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We present a spectral atlas of the solar corona in the far-ultraviolet (FUV) and extreme ultraviolet
(EUV) wavelength range. The atlas is based on observations obtained between 670 A and 1609 A in first order
of diffraction and between 465 and 670 A in second order with the SUMER (Solar Ultraviolet Measurements of
Emitted Radiation) spectrograph on SOHQO (Solar and Heliospheric Observatory). This paper complements the
SUMER Spectral Atlas of Solar Disk Features, also published in A&A. The atlas contains off-limb spectra of the
corona above a coronal hole, a quiet region, the activ
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of the newly recorded lines were identified with transi-
tions in highly ionized atoms abundant in the solar up-
per atmosphere (Burton & Ridgeley 1970, Jordan 1971,
Doschek et al. 1976, Feldman & Doschek 1977, Sandlin et
al. 1977, 1986 and Feldman & Doschek 1991). With the
launch of the Solar and Heliospheric Observatory (SOHO)
that included the Solar Ultraviolet Measurements of
Emitted Radiation (SUMER) and the Coronal Diagnostic
Spectrometer (CDS), two advanced high-resolution spec-
trometers, a renewed interest in solar spectroscopy oc-
curred. Based on SUMER recorded spectra Feldman et
al. (1997) published the most comprehensive list, to date,
of lines in the 500 to 1600 A wavelength range that
were emitted by a quiet coronal streamer. The introduc-
tion to that paper provides a detailed overview of the
spectroscopic measurements and identifications prior to
the launch of SOHO. A list of high temperature ( .

2 10 K) lines emitted by active region and flare plasmas
but not by the quiescent corona also recorded by SUMER
were published by Feldman et al. (1998, 2000) and by
Curdt et al. (2001a).

Prior to the launch of the SOHO, the most comprehen-
sive list of absolute intensities of solar emission lines emit-
ted by plasmas ranging in temperature between 1 10 K
and 3 10 K and accessible to normal incidence spectrom-
eters was published by Vernazza and Reeves (1978). The
published list was generated from spectra acquired by the
S055 Extreme Ultraviolet spectrometer on the Skylab mis-
sion, which had a spectral resolution of 1.6 A (FWHM)
and a spatial resolution of 5" 5. The intensities of the
brightest lines spanning the 277 to 1335 A wavelength
range were measured from spectra recorded against the
solar disk and above the limb and emitted by active re-
gion, quiet region and coronal hole plasmas. Due to the
fairly low spectral resolution of the instrument many of
the moderately intense lines were blended with each other
or with nearby brighter lines while most of the fainter
ones were lost in the background. Using spectra recorded
by the S082 B normal incidence spectrograph on Skylab,
Doschek et al. (1976) published absolute intensities of
bright lines in the wavelength range from 1150 to 2000 A
which were emitted by quiet region plasmas at tempera-
turesof ., 25 10 K.

Intensities of lines emitted by stellar upper at-
mospheres have been observed by the EUV FExplorer
(EUVE), the International Ultraviolet Explorer (IUE), the
Far Ultraviolet Spectroscopic Explorer (FUSE), and the
Hubble Space Telescope (HST) Goddard High-Resolution
Spectrograph (HST-GHRS) and Space Telescope Imaging
Spectrograph (HST-STIS). In a recent communication,
Ayres et al. (2003) present a survey of high temperature
forbidden lines identified in high-resolution HST-STIS
FUV spectra of late-type stars. Redfield et al. (2003) pub-
lished a similar survey from spectra recorded by FUSE.
The solar corona is of special interest for stellar appli-
cations, since its emission can be separated from the disk
emission (which significantly helps to reveal blending) and
it can be spatially resolved and observed with much higher

photon statistic than stellar coronae. It also can be con-
sidered an exceptional good standard of a cool G2 V star
corona.

Curdt et al. (2001b) published a detailed SUMER disk
atlas (to be referred to as the disk atlas). Although the
disk atlas consists primarily of lines and continua emitted
by the chromosphere and transition region plasma, it also
contains several coronal emission lines, which are bright
enough to be discerned against the intense emission from
the cooler regions.

In this paper we present an atlas consisting of spectral
profiles and a line list representing the quiescent corona,
the corona above coronal holes, and the active and flaring
corona, as observed by SUMER, above the solar limb. The
off-limb atlas contains lines typical of plasmas at temper-
aturesof ., 7 10 K and has to be understood as a
companion paper to the disk atlas. The line list contains
all observed lines with measured wavelengths, measured
radiances, and identification along with atomic transitions
when available. For the sake of conciseness, in this paper
we will restrict the repetition of details and general in-
formation, which has already been presented in the disk
atlas, to an absolute minimum.

