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Abstract

The hyperspectral camera for auroral imaging (HySCAI), which can provide a two-dimensional (2D) aurora image
with full spectrum, was developed to study auroral physics. HySCAI consists of an all-sky lens, monitor camera, galva-
nometer scanner, grating spectrograph, and electron multiplying charge coupled device (EM-CCD). The galvanometer
scanner can scan a slit image of the spectrograph on the all-sky image plane in the direction perpendicular to the slit.
HySCAI has two gratings; one is 500 grooves/mm for a wide spectral coverage of 400-800 nm with a spectral resolu-
tion (FWHM) of 2.1 nm, and the otheris 1500 grooves/mm for a higher spectral resolution of 0.73 nm with a nar-
rower spectral coverage of 123 nm. The absolute sensitivity is 2.1 count/s/R with 4 x 4 binning (256 x 340 image)

at 557.7 nm. The exposure time depends on the brightness of the aurora emission and is typically 64 s for a 2D image
(0.2 s per line scan). This system has been installed at the KEOPS (Kiruna Esrange Optical Platform Site) of the SSC
(Swedish Space Corporation) in Kiruna, Sweden. All-sky images with a liquid crystal filter and a sky color camera

have also been installed to compensate for the poor time resolution of HySCAI. 2D aurora monochromatic images

for given wavelength are obtained by reconstructing the EM-CCD image over the scan period. HySCAI has the advan-
tage of providing a 2D image of intensity for a weak emission line, which appears on top of a high background emis-
sion without the contamination from other emissions, which is usually difficult in a system with a bandpass filter. As
the first light results, monochromatic images oszr ING (0, 1) (427.8 nm), N;“ ING (0, 2) (470.9 nm), Hg (486.1 nm), N II
(500.1 nm), N 1 (D) (520.0 nm), O I ('S) (557.7 nm,), NaD (589.3 nm), O | ('D) (630.0 nm), and N;“ ING (670.5 nm) emis-
sion intensity were measured. We estimated the precipitating electron energy from a ratio of 1(630.0 nm)/I(427.8 nm)
to be 1.6 keV.
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1 Introduction

The aurora is a natural luminous phenomenon caused
by interactions between precipitating particles and
the constituents of the upper atmosphere. Most of the
observed spectrum consists of lines or bands of neutral
or ionized Ny, O, Oy, and N. The first modern photo-
graphic spectrographs were acquired with diffraction
gratings by A. B. Meinel in about 1950 (Jones 1974).
Comprehensive lists of auroral lines and bands were
provided by Chamberlain (1961) and Jones (1971). The
wavelength of an aurora is determined by energy lev-
els and transitions of its constituents, as well as vibra-
tion and rotational temperatures for molecules and
hydrogen lines from protons. Thus, the spectrum of
an aurora has a large amount of information about its
precipitating particles and atmospheric constituents,
as well as mechanisms for auroral emissions. Brekke
and Ombholt (1968) pointed out that an intensity ratio
of 1(427.8 nm)/I(557.7 nm) varies by a factor of three
in auroral displays. This contradicts the idea that the
ratio is almost constant (Rees 1984). Shepherd and
Shepherd (1995) suggested that the varied ratio comes
from changes in the concentration of atomic oxygen.
From an intensity ratio of I(844.6 nm)/I(427.8 nm),
Ono (1993) derived the characteristic energy of precipi-
tation electrons in pulsating aurora. He also observed

pulsations at 630.0 nm, and suggested that they were
caused by contamination from the Ny 1PG (10, 7)
(632.3 nm) band. This implies that spectral observa-
tions are needed to reach a definitive conclusion.

A type B aurora (Chamberlain 1961) is one of the most
spectacular aurorae, which is characterized by a bright
red border at the bottom of the auroral band or curtain.
At least, the following five mechanisms have been pro-
posed (Ebihara et al. 2009):

+ An increase in the Ny 1PG bands (Vegard and Tens-
berg 1936) and an increase in emission from O 1ING
bands (Dahlstrom and Hunten 1951; Shemansky
et al. 1968),

« A decrease in O I (1S) relative to other emissions at
the lower auroral border (Evans and Jones 1965; Gat-
tinger and Jones 1979; Jones 1974),

+ A shift toward shorter wavelengths in the peak of the
Ny 1PG bands (Benesch 1981; Morrill and Benesch
1996),

+ An increase in the Ny 1PG bands owing to an accu-
mulation of suprathermal electrons (Hallinan et al.
1997),

« Difference in lifetimes of the Ny 1PG bands and the
O I ('S) line (Ebihara et al. 2009; Hallinan et al. 1998;
Hanna and Anger 1971).
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Fig. 1 Schematic view of hyperspectral camera for auroral imaging (HySCAI), all-sky imagers with liquid crystal filter, and all-sky color camera

installed at Kiruna, Sweden

Each mechanism listed above is possible, and not exclu-
sive. A question arises as to the relative degree of a visible
Type B aurora. Obviously, comprehensive and simultane-
ous spectrum observations are needed to investigate the
Type B aurora.

