It is not
the objective of this study to solve the O(!S) problem, but an
estimate must be made in order to include this source. Energy
transfer from N(A3Z,*) was considered to be the major source,
using the Piper et al. [1981a] and Piper [1982] rates. Energy
transfer from excited molecular oxygen was included [Solheim
and Llewellyn, 1979] but arbitrarily attenuated by a factor of 10
50 as to account for the combination of the A, A', and ¢ states
in one excitation category and because otherwise the modeled
5577/4278 A ratio would be unrealistically high. Electron
impact on atomic oxygen and dissociative recombination of
O,* were also included, using 0.1 as the O(!S) quantum yield
from the latter [Abreu et al., 1983].

Assuming a steady state, the system of partial differential
equations resulting from the adopted reaction scheme reduces to
a system of algebraic equations. The method used to find the
solution to this system is a hybrid between analytic and itera-
tive methodologies which exploits the energy hierarchy of the
reactive species. Constraints arising from in situ measurements
are also incorporated. First, an initial electron density profile
is assumed, and the densities of all atomic ions are calculated
by equating their production and loss rates. The O,* density is
then estimated, and the NO* and electron densities obtained by
solving simultaneously the equations for charge neutrality and
NO* at steady state equilibrium, resulting in

[€]%2) - q(2) [€](2) - p(z) = O 12)
where g(z) is the sum of all ions other than NO* and p(z) is the
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ratio of NO* production from all sources to the rate coefficient
for dissociative recombination, Only one root of (12) is posi-
tive. This electron density profile is then adjusted to take into
account the effect of diffusion and to force correspondence with
that measured at the satellite altitude by RPA. Below 200 km,
chemical equilibrium is assumed and no change is made; above
this altitude the density is specified by linear interpolation
between the modeled 200 km value and the measured one at
satellite altitude near 250 km. Using this new electron profile,
all jon densities including NO* are computed. O*(4S) is adjusted
above 200 km to preserve charge neutrality as it is the diffus-
ing species. Then the quadratic expression for electron density
is applied again, the profile readjusted, the ions computed and a
few more iterations performed to assure convergence, which is
rapid. Finally, the O,* profile is normalized to the value mea-
sured by BIMS to account for uncertainties in the molecular
oxygen density as described above. (BIMS ion composition
measurements taken from the UA data base are adjusted upward
by a factor of 1.27 on satellite AE-C, (2.35 on AE-E) by virtue
of a statistical comparison between the sum of all ions from
BIMS and the RPA total plasma density. See Abreu et al. [1983]
and Abreu et al. [1986].) All other ions are adjusted propor-
tionally to preserve charge neutrality; this is a very minor
effect as O, is never the dominant ion.

With the ion chemistry determined, it is a simple matter to
find the steady state equilibrium densities for each neutral
excited species in turn, agein working from higher energy to
low. Figure 7 shows the results of these calculations for AE-C
orbit 5378; electrons, all ground state ions, and the excited
metastables O(!D) and N(2D) are displayed.

COMPARISON OF MODEL TO OBSERVATIONS

Contributions to the 6300 A auroral volume emission rate
profile are broken down into each component reaction and
plotted for several orbits. All sources which reached a value
greater than 1 photon cm™ s-! are plotted; thermal electron
excitation of atomic oxygen, and energy transfer from O*(2D)
to O(*P) were below the lower limit plotted here. The largest
contribution is from energetic electron impact on atomic
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profile.

oxygen. Another significant contribution comes from the
dissociative recombination of O,*. Smaller amounts are pre-
dicted from quenching of excited atomic nitrogen, reaction of
N(2D) with O,, electron impact dissociation of O,, and reaction
of Nt with O,. Radiative cascade from O(!S) results in a fair
amount of 6300 A emission, particularly at low altitude, but
there are great uncertainties in this calculation at the present
time since this model makes only a rough initial attempt at
solving accurately for the O(1S) density.

