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Abstract.

Hydrogen emissions are the signature of proton aurora.
The Doppler-shifted hydrogen emission lines can be inter-
preted in terms of the mean energy of the precipitating pro-
tons. A red shifted component of the line profiles observed
from the ground indicates upward going hydrogen atoms due
to angular redistribution of the precipitation. Secondary elec-
trons from ionization and stripping collisions also contribute
to the auroral emissions. Since the energy distribution of
these secondaries has a lower mean energy than secondary
electrons in electron aurora, the relative brightness of emis-
sion features differs from that in electron aurora. The secon-
daries contribute little to additional ionization. These differ-
ences between proton and electron aurora can lead to misin-
terpretation when brightness ratios are used to derive iono-
spheric conductances with parameterizations that are based
on electron aurora.

1 Introduction

Aurora that is caused by proton precipitation is not as bright
and spectacular as that caused by electrons. This does not,
however, indicate that the effect of proton aurora on the iono-
sphere is negligible. Precipitating protons easily charge ex-
change in collisions with ambient neutral oxygen. The re-
sulting hydrogen atom still has most of the initial energy of
the original proton, but is not bound by the geomagnetic field
anymore. It maintains the direction of the pitch angle of the
spiraling proton, and causes the energetic particles to spread
out horizontally. The auroral emissions are therefore a dif-
fuse glow which is spread out over a large part of the sky.

In the process of penetrating the upper atmosphere, the
incident proton beam and the resulting mixture of energetic
protons and hydrogen atoms causes ionization, dissociation,
and excitation. The energy of the incident protons is used up
by these processes and by energizing secondary electrons in

Correspondenceto: D. Lummerzheim

ionization collisions. These secondary electrons have an en-
ergy distribution with a lower typical energy than secondary
electrons in photoionization or ionization by incident auroral
electrons. The proton aurora secondary electrons contribute
to excitation of ambient neutrals, and lead to a significant
fraction of the optical emissions. Emissions also result from
impact of proton or hydrogen on ambient neutrals, as well as
from the energetic hydrogen atoms themselves.

2 Observations of Hydrogen Emission Lines

The brightest of the Doppler-shifted hydrogen lines, a unique
signature of proton precipitation, is the Lyman « line in the
extreme UV. This emission is suitable for satellite observa-
tions, but has to be separated from the geocorona. The geo-
corona is scattered sunlight, and is not Doppler-shifted. The
auroral emissions can therefore be separated from the geo-
corona by high resolution spectroscopic observations, as it
is done on the IMAGE satellite (Mende et al., 2000a,b), or
the featureless and smoothly varying geocorona can be spa-
tially interpolated across the auroral oval and then subtracted
to obtain the auroral emissions (Galand et al., 2001).

Two hydrogen lines in the visible are the Balmer H,, and
Hg lines at 656.3 nm and 486.1 nm. The H,, sits in close
proximity of the N, 1P bands, which are bright in electron
aurora. Separating the H,, line from the N, 1P bands requires
good spectral resolution. The Hg line does not have distinct
emissions from electron aurora in its immediate spectral sur-
rounding. However, the spectral region around H 5 shows a
background continuum brightness that varies with the dis-
tinct electron auroral emissions. This background is of the
same brightness as the line itself. For observations of the
Hg brightness it is therefore necessary to subtract the back-
ground brightness. This can be done by obtaining the back-
ground and line brightness by tilting filter photometers (Val-
lance Jones et al., 1982; Lummerzheim et al., 1990; Deehr
and Lummerzheim, 2001) or with a spectrometer which has
sufficient spectral range to cover the emission line and some
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Fig. 1. Hg line profile from zenith observations. The crosses are the obser-
vations, the solid line is a fit to the data. The rest wavelength of 486.1 nm
is indicated by the vertical dotted line. The arrows indicate the parameters
that are used in the fit. The obtained peak wavelength and the half widths
of the line towards shorter () and longer () wavelengths from the peak
position are shown (from Lummerzheim and Galand (2001)).

