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Emission of OI(630 nm) in proton aurora

D. Lummerzheim', M. Galand,>? J. Semeter,* M. J. Mendillo,®> M. H. Rees,’
and F. J. Rich®

Abstract. A red aurora occurred over southern Canada and central Maine on
April 11, 1997, producing a brightness of OI(630 nm) of several Kilorayleighs,
which lasted for several hours. Two passes of the Defense Meteorological Satellite
Program (DMSP) F12 satellite occurred during this time, and optical data were
obtained from four CEDAR Optical Tomographic Imaging Facility (COTIF) sites.
The DMSP F12 particle spectrometers observed proton precipitation south of the
electron aurora with energy fluxes of several mW m~2. Tomographic inversion of the
COTTF optical observations gives the altitude profile of emissions along a magnetic
meridian. We combine all available data using an ionospheric auroral model. Our
analysis shows that the model produces the observed auroral brightness from the

proton precipitation alone.

1. Introduction

The appearance of proton aurora from the ground is
typically that of a dim and diffuse glow. Unlike electron
aurora, which occurs as bright and well-defined cur-
tains, proton aurora tends to have very little structure
in the observed brightness. This is because of the hori-
zontal spreading of the precipitating energetic particles.
Energetic protons, which are bound to gyrate around
the geomagnetic field lines, readily undergo charge ex-
change in collisions with atmospheric neutrals. The re-
sulting energetic hydrogen continues on a straight path
in the direction given by the pitch angle and azimuth
angle of the gyration of the proton at the moment of
the collision. Subsequent stripping collisions of the en-
ergetic hydrogen with atmospheric neutrals returns an
energetic proton again. This process leads to the hori-
zontal spreading and loss of structure that the original
energetic proton flux may have had.

The horizontal spreading also causes a significant de-
crease of the observable brightness of optical emissions
in proton aurora compared to an electron aurora with
the same total energy flux. An optical signature of pro-
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ton aurora is the brightness of hydrogen emissions, H,
at 656.3 nm and Hg at 486.1 nm in the visible wave-
length range and Lyman-a in the extreme ultraviolet
wavelength range. These hydrogen emissions do not
occur in electron aurora, because of the small fraction
of hydrogen in the neutral atmosphere. The energetic
hydrogen that emerges from charge-exchange collisions,
on the other hand, will be excited and emit Doppler-
shifted radiation of hydrogen lines. The energetic hy-
drogen atoms and protons also cause excitation and ion-
ization in collisions with the neutral constituents in the
atmosphere. The secondary electrons (by this we mean
the ejected electrons in ionization collisions) also have
sufficient energy for further excitation and ionization.
They are an additional source for the excitation of N,
O3, and O that leads to the full spectrum of auroral
emissions in proton aurora.

Optical emissions in the UV and EUV spectral range
in proton aurora have been studied systematically by
Strickland et al. [1993]. Rees [1982] has calculated the
H, and Hp brightness in relation to the N7 first nega-
tive (1N) brightness to compare theoretical predictions
of brightness ratios to observed values. FEdgar et al.
[1975] studied red line emissions in the polar cap that re-
sult from high energy (MeV) proton precipitation. Sri-
vastava and Singh [1988] present model calculations for
the brightness of O I(630 nm) and O 1(557.7 nm) for var-
ious proton precipitation spectra, including power law
spectra representative for high-energy polar cap pre-
cipitation and Maxwellian spectra for proton aurora in
the keV energy range. In an early paper on excitation
of high-altitude red auroral arcs, Rees [1961] concluded
that the most likely excitation source of an arc observed
and measured in Alaska [Rees and Deehr, 1961] was a
flux of several keV protons of ~ 100 cm~2s~L.

In this paper we examine a specific case of proton
aurora where we have good observational coverage. On
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Plate 1. Map showing the relative location of the satellite and ground-based observations. The
proton and electron energy fluxes along the DMSP F12 passes are shown as a color-coded strip
(protons to the right, electrons to the left side of each pass).. The color bar applies to both
protons and electrons. The CEDAR Optical Tomographic Imaging Facility (COTIF) locations
are indicated, and the O I(630 nm) Millstone Hill all-sky image from 0307 UT is shown mapped
to 250-km altitude. Lines of constant magnetic latitude with 2.5° spacing from 50° to 62.5°
are shown in blue. The DMSP passes were 2 hours and 20 min, respectively, before the aurora

reached the COTIF sites.
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Plate 2. DMSP F12 electron and proton spectrograms. (a) The integrated energy flux (solid
line for electrons, dashed line for protons). (b) The mean energy of electrons and protons. We
only calculate the mean energy where the energy flux is above 0.05 mWm™2. (c) The electron

spectrograms. (d) The proton spectrograms.
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Plate 3.