Spectroscopic measurements of aurorae have been
made using interferometric bandpass filters to extract
photons in the wavelength range of interest and obtain
a two-dimensional image. The multi-spectral camera
is widely used as an onboard camera of satellites (Saka-
noi et al. 2003; Obuchi et al. 2008; Taguchi et al. 2009)
and ground-base all-sky cameras for the observation of
aurorae (Stefanello et al. 2015 and STEVE, Yadav et al.
2021). The multi-spectral optical imaging system (MAC)
(Sakanoi et al. 2003; Obuchi et al. 2008) using a bandpass
filter has been developed for an onboard camera of the
Reimei satellite. The MAC system consists of three co-
aligned cameras, each with a narrow field of view cover-
ing 80 x 80 km at 100 km. Each camera is equipped with
a different spectral filter. The telescope of visible light
(TVIS) with a filter wheel has also been developed for an
onboard camera of the Kaguya spacecraft (Taguchi et al.
2009).

In contrast, a diffraction grating spectrometer has been
used to give the full spectrum in ground-based observa-
tion of aurorae (Taguchi et al. 2002; Tsuda et al. 2020)
and STEVE (Gillies et al. 2019). However, this system
gives only one spatial resolution, which is aligned in the

meridian direction and does not provide the spectrum
of two-dimensional (2D) images. This is because the dif-
fraction grating spectrometer has only spatial resolution
along the entrance slit. In order to have spatial resolution
perpendicular to the slit direction, a hyperspectral cam-
era for auroral imaging (HySCAI), in which a galvanom-
eter scanner is installed between the image of the all-sky
lens and the entrance slit, has been developed. In this
paper, the details of the HySCAI design and the results
of the first light at the KEOPS (Kiruna Esrange Optical
Platform Site) of the SSC (Swedish Space Corporation) in
Kiruna, Sweden, are described.

2 Methods
2.1 System layout of hyperspectral camera for auroral
imaging (HySCAI)

Figure 1 shows a schematic view of the hyperspectral
camera for auroral imaging (HySCAI), all-sky imagers
with liquid crystal filter, and a sky color camera installed
at Kiruna, Sweden. The hyperspectral camera for auroral
imaging (HySCAI), which can provide a two-dimensional
(2D) aurora image with full spectrum, was developed to
study auroral physics. HySCAI consists of an equisolid
angle projection fisheye lens (8 mm F/1.8 M.ZUIKO ED
Fisheye PRO), optics for 2D image scan, monitor cam-
era (ZWO ASI2400MC PRO), remote control device for
entrance slit, lens spectrometer (Bunko-Keiki), and EM-
CCD detector (Andor iXon Ultra 888, 13 um size 1024
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Fig. 2 Optics layout of the control system of hyperspectral camera for auroral imaging (HySCAI)

by1024 pixels, 16 bit resolution). HySCAI has an advan-
tage in providing the 2D image spectrum, but the time
for scanning a mirror for a 2D image is relatively long.
Therefore, an all-sky color camera and all-sky images
with a liquid crystal filter have also been installed to com-
pensate for the poor time resolution of HySCAI. The all-
sky color camera consists of an equidistant projection
fisheye lens (2.7mm F/1.8 FUJINON FE185C086HA-1)
and a digital color camera (ZWO ASI183MC PRO). All-
sky images with a liquid crystal filter consist of an equi-
distant projection fisheye lens (2.7 mm F/1.8 FUJINON
FE185C086HA-1), liquid crystal filter (THORLABS
KURIOS XL1) coupled with two relay lens, and EM-CCD
detector (Andor iXon Ultra 897 16 um size 512 by 512
pixels). The tunable wavelength of the liquid crystal filter
is 420-700 nm.

2.2 Optical layout

Figure 2 shows the optical layout of the hyperspectral
camera for auroral imaging (HySCAI). The first image
plane of the fisheye lens (8 mm F/1.8 M.ZUIKO ED Fish-
eye PRO equisolid angle projection) is projected to the
entrance slit of the spectrometer using four f = 50 mm
F/1.4 collimator lenses. An 8:2 beam splitter is inserted
between the first and second image planes of the fisheye
lens with the first and second collimator lenses to sepa-
rate the light of the first image of the fisheye lens to mon-
itor the camera. With this beam splitter, 80% of the light
goes to the entrance slit, and 20% of the light goes to the
monitor camera (ZWO ASI2400MC PRO). A galvanom-
eter mirror is inserted between the second image planes
of the fisheye lens and the entrance slit plane with the
third and fourth collimator lenses to scan the slit image
across the image plane of the fisheye lens. With this scan-
ning galvanometer mirror, a two-dimensional (parallel
and perpendicular to the slit direction) image is obtained.
The spectrometer comprises two camera lenses (85 mm