2. The SUMER instrument

SUMER is part of the SOHO mission of ESA and NASA.
SOHO was launched in 1995 and injected into a halo orbit
around the first Lagrangian point, L1, on 14 February 1996
where, in continuous view of the Sun, it orbits the Sun at
a distance of 1.5 10 km sunward from the Earth.

SUMER is a high-resolution telescope and spectro-
graph designed to obtain stigmatic slit images with spatial
and spectral resolution elements of 1" and 40 mA (in
first order) as well as high temporal resolution over the
wavelength range from 465 A to 1610 A. The accessible
range depends on which of two detectors is used. While
detector ‘A’ can in principle record spectra from 780 A to
1610 A in first order of diffraction, the range of detector ‘B’
reaches from 660 A to 1500 A. The lower wavelength limit
for second order lines results from the steep fall-off of the
reflectivity of the silicon carbide optics below 500 A; the
shortest-wavelength identified line falls at 465.2 A. The
dispersion of the instrument is slightly wavelength depen-
dent. For detector ‘A’, it varies from 45.2 to 41.9 mA /pixel
(first order) and 22.6 to 20.9 mA /pixel (second order) from
one end to the other of the SUMER wavelength range; for
detector ‘B, it varies from 44.7 to 41.2 mA /pixel (first or-
der) and from 22.3 to 20.6 mA /pixel (second order). Each
detector has 1024 spectral and 360 spatial pixels.

First order lines and second order lines appear super-
imposed in the spectrum. A few lines could also be ob-
served in third order (Feldman et al. 1997). The central
area of the detector is coated with KBr (potassium bro-
mide). This coating increases the detection quantum effi-
ciency (DQE) mainly in the range from 900 A to 1500 A.
Intensities of lines on both sections of the photocathode
can be used to discriminate second order lines from first
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order lines, since the photocathode responsivity changes
differently for lines in different orders.

Off-disk observations of previously unobserved faint
intersystem lines are only possible because of the high
surface quality of the primary mirror, which results in
relatively low scattered light levels, and because of its
more efficient low-noise detectors compared to previous
instruments that used photographic plates, as discussed
by Feldman et al. (1997) and Curdt et al. (1997). Few (if
any) spectral lines were recorded by earlier space instru-
ments from regions that extended more than 20" above
the limb. In comparison, SUMER has recorded line inten-
sities extending out to 600" (Feldman et al. 1999).

Many more instrumental details can be found in the
disk atlas. A comprehensive description of the instrument
is given by Wilhelm et al. (1995), and first results and
inflight performance characteristics are given by Wilhelm
et al. (1997a) and Lemaire et al. (1997).

3. O servations

Since the present atlas aims to cover the off-limb solar
spectrum emitted by coronal holes, quiet Sun, active re-
gions and flares, many datasets observed at different times
and at different locations were necessary. Table 1 provides
the basic characteristics of the observations used to create
the plots and to derive the radiances given in the line list.

Both detectors have been considered in the present
work. Detector ‘A’ was designated the prime source for
both first and second order lines, but the 660 to 780 A
section of detector ‘B’ also was used, so that many lines
that detector ‘A’ observes as second order lines also could
be identified in detector ‘B’ in first order. This helped
to discriminate between first and second order lines in
detector ‘A’, to observe several first order lines that were
too faint or blended to be identified in detector ‘A’, and
to slightly improve wavelength measurements.

3.1. Coronal hole

The two coronal hole spectra used in the present work were
both taken in the early stages of the SOHO mission above
the north and south coronal holes during solar minimum.
The field of view was selected in order to minimize any
contribution from overarching quiet Sun material.

Both datasets consist of “REFSPEC” spectral scans,
encompassing the whole SUMER wavelength range with
a long exposure time (300 s and 1200 s for detectors ‘A’
and ‘B’, respectively). The use of the 4" 300" slit in the
detector ‘A’ dataset and of the 1” 300" slit in the de-
tector ‘B’ dataset ensures that the same level of signal to
noise was achieved.

Both the detector ‘A’ and ‘B’ wavelength ranges have
been divided into a number of sub-ranges, each shifted
from the adjacent one by a fixed amount: detector ‘A’
range was divided in 44 sections with 18 A shift; the
detector ‘B’ wavelength range was observed in 61 sections

with a 13 A shift. The entire wavelength ranges of both
detectors have been used for identification purposes.

In both datasets, we have selected for the analysis a
fixed number of pixels located in the brightest regions
along the slit, corresponding to the heights above the limb
(in and 10 km) reported in Table 1.