Volume emission rate profiles modeled using the methods
described were compared to measurements made using the
tomographic inversion for eight AE-C orbits. Altitude profiles
were obtained by averaging several columns from the deduced
emission rate function over an interval equal to the averaging
interval for the electron fluxes, thus avoiding any problems due
to inadequate horizontal resolution or difference in spatial

The error bar represents the estimated uncertainty in the measured

scale. Figures 8a-8d contain a sample of the results. The error
bar at 200 km represents the estimated uncertainty in the
measured volume emission rate; the uncertainty is about 20%
larger at 150 km but is comparable in magnitude throughout the
150-250 km region for this type of altitude profile [Solomon
et al., 1985]. Considering the experimental uncertainties
correspondence between model and measurement ranges from
fair to excellent. The volume emission rate at low altitude is
overestimated by the model for orbit 5376 but underestimated
for orbit 5378; orbit 5631 shows very good shape agreement
although the magnitude of the model is a little high and orbit
6136 shows nearly perfect low altitude agreement for the for-
ward viewing direction but not for the backward. Comparison
of the forward and backward observations, where available,
gives some idea of the temporal variation of the emission.

The model uncertainties have not been explicitly calculated
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but are estimated to range from 30% for straightforward, empir-
ically based calculations such as dissociative recombination of
O,* upward to 60% or more for reactions with ill-determined
rates such as the N(2D) ones; in addition the calculation of
[N(®D)] itself is complex and there are unresolved temporal and
spatial effects on this long-lived metastable. The uncertainty
for the e*+O source would also be within 30% if the validity of
the modeled secondary fluxes were accepted and the cross sec-
tion considered well-defined; since there is dispute concerning
these points, the uncertainty must be considered large. The
shapes of the altitude profiles are the best indication of the
relative importance of source reactions. The absolute scale of
model and measurement may be difficult to pin down, but the
altitude dependence of the emission and its changes with flux
characteristics are indicative of the source mechanisms in-
volved. Examination of the N(2D)+O, profile in comparison
with the measured profiles indicates that this reaction is prob-
ably not the major source of auroral O(!D). When the quantum
yields from this reaction and from the N*+O quenching reaction
are treated as free parameters, the best fit to the data is obtained
when both equal approximately 0.1.

As an additional check, it is desirable to use a simpler mea-
surement technique to compare model and measurement. By
averaging nadir brightness measurements over an auroral event
from the channel one 6300 A filter and the channel two 4278 A
filter and taking their ratio, the effects of ground reflection can-
cel if it is assumed that the albedo is invariant over this spec-
tral interval. There may be some temporal differences due to the
longer lifetime of O(D) compared to the promptly emitting Ny*
ING bands, but at the peak of the emitting layer O(1D) lifetimes
are only of the order of 20 s, and by averaging over a wide
region where the electron flux appears relatively stable any
such deviations should be slight. Model prediction of this ratio
may then be compared to the measured one. This was done for
eight auroral events, and the result plotted in Figure 9. The
slope of a line fitted to the points is 0.8, indicating that slight
problems still remain in the analysis. Most of this is probably
due to two discrepancies, however. The first is described
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Fig. 9. Comparison of 6300/4278 A brightness ratios. Vertical

column brightness ratios viewed in the nadir direction from eight
auroral passes are plotted against the modeled values. Slope of a linear
fit is 0.8. Ground brightness was not subtracted.
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above—energy deposition is overestimated at the auroral peak
by about 10%. This will effect the calculation of 4278 A emis-
sion but not 6300 A as quenching precludes significant red line
radiation at low altitudes. The second is that there is often a
small unexplained bump in measured 6300 A profiles near 100
km; this could be due either to some contaminating emission
such as from the OH Meinel, N,* Meinel, or N; 1PG bands, or it
could be due to some source of O(!D) not considered here. If this
accounts for an additional 10% of deviation, then the differ-
ences between model and measurement using this technique are
explained, and agreement is satisfactory. Within the range of
errors expected from these modeling efforts a 20% deviation is
not significant at any rate,