F/1.2 and 50 mm F/0.95) and two switchable double-side
reflection gratings with groove frequencies of 500/mm
and 1500/mm for wide (464 nm) and narrow wavelength
range (123 nm) with higher spectrum resolution, respec-
tively, and the EM-CCD camera (Andor iXon Ultra 888).
The pixel dispersion is 34.1 nm/mm (0.443 nm/pixel) and
8.232 nm/mm (0.107 nm/pixel) for 500/mm and 1500/
mm grating, at 630 nm, respectively. The 500-nm grat-
ing can cover the full wavelength from 400 nm to 860
nm, which is necessary for aurora observation. Although
this grating can cover O I (3p>P) 844.6 nm, which is one
of the candidates for line-ratio measurements, this emis-
sion would be blended into the second order of NJ ING
(0, 1) 427.8 nm, and the sensitivity above 800 nm is too
low to measure the intensity of this emission accurately.
Here the slit image is reduced by 0.59 using the two cam-
era lenses with focal lengths of 85 mm and 50 mm. To
match the F-number of the object lenses (F/1.8), that for
the reduced image should be less than 1.06. Therefore, a
very low F-number camera lens (F/0.95) is used in front
of the EM-CCD detector.

2.3 Control system

As seen in the control system diagram in Fig. 3, a pulse
generator (Quantum 9212) sends a frame trigger to the
EM-CCD detector and a start trigger to the waveform
generator. Since the one frame of the EM-CCD detector
consists of spectral data for only one direction parallel
to the slit one, several frames are necessary to recon-
struct the two-dimensional monochromatic image. The
number of frames, #, determines the spatial resolution
perpendicular to the slit direction (x direction in this
paper). The waveform generator produces a step voltage
synchronized with the frame trigger to control the posi-
tion of the galvanometer, where the angle of the mirror is
proportional to the voltage. The step voltage is adjusted
to rotate the galvanometer mirror by the slit width (50
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Fig. 3 Schematic diagram of control system of hyperspectral camera for auroral imaging (HySCAI)

pm in standard operation) at the first image plane of the
Fisheye lens. To cover the first image plane of the fisheye
lens of M.ZUIKO DIGITAL ED 8 mm F/1.8 Fisheye PRO
in the x direction (17.2 mm), the number of frame # is
set to 340. The data acquired for the n-frame images are
written on the hard disk as one file. After creating the file,
the next x-scan synchronizes with the next start trigger.
The image’s time stamp is provided by the Network Time
Protocol (NTP) with the PC, which controls the pulse
generator Quantum 9212. Depending on the network
condition, the accuracy of the time stamp is typically a
few milliseconds to a few hundred milliseconds. There-
fore, the time stamp using NTP provides the time stamp
in the unit of seconds accurately enough.

2.4 Reconstruction of monochromatic image

Figure 4 shows an example of the reconstruction of a
monochromatic image from a slit one. The reconstruc-
tion of the monochromatic image can be done by simply
converting a two-dimensional CCD image of I(4,y) at
t=t (=12, 3,..) to a two-dimensional aurora image
I(x, y) at A=4; (i =1, 2, 3,...) using the information of
the x-position of each frame. The two-dimensional CCD
image of 1(4,y) is plotted for x = 140, 160, 180, 200, 220,
240, 260, and 280, with 4 s intervals. These eight images
show the one-dimensional amplitude profile of a strong
emission at 4 = 555.7 nm. Since the exposure time for
one frame is 0.2 s and the number of frames is 340, the
observation time required for the reconstruction of a
monochromatic image is 68 s (21:31:21 UT to 21:32:29
UT on October 20, 2023). By conversion of a two-dimen-
sional CCD image to an aurora one, the monochromatic

image at 4 = 555.7 nm is reconstructed, as seen in Fig. 4.
It should be noted that the amplitude profile in the
y-direction is more accurate than that in the x-direction
because the measurements in the former are simulta-
neous. Because those in the x-direction are sequential,
the amplitude profile in that direction is influenced by
a change in emission amplitude during the x-scan for a
fast-changing aurora, such as a pulsating one. There-
fore, a one-dimensional measurement without an x-scan
should be done for fast-changing aurorae.

3 Results and discussion

3.1 Spectrum resolution

Spectral resolution was tested with a mercury lamp (Hg
lamp) and an He—Ne laser for the liquid crystal filter
(LCF) camera and with O I lines (557.7 nm and 630.0 nm)
from the aurora emission. The spectrum of the mercury
lamp line emission (436 nm, 546 nm, 578 nm) and the
He—Ne laser (632.8 nm) were measured by scanning the
wavelength of the setting. The spectral resolution and
transmission of the LCF camera had strong wavelength
dependence. The full width of half maximum measured
by the liquid crystal filter camera was 5.9 nm, 9.55 nm,
and 11.2 nm at 436 nm, 546 nm, and 632.8 nm, respec-
tively, as seen in Fig. 5a—c. The measured FWHM is very
close to the design value of 6.8 nm, 9.6 nm, and 12 nm at
436 nm, 546 nm, and 632.8 nm of Thorlabs KURIOS-XL1.
Here the hardware pixel binning of iXon Ultra 888 (13 u
pixel size) was set to 4 X 4 and the binned pixel disper-
sion was 1.77 nm/bin and 0.428 nm/bin for 500/mm and
1500/mm grating at 630 nm, respectively. The switching
time of the liquid crystal filter was < 70 ms, which was
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fast enough for the aurora observation. In contrast, the
spectral resolution of HySCAI was much better than that
of the liquid crystal filter. The full width of half maximum
measured HySCAI at 630nm was 2.1 nm for the 500/mm