3.2. Quiet Sun

The detector ‘A’ quiet Sun observation is unique in its
kind, and it consists of the longest exposure time ever
achieved in the UV wavelength range on the Sun. It is de-
scribed in detail in Parenti et al. (2003). The dataset was
obtained observing a quiescent streamer in the southeast
quadrant of the Sun. It consists of a modified REFSPEC
sequence where the entire detector ‘A’ wavelength range
was divided in 38 sections each shifted by 20 A from
the previous one. The basic observing sequence consisted
of several consecutive observations of each of the wave-
length sections with an exposure time of 300s and the
wide slit (4” 300"). This sequence was then repeated five
times at three different heights above the solar limb, in
order to cover a large distance from the limb. The entire
observation lasted approximately a week. In order to max-
imize the signal-to-noise ratio, and at the same time avoid
any transition region material, we have selected the series
of observations that was pointed at (-600",-941"); in this
dataset, each wavelength section was observed three con-
secutive times during each sequence. Therefore, for each
wavelength range we have 5 3=15 observations of 300 s,
for a total observing time of 75 minutes.

The detector ‘B’ quiet Sun observation was taken in
1997, in a region in the southwest quadrant of the Sun de-
void of any activity. The dataset consisted of a REFSPEC
sequence with a long exposure time (1500s), that compen-
sated the use of the narrow 1" 300" slit. The wavelength
range was divided into 61 sections with a shift of 13 A;
however, only the first 10 sections have been considered
in the present work, corresponding to the lowest wave-
length range up to 830 A, unavailable to detector ‘A’ in
first order.

In both datasets, we have selected the brightest region
along the slit, corresponding to the heights above the limb
reported in Table 1.

3.3. Active region

The two active region REFSPECS that we have consid-
ered in the present work have been observed during so-
lar maximum close to the solar equator. The detector ‘A’
dataset has been observed over a large active region com-
plex which gave rise to several strong flares during the
prolonged SUMER, campaign that aimed at monitoring
active region behaviour at the limb. However, no flare ac-
tivity was recorded during the spectral scan considered
in the present work. The dataset consists of a standard
REFSPEC sequence, composed of 38 sections each shifted
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Table 1. Details of the observing sequence used in the present work

Region Det. Date Slit center Height (Mm) Height (R() Slit teap (8)
Coronal Hole ‘A’ 13 March 1996 (0",-1180") 39-54 1.056-1.077 4" x300" 300
Coronal Hole ‘B> 11 November 1996 (0",1149") 17-40 1.024-1.057  1"x300" 1200
Quiet Sun ‘A’ 13-19 June 2000  (-600",-941") 25-44 1.036-1.063 4" x300" 4500
Quiet Sun ‘B’ 20 June 20 1997 (600" ,-900") 14-26 1.020-1.038 1" % 300" 1500
Active region ‘A’ 4 April 2001 (954" ,500") 34-49 1.049-1.070 1" % 300" 300
Active region ‘B’ 6 December 2000  (-1000",-320") 50-59 1.072-1.084 4" x300" 4200

59-70 1.084-1.100 4" x300" 4200
Flare ‘A’ 9 May 1999 (968",395") 21-68 1.030-1.097 4" x300" 300

by 20 A from the previous one and observed with 300 s
exposure time.

The detector ‘B’ dataset was taken during the
December 2000 campaign, over a medium-size active re-
gion. The dataset consisted of a modified REFSPEC,
where only the 660 to 860 A range was observed in 10
sections each shifted by 13 A. However, each section was
consecutively observed 14 times, for a total effective ob-
serving time of 70 minutes, yielding the longest observing
time achieved in the UV on a solar active region.

In the active region observed with detector ‘A’, we have
selected the brightest pixels in the dataset, corresponding
to the height above the limb reported in Table 1. In the
detector ‘B’ active region, cool material was present in the
brightest section of the slit. In order not to include any
spectral lines emitted by this cool material, and at the
same time to select the brightest areas along the slit, the
pixels selected for the present study are not the same for
all exposures, and they come from two different sections
of the slit, whose corresponding height above the limb is
reported in Table 1.

3.4. Flare

A comprehensive flare spectral atlas in the SUMER, wave-
length range has been published by Feldman et al. (2000).
The dataset analysed in this work was the first complete
flare spectrum observed by SUMER. Since then, several
flare campaigns have been carried out, but few if any com-
plete flare spectral scans across the SUMER wavelength
range have been obtained. Since the aim of the present
paper is to present the spectrum of the solar corona above
the limb at all solar conditions, for the sake of complete-
ness we have included the dataset already published by
Feldman et al. (2000). The description of the observing
sequence can be found in Feldman et al. (2000). Basic de-
tails of the flare observations are given in Table 1.

