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Auroral Excitation of the N2 2P(0,0) and VK(0,9) Bands 

STANLEY C. SOLOMON 

High Altitude Observatory, National Center for Atmospheric Research, Boulder, Colorado 

The low-energy secondary electron flux caused by auroral electron precipitation is examined using data 
from the Atmosphere Explorer C satellite. An energetic electron transport algorithm is used to compute the 
differential electron flux produced by measured primaries. Emissions of N 2 in the 2P(0,0) band at 337 nm 
and the VK(0,9) band at 335 nm predicted by the model are compared with photometric observation of their 
combined volume emission rate altitude profile made by the visible airglow experiment. Reasonable 
correspondence between model and measurement is obtained. Ratios of emissions at 337 run and 630 nm to 
the N2 + 1N(0,0) band at 428 nm are also studied. It is concluded that the 337/428 nm ratio responds to 
changes in the characteristic energy of primary auroral electrons only insofar as part of the 337 nm bright- 
ness is due to N 2 VK(0,9) emission. The 630/428 nm ratio, which is strongly dependent on characteristic 
energy, also varies significantly with changes in atomic oxygen density. 

INTRODUC•ON 

A long-standing discrepancy has existed between theoretical 
calculations of the auroral secondary electron flux and some of 
the measurements in the l0 to 100 eV range. Model calcula- 
tions [e.g., Rees et al., 1969; Rees and Maeda, 1973; 
Strickland et al., 1976, 1989; Banks et al., 1974; Stamnes, 
1980, 1981; Link, 1982; Solomon et al., 1988; Rees and 
Lummerzheim, 1989] generally predict that the differential 
electron flux as a function of energy •(E) approximately fol- 
lows a power law •(E)o• E le from 10 to 100 eV where the spec- 
tral index 3 ranges from ~-2 to --2.5. Laboratory measure- 
ment by Opal et al. [1971] found a value of 3 near -2 for sec- 
ondary electrons produced by ionization of molecular species. 
Rocket and satellite measurements have also found a power law 
dependence of the electron flux in this energy range, but esti- 
mates of 3 vary greatly. Many measurements exhibit signifi- 
cant structure and changes of slope, so it is rather simplistic to 
utilize a single parameter as a means of characterizing the 
observations and models, but this approach is adopted here for 
brevity. Direct examination of results from models and exper- 
iments cited here will yield a more complete picture of the dis- 
crepancies involved than can be given by this overview. 

Some of the earlier rocket experiments are summarized by 
Arnoldy and Choy [1973], showing the extensive differences 
between various measurements. Feldman et al. [1971] measured 
y------3 from 10 to 30 eV; Reasoner and Chappell [1973] mea- 
sured 3=-1 from 40 to 100 eV. This type of change in slope 
was also identified by Feldman and Doering [1975] who found 
that 3=-3.2 from 7 to 20 eV and 3=-0.9 from 25 to 85 eV 
represented a reasonable fit to their data. A steepening of slope 
with decreasing energy is shown by most models, although not 
of this magnitude. Sivjee and McEwen [1976] found 3=-2.9 
from 20 to 30 eV and ~-2.1 from 30 to 50 eV, in good agree- 
ment with models. But Sharp and Hays [ 1974] measured a much 
flatter spectrum, T------1 from 10 to 50 eV and near zero above for 
a spectrum obtained at 124 km. Another flight with the same 
instrument [Sharp et al., 1979] measured spectra which could be 
represented by y-----2 at 143 km, ~-1.5 at 217 km, and ~-1 at 
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245 km. The spectra of Pulliam et al. [1981] appear similar 
from 40 to 100 eV; these authors found good agreement with a 
collisional model. Satellite measurements from the photo- 
electron spectrometer (PES) on Atmosphere Explorer have 
found values for 3 near-1 from 10 to 100 eV [Doering et al., 
1976] and between-1 and -2 from 25 to 110 eV [Peterson et 
al., 1977]. More recent measurements from the low-altitude 
plasma instrument (LAPI) on Dynamics Explorer [Fung and 
Hoffman, 1988] yielded an average 3 of-1.85 above 300 km, 
weakly dependent on altitude and on the mean energy of the 
primary beam (becoming larger in magnitude with decreases of 
these parameters). 