grating and 0.73 nm for the 1500/mm one, for the slit
width of (50 w), as seen in Fig. 5d, e. Because the spec-
tral resolution (FWHM) was roughly proportional to the
slit width, one could improve the spectral resolution by
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arrowing the slit. However, the amount of light collected
was also proportional to slit width; the spectral and time
resolution was a trade-off.

3.2 Sensitivity calibration

Figure 6a shows the wavelength dependence of the sen-
sitivity of the LCF camera and HySCAI, using an inte-
grating sphere and standard lamp (Labsphere HELIOS
Plus-VM at the luminance = 18.35 x 10> Cd/m?, see the
REPORT NUMBER: 114672-1-1 for calibrated spectral
radiance). The blaze wavelength of the grating is 560nm
and 600nm for 500/mm and 1500/mm ones, respectively.
The sensitivity of HySCAI has a maximum at the blaze
wavelength. Here the hardware pixel binning of iXon
Ultra 888 (13 pixel size) is set to 4 X 4, and the EM gain
at 200. Then the resolution of the binned pixel becomes
256 X 340. The wavelength dispersion per binned pixel,
A/, becomes is 1.77 nm and 0.428 nm for the 500/mm
and the 1500/mm grating at 630 nm, respectively. The
absolute value of the sensitivity is 2.14 and 1.64 counts/
second/Rayleigh (c/s/R) at the wavelength of 557.7 nm.
In contrast, the sensitivity of the liquid crystal filter cam-
era increases as the wavelength is increased. This is due
to the wavelength dependence of polarized transmission
(2%, 8%, 18%, 26%, and 39% at wavelengths of 427 nm,
468 nm, 540 nm, 612 nm, and 690.0 nm, respectively).
Here the hardware pixel binning of iXon Ultra 897 (16u
pixel size) is set to 2 X 2, and the EM gain is set at 200.
Then the resolution of the binned pixel becomes 256 x
256. The absolute value of the sensitivity of the LCF cam-
era is 0.14 c/s/R at the wavelength of 557.7 nm. The dif-
ference in absolute sensitivity between the HySCAI and
LCF cameras is due to the difference in binned sensor size
(52 ¢ x 52 p for HySCAT and 32 p X 32 p for LCF cam-
era), the equivalent F-number at the detector (F/1.06 for
HySCAI and F/1.8 for LCF camera), and the transmission

at the grating and the filter (65% for HySCAI and 19% for
LCF camera).

Figure 6b, ¢ shows the relative transmittance of (b)
HySCAI and (c) LCF cameras as a function of the eleva-
tion angle in the south—north and east—west directions.
This relative transmittance is used to correct the periph-
eral dimming of the HySCAI and LCF camera systems.
The transmittance is evaluated from the ratio of the total
intensity (wavelength integrated) of a dawn sky meas-
ured by HySCAI and 557.7 nm light measured by the
LCF camera to the total intensity (sum of red, green,
and blue) measured by the all-sky camera. Even on the
monitor camera, there is a significant decrease in trans-
mittance at lower elevation angles. This is due to the
peripheral dimming of the light from 1st image plane.
The distinct difference between the profile of the moni-
tor camera and that of the E-W of the spectrometer is
a direct consequence of the peripheral dimming of the
light from the 2nd image plane. Additional peripheral
dimming due to the lens inside the spectrometer is seen
in the difference between the profiles of E-W and S—N.
The attenuation of light intensity of an aurora, due to
the absorption and scattering by the atmosphere, varies
depending on the wavelength. This attenuation causes
large uncertainty in line-ratio measurements, especially
at lower elevation angles, where the path lengthens. For
this reason, HySCAI is designed to cover only half the
sky with a higher elevation angle, ¢, and a view with
more than 10% transmittance is restricted to ¢ > 34° in
the east—west direction and ¢ > 50° in the south—north
direction, while the LCF camera covers all sky. HySCAI’s
south—north corresponds to the slit direction, and its
east—west direction corresponds to the scan direction
by galvanometer. The narrower view in the south—north
direction is due to the peripheral dimming of the spec-
trometer, which occurs in the slit direction. The view
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angle of HySCAI is adjustable (but not remotely.) It can
be expanded by replacing the front fisheye lens with a
smaller image circle.