The model was also applied to the March 21, 1974, coordi-
nated satellite-rocket-ground experiment [Rees et al., 1977;
Sharp et al., 1979]. The LEE measurements for this experiment
pose a difficulty in that the measured spectrum for 0.2-26.0
keV only account for half of the energy deposition inferred
from the Ny 1ING(0,0) 3914 A column emission rate [Sharp et
al., 1979]. This may be resolved by assuming that half the
energy is carried by electrons with energy greater than 26 keV,
and extrapolating the measured primary flux to 40 keV [Rees et
al., 1977]. Following this procedure, and applying this spec-
trum to the model using an MSIS neutral atmosphere, results in
good agreement between modeled jon and electron densities and
those measured by the rocket flight above 100 km. The calcu-
lated N, 2PG(0,0) 3371 A emission in the 120-200 km region
has a similar shape to the rocket measurement although 25—
30% lower, but at the peak, 95 km, it was 70% higher.
Comparison of the modeled secondary fluxes to those measured
by the HARP instrument on the rocket is reasonable from 5 to
10 eV, but deteriorates rapidly with increasing energy until the
model is about a factor of 10 lower at 100 eV, at 245 km alti-
tude. Consequently, less 6300A is predicted by the model than
measured by the rocket, although the discrepancy is smaller
than found by Sharp et al. At the peak of the emission profile,
225 km, the model is 40% lower than the measurement; at 150
km it is 65% lower. This argues for an increase in a low altitude
source such as the N(2D)+O, reaction proposed by Rusch et al.
[1978], although this source would still be inadequate in the
context of the present model owing to the higher rate adopted
for quenching of N(2D) by O. It must be emphasized that the
primary flux is not well known as it was measured for only 4 s
by a spinning satellite and extrapolated above 26 keV. For the
softer fluxes analyzed above such extrapolation is unimportant
but when half the energy is carried by unmeasured electrons it
may be questioned. Although ground based photometry showed
that the aurora was stable throughout the experiment, an unex-
plained double peak in the electron density profile was ob-
served. This could indicate that the primary flux had unusual
spectral structure, which may be associated with spatial struc-
ture as well. Measurement of this type of flux with a spinning
satellite is difficult. The discrepancy in the 3371 A profile also
indicates that the applied flux may be too hard.

DiscussioN

The primary conclusion drawn from this study of O(!D) in the
aurora is that the “classical” production mechanisms, energetic
electron impact excitation of atomic oxygen and dissociative
recombination of O5*, account for the majority of the observed
6300 A emission. This is hardly a new or radical finding, as it
bring the situation back to about where it was 20 years ago.
Considerable refinement has occurred, however, as the minor
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sources were identified over time. A summary list is given
below.

Production

e* +0CP) - e* +O(1D)
Oyt +e = 0+0('D)

N* +0(P) — N(*5) + O(D)
O(tS) — O(D) + hva_ss1x
NED) +0, — NO +0(1D)
e*+0, — e* +0+0(!D)

Nt +0, — NO*+0('D)

e, +O(P) — ¢,+0(D)
O*(*D) + O(P) — 0*(S) + O('D)

Loss

O(ID) +N; — OCP)+N,
O('D) +0; = OCP) +0,
o('D) +O(P) = OCP) +OCP)
O(D) +e — OCP) +e
O('D) — OCP,) + hvas3004
O('D) — OCPy) + hvigassk
O('D) — OCPg) + hvrg3924

Reaction of N(2D) with O, is included here with an O('D) yield
of 0.1 so scaling the source curves in 9a-9d upward by a decade
indicates the upper limit that may be generated by this mech-
anism using the adopted chemical scheme, A higher yield from
this reaction cannot be ruled out on the basis of this work alone
due to discrepancies in the profile at low altitude, uncerter-
tainties in the chemistry of N(2D), and the contrary evidence of
the March 21, 1974, coordination experiment. But the results
presented here show no reason to dispute the Langford et al.
[1986] laboratory findings, so if there is a missing source of
O('D) at low altitude which becomes important for very ener-
getic fluxes, it remains unidentified.

In considering quenching by atomic oxygen, the quantity
N*, the sum of excited atomic nitrogen in the 2D and 2P states,
is used instead of considering N(2P) separately as its chemistry
is not well known and explicit modeling would be speculative.
The problem with the N(2D)+O reaction as a source of O(1D) is
that observations of 6300/5200 A ratio variations in the polar
cap show that the yield of O('D) from N(2D)+O is small, and the
O(1D) nightglow chemistry does not admit an additional source
from this mechanism. But this does not apply to reactions of
N(2P). These observations indicate that some O(!D) may be
produced by N(2P)+0, although just how much remains obscure.
Using the cross sections for electron impact dissociation of Ny
of Zipf and McLaughlin [1978], an upper limit on production of
O(1D) equal to about 50% of the calculated e*+O source at 200
km may be inferred for unit quantum yield. The yield is prob-
ably much smaller, however.