Meridional brightness versus time of the

OI(630 nm) red line brightness from Farmington.
Shown is the line of sight brightness as a function of el-
evation angle (bottom is south, top is north) and time.
Note that the color scale is set to terminate at 2.5 kR,
while the actual brightness in the north reached 5.5 kR.
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April 11, 1997, a red aurora was visible north of Boston.
Two Defense Meteorological Satellite Program (DMSP)
F12 passes collected particle spectra during this time.
The dominance of proton precipitation on the equator-
ward edge of the auroral oval is not uncommon and has
been measured by the NOAA-TIROS satellites as well
as the DMSP satellites. Ground-based observations are
available from a chain of meridional imaging spectrom-
eters and an all-sky imager. Global auroral images from
Polar are available only northward of the observed au-
rora, because of the orbit of the satellite. Our interpre-
tation of the data is based on model calculations using a
proton-hydrogen transport code, coupled with an elec-
tron transport code and an ionospheric auroral model.

Of course, red aurora is not always caused by ener-
getic proton precipitation. Indeed, a flux of soft elec-
trons usually is responsible for the long-lived emission
of O(*D) atoms. Since both proton and soft electron
precipitation are capable of producing red aurora, the
particle measurements are essential for a correct inter-
pretation of the optical observations.

2. Observations

Ground-based optical observations were obtained from
the CEDAR Optical Tomographic Imaging Facility (CO-
TIF). The COTIF observing sites are located along the
New England coast between Rhode Island and Maine.
This places the stations at magnetic latitudes which
are usually equatorward of the auroral oval. During ac-
tive periods the aurora can expand far enough equator-
ward to be in the zenith above the COTIF chain. The
alignment of the COTIF observing sites allows a two-
dimensional tomographic inversion of selected emission
rates. On April 11, 1997, the auroral oval expanded
considerably and was well in the field of view of the
COTIF imagers. Semeter et al. [1999] have analyzed
the data for this event with their tomographic inversion
technique [Semeter and Mendillo, 1997] and have recon-
structed the volume emission rates of the OI(630 nm)
emission for the period from 0300 to 0315 UT.

As part of COTIF, a monochromatic all-sky camera
was operated at Millstone Hill to obtain two-dimensional
images of the O I(630 nm) brightness. All-sky images
provide a valuable spatial context for data interpreta-
tion. To relate the all-sky images to other data loca-
tions, we have mapped the images assuming a single
emission altitude of 250 km. Plate 1 shows such an im-
age recorded during the period of maximum equatorial
expansion at 0307 UT.

Two DMSP F12 passes occurred in the vicinity of the
COTIF observations while the auroral emissions moved
south. We obtained electron and proton particle spectra
from these two passes. Both passes show a significant
proton energy flux equatorward of the region of electron
precipitation. Colocated with the proton precipitation
region is a region of very rapid westward ion flow, in-
dicative of a Sub-Auroral Ion Drift (SAID) event.
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Our analysis focuses on the time period when the
COTIF reconstructed volume emission rate can best be
done, namely, when the auroral emissions are present
between stations. The two DMSP F12 passes occurred
at 0103 UT and 0244 UT, 2 hours and 20 min before this
time, respectively. Plate 1 shows the electron and pro-
ton energy fluxes as color-coded strips, mapped along
the magnetic field to an altitude of 250 km. The color
scale is given in Plate 1. The proton energy flux is
plotted to the right side of the flight path; the electron
energy flux is plotted to the left side. For both passes
one can clearly see the proton flux at the southern edge
of the electron aurora.

Plate 2 shows an energy spectrogram and integrated
number and energy fluxes for protons and electrons for
the first pass at 0103 UT. The energy flux and mean
energy of the protons at the southern edge of the au-
rora during the second pass at 0244 UT are very simi-
lar. Since similar proton precipitation appears in both
passes, separated by 90 min, we assume that the pro-
ton flux 20 min after the second pass can be represented
by the same particle spectra as observed on these two
passes.

The blue lines on the map in Plate 1 show lines of
constant magnetic latitude. The area of proton precipi-
tation is farther north (in both magnetic and geographic
latitudes) in the first pass compared to the 0244 UT
pass. The COTIF tomographic reconstruction is done
for a time 20 min after the second DMSP F12 pass.
The all-sky image shows the location of the aurora at
that time (0307 UT). It is reasonable to assume that the
aurora kept moving south, such that the area of proton
precipitation did get into the zenith of Farmington. The
COTIF spectroscopic observations of the OI(630 nm)
brightness from the Farmington imaging spectrometer,
shown in Plate 3, also show the southward motion of
the southern edge of the auroral brightness.

We thus assume that the proton particle spectrum
measured by the DMSP F12 satellite near 0244 UT and
near 0103 UT is representative for the precipitation in
the zenith of Farmington between 0300 and 0315 UT.
We use these representative spectra as input to our au-
roral model.