3.3 Calibration of elevation angle and azimuth

Space (elevation and azimuth angles) calibration was
done by using a position of stars at KEOPS (geographic
latitude/longitude N67.872°/E21.030°, geomagnetic
latitude N65.37°, and elevation 473 m). The elevation
and azimuth angles of the stars were checked using
the Stellarium planetarium (Zotti and Wolf 2022; Zotti
et al. 2021). Figure 7 shows the images of an all-sky
color camera, liquid crystal filter (LCF) camera, and
HySCALI oriented in S—N vertical and E-W horizontal
directions, where small circles indicate the positions of
stars. In the all-sky color camera image, 28 stars were
identified (6, 13, and 9 stars at low, medium, and high

elevation angles (0° ~ 30°, 30° ~ 60°, and 60° ~ 90°),
respectively) including Polaris, Alkaid, Capella, and
Pollux. In contrast, only 18 and 15 stars were identi-
fied in the liquid crystal filter camera images and that
of HySCAI, respectively. No stars at a low elevation
angle (0° ~ 30°) were identified in the HySCAI image.
The start identified with the highest elevation angle
was Pollux (47°), which indicated the view of HySCAI
as half the all-sky (elevation angle >~ 45°). The field of
view of HySCAI is 0.42° and 0.72°, perpendicular and
parallel to the slit direction, respectively

Figure 8 shows an aurora image observed with an all-
sky color camera and a monochromatic one at A = 557.7
nm, measured by the LCF camera and HySCAI ori-
ented in S—N vertical and E-W horizontal directions,
on October 20, 2023. The all-sky color camera images
were taken every 12 s and with 5 s exposure time. The
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Fig. 8 Calibrated aurora image of a all-sky color camera at 21:29:52 ~ 21:29:57 UT, b all-sky 557.7 nm imagers with liquid crystal filter at 21:29:53 ~
21:30:03 UT, ¢ HySCAI monitor image at 21:29:49 ~ 21:30:14 UT, and d HySCAI reconstructed 557.7 nm image at 21:29:21 ~ 21:30:29 UT on October

20,2023

LCF camera images were taken every two minutes with
10 s exposure and 7 frames/120 s to check the dynamic
change in the 557.7 nm image. HySCAI monitor images
were taken every two minutes with 25 s exposures and
2 frames/120 s. A hyperspectral HySCAI image was
taken every 2 mins with 68 s (= 0.2 s x 340) exposure
time. The HySCAI system could cover only the part of
the aurora, due to a restricted view.

3.4 Examples of full spectrum

The spectrum over all positions was averaged to give
a quick glance as to which lines appeared in an aurora.
Figure 9 is an example of Keogram of all-sky camera and
HySCALI and the time evolution of an averaged spectrum
of aurora emission I;(4,t) measured by HySCAI for ten
hours from 2023-10-20 18:00 UT to 2023-10-21 4:00 UT
(from 20:24 MLT to 6:24 MLT). The aurora breakups

were seen at 21:30 UT and 23:30 UT in the Keogram of
all-sky camera and HySCALI The view of HySCALI is lim-
ited to above 50 degrees of elevation angle. The 400-770
nm wavelength was covered with 500/mm grating. Here
the pixel binning of iXon Ultra 888 (13 u pixel size) was
set to 4x4, and the EM gain was set at 200. The data
were taken every two minutes. Two strong O I emissions
(557.7 nm and 630.0 nm) appeared immediately after the
start of the observation at 18:00 UT. The emission ampli-
tude of the spectrum abruptly increased at 21:31:21—
21:32:29 UT, which was indicated by white dashed lines
on the contour map. The abrupt increase in the emis-
sion amplitude was most likely associated with a sub-
storm expansion. The real-time aurora electrojet lowest
(AL) index provided by the World Data Center for Geo-
magnetism in Kyoto showed an abrupt decrease around
21:30 UT. The real-time AL index also showed an abrupt
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decrease around 23:30 UT, so that the second intensifica-
tion was associated with the substorm. A strong aurora
emission was observed for half an hour.

The space-averaged spectrum 1I;(4) is plotted in
Fig. 10. Strong oxygen emissions are observed at O I (1S)
557.7 nm, O I (!D) 630.0 nm, and O I ('D) 636.4 nm. The
expanded plot in (b) shows several lines of aurora emis-
sions. N; ING (0,1) 427.8 nm and 1ING (0,2) 470.9 nm, N
I (D) 520.0 nm, N, 1PG (8, 5) 646.9 nm, 1PG (7, 4) 654.5
nm, 1PG (6, 3) 662.4 nm, 1PG (5, 2) 670.5 nm, 1PG (4,
1) 678.9 nm, 1PG (3, 0) 687.6 nm. The ratio between the
vibrational levels of Ny 1PG bands can be used to study
the effect of collisional processes on Ny 1PG triplet vibra-
tional level populations in aurorae (Morrill and Benesch
1996). OF ING (1,1) 597.3 nm, (0, 0) 602.6 nm, and O II
732/733 nm are also observed. In addition, Hg 486.1 nm
and NaD 589.3 nm are also clearly observed. We cannot
detect Hy, 656.28 nm due to the blend into Ny 1PG. As
seen in the spectrum, ~ 20 emissions of atomic and ion
lines and molecular bands can be obtained simultane-
ously. This is a great advantage compared to aurora emis-
sion measurements using bandpass filters.