4. ata Reduction

4.1. Flatfield and geometrical distortion correction

After decompression, the data set has been flat-field cor-
rected. The flat field exposures closest in time to each of
the datasets have been used for the correction. After the
flat-field correction, data have been corrected for the ge-
ometrical distortion present in SUMER spectra. We have
used for both operations the standard SUMER, software.
In the case of the quiet Sun detector ‘A’ dataset, obser-
vations were taken at different heights but with the same
position along the solar E-W direction. Slit positions were
chosen so that there was 10" overlapping between observa-
tions at different heights (see Parenti et al. 2003 for more
details). Inspection of these overlapping spectra has re-
vealed a residual distortion in the last 1-5 pixels near the
bottom edge of the detector. To investigate this effect, we
have analysed the centroids of the chromospheric lines:
above the limb, these lines are composed of instrument-
scattered light and are expected to appear as straight lines
along the slit because all solar signatures are smeared. We
have analysed the centroid positions along the slit for sev-
eral positions along the wavelength direction of the detec-
tor and have determined an interpolated residual correc-
tion function that allows to correct for this effect at any
position in the detector, and applied it to the data.

4.2. Spectral averaging

To improve the signal-to-noise ratio of the observed spec-
tra, we have averaged the emission of the selected pixels
along the slit in each spectral section of each dataset.
However, some more comments are required for the
quiet Sun detector ‘A’ and active region detector ‘B’
datasets. The active region detector ‘B’ dataset was com-
posed of 14 subsequent exposures of each spectral section.
To improve the signal-to-noise ratio, we have first aver-
aged all the 14 exposures, and then we have averaged on
the selected pixels along the slit. Since the 14 exposures
repeated one after the other, without changing the instru-
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Fig. 1. The SUMER spectral window around 1050 A after application of basic data reduction steps. 15 frames of 5 minute
integration time have been added for this deep exposure. The slit is positioned in the South-East quadrant of the field of view.
North is up and closer to the limb than the bottom pixels. We have also added the line identification and two profiles, the red
one averaged in the near-limb section of the slit, the black one further out

ment pointing, wavelength range and configuration, the
averaging was straightforward.

The quiet Sun detector ‘A’ dataset required additional
care. In fact, this dataset is composed of five identical se-
quences, and within each sequence each spectral section
was observed three times before changing to the next spec-
tral section. So, each spectral section has been observed
15 times. The three subsequent exposures within each se-
quence have been averaged together as for the active re-
gion, detector ‘B’, leaving us with 5 averaged exposures for
each spectral section. However, since the five subsequent
sequences were run at different times, after instrument
repointing and changes in the wavelength sections, instru-
mental effects like the thermoelastic oscillation (cf., Rybak
et al. 1999 for more details) introduced shifts along the
wavelength direction between each sequence. In order to
avoid artificial line broadening and blending due to these
shifts, the five averaged spectra for each section have been
first coaligned, and then averaged together. The coalign-
ment shift to each of the five spectra has been obtained by
cross-correlation of all the strongest and unblended spec-

tral lines in each of the spectral scans. An example of such
a processed primary data product is shown in Fig.1, where
we display a data array recorded with detector ‘A’ in the
wavelength range around 1050 A. Fig.1 also illustrates the
subsequent data reduction steps.

4.3. Gaussian line fitting

Gaussian spectral line profiles have been fitted to all possi-
ble spectral features in all datasets, using a multigaussian
program that permits decomposition of partially blended
lines.

In each dataset, more than one measurement of line
intensity and wavelength were possible, because each line
could be measured in different spectral sections, several
lines were observed in both detectors, and short wave-
length lines can be observed in first and second order.
Final wavelengths were obtained by averaging all the mea-
surements for each line.
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4.4. Wavelength Calibration

To determine the wavelength scale, fitted line centroids
and spectral pixels need to be converted to angstrgm.
Since there is no absolute wavelength reference available in
the spectrometer, a wavelength scale can only be derived
using solar chromospheric lines, that in off-disk spectra
are seen as instrument-scattered light.

The dispersion changes as a function of wavelength,
and so each exposure needs an individual calibration. The
wavelength calibration is based on identifying the posi-
tion of chromospheric lines on the detector: the fact that
scattered light is practically free of Doppler shifts due to
plasma velocity variations along the slit makes these lines
very useful for establishing an absolute wavelength scale.
Emission lines from neutrals and singly ionized species,
which are fairly strong and unblended in the solar disk
spectrum and for which the absolute wavelengths are
known with high accuracy, have been used as reference
lines.

By fitting a gaussian line profile and measuring the line
centroid in pixels, the pixel-to-wavelength relation in each
spectral scan can in principle be performed with a preci-
sion of 5 mA and better if sufficient lines are available for
this purpose. The pixel-to-wavelength relation has been
determined by a correlation of the line centroids for all
the reference lines in each 43 A window with their known
literature wavelengths. Since the non-linear dispersion is
known very accurately from the optical design, this cor-
relation leads to a constant offset for each spectral scan.
A by-product of this process has been the elimination of
some mis-identifications and the identification of problems
with the literature values of the wavelengths of some of the
reference lines.