of the surrounding background (Lummerzheim and Galand,
2001; Lanchester et al., this issue). Fig. 1 shows an exam-
ple of the Hg line profile from magnetic zenith observations
in Poker Flat, Alaska. This spectrum was obtained with a
Fastie-Ebert 1m spectrometer at 0.4 nm spectral resolution.
The spectrum shows the constant background, the shifted
peak of the emission, and the asymmetric line profile.
All-sky imaging of proton aurora using the H 5 line is dif-
ficult because of the varying background. The Communi-
cation Research Laboratory (CRL) of Japan has two all-sky
imagers installed at Poker Flat, Alaska. Both cameras have
telecentric lens systems and cycle through different filters.
They are operated such that an Hg image and an image of
the background brightness in the spectral vicinity of H g are
taken simultaneously. The filters used are interference filters
with high rejection outside the passband to avoid contamina-
tion by other auroral emissions. The H g filter is centered at
485.75 nm with a full width at half maximum (FWHM) of
1.7 nm, while the background filter is centered at 481.25 nm
with a FWHM of 1.7 nm. The background filter is far enough
from the Hp line that the blue shifted wing of the Doppler
profile does not contribute (compare to Fig. 1). An example
of the images from these cameras is shown in Fig. 2. The im-
ages are calibrated and are displayed in a linear grey scale.
The background image has similar features as the image of
OI(557.7 nm), which was taken 30 s before the H 3 image.
Note the stars that are visible in the background image, e.g.
the big dipper is near the top of the image. The bright speck
in the lower left that remains even in the final image after
stars have been removed is Jupiter. The image of the pro-
ton aurora on the bottom right was obtained from the dif-
ference of the Hg and the background image. Additionally,
stars were removed and the images were corrected for the
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Fig. 2. All sky images from the CRL imager at Poker Flat, Alaska, taken
at 10:30 UT on 6 Nov, 2000. The orientation of the images has north at the
top, and west to the right. The top left image is from the Hg filter, below
that is the simultaneous background image. Top right is a OI(557.7) image
taken 30 s prior to the Hg image. Bottom right is the difference of the Hg
and background image. Exposure for the Hg and background image is 45 s,
and 3 s for the green line image. The grey scale for the OI(557.7) image
covers 2.5 kR, and 150 R for the Hg image

van Rhijn effect and atmospheric extinction.

These images demonstrate the importance of background
removal from Hg observations. Not all bright areas in the
original Hgz image are due to proton precipitation. This par-
ticular image also shows that electron aurora, which is rep-
resented by the OI(557.7 nm) image, and proton aurora can
be quite intermingled, and are not necessary separated into
north-south regions.

3 Maodeling of Emissionsin Proton Aurora

Given a neutral atmospheric model, cross sections for colli-
sion processes, and the energy and pitch angle distribution of
the incident proton beam, the altitude and energy distribution
of the proton and hydrogen atom flux can be calculated from
the solution of a coupled H/H* transport equation. A num-
ber of techniques have been developed to solve these coupled
equations: Monte-Carlo simulations (Kozelov and Ivanov,
1992; Decker et al., 1996; Lorentzen et al., 1998; Synnes
etal., 1998; Gerard et al., 2000), quasi-analytical approaches
(Jasperse and Basu, 1982; Basu et al., 1987), and explicit
solutions (Basu et al., 1993; Strickland et al., 1993; Galand
et al., 1997, 1998). From the solution of the coupled H/H *
transport equations one can determine the altitude distribu-
tion of the secondary electron source. These serve as input
to an electron transport calculation. Auroral emissions can
be calculated from the altitude and energy distribution of the
proton, hydrogen atoms, and electron fluxes. The secondary
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Fig. 3. Volume emission rate profiles for OI(135.6 nm) and N;‘ 1IN
(391.4 nm) from proton precipitation with a mean energy of 15 keV and
an energy flux of 1 mWm~—2. The contribution to the emission by sec-
ondary electrons (solid line) is comparable to the direct excitation by the
H/H* (dashed line) for the Ol line, while negligible for the N;r 1N band.

electrons have a lower mean energy than the secondary elec-
trons in electron aurora, and contribute very little to addi-
tional ionization, and to optical emissions that result from
excited states with a high energy threshold. Emissions from
states with a low excitation potential, like the O1(630.0 nm)
red line, on the other hand, are mostly due to excitation by the
secondary electrons, and are strong in proton aurora (Lum-
merzheim et al., 2001). In the case of the red line, the domi-
nance of the secondary electrons in the excitation process is
further strengthened by quantum mechanical selection rules.
The excitation of O(1D) by proton impact requires a spin ex-
change which is highly unlikely, so that only the hydrogen
atoms and the secondary electrons can excite the state.