Figure 11 shows the monochromatic image I, (¢, 9, 4;) of
N; ING (0,1) (427.8 nm) and O I (D) (630.0 nm) meas-
ured by HySCAI for 40 s from 21:31:37 to 21:32:17 UT on
October 20, 2023. It should be noted that HySCAI pro-
vides simultaneous measurement in wavelength but not
in space, due to the x-scan from east to west by the gal-
vanometer mirror. Here 21:31:37 UT corresponds to the
x-scan at 80 (east edge), and 21:32:17 UT T corresponds
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Fig. 10 Space-averaged spectrum /ZVQ (4) measured by HySCAI from 21:31:21 UT to 21:32:29 UT (68-s exposure) on October 20, 2023, for the scale
of a 0-3000 counts/pixel and b 0-60 counts/pixel
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1;(4, &, 6)) at c position A (¢; = 67°,6; = 321°) and at d position B (¢; = 64°,6; = 284°) measured by HySCAI at 21:31:37 ~ 21:32:17 UT on October

20,2023

to the x-scan at 280 (west edge). Here, additional 6 x
6 numerical binning is applied to improve the accuracy
of the line ratio and the spatial resolution is reduced from
256 X 340 to 42 x 56. The region where the transmit-
tance plotted in Fig. 6 is below 10 % is masked with zero
intensity. The two images of O I ('D) (630.0 nm) and N;r
ING (0, 1) (427.8 nm) show significant differences. The
full spectrum I, (/) at the position A (¢; = 67°,6; = 321°)
and the position B (¢; = 64°,6; = 284°) is also plot-
ted. Position A (¢; = 67°,0; = 321°) corresponds to that
where the O I (630.0 nm) emission is strong, while posi-
tion B (¢; = 64°,0; = 284°) corresponds to the position
where the N;r ING (427.8 nm) emission is strong. At
position A, the emission of both the nitrogen ING/1PG
and oxygen ING bands are relatively strong, while they
are much weaker at the position B. The monochromatic
image of N;L ING (427.8 nm) and O I (630.0 nm) shows
that their ratio is not constant in the image.

3.5 Example of monochromatic image of O I, NaD and Hg

The total intensity of each emission is obtained by inte-
grating the amplitude of the spectrum in wavelength
from Jg—38/_ to Ap+844, where §4— and 844 are the inte-
gration widths at the blue and red sides, respectively,

which is determined from the full spectrum in Fig. 10.
Figure 12 shows the monochromatic image I(¢,6) of O
I ('S) (557.7 nm, + 3.3 nm), O I (!D) (630.0 nm, + 3.2
nm), NaD (589.3 nm, + 3.2 nm), Hg (486.1 nm, + 3.3 nm),
N5 ING (0,1) (427.8 nm, —11.3/+4.6 nm), NJ 1NG (0,2)
(470.9 nm, —9.2/+3.9 nm), N; ING (5,2) (670.5 nm —
6.6/+1.8 nm), and N I (D) (520.0 nm, —1.3/+10.7 nm),
and N II (500.1 nm, + 3.3 nm) measured by HySCAI
for 40 s from 21:31:37 UT to 21:32:17 UT on October
20, 2023. The region where the transmittance plotted in
Fig. 6 is below 10 % is masked with zero intensity. Here
the wavelength of the integrated range is indicated as (4o,
84-/844). In calculating a monochromatic image, 4x4
numerical binning is applied to improve the signal-to-
noise ratio. The spatial resolution is reduced from 256 x
340 to 64 X 85.

The intensity of most emissions ranges from 1 kR to 10
kR. The emission intensity of N;r ING (0,1) (427.8 nm)
is 5-15 kR and 8 kR at the geomagnetic zenith (eleva-
tion angle (¢) of 77.6° and azimuth () of 190.9°). The
427.8 nm emission intensity at the geomagnetic zenith
is used to determine the total incident flux, which is one
of the input parameters of the code calculating the rela-
tion between an intensity ratio of 1(630.0nm)/I(427.8nm)
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Fig. 12 Monochromatic image /(Zo)(¢,0) of a N;r ING (0,1) (4278 nm,—11.3/+46 nm), b Nj’ ING (0,2) (470.9 nm, —9.2/+3.9 nm), cHg (486.1nm, —
2.9/+2.4 nm), d N 11 (500.1 nm, + 3.3 nm), e N 1 (?D) (520.0 nm, —=1.3/+10.7 nm), f O 1 ('S) (557.7 nm, + 3.3 nm), g NaD (589.3 nm, —3.6/+2.3nm), h O |
('D) (630.0 nm, + 3.2 nm), and iN;r ING (670.5 nm, =6.6/+1.8 nm) measured by HySCAIl at 21:31:37 ~ 21:32:17 UT on October 20, 2023

and the characteristics of energy. The strongest O I
(557.7 nm) emission was 40—120 kR, while the weakest
Hpg (486.1 nm) emission was 0.3—1 kR in this observation.
The maximum and noise counts of the iXon Ultra 888
are 65535 and 40, respectively. The saturation level of O
I (557.7 nm) emission in this setting (0.2-s exposure and
EM gain at 200) evaluated from the sensitivity plotted in
Fig. 6(a)(b) is 150 kR at ¢ = 90° (250 kR at ¢ = 60° and 6=
270° west). In contrast, the noise level is 0.1 kR. There-
fore, the HySCAI has a dynamic range of three orders of
magnitude and can simultaneously provide a monochro-
matic image of strong and weak emissions with a differ-
ence of more than two orders of magnitude.