Stasiewicz [1984, 1985] and Stasiewicz et al. [1987] have 
studied the effect of wave-particle interactions in the auroral 
acceleration region and concluded that a power law distribution 
with 3 near -1 can result. Since this type of distribution has 
been measured at low altitudes as well, there is some doubt as to 
whether the collisional models are correct. In addition, the 
horizontal layering sometimes observed in auroral emissions 
by Hallinan et al. [1985] may be evidence of plasma turbulence 
effects. Plasma waves have been observed by Kelley and Earle 
[1988], but simultaneous electron spectrum measurements 
found 3<-2 both in the presence and absence of wave activity. 

An important goal of both ground- and space-based auroral 
measurements is to infer the energetic inputs to the polar ther- 
toosphere from remote observations. Two parameters, the total 
downward energy flux F E and characteristic energy E 0, are usu- 
ally adequate to describe a particular flux of auroral electrons. 
E 0 may refer to the peak energy of a Maxwellian spectrum, to 
the peak of some other distribution, or to one-half the mean 
energy. While F E may be inferred with reasonable accuracy 
from measurements of excited ion emissions such as the first 

negative (1N) (0,1) band of N2 + at 428 nm, estimation of E 0 is 
more difficult. One of the principal methods used has been the 
630/428 nm "red/blue" ratio, which, regardless of the mech- 
anisms believed to excite the O(1D) metastable, is indicative of 
E 0 for the reason that fluxes with higher energy cause ioniza- 
tion and excitation at lower altitudes, where quenching reduces 
the magnitude of 630 nm emission. However, variations in 
neutral composition, particularly of atomic oxygen, cause this 
ratio to be unreliable unless an independent means of evaluat- 
ing compositional change is employed [e.g., Hecht et al., 
1989]. 

Recent modeling work by Rees and Lurnmerzheim [1989] 
finds that the low-energy electron flux should be a strong func- 
tion of the primary E0, even when it is in the keV range. 
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Therefore, they advocate using the ratio of permitted transi- 
tions from a single ground state species (i.e., N2) to infer E 0 by 
comparing emissions which are excited by low-energy elec- 
trons to emissions from ionized states which are excited by 
high-energy electrons. This would be an attractive method if 
feasible, as the problems of composition variation and time 
dependence would be avoided. However, Strickland et al. 
[1989] predict insignificant change in the relative magnitude 
of the low-energy electron flux resulting from variation of E 0 
above a few hundred eV. This issue, in addition to the question 
of the overall form of the secondary flux, may be addressed by 
use of photometric observations of auroral emissions in con- 
junction with measurements of the energetic particles which 
cause them. 

The N 2 second positive (2P) C3Hu-B3Hg (0,0) emission band 
at 337 nm is a good tool for investigation of the low-energy 
electron problem using spacecraft observations (ground-based 
measurements are more difficult as the band is parfly absorbed 
by 0 3 in the stratosphere and Rayleigh scattered in the tropo- 
sphere). The band has a cross section for electron impact exci- 
tation that peaks near 14 eV and declines rapidly to become 
negligibly small above about 30 eV, and so responds mainly to 
the secondary flux in the 100-200 km region where the low- 
energy spectrum is dominated by secondaries. The transition is 
permitted, so collisional deactivation may be ignored. 
Although the excitation rate of the N 2 C3Hu state is indicative 
of the electron flux in a narrow band and not of its overall 

spectral form, the magnitude of the flux in this region will vary 
enormously with the spectral index--an order of magnitude for 
each unit of 7 at 10 eV, assuming the same flux at 100 eV. The 
Atmosphere Explorer C (AE-C) satellite carried a photometer 
with 337 nm filter and several energetic electron detectors. 
However, analysis of the photometry is complicated by the N 2 
Vegard-Kaplan (VK) A3Y. u+-Xly. g + (0,9) band which is also 
passed by this filter, as pointed out by Conway [1983] in a 
study of dayglow emissions. 

Emissions in the 2P and VK band systems of N 2 have been 
examined by several previous studies [e.g., Feldman and 
Doering, 1975; Deans and Shepherd, 1978; Sharp et al., 1979; 
Rees and Abreu, 1984; Ishimoto et al., 1988]. In this paper, 
altitude profiles of the auroral 337 nm emission are used to- 
gether with transport modeling of measured energetic electrons 
to attempt to establish the validity of the electron transport 
calculation. Ratios of emissions at 337 nm, 428 nm, and 630 
nm are also employed to investigate the question of the depen- 
dence of the low-energy auroral electron flux on E0. 