The identification of reference lines is sometimes diffi-
cult due to blending and to the presence of prominent lines
both in first and second order in the SUMER, spectrum.
Except for a few close blends, the line centroids could be
determined by multi-Gauss fits with estimated uncertain-
ties of the order of 0.2 pixel (10 mA in first order)
or better. The accuracy of the laboratory wavelengths of
atomic lines is often better than 2 mA. Most of the lab-
oratory wavelengths used for the wavelength calibration
were taken from Kelly (1987).

After the spectra have been wavelength-calibrated, the
wavelengths should be accurate to typically 30 mA relative
to quiet-Sun chromospheric layers. This value can easily
reach 40 mA for faint lines or in cases with blend prob-
lems. In contrast to the disk atlas, no net Doppler flows
are expected, neither for the measured lines nor for the
reference lines, which with few exceptions are purely seen
as scattered light from the entire disk. A few exceptions
might occur in flare and active-region spectra.

4.5. Radiometric calibration

The intensity has been converted from counts into physical
units. Given the radiometric calibration of SUMER before

and during the mission (Hollandt et al. 1996; Wilhelm et
al. 1997b; Schiihle et al. 1998, 2000), we give the abso-
lute spectral radiances of all observed coronal features in
the wavelength range from 660 A to 1609 A in first or-
der of diffraction. The radiance of the profiles is scaled to
mW sr=1 m~2 A~1, while in the line list spectral pix-
els have been integrated scaling the line emission to pho-
ton arcsec™2 cm™ s~ 1. The overall uncertainty of the
radiometric calibration before the SOHO accident in 1998
is estimated to 15 % below 1250 A, and increases at longer
wavelengths to 30 %. After the SOHO recovery these val-
ues have changed to 30 % and 40 %, respectively.

We have corrected the spectra for local-gain depression
effects of the detector channel plates and dead-time effects
of the electronics (Wilhelm et al. 2000). However, the large
majority of the lines are sufficiently weak not to be signif-
icantly affected by this correction. A few bright spectral
lines, e.g. the 977 A C 111, sometimes exceed the detector
capabilities and produce a ghost in the right shoulder of
such a line. We have taken out sections affected by this
instrumental artefact.

The intensities in the present atlas have been cho-
sen among all the measurements available for each line
from detector ‘A’, when available. Detector ‘B’ measure-
ments were used in the wavelength range between 660 and
792 A, where no first-order detector ‘A’ spectra are avail-
able. Therefore, intensities of lines reported in the same
solar feature (i.e. quiet Sun, or coronal hole) may actually
be emitted by different regions, so that they cannot be
directly compared. Also, the instrument required consid-
erable time to cover the entire spectral range. Since the
morphology of the structures observed in the active corona
may have changed while the spectral range was scanned,
the intensities of lines may become less comparable with
increasing difference in wavelength.

Flare intensities are intrinsically variable with time, so
we felt that it was meaningless to report measured intensi-
ties, since the spectra were not simultaneous and physical
conditions of the emitting plasmas were very different from
one end to the other of the SUMER range. In the line list,
flare intensities are theoretical, calculated per unit emis-
sion measure using the CHIANTI database (Dere et al.
1997, Young et al. 2003) at the temperature of maximum
abundance for each ion. Observed flare lines which have no
emissivity value available in CHIANTTI or are unidentified,
are marked by ‘x’ in the line list.

5. Selection of coronal lines

Once wavelengths and intensities were measured, it was
necessary to discriminate between lines emitted by the
local coronal plasma and lines observed as instrumental
scattered light from disk chromospheric and transition re-
gion features.

This crucial task has been carried out by investigating
the distribution of the line intensity along the SUMER
slit in each of the datasets. In principle, this method al-
lows to carry out an effective discrimination between the
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Fig. 2. Intensity distributions of a few strong coronal lines
(black line) and several instrument-scattered light lines (grey
lines), as a function of the position along the slit. Intensities
are in counts.

two types of lines because the intensity of lines emitted by
local plasma decreases with distance from the limb much
faster than the intensity of the instrument-scattered lines.
While the latter show a decrease of at maximum a factor
between 2 and 4 from one end to the other of the SUMER
slit, the intensity of the locally emitted lines can decrease,
depending of the ionization stage, by more than an order
of magnitude. In the present work, we have measured the
“typical” intensity distribution along the slit for coronal
and instrumental scattered light from the strongest lines
in the SUMER wavelength range. This “typical” intensity
distribution has been used as a benchmark to discrimi-
nate between coronal and scattered light lines. Examples
of “typical” intensity distributions for the coronal hole, de-
tector ‘A’ dataset are displayed in Fig. 2. Coronal lines are
characterized by variations of about two orders of magni-
tude in the intensity at the two edges of the slit; their dis-
tributions are slightly different due to different reaction of
each emitting ion to changes in the physical properties of
the emitting plasma along the slit. All scattered light lines
in Fig. 2 have an identical intensity profile, determined by
instrumental effects only and not by the local plasma, and
they vary by a factor 2 to 3. These low-temperature lines
are indicated by ‘F’ in the line list.