Radiative cascade from O(!S) is also important, particularly
at low altitude. Thermal electron excitation of OCP) is an
important source when the electron temperature is greatly
elevated, but not in the aurore studied here. Electron impact
dissociation of O, and reaction of N* with O, are very minor
sources and energy transfer from O*(Z2D) to O(P) is in-
significant. The conditions of this study specifies the limita-
tions on the generality of these conclusions; they are: night,
low solar activity, moderately energetic electron fluxes, and
high magnetic latitude,

The conclusion that electron impact on atomic oxygen sup-
plies the largest portion of auroral O(!D) hinges on the accep-
tance of the high rates of secondary electron production pre-

9877

dicted by collisional models. It must be repeated that high
fluxes at low energy are not always observed, and that other
studies have concluded that electron impact produces little
O(1D) in aurorz [e.g., Rusch et al., 1978; Sharp et al., 1983;
Rees and Roble, 1986]. Also, the density of atomic oxygen in
the aurora and in the thermosphere in general is another con-
troversial subject [cf. Torr and Sharp, 1979; McDade and
Llewellyn, 1984] which affects the calculation of O(!D)
production. At the higher altitude of 6300 A emission, the
question of turbopause peak atomic oxygen density is not
important. The auroral density question at higher altitudes has
been partly surmounted by the use of measured densities to
normalize the modeled profile whenever possible; this proce-
dure has the most validity near the satellite orbit and its relia-
bility diminishes with decreasing altitude. Use of in situ ion
and electron density measurements also augments the validity
of the modeled O5* dissociative recombination source.

Loss rates of O(1D) are also crucial in determining the 6300 A
emission. Of those considered here, the one with the largest
uncertainty is quenching by O(P). This topic is discussed in
Abreu et al. [1986], where it is concluded that if the consensus
laboratory rate for quenching by N, and the Fischer and Saha
[1983] transition coefficients are accepted as the best available
determinations of these quantities, quenching by O as calcu-
lated by Yee et al. [1988] is required to explain the observed
6300 A nightglow. Link and Cogger [1988] find from a re-
examination of radar/optical observations that the lower
Kernahan and Pang [1975] coefficients without atomic oxygen
quenching are equally effective explaining the results as the
Abreu et al. loss rates. The same is essentially true here—the
altitude variation of the atomic oxygen loss rate is not so great
and the proportion of loss attributable to this mechanism not
so large that neglecting the O(!D)+O(®P) reaction and using
lower transition coefficients would greatly change the conclu-
sions. However, there would be slightly more room for in-
creased low-altitude production, such as from reaction of N(2D)
with 0y, if this were the case.

Because of the discrepancies and uncertainties at lower alti-
tude, this study cannot rule out a greather quantum yield of
O(!D) from N(2D)+0, than the nominal value of 0.1 adopted
here. In addition, the N(2D) chemistry will be unclear until the
question of the rate of quenching by O is settled. This rate is
not only of importance to auroral chemistry but also to the odd
nitrogen balance in general. If the results of Jusinski and
Slanger [1987] prove correct, debate concerning the N(2D)+0,
reaction will become moot. This debate will not be resolved
until a definitive laboratory study of this reaction is carried out.
There have been some useful recent experiments [Langford et
al., 1986; Rawlins, 1986], but none specifically designed to
measure the quantum yield of O(*D) from this reaction. In addi-
tion, the products and rate of the reaction of N(2P) with O need
further investigation. New laboratory experiments and theoret-
ical studies of these reactions of excited atomic nitrogen are
indicated.

APPENDIX A: ELECTRON IMPACT CROSS SECTIONS

All inelastic cross sections employed in the electron trans-
port code were approximated with analytical fitting functions,
using the Jackman et al. [1977] formula for ionization and sec-
ondary electron production and the Green and Stolarski [1972]
equation for excitation. The Jackman et al. values were re-
tained, with the exception of the linear coefficients for O which
were adjusted to match the results of Burnett and Rountree
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Fig. Al. Electron impact cross sections for (@) N3, (b) O, (c) O3, and (d) backscatter ratios for p=0.577.