The relative contribution to emissions from direct impact
of the H/HT and from excitation by the secondary electrons
is demonstrated in Fig. 3 which shows altitude profiles of
the emission of OI(135.6 nm) with an excitation threshold of
9.15 eV and the emission of the NJ* 1N (391.4 nm) with a
threshold of 18.75 eV. For the Ol emission, the excitation by
secondary electrons is larger than the direct excitation by the
H/H* beam, while the first negative emission is dominated

by the H/H™ ionization impact on N.,.

4 Doppler-Shifted Hydrogen Emissions

Hydrogen emissions occur only in proton aurora. Ambient
hydrogen densities in the upper atmosphere, where particles
deposit most of their energy, are too small to lead to any ob-
servable emission by excitation in electron aurora. In proton
aurora precipitating protons undergo charge exchange col-
lisions with atomic oxygen. The resulting hydrogen atoms
subsequently get excited in collisions with the atmospheric
constituents and radiate with the hydrogen spectral lines. Be-
cause the hydrogen atom retains most of the kinetic energy of
the incident proton, the emissions are Doppler-shifted. For
observations perpendicular to the magnetic field, the gyro-
scopic motion of the protons determines the velocity com-
ponent for the Doppler shift. The resulting line profile is
symmetric around the rest wavelength, and the width of the
line depends on the energy distribution of the precipitating
particles. For observations in the magnetic zenith, the field
aligned velocity component is responsible for the Doppler
shift, and the line is asymmetrical and shifted towards the
blue, as most of the energetic particles are going downward.
The precipitating H/HT stream looses most of its energy
and makes most of the excitation and ionization in the lower
thermosphere. Depending on the energy of the incident pro-
tons, most emissions come from altitudes in the 100-150 km
range. The Doppler profile of the hydrogen lines is thus not
just representative of the energy distribution of the incident
proton flux, but of the energy distribution of the particles af-
ter they have penetrated the thermosphere and undergone a
number of collisions. At this altitude the incident beam has
experienced energy and angular redistribution. For magnetic
zenith observations the position of the peak of the line profile
is dependent on the product of the energy dependent cross
section for excitation, and the hydrogen atom distribution
function after it has undergone energy and angular redistri-
bution. Lummerzheim and Galand (2001) have shown that
the position of the peak of the Doppler line profile of the H g
emission at 486.1 nm shows less variation over the course of
anight than the width of the line. Model calculations (Galand
et al., 1998) support the interpretation that increasing the en-
ergy of precipitating protons has a stronger effect on raising
the blue wing of the line than on the position of the peak. In
order to compare model results to measured line profiles, it is
important to convolve the model results with an instrumental
function. The line profile is asymmetric, and a low resolu-
tion spectrometer will measure a line profile that peaks at a
shorter wavelength than a high resolution instrument. When
high energy proton precipitation raises the blue wing of the
line profile, this would also translate into a motion of the
measured line profile peak towards shorter wavelengths.
Another consequence of the energy and angular redistri-
bution of the incident beam is that part of the energetic hy-
drogen atoms are moving upward in the lower thermosphere.
The model by Galand et al. (1998) predicts that a red shifted
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Fig. 4. Observed and fitted line profiles from the aurora and from a calibra-
tion lamp. The Hg line shape of the lamp spectrum shows the instrument
spectral resolution. The red wing of the auroral spectrum extends well past
the unshifted Hz wavelength, and past the red wing of the lamp’s profile.
This is a clear indication that the red wing of the auroral line profile is due to
upward moving hydrogen atoms (from Lummerzheim and Galand (2001)).