3. Auroral Model

Modeling of proton aurora requires a transport model
that solves the transport and energy degradation of the
coupled proton and hydrogen fluxes. There are sev-
eral approaches that have been used for this problem.
Monte Carlo simulations are best suited to include the
horizontal spreading as the numerical effort for a two-
or three-dimensional code is not much greater than that
for one dimensional codes. Davidson [1965] showed that
the proton aurora from a single source spreads over
several hundred kilometers. New cross-section mea-
surements are included in more recent models [Kozelov
and Ivanov, 1992; Kozelov, 1993; Decker et al., 1996;
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Sigernes, 1996; Sigernes et al., 1996; Lorentzen et al.,
1998; Synnes et al., 1998] which predict similar spread-
ing. One-dimensional models include an assumed cot-
rection factor [Jasperse and Basu, 1982] to account for
the spreading. Several other methods are used to solve
the one-dimensional transport equation. Jasperse and
Basu [1982] use a theoretical approach while others have
presented numerical methods [Basu et al., 1987, 1993;
Strickland et al., 1993; Galand et al., 1997, 1998].

The optical emissions, other than the hydrogen emis-
sions themselves, have significant contributions from ex-
citation by the secondary electrons that are generated in
ionization collisions. In particular, the emissions orig-
inating from excited states with a low excitation en-
ergy threshold are dominated by the secondary elec-
trons. Strickland et al. [1993] have coupled the proton-
hydrogen transport with electron transport to properly
account for the secondary electrons. The energy spec-
trum of the secondary electrons is different from those
of secondary electrons in electron aurora [Rudd, 1979;
Basu et al., 1993] and thus may lead to different bright-
ness ratios of auroral emissions [Srivastava and Singh,
1988]. The secondary electrons in proton aurora have a
lower mean energy than those in electron aurora, which
should lead to relatively brighter red line emissions.
In this study we have combined the proton-hydrogen
transport model from Galand et al. [1997] with the elec-
tron transport model by Lummerzheim and Lilensten
[1994]. This combined transport calculation is embed-
ded in an ionospheric model which solves the ion conti-
nuity equations to obtain the ionospheric plasma den-
sity and which solves the electron energy equation to ob-
tain the electron temperature. The neutral density and
temperature are not affected by the precipitation and
are prescribed by the Mass Spectrometer and Incoher-
ent Scatter (MSIS) [Hedin, 1991] density and tempera-
ture profiles. For our case study we generated an MSIS
atmosphere for the location of Farmington with a mag-
netic activity index ap = 37 and solar flux Fig7 = 77.4
(90 days average of 73) to represent the actual con-
ditions. The transport calculation and auroral model
are one-dimensional along the direction of the magnetic
field (dip angle is 70° at Farmington), but we present
our results as a function of altitude.

Both proton-hydrogen impact and electron impact on
neutral atmospheric constituents provide sources for ex-
cited states. The brightness of spontaneous emissions,
like the N (1 N), can be determined directly from the
excitation rate. To obtain the brightness of the oxy-
gen red line OI(630 nm) we include several competing
excitation and de-excitation mechanisms in our auroral
model. We have direct excitation by electron and hy-
drogen atom impact using cross sections as discussed by
Lummerzheim and Lilensten [1994] for electron impact
and Edgar et al. [1975] for hydrogen impact:

O+e” = O(D)+e, (1)
O+H* - O('D)+H*" (2)
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The excitation of O(*D) by proton impact on O re-
quires spin exchange and is therefore highly unlikely.
Heating of the ionospheric plasma in aurora can also
contribute to the excitation of the O(!D) state, which
has a threshold energy of 1.92 eV. The high-energy tail
of the thermal electron gas can extend above this en-
ergy and contribute to excitation. For our model we
have adopted the same parameterization of the thermal
excitation as is used in the Thermosphere-Ionosphere-
Mesosphere-Electrodynamic General Circulation Model
(TIME-GCM) [Roble, 1996]:

O+ ey, — O(ID) + eh.- (3)

Following Rees and Roble [1986], we include the re-
action of N(2D) with Oy which yields O(* D), using a
reaction rate coefficient of 5.3 x 107!? cm®s™!. The
N(®D) results from dissociation and recombination of
N7 and NO*, which in turn are excited by particle im-
pact and subsequent ion-chemical reactions in aurora
[Rees, 1989]:

N(*D) + O, — NO + O(* D). (4)

Finally, we include dissociative recombination. OF
results from ionization by particle impact and leads to
O(*D) by recombination:

OF +emn — O +0('D). (5)

The radiative lifetime of the excited O(!D) state is
107 s. De-excitation is thus not only by radiation but

Ia)

0('D) Source Processes O('D) Loss Processes
350 L

T T T

URRRILL e R

350 (T
c\ ‘
\\ |
300 A\, ]

; particle impact
i
' \

200

Altitude (km)
Altitude (km)

1501 150+

100+

10" 102 10> 10* 10°
Excitation Rate (cm™s™")

TOO[

Lot el 1
10! 102 10°
De—excitation Rate (cm™s™")

Figure 1. Processes that are considered in the
O1I(630 nm) emission calculation: (left) excitation and
(right) de-excitation processes. The line labeled “parti-
cle impact” includes the sum of hydrogen and secondary
electron impact on atomic oxygen; the dashed line (left
panel) shows the hydrogen contribution to this total.
The lines labeled “I(630.0)” and “I(636.4)” show the
emission rates of the red line.






