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ABSTRACT

Aims. For a more complete interpretation of the extreme-ultraviolet (EUV) spectra of the solar corona, it is beneficial to acquire
laboratory data of specific chemical elements obtained under coronal conditions.
Methods. The EUV spectra of He, C, N, O, F, Ne, S, Ar, Fe, and Ni in a 30 Å wide wavelength interval near λ335 have been excited
in an electron beam ion trap.
Results. We observe just under 200 lines, almost half of which are not yet identified and included in spectral models.
Conclusions. Our data serve as a check on atomic databases that are used to interpret solar corona data such as collected by the Solar
Dynamics Observatory spacecraft or the EUNIS instrument on sounding rockets. Our findings largely corroborate the databases.
However, the accumulated flux of a multitude of mostly weak additional lines is comparable to that of various primary lines.
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1. Introduction

In the past half a century the solar extreme-ultraviolet (EUV)
spectrum has been recognized as a rich source of information
about the solar environment and is being studied with increas-
ingly sophisticated individual and collaborating devices. Among
these, the Solar Dynamics Observatory (SDO) spacecraft with
its instruments for high-cadence multiband EUV observations
of key spectral features forms a comprehensive tool in the con-
struction of time-resolved temperature maps of the solar corona.
The capabilities of the spacecraft and its suite of instruments
have been described elsewhere (see Pesnell et al. 2012 and sub-
sequent articles for a comprehensive description of SDO). The
high cadence rate of observations is made possible by design
and compromise: instead of dispersive EUV spectrometers with
their notoriously low efficiencies, the Atmospheric Imaging
Assembly (AIA) set of detectors employs multilayer mirrors act-
ing as high-efficiency filters at the cost of a bandwidth on the
order of one to 20 Å. The seven EUV bands (λ94, 131, 171, 193,
211, 304, and 335) mainly target various iron lines and He ii.
Although the individual detectors cannot fully separate the target
lines with their particular temperature sensitivities, the combina-
tion nevertheless provides a wide-range continuous temperature
sensor that works over several decades. At the same time, a graz-
ing incidence grating spectrograph (MEGS-A) of the extreme-
ultraviolet variability experiment (EVE) covers a wavelength
range that includes all these bands with a spectral resolution of
1 Å and a data cadence of 10 s (Woods et al. 2012).
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The SDO/AIA λ335 band comprises Fexvi and Fexiv lines,
which are expected to be bright at relatively high coronal tem-
peratures (as found in flares), as well as lines of Mg, Al, Si, and
other elements that are more important at the lower temperatures
prevalent in the quiet sun or coronal holes. Any meaningful
interpretation of the raw data depends on extensive model-
ing (O’Dwyer et al. 2010; Parenti et al. 2012). O’Dwyer et al.
(2010) list the expected line blends guided by the CHIANTI
database (Dere et al. 1997, 2009; Landi et al. 2012; latest up-
dates Landi et al. 2013; Del Zanna et al. 2015) and demonstrate
the relative line positions by simulations. The models applied
by Parenti et al. (2012) assign a larger role to contributions from
lighter elements such as oxygen and neon than is reflected in the
simulations by O’Dwyer et al. (2010). Martínez-Sykora et al.
(2011) evaluated the roles of dominant and nondominant ion
species in the various SDO/AIA detection bands by modeling the
(solar) light source and applying more detailed parameters of the
filter curves. When combining SDO/AIA and Hinode observa-
tions, Del Zanna et al. (2012) have noted that there are problems
with unidentified line contaminations. Concerning the band of
present interest, Martínez-Sykora et al. (2011) and Boerner et al.
(2012) noted that the signal of the SDO/AIA λ335 channel is be-
ing contaminated by light of the λ131 channel and by a higher
order effect inside the filter system that lets some λ184 light pass.
Experience shows that the signals in all AIA bands have to be
analyzed in correlation to determine whether the temperature is
high or low or in between (and crosstalk has already been noted).

Another example of the interest in this wavelength band
is NASA’s Extreme Ultraviolet Normal Incidence Spectrograph
(EUNIS; Thomas & Davila 2001), which is a successor to the
SERTS instrument, that is being flown on sounding rockets; for a
number of measurement campaigns, one of the two observation
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channels has been 300–370 Å. This instrument has repeatedly
been employed for cross-calibrations with spacecrafts such as
SOHO and Hinode (Wang et al. 2011). It operates at a resolu-
tion close to our instrument (which is described below).