wing of the Doppler profile should be detectable with spec-
troscopic observations at high enough resolution. An exam-
ple is shown by Lummerzheim and Galand (2001), and re-
produced here in Fig. 4. The high spectral resolution obser-
vations on Svalbard reported by Lanchester et al. (this issue)
also show a significant red wing in the Hz line profile. Mag-
netic mirroring only plays a minor role in producing the red
shifted emission, although it may contribute to upward mov-
ing protons and hydrogen (Eather, 1966; Kozelov, 1993; Ga-
land and Richmond, 1999). Mirroring is most effective in
producing upward moving protons at high altitudes. Emis-
sions, however, result from lower altitudes, where scattering
through collisions rather than mirroring determine the angu-
lar distribution of the precipitation.

5 Emissions from H/H*T and Secondary Electron Im-
pact

The secondary electrons in proton aurora cause the same ex-
citation and emission as those observed in electron aurora.
The difference only comes from the differences in the en-
ergy distribution of the secondary electrons. Hydrogen atom
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Fig. 5. Column integrated emission rates in proton and electron aurora as
a function of mean energy of the incident particle precipitation. An energy
flux of 1 mW m~—2 was assumed in all cases. For the Ny 2P emission, the
contribution of direct H/Ht impact (dash—dotted) and secondary electron
impact (dashed) on N2 are shown separately (top panel).

and proton impact on the neutral constituents of the thermo-
sphere also causes emissions of the full auroral spectrum.
Fig. 5 shows the column integrated emission rate of some
selected auroral emission features, neglecting atmospheric
extinction. All calculations assumed a Maxwellian energy
distribution with an energy flux of 1 mWm—2 and varying
mean energy. In the case of the proton aurora, almost all of
the N5 1N emission is due to direct H/H* impact on Na,
while for OI(135.6 nm) most of the emission results from
the secondary electrons. The contributions to the emission
of the N, 2P bands from H/H* and secondary electrons are
shown separately. Direct excitation dominates at low ener-
gies, secondary electron excitation dominates at high ener-
gies. The electron impact excitation cross section for the
N, (C3II) state peaks at low energy, thus the secondary elec-
trons, mainly produced in hard proton aurora, are very ef-
fective for this excitation. In soft proton precipitation, in-
cident protons are less efficient to ionize and the contribu-
tion to N, (C3II) is dominated by direct impact. In electron
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aurora the distinction between excitation from primary and
secondary electrons is meaningless. The low energy part of
the precipitating electrons, which arises from secondary pro-
duction as well as energy degradation is independent of the
mean energy of the incident fluxes. The total excitation from
all impact processes of N, (C?II) yields a constant column
emission rate.

6 Summary and Conclusion

The profile of the Doppler-shifted hydrogen emissions in pro-
ton aurora depends on the energy distribution of the incident
particles. For ground based observations, an elevated blue
wing of the line profile signals high energy precipitation. De-
pending on the spectral resolution of the observation, the in-
crease in brightness at shorter wavelengths can also lead to a
repositioning of the peak of the line profile to shorter wave-
lengths. A red shifted wing of the Doppler profile indicates
upward moving hydrogen atoms from angular redistribution
in collisional process. Angular redistribution occurs in elas-
tic as well as in inelastic collisions.

Secondary electrons cause additional auroral emissions.
Because of their low energy, these secondaries contribute
very little to additional ionization. The ratio of different
emissions in electron aurora can be used to obtain the en-
ergy and energy flux of the precipitating electrons, and sub-
sequently the ionization rate profile. lonospheric parameters
like conductances can then be derived and put into direct re-
lation to specific auroral brightnesses. In proton aurora, the
brightness ratio between emission features has a different de-
pendence on the energy flux and mean energy of the precip-
itating particles, compared to the electron aurora. In particu-
lar, the ionization rate that would be derived from brightness
and brightness ratios in proton aurora is different from that
in electron aurora. This leads to misinterpretation of iono-
spheric parameters like the conductance, if the brightness ra-
tios are interpreted without knowledge of the type of particle
precipitation.
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