It is clearly observed that the two images of O I
(557.7 nm and 630.0 nm) show significant differences,
which is due to the difference in height of the aurora
emission, where the mean peak emission altitudes of
O I (557.7 nm) is ~ 100 km but the mean peak emis-
sion altitude of O I (630.0 nm) is higher (150-350 km)
(Whiter et al. 2023). The difference between O I (557.7
nm) and OI (630.0 nm) is mainly due to the difference
in lifetime and altitude-dependent constituents and
is similar to airglow emissions where the mean peak
emission altitude of O I (630.0 nm) is 200-300 km

and is much higher than those of O I (557.7 nm) of
100 km (Shiokawa et al. 1999, 2009). This is because O
I (630.0nm) emission becomes weak due to the longer
lifetime (110 s lifetime or shorter at lower heights) than
the collision time at low altitudes. In contrast, the life-
time of O I (557.7 nm) is 0.7 s, which is shorter than
the collision time and can be strong even at low alti-
tude (Tsuda et al. 2020). The image of NaD (589.3nm)
resembles the image of O I (557.7 nm). This is because
the mean peak emission altitude of sodium line NaD
(589.3 nm) is close to that of O I (557.7 nm) because
the sodium layer is ~ 90 km height (Derblom 1964;
Shiokawa et al. 1999). Auroral hydrogen emission, Hg,
line profiles have been measured to estimate the pro-
ton energy of proton aurora (Liang et al. 2018) using a
high-resolution spectrometer (Lanchester et al. 2003).
Although the emission height for proton auroras is sim-
ilar to the mean peak emission altitudes of O I (557.7
nm) of ~ 100 km, the image of Hg differs from that of O
I (557.7 nm). The Hg emission profile is much broader
than the O I (557.7 nm) one. The diffuse effect in the
image is due to the charge exchange between H' and
neutral constituents (Davidson 1965).
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3.6 Lineratio of 1(630.0 nm)/I(427.8 nm) and estimate
of precipitating electron energy

The intensity ratio of auroral emission has been used to
estimate the precipitating electron energy (Ono 1993;
Whiter et a.l 2012; Grubbs et al. 2017; Redmon et al.
2020; Whiter et al. 2023). A high-speed multi-channel
photometer directed to the geomagnetic zenith was
developed to estimate the precipitating electron energy
(Ono 1993). Auroral lights of different wavelengths were
fed into seven channels with beam splitters and dichroic
mirrors. The seven emission intensities of N; ING (0, 1)
427.8 nm, OI (*S) 557.7 nm, OI (' D) 630.0 nm, N2 1PG (8,
5) 646.9 nm, N, 1PG (5, 2) 670.5 nm, O I (3p®P) 844.6 nm
were measured simultaneously. It was reported that the
individual intense arcs were associated with a significant
increase in the precipitating electrons’ average energy
from 3 to 9 keV during the auroral break-up stage (Reme
and Bosqued 1973; Meng et al. 1978; Ono 1993). The
30% change in the average energy of electrons associated
with the on/off of pulsating aurorae (Johnstone 1978,
Sandahi et al. (1980)) was also reported. More recently,
ground-based imaging and in situ sounding rocket data
(Sato et al. 2004; Nishiyama et al. 2011) were compared
to electron transport modeling for an active inverted-V
type auroral event (Grubbs et al. 2017). Electron popula-
tion characteristics were predicted with a 20% error from
the observed spectral intensities within 10° of magnetic
zenith.

To evaluate the precipitating electron energy from an
intensity ratio of 1(630.0 nm)/I(427.8 nm), GLOW 0.973
(Solomon 2017) with Maxwellian energy distribution
using an interface of “glowaurora” (https://github.com/