OPTICAL MEASUREMENTS 

Altitude Profiles 

In the dayglow, it is not possible to distinguish between the 
2P(0,0) and VK(0,9) emissions from photometer measurements 
alone, as the two bands have similar altitude profiles. In the 
aurora, however, application of a tomographic inversion algo- 
rithm reveals an inflection in the emission altitude profile 
caused by quenching of the N 2 A3Y. u+ state by atomic oxygen. 
The two-dimensional 337 nm volume emission rate function is 

obtained from visible airglow experiment (VAE) data [Hays et 
al., 1973] for four AE-C auroral transits using the analysis 
technique described by Solomon et al. [1984, 1985]. Altitude 
profiles averaged over the horizontal extent of the auroral 
events are then computed. Some of the events exhibit promi- 
nent inflections in their altitude profiles just below 200 km as 

may be seen in Figure 1. It cannot be proven that this phe- 
nomenon is attributable only to the VK(0,9) band, but this 
type of altitude profile has never been observed in VAE auroral 
measurements at 428 nm or 557.7 nm, suggesting that a see- 
ondary peak in the ionization profile is probably not the cause. 
A high degree of slxucture in the precipitating primary elec- 
trons and significant temporal dependence of the 337 nm emis- 
sion was noted on orbit 16691; the large magnitude of the 
inflection in the altitude profile for that orbit is partially 
attributable to these effects. Orbit 16056, which occurred on 
December 4, 1976, during low solar and geomagnetic activity, 
is the principal data segment used in the present analysis since 
detailed energetic electron flux measurements are available for 
this period and temporal variation did not appear to be a prob- 
lem. The inflection in this altitude profile is barely detectable, 
suggesting that the VK(0,9) contribution is small in this case. 

260 

240 

200 

160 F .'16518 

140 

120 

lOO 

8o 
10 0 10 • 10 2 10 3 

Volume Emission Rate (cm-3 s-•) 

Fig. 1. 337 nm auroral altitude profiles from four orbits of AE-C. In 
each case, forward looking limb scans were employed in the tomo- 
graphic inversion. 

Vertical Column Brightness Ratios 
Measurements from the VAE on AE-C are used in two modes 

of operation. In stepping (S4S) mode, the filter wheel changed 
position every 4 s, completing a cycle every 32 s. Data from 
S4S mode are used when the satellite was despun and inverted, 
with VAE channel 2 in the nadir position; mean brightness for 
each filter step is calculated. In 42F3 mode, the filter wheel 
was fixed with the 428 nm filter on channel 1 and the 337 nm 

filter on channel 2. Data from 42F3 mode are used when the 

satellite was spinning; mean brightness over a 10 ø window 
centered on nadir is computed. Auroral transits with no solar 
illumination are selected, and those data where the 428 nm 

brightness is greater than 0.1 kR are retained. No correction is 
made for light reflected by the lower atmosphere, clouds, and 
ground since their characteristics are not known; this is 
acceptable to the extent that backscatter is constant at the 
different wavelengths observed. For 630/428 nm the depen- 
dence on wavelength is small, but the 337/428 nm ratio may be 
elevated by up to -15%, depending upon the ground albedo and 
cloud conditions, as radiation at 337 nm is both scattered and 
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absorbed to a greater degree than at 428 nm [Stamnes and Witt, 
1985]. 

The time lag between measurements at 337 nm, 428 nm, and 
630 nm was 8 s in the case of S4S orbits and about 3.5 s for 