[1979] as suggested by Link [1982]. Many of the Green and
Stolarski excitation cross sections were re-fit, however, to
reflect subsequent measurements and revisions. For Ny, the sum
of vibrational excitaion was taken from Porter et al. [1976],
and the A, B,B',W,C, a, @', and w states were taken from
Cartwright et al. [1977b] as revised by Trajmar et al. [1983].
This downward revision brings the total cross section closer to
Pritchford and Phelps [1982] in the 10-30 eV region. The b' and
sum of the 1[1, states were taken from Zipf and McLaughlin
[1978] and for the sum of the Rydberg states the Green and
Stolarski representation was retained but normalized downward
so as to reproduce the Zipf and McLaughlin total dissociation
cross section when added to the b' and 'I1,, cross sections. For
O, 1D and 1§ were unchanged from the Green and Stolarski
values (see introduction for a discussion of the O('D) cross
section), 5§ and 34°D° taken from Zipf and Erdman [1985], 3S°
and 3D° from Vaughn and Doering [1987], the sum of the As=1
transitions unchanged, and the sum of the remaining As=0,
Al=0 and As=0, Al=1 transitions taken from Jackman et al.
[1977]. For O,, the vibrational, a, and b cross sections used
were the values of Phelps as cited by Stamnes and Rees [1983],
the A, A', ¢, SRC, and 9.9 eV states taken from Wakiya

[1978a,b], and the sum of the Rydberg states mormalized
downward from the Green and Stolarski curve [Link, 1982].

Elastic cross sections were interpolated from tabulated
values, using a combination of theoretical results and experi-
mental data. Ny was drawn from the work of Wedde and Strand
[1974], Finn and Doering [1975], Kennerly [1980], Blaau et al.
[1980], Dalba et al. [1980], Hoffman et al. [1982], Dubois and
Rudd [1976], Shyn and Carignan [1980], and Srivastava et al.
[1976]. For O, the results of Sunshine et al. [1967], Wedde and
Strand [1974], and Blaha and Davis [1975] were employed. O,
was calculated using Sunshine et al. [1967], Wedde and Strand
[1974], Shyn and Sharp [1982], Salop and Nakano [1970], and
Dalba et al. [1980]. For all three species the screened
Rutherford formula as applied by Strickland et al. [1976] was
used above 1 keV. Much of the experimental data for molecular
cross sections was obtained from the review of Trajmar et al.
[1983], which is an invaluable source for molecules other than
0O, and N as well.

The excitation, ionization, elastic, and total cross sections
are plotted in Figures Ala, Alb, and Alc for Ny, O, and O,
respectively. Figure Ald is a plot of the elastic and inelastic
backscatter ratios employed for each species. They are valid
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TABLE B1. Chemical Reactions and Rate Coefficients
Reaction Rate Coefficient, cm? 51 Reference
O*+Ny - NOHN 2.78x10°13 exp(2.07(T¢300)™! - 0.61(74/300)2) Chen et al. [1978]
O*+0y -»05'+0 3.33x10°12 exp(3.72( #300)°1 - 1.87(1300)2) Chen et al. [1978]
Ny +0 - NO*N 1.4x10710 (7,300 McFarland et al. [1974]
No*+0y = NytOy* 5.0x10°11 (14300)8 McFarland et al. [1973]
Ni —-NO+O 6.0x10°12 Lin and Kaufman [1971]
NECDHO - N(*sHO 1.8x10°12 Davenport et al. [1976]
NCD)e >NCSre 5.5x10'19 (T,/300)5 Frederick and Rusch {1977
OCD)Ny »OCPHNy 2.0x10°1! exp(107.8/T,)) Streit et al. [1976]
O( D)0, 5 OCP}O, 2.9x1(r:(1) exp(67.5[T,) Streit et al. [1976]
O(D}+e »OCF)te 8.1x10°10 (T, /300y Link [1982]
o510 = OCPHO 2,0x10°14 Slanger and Black [1981]
0*(§D)+N2 —0iN* 8.0x10°10 Johnsen and Biondi [1980]
O'(D}0y -»040,* 7.0x10°10 Johnsen and Biondi [1980]
o o Sy Ta00r? Tors i Tor 11580
- B orra orr
ggzr)mz - 0+Ny* 4.8x10':g Rusch et al. [1977]
- 4.8x10° Link [1982]

o+(§r)+¢ —0'CD3S)e 1.7x10"l’ (T/300)3 Henry et al. [1969]
O'CPHOS0'ASHO  S5.0x10°11 Rusch et al. [1977]
0,*+0 - 040 2.1x10"1! exp(-1136/T,) Solheim and Llewellyn [1979]
0x*Ny = OxiN, 1.0x10°13 Solheim and Liewellyn [1979]