However, there are two problems to consider. The
first problem is given by the fact that while instrument-
scattered light is independent of the local conditions of the
plasma in the field of view, its intensity depends on the
conditions of the solar-disk plasma, so in principle observa-
tions carried out at different times and dates can have dif-
ferent intensity profiles of the scattered light. To avoid this
problem, we have calculated scattered lines intensity pro-
files like those displayed in Fig.2 for each of the datasets
we have used.

The second problem is given by weak coronal lines,
whose intensity rapidly decreases to levels where it be-

comes negligible relative to background noise or the
instrument-scattered intensity either of its own emission
from the disk, or of the emission of a blending chromo-
spheric or transition region line at similar wavelength.
The intensity profiles of these lines exhibit “mixed” be-
haviour: a profile typical of a true coronal line, in pixels
close to the brightest pixels along the slit and selected for
this atlas; away from them, the profile changes towards
an instrument-scattered one. In this case, it is difficult to
discriminate between a true coronal or a scattered light
emission, especially when a line is so weak that scattered
light or noise are big contributors also in the brightest pix-
els. This problem determines the lower intensity limit at
which a coronal line can be safely identified; in the present
work, we have rejected all lines whose origin could not be
unambiguously identified. These lines are indicated by T’
in the line list.

It is important to note that in each observation the
SUMER slit was placed at sufficiently high solar latitudes
to allow the SUMER field of view to include plasma at
very different heights above the limb. In such a case the
coronal line intensities varied from one end to the other of
the slit much more than the scattered line intensities. The
only exception is the active region, detector ‘B’ dataset,
where the inclination of the slit was such that plasma in
the field of view was confined within 0.1 above the
limb. In this case, the difference in behaviour between the
scattered and the coronal line was more limited and thus
a fraction of the observed lines that may have had a coro-
nal origin was rejected due to their ambiguous intensity
profiles. Subtraction of the scattered light background is
possible for individual lines and individual exposures, if
the fall-off curve can be determined. There is, however,
no general procedure available to quantify the scattered-
light contribution. Therefore we have added the average
quiet-Sun radiance profile from the disk atlas for compar-
ison, which may allow an estimate of the scattered-light
contribution.

The identification of flare lines was more straightfor-
ward, due to their strong confinement to a small portion of
the SUMER slit, even if in that observation the SUMER
field of view had similar problems to the active region,
detector ‘B’ dataset. SUMER has not yet observed a flare
spectrum recorded on detector ‘B’.

6. The SUMER spectral atlas of off-disk features
6.1. Physical properties of the emitting plasmas

The measurement of the physical properties of the emit-
ting plasmas is beyond the scope of the present paper, but
a brief review of diagnostics results obtained from spectra
emitted by similar regions can be of help to the reader in
understanding which physical conditions can be expected.

The quiet Sun, detector ‘A’ spectrum has been thor-
oughly analysed by Parenti et al. (2003), who have deter-
mined the physical parameters (emission measure, elec-
tron density and temperature, elemental abundance) of
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Table 2. Ions contributing lines to the atlas.

Element v VI VII VIII IX X XI XII XIII XIV
N
O
F
Ne
Na
Mg
Al
Si
P

S
Cl
Ar
K
Ca
Sc
Ti
\'
Cr
Mn
Fe X X
Co

Ni X

KXo XXk R
KRR AR

HORHAR XA AR RN
PR R KRR

HoOXK R AR AR
HR K AR XM AR

HIH I M XM
HEM M\ X

A A

the emitting plasma as a function of time along the whole
week encompassing the observations, and as a function of
the position along the slit. Parenti et al. (2003) demon-
strated that the plasma emitting the spectrum observed
by SUMER can be approximated with an isothermal
plasma whose characteristics remained constant through-
out the week of observation. At the position along the slit
considered in the present work, the plasma properties were
12 100K, . 2 10 ecm™ ,EM 3 10 cm~™
The element abundances show a normal dependence on
the First Ionization Potential (FIP effect), with the low-
FIP /high-FIP abundance ratio higher by a factor 4 than
in the photosphere (low-FIP elements have a FIP 10 eV,
high-FIP elements have FIP 10 €V). Since similar results
have been found in other works studying the off-disk quiet
Sun (i.e. Landi & Feldman 2003 and references therein),
it is reasonable to assume that the electron temperature
of the quiet Sun plasma recorded by detector ‘B’ is very
similar, however, being recorded closer to the solar surface
the electron density will be higher.