42F3 orbits. To account for this, linear interpolation is per- 
formed from successive 337 nm or 630 nm measurements onto 

the time of the 428 nm measurement. Nevertheless, a great deal 
of noise is introduced by this problem, as can be seen in 
Figures 2a-2d. Figure 2a compares 337/428 nm to the 428 nm 
brightness for nighttime auroral observations made with both 
modes. Statistically, the 428 nm brightness should increase 
with Eo [Christensen et al., 1987; and references cited therein]. 
The 337/428 nm ratio decreases with increasing 428 nm 
brightness but only by about 30%. To quantify this change, a 

power law fit is made to the data, obtaining rl=O.85b -ø'øs where 
r1=337/428 nm and b--428 nm brightness in kR. The correla- 
tion coefficient p is equal to -0.30, with the probability that 
this coefficient is due to random variations p less than 0.001. 
In contrast, the variation of the 630/428 nm ratio with 428 nm 

brightness is quite apparent, as seen in Figure 2b. In this case, 
the equation of a power law fit is r2=O.82b -ø'56 where 
r2=630/428 nm, with p=-0.76, p<0.001. There is a significant 
amount of additional scatter, however, presumably caused by 
variations in the atomic oxygen density. Figure 2c plots 
337/428 nm against 630/428 nm for the same S4S orbits. The 
337/428 nm ratio exhibits slight systematic variation with 
630/428 nm; the equation of a power law fit is r•=0.84r2 +ø'ø5, 
with p=0.15, p=0.23. 
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Fig. 2. (a) Ratios of auroral nadir brightness at 337 nm to 428 nm plotted against the 428 nm brightness for stepping 
despun (S4S) orbits and fixed spinning (42F3) orbits. Power law fit: rl-0.85b ß . (b) Ratios of nadir brightness at 630 nm 

0 56 
to 428 nm plotted against the 428 nm brightness for S4S orbits. Power law fit: r2-0.82b- ' . (c) 337/428 nm plotted 

•022/ts2•0 05 ffa337•428 nm ?øtted a. gamst against 630/428 nm for S4S orbits. Power law fit: - . ß . ' the characteristic energy 
of a Maxwellian fit to the primary electron flux for 4 Powe w fi: rl=0.9 E0 -0'09 
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Electron fluxes from 0.2 to 26.0 keV were measured by the 
low-energy electron instrument (LEE) [Hoffman eta/., 1973] 
aboard • during spinning orbits but not for despun inverted 
orbits. E 0 from a Maxwellian fit is obtained from the AE 
Unified Abstract (UA) files at 15 s intervals and interpolated to 
the time of the 428 nm observation. Additional noise is intro- 
duced due to the coarse temporal resolution of the UA files. 
Figure 2d displays the comparison of 337/428 nm to E 0 for 

those times at which it is available. Values of E 0 less than about 1.5 keV axe not recorded in the UA files, so Figure 2d 
contains little information about changes in the emission ratio 
with softer fluxes. Consequently, the quality of fit is poor. But 
over the range of E 0 available, there is again only a small 
observed systematic change of the 337/428 nm ratio. The 
equation of a power law fit is rl=0.93E0 -ø'ø9, with p=-0.09, 
p=0.28. 

MODEL OF EMISSIONS 

Calculation of Auroral Electron Spectra 
The primary electron flux for AE-C orbit 16056 is measured 

by the LEE at satellite altitude of 289 km. The downward hemi- 
spherical fluxes averaged over every two satellite spins (-30 s 
or -250 km) are plotted versus energy in Figure 3a. As the 
satellite crosses the auroral zone from the equatorward side 
toward the polar side, the spectra progress from being moder- 
ately energetic with a more Maxwellian shape to slightly softer 
with a more exponential dependence on energy. No "inverted 
V" events were detected, and Maxwellian fits to the spectra all 
have E 0 within the range 2.8-3.7 keY, so the fluxes are not 
highly spatially variable within the scale of the instrumental 
resolution. The flux in each of the 16 energy bands is then 
averaged over the full transit of the auroral oval (150 s or 
--1200 km) to avoid inconsistency caused by the different 
spatial scale of the electron flux and the inverted photometer 
measurements. This averaging is justified because, for a given 
neutral atmosphere and electron density profile, the excita- 
tion/ionization rates are linear combinations of the fluxes 
which produce them. (This is not true of electron densities and 
ion composition, but these have a very small effect on the 
emissions under consideration here.) 