Our laboratory approach complements the interpretation of
solar observations. We have shown in the past (see, for exam-
ple, Beiersdorfer et al. 1999a; Lepson et al. 2002) that laboratory
measurements of spectra produced in an electron beam ion trap
(EBIT) can be valuable in identifying spectral features by el-
ement and often by approximate charge state. Moreover, EBIT
spectra repeatedly have shown features that had either been miss-
ing from databases or that had not been listed in their natural
wavelength positions. Our present measurements of SDO/AIA
bands in the laboratory cover the λ335 band and, thus, join
our earlier measurements of the lines in the λ131, λ171, λ193,
and λ211 bands (Träbert et al. 2014a,b; Beiersdorfer & Träbert
2018; Beiersdorfer et al. 2014a) that have been carried out at
high spectral resolution, and a moderate-resolution study of the
vicinity of the He ii λ304 line (Träbert et al. 2016). The lat-
ter study demonstrates the rich spectral content, which in the
SDO/AIA λ304 band observations is masked by the strong He
line. Our present measurements with their moderate spectral res-
olution extend our coverage of the λ304 band toward longer
wavelengths and provide a practical test of the literature data sets
that have been used in the evaluation of the λ335 band data of the
SDO/AIA project. We compare our findings with the latest ver-
sion (v. 8) of the CHIANTI database (Del Zanna et al. 2015) and
with the holdings of the NIST online database (Kramida et al.
2015).

The emission we studied is from the elements C, N, O, F, Ne,
S, Ar, Fe, and Ni, most of which have a high solar abundance.
Measurements on further elements, especially on Mg, Al, Si, and
Ca, would also be desirable, but for technical reasons they have
to be deferred to another occasion. All of the elements show lines
in the neighborhood of the wavelength band of present inter-
est, and many of these lines are not yet listed in the databases
used for EUV spectral modeling. Knowing there is a problem
related to previously missing lines, modelers can develop bigger
spectral models for a given ionization state, compare their mod-
els with the data presented, and make progress in identification.
We also note that some lines predicted from models do not ap-
pear in the prescribed locations, if at all. Thus our work should
help to improve the databases and the interpretation of solar
data.

2. Measurement

The measurements were performed at the Lawrence Livermore
National Laboratory using the EBIT-I electron beam ion trap.
The device has been used for laboratory astrophysics mea-
surements for about three decades (Beiersdorfer et al. 2003).
In this device, a (quasi-) mono-energetic electron beam of ad-
justable energy serves to ionize and excite atoms under ultra-
high vacuum conditions. The residual gas pressure is lower than
10−11 mbar. Together with an electron density ne ≤ 1012 cm−3,
these conditions approximate the dilute plasma conditions of the
solar corona.

The materials to be studied are introduced to the trap as a
gas of atoms or simple molecules (CO2, N2, SF6, Ne, Ar) or
as a molecular vapor of a complex compound (iron as ironpen-
tacarbonyl Fe(CO)5, nickel as nickelocene Ni(C5H5)2). The gas
of interest for calibration or data production is injected ballisti-
cally at reservoir pressures below 10−7 mbar into the EBIT ves-
sel; the gas plume expands to a pressure well below 10−9 mbar

where it traverses the actual trap volume and the energetic and
dense electron beam (Träbert et al. 2000). Collisions with the
electron beam disintegrate the molecules; any resulting posi-
tively charged particles are being trapped in the combination
of electric and magnetic fields of a Penning trap plus the space
charge effects caused by the electron beam. Trapped ions con-
tinue to be exposed to energetic electrons that collisionally ex-
cite and ionize the ions up to the limit imposed by the sequence
of ionization potentials. The electron beam energy therefore de-
fines the maximum charge state that can be reached in the in-
terplay of ionization and recombination (by electron capture or
charge exchange).

The gas flow is continuous, and low charge state ions are re-
plenished all the time. This mode of operation entails that in all
spectra there are contributions from low charge state ions; if one
wants to produce high charge state ions, the gas injection pres-
sure has to be very low. In order to provide a rough discrimina-
tion of charge states, the present measurements were carried out
at one to three electron beam energy settings (in the range 300–
1000 eV) for most of the injected elements. The highest charge
state that in principle can be produced at a given electron beam
energy is the lowest one for which the ionization potential ex-
ceeds the electron beam energy. In practice, the highest observed
charge state is likely lower than the maximum that is achievable
in principle because of the aforementioned inflow of neutrals.
However, the ionization potentials of most charge states of the
light ions (CNOF) are so low that almost all can be highly ion-
ized even at our lowest electron beam energies, which precludes
any charge state discrimination of most of our unidentified lines.
On the other hand, the spectra of the few-electron ions can be
computed well; hence unidentified lines in these cases are more
likely to belong to ions with more than three electrons. If the
objective is to trace the actual production threshold to learn the
ionization potential of the ion that produces a given spectral fea-
ture, it is necessary to work at an extremely low injection pres-
sure (resulting in a low signal rate) and to increase incrementally
the electron beam energy in much smaller steps than was done
here (see the examples set by Lepson et al. 2000, 2002, 2005).