+e 5N+O 2.3x10°7 (T /3005 Mul and McGowen [1979]
Npt+e »NiN 3.5x10°7 (T ,/300)"5 Mul and McGowen [1979]
%"’ﬂ -0:0 1.9x10'30(1,/300)--5 Mul and McGowen [1979]

40, NO*+0,0,"N  6.0x10°} Langford et al. [1985]

NATLHO N0  3.1x10°H @av. v=1,2) Piper et al. [19814]
of D)+0—1>0(3P)+0 8.0x10'i? s Abreu et al. [1986]
Orey 5 O(D)vey 2.6x10° T, exp(-22740]T,) Link [1982]
NyA%%, Nyt 4.1x1012 Piper et al. [19815]
0);+N0 —0NO 4.4x10 Lindenger and Ferguson [1983]
NEDMNO -»NESHNO  7.0x10°11 Fehsenfeld [1977]
N0 - N+O* 1.0x10"12 Torr [1985]

only for an average pitch angle cosine of 0.577. Elastic
backscatter was calculated by J. U, Kozyra (personal communi-
cation, 1986) using results from Shyn et al. [1972], Shyn and
Sharp [1982], Wedde and Strand [1974], and Stamnes [1980;
1981]. Inelastic backscatter presents a problem as there are so
few doubly differential measurements for energy loss that ex-
tend past ~135° scattering angle; in addition, the two-stream
code treats all energy loss backscatter by a single species as
one process, necessitating adoption of an average ratio. The
approach taken was to use measurements where available
[Cartwright et al., 1977a; Trajmar et al., 1983; Shyn and
Sharp, 1986] and to assume for the remainder of processes that
the backscatter ratio was 0.5 for forbidden transitions, iden-
tical to elastic scattering for allowed transitions, and zero for

TABLE B2. Branching Ratios

Reaction Yield Reference
OqS)fmm Og*+e 0.1 Abreu et al. [1983]
O(ZD)frun Oytte 1.2 Abreu et al. [1986]
NCD)from NO*+e 0.76 Kley et al. [1976]
N(zp)mezm 1.9 Quéffelec et al. [1985]
NCD)from N: +10 1.0 Frederick and Rusch [1977]
O('D) from Ni 2+02 0.1 Langford et al. [1985]
O'CD)from O*(@Pye 0.8 Link [1982]

Nt from Ny+e* 0.16 Richards and Torr [1985]
NCDHN(P) from above  0.50 Zipf et al. [1980]
NO*+O from N*+0, 0.43 Langford et al. [1985]
O(!D) from above 0.7 Langford et al. [1985]
0(5) from Ny(A’5, 0 0.75 Piper [1982]

0('S) from O5*+0 0.1 see text

OqD)ﬁunO @Dyro 0.5 see text

O('D) from N*+O 0.1 see text

ionizing transitions. The average of all transitions, weighted
by their relative contribution to the total inelastic cross sec-
tion, was taken as a function of energy, resulting in the curves
displayed in Figure Ald. These curves remain crude estimates,
but electron transport calculations are comparitively insensi-
tive to these parameters as pitch angle redistribution is domi-
nated by elastic processes.

APPENDIX B: CHEMICAL REACTIONS

Table B1 lists the reactions used in the chemical model, their
rate coefficients, and references for the rates employed. T, T;,
T, Tf are the neutral, ion, electron, and effective temperature,
respectively. Branching ratios of importance to the model are
given in Table B2, and the Einstein coefficients for sponta-
neous emission are specified in Table B3.

Table B3. Spontaneous Transition Coefficients

Transition Coefficient, sl Reference
N(;S-ZD), Asom 1.07x10°5  Wiese et al. [1966]

P_1D), Agano 0.0071 Fischer and Saha [1983]
P-1D), Agaea 0.0022 Fischer and Saha [1983]
OCP-15), Ay 0.045 Kernahan and Pang [1975]
o(lD1s), Assty 1.06 Kernahan and Pang [1975]
0*(45-2D), Axyz6 9.7x10°5  Kernahan and Pang [1975]

O*¢s-?P), Azmo 0.0479 Wiese et al. [1966]
O*(2D-?P), Ay 0.1712 Wiese et al. [1966]
0x(X~c), A 0.001 Solheim and Llewellyn [1979]
No(X-A), Avg 0.77 Shemansky [1969]
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