This flux is input to a two-stream electron transport algo- 
rithm [Banks and Nagy, 1970; Nagy and Banks, 1970; 
Solomon eta/., 1988]. A variable altitude grid has been incor- 
porated into the algorithm; otherwise, the calculations are 
similar to those described by Solomon et al. (also see that 
paper for a discussion of electron impact cross sections). Two 
runs of the electron transport code are made, the first with an 
ambient electron density profile from the international refer- 
ence ionosphere (IRI) [Belitza, 1986], and the second with the 
ambient electron density calculated from the first run; see 
Solomon et al. for details. For neutral density and composi- 
tion, the mass spectrometer incoherent scatter (MSIS-86) 
[Hedin, 1987] model atmosphere is employed. In-situ mea- 
surement of neutral composition by the neutral atmosphere 
temperature instrument (NATE) [Spencer eta/., 1973] found 
both N 2 and O about 20% lower than MSIS-86, so no evidence 
for large compositional anomaly such as severe depletion of O 
was apparent in this case. The LEE proton channel was also 
monitored to assure that no significant source of ionization due 
to proton precipitation existed. 

The measured upward hemispherical flux is compared to the 
calculated upward flux in Figure 3b. For measurements made by 
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Fig. 3. (a) Downward hemispherical electron flux spectra for AE-C 
orbit 16056. Each trace represents the flux averaged over two spins of 
the satellite (-30 s) numbered in chronological order as the satellite 
progressed from the equatorward edge of the auroral oval to the poleward 
edge. (b) Measured and modeled hemispherical electron fluxes for the 
same orbit, integrated over the entire auroral transit. Solid line: down- 
ward hemispherical flux at the satellite altitude of 289 km, identical by 
definition for measurement and model. Dotted line: modeled upward 
hemispherical flux at 289 km. Pluses: upward hemispherical flux mea- 
sured by the LEE instrument. Circles: hemispherical flux measured by 
the PES instrument, isotropy assumed. 

the LEE the comparison is excellent, particularly above -300 
eV. Also plotted in this figure is the hemispherical flux mea- 
sured by the photoelectron spectrometer (PES) [Doering et al., 
1973], computed from the UA files under the assumption of 
approximate isotropy. Correspondence between measurement 
and model is fair in the 30-50 eV region but deteriorates with 
decreasing energy. This is as expected, since previous analysis 
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of PES data has found a slower increase of electron flux with 260 

decreasing energy than predicted by collisional calculations 
(see introduction). Peterson et al. [1977] have speculated that 
shielding problems may be a cause of inaccuracy in measure- 
ments at low electron energy from AE-C. 

Band Excitation and Rotational Structure 2 oo 

Excitation rates into the C3Hu and A3Igu + states of N 2 are 
•180 calculated by integrating the product of the electron impact 

cross sections and the electron flux over energy. Cascade from 
the W, B, B', and C states is added to the Aalgu + production rate. 
Cascade into the C3FIu state is assumed to be negligible. Cross 
sections of the N 2 triplet system from Cartwright et al. [1977] 
as revised by Trajmar et al. [1983] are used. Quenching of N 2 
C3Flu may be ignored, so the total 2P band system emission •20 
rate is equal to the C3II• excitation rate. The yield of 2P(0,0) 
band emission from C3Flu state excitation is taken to be 0.24, 100 
following Conway [1983] and Benesch et al. [1966a, b]. 

Cartwright [1978] calculated that 0.23 of the total A algu + 
production rate is to the v'=0 level. Transition probabilities 
from Shemansky [1969] of 0.0653 s -t for the (0,9) band and 
0.784 s -t for the total v'=0 level and rate coefficients for 

quenching of N 2 Aalgu+(v'=0) by O and 02 of 2.8x10 -• and 260 
4.1x10 -12, respectively, from Piper et al. [1981a; b] [cf. 
Thomas and Kaufman, 1985] are used to calculate the N 2 240 
A3Igu+(v'=O) density in chemical equilibrium and VK(0,9) band 
emission. The model calculations for the averaged auroral oval 220 
transit of orbit 16056 are plotted in Figure 4a. 