space-physics/glowaurora) and a script of RunGlow.
py was used. Figure 13a, b shows the volume emission
rate for the characteristics energy of 1 keV and 3 keV
at KEOPS (geographic latitude/longitude N67.872°/
E21.030°) in 21:31 UT October 20, 2023. Here, the total
incident flux is set to 30 erg cm~2 s~! where the inte-
grated volume emission of N;r ING (0,1) (427.8 nm)
along the altitude (7.2 kR at 1 keV and 7.7 kR at 3 keV)
agrees with that measured (8 kR) at the geomagnetic
zenith (elevation angle of 77.6° and azimuth of 190.9°)
plotted in Fig. 12a. Here, the value of solar index f10.7
and ap index is set to 124.6 and 6, respectively, which
are available at the NASA data center (https://omniw
eb.gsfc.nasa.gov/form/dx1.html). The mean peak emis-
sion altitude of O I (630.0 nm) was 150—250 km, while
that of ING (0, 1) (427.8 nm) was 100—-120 km. The char-
acteristics energy is scanned from 0.5 keV to 10 keV to
derive the energy dependence of the intensity ratio of
1(630.0 nm)/I(427.8 nm). As the characteristics energy
increases, the O I (630.0 nm) volume emission rate
decreases, while N;r ING (427.8nm) volume emission
rate increases. Figure 13c shows the relation between the
characteristics energy and the ratio of the volume emis-
sion rate of O I (630.0 nm) to that of N}' ING (427.8 nm)
integrated along the altitude for the total incident flux of
3, 30, and 300 ergcm™ 2571,

Figure 14a, b shows the image of intensity ratio and
precipitating electron energy. The intensity ratio of
1(630.0 nm)/1(427.8 nm) varied in space, but it was in
the range of 0.4-0.9. The precipitating electron energy
was evaluated using the formula of E(keV) = 1.1 x
(1(630.0nm) /1(427.8nm))~ %72 which was derived from
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Fig. 14 Image of emission ratio of a 1(630.0nm)/1(427.8nm) (¢, 6) and b electron precipitating energy £ (¢, 8) measured by HySCAl at 21:31:37 ~
21:32:17 UT on October 20, 2023. ¢ Ratio and d electron precipitating energy at azimuth of 191° + 5° as function of elevation angle also plotted.
Here geomagnetic zenith located at elevation angle of 77.6°, and azimuth of 190.9°

the relation between the intensity ratio of 1(630.0nm)/
[(427.8nm) and the precipitating electron energy derived
from the fitting curve of the data at the total incident
flux of 30 erg cm~2 s~ ! plotted in Fig. 13c. Figure 14c, d
shows the elevation profile of intensity ratio and precipi-
tating electron energy at azimuth of 191° & 5°. We esti-
mated the precipitating electron energy from the ratio
of [(630.0 nm)/I(427.8 nm) to be 1.6 keV. The energy had
weak dependence for this particular magnetic merid-
ian indicated by the black line. The reason for the weak
dependence was that this magnetic meridian indicated
by the black line is closely aligned with the auroral struc-
ture elongated in the north—south direction, and that
the characteristic energy was almost the same along the
auroral structure. The line-of-sight integral of the volume
emission rates was reasonably accomplished from the
bottom to the top of the auroral structure, although the
direction of the line of sight was different from that of the
magnetic field line.

4 Conclusions

The hyperspectral camera for auroral imaging
(HySCAI) was developed to measure the full spectrum
of two-dimensional images of aurorae, where a galva-
nometer mirror scans a slit image. The spectral resolu-
tion (FWHM) of HySCAI is 2.1 nm with 500 grooves/

mm grating for a wide spectral range and 0.73 nm
with 1500 grooves/mm grating for a higher spectral
resolution when the slit width is set to 50 u. HySCAI
can cover a wide wavelength range of 400-800 nm,
and the absolute sensitivity is 2.1 count/s/R with 4 X
4 binning (256 X 340 image) at 557.7 nm. The view-
ing elevation angle > ~ 45°. The exposure time for one
slit image is 0.2 s, and the total scanning time for the
two-dimensional image is 68 s. Five oxygen peaks (O
1 (1S) 557.7nm, OF ING (1, 1)(0,0) 597.3/602.6 nm, O
I (!D) 630.0nm, O I (D) 636.4nm O II 732/733), nine
nitrogen bands/line (N;r 1ING (0, 1) 427.8 nm, 1NG (0,
2) 470.9 nm, N (2D) 520.0 nm, N 1PG (8, 5) 646.9 nm,
1PG (7, 4) 654.5 nm, 1PG (6, 3) 662.4 nm, 1PG (5, 2)
670.5 nm, 1PG (4, 1) 678.9 nm, 1PG (3, 0) 687.6 nm)
were identified during an aurora substorm on Octo-
ber 20-21, 2023 at KEOPS (Kiruna Esrange Optical
Platform Site) of SSC (Swedish Space Corporation) in
Kiruna, Sweden. The peak of hydrogen emission Hg
486.1 nm and sodium NaD 589.3 nm were also identi-
fied. HySCAI provided monochromatic two-dimen-
sional for these peaks. We estimated the total incident
flux to be 30 erg cm~2 s~! from the emission intensity
of N;“ 1ING (0, 1) 427.8 nm, [(427.8 nm ), and the pre-
cipitating electron energy to be 1.6 keV from the ratio
of 1(630.0 nm)/I(427.8 nm) in these observations. The
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newly developed instrument, HySCALI will provide new
insights into the mechanism of auroral emission as well
as the characteristics of precipitating electrons and

protons.
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