Several studies on off-disk coronal hole plasmas have
been carried out with the SUMER experiment, all yield-
ing similar results even though the observations were car-
ried out years apart. In all cases, the emitting plasma was
found to be nearly isothermal, although the temperatures
were lower than in the quiet Sun and ranged from 5 to
8 10 K (Wilhelm et al. 1998, Wilhelm 1999). Electron
densities have been found to lie in the range from 2 to
10 10 cm~ (Wilhelm et al. 1998, Wilhelm 1999, Doyle
et al. 1999, Doschek et al. 1997, 2001), significantly lower
than in the quiet Sun. Interestingly, the spectra recorded
above a coronal hole show some similarity to the on-disk
sunspot spectrum with enhanced emission in Fe vii, Fe viil
or Mg VIII lines.

Active regions plasmas are not isothermal, due to the
presence of multi-temperature magnetic structures along
the line of sight. Plasma conditions in different off-disk
active regions may be very different, according to the age
and size of the region, to the solar cycle phase when the

XV XVI XVII XVIII XIX XX XXI XXII XXIII
X X X
X X X X
X X X X
X
X X

observations are carried, to their activity and even to the
position within each region (as demonstrated in Fig.3 at
the separation line at 792 A) Therefore the analysis of
spectra emitted by active features is more complex than
in coronal holes and quiet Sun, and no simple range of
density, temperature, emission measure and abundances
can be given.

The flare considered in the present work has been ex-
tensively studied by Landi et al. (2003), who carried out
plasma diagnostics as a function of time for all the dura-
tion of the observations. Temperatures in the flare peaked
at slightly less than 10 MK, and then steadily decreased;
the surrounding, non-flaring plasmas remained quiescent
at temperatures of 4 MK. The evolution of the emission
measure of the emitting plasma was also determined. The
reader is referred to that paper for further details.

6.2. Line Identification

The identifications presented in the Feldman et al. (1997)
paper were used as the starting point for identifying the
quiet Sun coronal lines in the present paper. The spectra
on which the 1997 identification were based were emitted
by quiet Sun streamer plasma at a height of 21000 km
above the equatorial limb. Since during the observations
part of the SUMER slit intersected a prominence, the
recorded spectra consisted not only of coronal lines (

6 10 K) but also of lines emitted by cooler plasmas. In
addition, a number of lines appear which are very bright
in disk spectra and were scattered into the spectrome-
ter by surface imperfections of the SUMER front mirror.
Although the 1997 spectra contained some 900 lines, 375
were judged to be coronal lines, and only 200 of them were
identified. Since the original publication appeared in press
40 additional lines were identified as high excitation tran-
sitions in Sivil (Kink et al. 1997, 1999), Fe vi1 (Ekberg &
Feldman 2003a) and Fe vii1 (Ekberg & Feldman 2003b). In
addition few more lines were identified as ground configu-
ration forbidden transitions of K X111, C1x, Cl X1 and Cl X11
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(Feldman et al. 2004). The identifications of Dwivedi et al.
(1999) in their study of the coronal emission in the spec-
tral ranges from 980 A to 1020 A and from 1174 A to
1214 A also have been scrutinized for this work.

On May 9, 1999 SUMER succeeded in recording spec-
tra from a M7.6 flare and the active region surrounding
it. Using the recorded spectra Curdt et al. (2000) and
Feldman et al. (2000) identified some 70 lines associated
with the active region and flaring plasmas. The lines in
these papers were the basis for the identifications of the
high temperature lines ( . 3 10 K) presented here.
The current paper contains 496 isolated lines (plus 11
cases of contributing emission which can not be decom-
posed) emitted by coronal plasmas at temperatures of
6 10 e 2 10 K; 362 of them were present in the
quiet Sun coronal spectra and the rest in the coronal hole,
active region or flaring plasma. Of the 507 contributing
lines in the spectra 311 lines ( 61%) are identified, be-
longing to 90 different ions from all elements between N
and Ni, with the exception of F, Sc and V (see Table 2).
We believe that the vast majority of the unidentified lines
belong to transitions within or between levels of excited
configurations.