Model calculations are also made for the N2 + IN B21gu+-X2I;• + 200 
(0,1) band at 428 nm and O(3P-iD) emission line at 630 nm. 
The fraction of total N 2 ionization resulting in 1N(0,1) excita- • 180 
tion is 0.022 [Borst and Zipf, 1970; Shemansky and 
Broadfoot, 1971]. The 630 nm emission is calculated as in the • 160 

-.• 

work by Solomon et al. [1988]. 
Sensitivity of the VAE photometers for band emissions 

observed through interference filters was originally calculated 
using band models with rotational temperature of 800 K. The •2o 
1N(0,1) and 2P(0,0) bands of N2 emit in the type of amora 
observed here at altitudes where the neutral temperature is •00 
significantly lower, which introduces a source of error which 
may be corrected by use of synthetic band spectra. In addition, 
the transmission of the VK(0,9) band through the 337 nm filter 
must be calculated, as its contribution was not included in the 

original sensitivity computation. The DIALUP auroral syn- 
thetic spectra code by Degan [1986] is used to calculate rota- 
tional structures. Results from this model for the N 2 2P(0,0) 
and VK(0,9) bands are compared to those of Conway and 
Christensen [1985]. For the N2 + 1N(0,1) band, the DIALUP 
specmma is compared to a calculation by the author, following 
the methods of Vallance Jones [1974] and Herzberg [1950] and 
employing molecular constants from the latter. Good agree- 
ment is obtained for these models. 

The fractional transmission {/of a band through the filter 
employed to observe it is defined here as the total brightness 
transmitted by the filter divided by the brightness which would 
be transmitted if all of the emission were at the filter center 

wavelength •0. The value of {/depends on the rotational tem- 
perature of the emission and on the filter characteristics speci- 
fied by •.0 and the full width at ha!f-maximum (FWHM) of a 
Gaussian transmission curve. For the N 2 2P(0,0) band and the 
VAE 337 nm f'fiter (•=337.2 nm, FWHM=3.0 nm), t/=0.82 at 
800 K. For the N 2 VK(0,9) band, t/=0.59 at 800 K. For the N2 + 
1N(0,1) band and the VAE 428 nm filter (•.0=427.7 nm, 
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Fig. 4. (a) Modeled volume emission rates for the electron flux event 
of AE-C orbit 16056 as a function of altitude. Dashed line: N 2 2P(0,0) 
emission band. Dotted line: N 2 VK(0,9) emission band. Solid line: 
sum of these two emission bands. (b) Modeled volume emission rates 
compared to measurement. Solid line: modeled sum of the 2P(0,0) and 
VK(0,9) band, adjusted by sensitivity correction factors and smeared by 
the VAE instrument function (see text). Pluses: inverted VAE measure- 
ment using forward limb scans. Crosses: inverted VAE measurement 
using backward limb scans. 

FWHM=2.3 nm), t/=0.62 at 800 K. A sensitivity correction 
factor is then defined for rotational temperature T as 
sc(T)=tl(T)[tl(800 ). For the VK(0,9) band, s c is multiplied by 
0.59•0.82=0.72 to account for both the fractional transmis- 

sion of the band and the adjustment made by the standard VAE 
sensitivity calculation. Approximate linear fits are then made 
to the values of sc producing 1.16-0.0002T for the 2P(0,0) 
band, 0.64+0.0001T for the VK(0,9) band, and 1.32-0.0004T 
for the 1N(0,1) band. 
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COMPARISON OF MODEL TO MEASUREMENT 10 1 

Because the effective field of view of VAE channel 1 from a 

spinning satellite is -2 ø, considerable broadening of the ob- 
served altitude profile occurs. To correct for this effect, the 
model profile is used to simulate an instrumentally smeared 
brightness profile by integrating along slant paths offset from 
the instrumental line of sight and then taking the weighted 
average over the field of view. As part of the same computa- 
tion, the 2P(0,0) and VK(0,9) band emissions are multiplied by o 
the calculated sensitivity correction factors at each altitude, • 10 0 
with the rotational temperature assumed to be equal to the neu- rr 
tral temperature taken from MSIS-86. The simulated bright- 
ness profile is then in turn inverted using the Abel method 
[Roble and Hays, 1972], which is equivalent to the tome- 
graphic inversion using only the zeroth Fourier term. This 
obtains the profile which the instrtunental and analysis combi- 
nation would recover if the model exactly represented the ob- 
served emission altitude dependence. 

The function obtained by this technique is compared to the 
actual observations in both forward and backward scan direc- 

tions for orbit 16056, averaged over the auroral oval transit, in 
Figure 4b. The similarity of the two directional measurements 
indicates that temporal variations of the aurora should not be a 1ø1 
Problem in this case. Within the considerable experimental 
uncertainties, estimated to be about 30% for the inverted pho- 
tometer measurement and 40% for the combination of flux 

measurement and model, the comparison is very encouraging. 
Figure 5a shows model results for vertical column brightness 

ratios of 2P(0,0)/1N(0,1), VK(0,9)/1N(0,1), and O(3P2 - 
1D2)/1N(0,1) plotted against the characteristic energy of a 
Maxwellian electron flux. A low-energy tail is included for o 

E<100 eV with the form d•(E)=d•t(E[Et) -1, where d• t is the value • 10 0 
of the Maxwellian at Et=100 eV. •(E) is normalized so that the rr 
total downward hemispherical energy flux is 1 erg cm -2 s -1 for 
each run. Two sets of calculations are performed: in the first an 
MSIS-86 model neutral atmosphere for 67 ø latitude, -51 ø lon- 
gitude, 0 s universal time during low solar and magnetic activ- 
ity is employed and in the second the same model neutral atmo- 
sphere is used but with the atomic oxygen density multiplied 
by a constant factor of 0.5. This neutral atmosphere, desig- 
nated "low O" on the plot, is a crude approximation to that 
which might occur during actual auroral conditions, but gives 
some idea of the extent to which the O(3P2-1D2)/1N(O, 1) ratio 
may vary as a result of composition changes. Change in the 
VK(0,9)/1N(0,1) ratio with atomic oxygen density is also sig- 
nificant, but change in the 2P(0,0)/1N(0,1) ratio with atomic 
oxygen density is extremely small. Since N 2 A3Zu + is quenched 
by atomic and molecular oxygen, it responds to changes in E0 
in a manner similar to O(1D), with less emission occurring as 
the auroral electrons penetrate deeper into the atmosphere. 
However, modeled change in the 2P(0,0)/1N(0,1) ratio with E0 
is slight for characteristic energies greater than 200 eV. 

The model ratio results are adjusted by the sensitivity correc- 
tion factors for each band emission by multiplying the model 
volume emission rate by so(T) at each altitude before integrat- 
ing over height to obtain the vertical column brightness. The 
MSIS-86 neutral temperature is assumed to be representative of 
the band emission rotational temperature. The 337/428 nm 
ratio which the VAE would measure is then computed by sum- 
ming the adjusted 2P(0,0) and VK(0,9) emissions and dividing 
by the adjusted 1N(0,1) emission. This result is plotted in 
Figure 5b' also plotted is the adjusted 630/428 nm ratio. 
Examination of Figures 5a and 5b reveals that most of the 

10 -1 
10 -• 

".. ",,0(3P2 ---1 D2)/1N(O,1 ) 

', 2P(O,O)/1N(0,1) 

I I I I I I I i • i •1 i Xl. INN 

10 0 10 • 

Characteristic Energy (keY) 

10 -1 
10 -• 

i 

• 1• , , , , , , , i i i i i , 
xx x x x 

-., ',. b 

',, ',, 630/428 

low o 

•0 ø 10 • 

Characteristic Energy (keV) 

Fig. 5. Modeled vertical column brightness ratios as a function of the 
characteristic energy of a Maxwellian primary electron flux. An MSIS- 
86 model neutral atmosphere was used; in the cases marked "low O" the 
atomic oxygen density was multiplied by 0.5. (a) Unadjusted bright- 

3 1 
hess ratios for the N 2 2P(0,0) band, N 2 VK(0,9) band, and O( P2- D2) 
line at 630 nm to the N2 + 1N(0,1) band. (b) Brightness ratios computed 
using sensitivity correction factors and with the 2P(0,0) and VK(0,9) 
bands summed to simulate ratios the VAE is predicted to observe for 
337/428 nm and 630/428 nm. 

change in the 337/428 nm ratio with E0, according to this 
model, is due to the VK(0,9) band contribution. A power law fit 
to the modeled 337/428 nm ratio yields r;,n=0.97E0 -ø'11, with 
p=-0.98, p<0.001. 