In flaring plasmas the temperatures can surpass 2
10 K resulting in resonance transitions that appear in the
extreme ultraviolet (EUV) and soft X-ray (SXR) spectral
regions that for the most part are devoid of lines typical
of much cooler plasmas. Many of the transitions within
the ground configuration (2 2 *; =1,5) of highly ion-
ized atoms that are most abundant in flaring plasmas fall
in the SUMER range. Additionally transitions of the type
12 S-12 P in elements with Z 20 also fall in
this range. Since those lines are intermixed with much
lower excitation lines, they provide diagnostic capabili-
ties not possible for measurements in the EUV and SXR
ranges. While black-body and recombination continua are
normally not present in solar coronal spectra, SUMER of-
ten has observed bremsstrahlung during flares as a strong
enhancement of the continuum emission emerging from
the same confined plasma as the flare lines. Magnetic
dipole transitions in highly ionized species, e.g., the Fe X1x
1118 A line, are a by-product of the physical processes
generating emission in the SXR range and can be taken
as SXR proxy, thus allowing spectroscopy of such plasmas,
particularly Doppler shift measurements, which currently
are not possible in the EUV and SXR bands below 100 A.

6.3. Description of the Atlas

The spectra in this atlas are displayed as composite
profiles of different exposures. Except for small sections
around Lyman- and near the limits of the SUMER, spec-
tral range we have selected data recorded on the KBr pho-
tocathode. The bare-MCP sections have been treated sep-
arately throughout the radiometric calibration process to
compensate for the differences in responsivity, thus en-
hancing lines recorded in second order of diffraction.

Similar to the disk atlas, spectra are displayed as pro-
files in different colours. In Fig.3 the spectra of the corona
above a quiet region, an active region, a coronal hole, and
in a flare appear as black line, as red line, as blue line,
and as green line, respectively. The spectra are presented
in portions of 42 A with 2 A of overlap. For details of
the heights above the limb at which each of the spectra
shown in the figure were recorded see Table 1. Notice that
the spectral plots at wavelengths shorter than 792 A were
recorded by detector ‘B’ while those plotted above 792 A
were recorded by detector ‘A’. Different from the line list,
where we for practical reasons give the line radiance in
units of photon arcsec™2 cm™ s71, in the plot spectral
radiances are given in units of mW st~ m~ A~ for both
orders of diffraction.

Each resolved emission line is indicated by a coded
mark, the measured wavelength in angstrgm (A), and the
identification. If available, unidentified lines are charac-
terized by the temperature classification of Feldman et al.
(1997). The wavelength values are restricted to three dig-
its, one digit before and two rounded digits after the dec-
imal point. In the plot we have indicated some of the am-
biguous lines rejected for the line list. For a better orien-
tation, we also have included the average quiet-Sun profile
and the identification of the most important lines from the
disk atlas (dotted grey line). The marks are coded accord-
ing to the temperature classification ’chromospheric’ (cir-
cles), transition region’ (squares), 'coronal’ (triangles), or
flare’ (diamond). Generally, the identifications are placed
on top of the profile with the highest emission. Flare line
identifications were treated separately and always appear
at the flare profile. Open symbols represent lines which
are observed in second or third order.

7. Summary

The spatially resolved solar spectra studied in this atlas
cover the 670 A to 1609 A wavelength range. Additional
lines were identified in second or third order of diffraction
down to 465 A. This atlas, which also is available in ma-
chine readable form, combines better spectral and spatial
resolution, superior signal to noise ratios as well as wider
wavelength coverage than any previously published atlas
of a similar kind. It represents our most up-to-date knowl-
edge about the emission of solar coronal features in the
SUMER spectral range and includes 507 lines of which

61% are identified. It illustrates absolute intensities of
the most common solar upper atmosphere coronal struc-
tures throughout most of the range with an accuracy of
15%. The lines listed in the atlas belong to the 90 ions
listed in Table 2.

The published line intensities - restricted to co-spatial
and co-temporal observations - provide a rich resource for
probing electron densities, electron temperatures, opaci-
ties and elemental abundances of the basic solar upper at-
mosphere structures. Due to the higher spatial resolution
of the SUMER spectrograph the plasma parameters of
small solar features also can be investigated. The present
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atlas represents a powerful tool for the planning of fu-
ture observations, i.e., to determine adequate integration
times, to identify possible blends, and to select proper data
extraction windows in upcoming solar experiments. It can
also be used as a proxy when investigating stellar spectra.
The absolute intensities of lines emitted by the diverse set
of ions when combined with the properties of the emitting
plasmas can - with the same restrictions mentioned above
- be used as a check on the accuracies of atomic physics
code calculations.
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Explanations to Table 3:

o
* taken with a different slit at a different height
above the limb
# lines measured from spectra recorded by detector ‘B’
1°¢ or 27¢it was not possible to determine the order of
diffraction
X flare line where calculated radiance was not avail-

able or unidentified line (flare intensities are
from calculations — for details see text)

blend
F cold line
I intermediate temperature line
15t 1% order line

374 order lines for which no calibration is available