The modeled 337/428 nm variation with E 0 corresponds quite 
well to that seen in the data. The sign and magnitude of the 
observed dependence are entirely compatible with the explana- 
tion that VK(0,9) blending is the cause. The power law fit 
derived from the data shown in Figure 2d is very similar to the 
model fit, with the observed ratios only about 5% lower than 
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modeled. This is easily within the uncertainties associated 
with excitation cross sections, vibrational distributions, and 
transition probabilities, estimated here to combine to a 20- 
30% uncertainty in the modeled 337/428 nm ratio. It is also 
well within the statistical uncertainties inherent in the ratio 

data since fit to the limited range of E 0 measurements is of poor 
quality, and since the 428 nm brightness is an indirect means 
of inferring E0 although the fit is better. 

DISCUSSION 

The fact that this model reproduces the observed 337 nm 
filter signal reasonably well is evidence, although not proof, 
that the secondary electron flux is handled correctly. If the flux 
were correct in the vicinity of 100 eV, but the actual spectral 
index smaller than predicted, the flux at the peak of the excita- 
tion cross sections would be much smaller than necessary to 
produce the observed emission. The cross section for excita- 
tion of N 2 carlu is one of the best known of all electron impact 
cross sections, and although there are uncertainties in N 2 VK 
processes, the (0,9) band is strong enough only to cause the 
small observed dependence on E 0. The magnitude of the ratios 
found here is also in accord with previous studies of N 2 2P and 
N2 + 1N emissions [Deans and Shepherd, 1978; Sharp et al., 
1979; Rees and Abreu, 1984]. 

This model exhibits remarkable consistency in the form of 
secondary electron fluxes, unlike some of the measured spectra. 
In this it compares very well with the results of Strickland et al. 
[1989]. It also corresponds well to this model in altitude pro- 
files of ionization and excitation rates, and in prediction of 
428 nm and 630 nm emission [Meier et al., 1989]. The results 
are also in fair agreement with those of Fung and Hoffman 
[ 1988]. The dependence of T on œ0 found by them is small, and 
essentially confined to the higher altitudes (above 600 km). 
Fung and Hoffman also observed an altitude variation of T, 
becoming more negative with decreasing altitude to a value 
near-2 at 300 km, which is in good agreement with the model 
prediction. Apparently, the type of spectrum which incorpo- 
rates values of •, near -1 in the 10-100 eV range such as calcu- 
lated by Stasiewicz [1984] applies to higher altitudes than are 
modeled here and may be included in a collisional calculation as 
part of the primary spectrum. As discussed by Strickland et al., 
plasma turbulence effects, which are not modeled by the colli- 
sional approach, are probably an uncommon occurrence at 
auroral emission altitudes. Even if the layers observed by 
Hallinan et al. [1985] are fairly common, these authors report 
that the emission spectra of the enhanced layers and of the 
background aurora are similar. 

The ionization cross section formulation employed by the 
electron transport code [Jackman et al., 1977] employed here 
exhibits very little change in the shape and magnitude of the 
secondary electron production function with primary electron 
energy. Since carlu excitation is almost entirely by secondary 
electrons in the night aurora below 200 km, it is not surprising 
that the model predicts that the N 2 2P emission is not a strong 
function of E 0. Unfortunately, disagreement remains. 
Observational evidence has been presented by Rees and 
Lummerzheim [1989] which may substantiate the claim that 
low-energy excitation rates depend upon E 0, but the data shown 
here do not. 

The VK(0,9) band emission is too weak to be anything but 
an irritant, but there are stronger auroral VK band emissions in 
the near ultraviolet such as the (0,5) and (0,6). These are not 

visible from the ground due to absorption by 03 , but are attrac- 
tive features for satellite observation. The VK(1,10) band and 
some other members of the Av=9 and Av=l 0 sequences are 
visible from the ground and are of possible use for spectro- 
scopic analysis. The brightness of VK bands is dependent on 
composition, but the dependence is inverse to that of the 630 
nm emission because the quenching is by O instead of N 2. 
Unlike the O 777.4 nm and 844.6 nm lines, which must be 
observed with an interferometer to remove the contribution 

from 0 2, VK bands may be measured with filter photometers or 
low resolution spectrometers. Thus, a simple observational 
scheme for the inference of auroral and atmospheric character- 
istics is suggested, employing VK bands in conjunction with 
emissions of N2 + and O, and, in the case of satellite observa- 
tions, other N 2 bands such as the Lyman-Birge-Hopfield 
system. This concept will be the subject of future work. 
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