For wavelengths up to 230 Å we used (see Träbert et al.
2014a,b; Beiersdorfer et al. 2014a) our high-resolution grazing-
incidence grating spectrographs (HIGGS; Beiersdorfer et al.
2004, 2014b) with a resolving power in the same class as the
grating instruments on board Chandra (den Herder et al. 2001)
and Hinode (Culhane et al. 2007). The SDO/AIA λ335 band
of interest here lies beyond the working range of this high-
resolution instrument. Instead, we used a medium-resolution
flat-field spectrograph, dubbed the long wavelength extreme
ultraviolet spectrometer (LoWEUS; Beiersdorfer et al. 1999b),
which was equipped with a 1200 `/mm R = 5 m grating, oper-
ating at an angle of incidence of 87◦. This instrument is the
same as was used for the SDO/AIA λ304 band (Träbert et al.
2016) and is similar to those employed on the National Spheri-
cal Torus Experiment (NSTX) and the Alcator C-Mod tokamak
(Lepson et al. 2012; Graf et al. 2008; Reinke et al. 2010). As
was the case in our other measurements, we used a cryogenically
cooled CCD camera of 1340× 1300 pixels of 20 µm× 20 µm
each to record the spectra.

Spectra were accumulated for 30–60 min each, filtered for
cosmic ray events, and intercompared for irreproducible signal
that might have passed the filtering process. The slightly quadratic
wavelength calibration curve was adjusted by reference to known
spectral lines mostly of light elements (He, N, O), as well as those
of Fe (see Kelly 1987; Kramida et al. 2015). The spectrograph
setting was chosen to cover the wavelength range from 200 Å to
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about 450 Å, which includes the SDO/AIA bands 211 Å, 304 Å,
and 335 Å in first order of diffraction. We concentrate on those
lines that fall into the 320–350 Å region containing the 335 Å
channel of the AIA in first diffraction order.

The line width of the grating spectrograph is almost inde-
pendent of wavelength. Hence first and second diffraction or-
der lines cannot be discriminated by line width. Incidentally,
the second diffraction order of one of the strongest solar EUV
lines of Fe, the Fe ix line at λ171.07, falls inside the SDO/AIA
λ335 band. Owing to observations of the λ171 band (using one
of the aforementioned high-resolution spectrographs) we have
spectra (Beiersdorfer & Träbert 2018) that we can use to judge
the line position and intensity pattern expected of second-order
lines contaminating the first-order spectra in the λ335 band. We
consider as unknown only lines that are not known in their first-
order position in the λ335 band and that do not coincide with
second-order images of lines we have observed in the λ171 band
(whether identified there or not).

Our detector sees lines about 300 mÅ wide (FWHM)
and hence our spectrograph reaches a resolving power
R = λ/∆λ≈ 1100 in first order of diffraction. This is a factor
of three higher than the MEGS-A grazing incidence grating
spectrograph of the EVE experiment on board SDO achieves
(Woods et al. 2012), and about 1/80 of the 25-Å half width of
the SDO/AIA λ335 channel band pass.

3. Data and analysis

In the present context we consider only lines listed in CHIANTI
version 8 (Del Zanna et al. 2015) or the NIST online database
(Kramida et al. 2015) as “known”. The NIST data tables have di-
rectly observed wavelengths, wavelengths deduced (via the Ritz
principle) from energy levels (however determined), and com-
puted table entries. Unfortunately, neither set of wavelength data
is complete. We quote the individual NIST table wavelengths,
whether directly measured or derived, by subjective assump-
tion. This ambiguity is lower than the wavelength uncertainty
interval of our present observations, but it underlines the need
for continued spectroscopic investigation. The CHIANTI list
is the prime reference for the spectrum simulations performed
by O’Dwyer et al. (2010). In a recent evaluation of iron lines
(Beiersdorfer & Lepson 2012) CHIANTI was found to be more
reliable than the NIST database. Many lines we observe re-
main unidentified for now (except for the element). However,
the wavelength accuracy is sufficient to identify the known lines
without problems; it is thus just as sufficient to provide guid-
ance to the eventual identification of the unknown lines. Cer-
tainly our measured wavelengths are more accurate than most
calculations.

Relative line intensities are important for line identification
purposes. However, the production of a given charge state de-
pends on the electron beam energy and thus may differ drasti-
cally from one spectrum to the other, if an ionization threshold
is being crossed within a series of spectral recordings, or very
little, if the beam energy exceeds the threshold to begin with.
Hence meaningful relative line intensities can be derived from
our spectra only for lines that are known to belong to a given ion
species and charge state. Because of the only moderate spectral
resolution, a large number of insufficiently resolved weak lines
may appear as a continuum underlying the spectrum. Indeed, in
some of our other measurements in the SDO/AIA bands the re-
solving power is much higher, but not all lines can be resolved
either. The known problem of true and pseudo continua is fur-
ther compounded by the fact that the read-out noise of a CCD

detector may appear structured. Hence the relative intensities
of weak lines are even more uncertain than the straightforward
statistical uncertainty of a fit result may suggest. We indicate
gross relative line intensities, assigning a value of ten to the
strongest line within an individual spectrum. Such a relative
intensity information within a given charge state from EBIT
measurements is sufficient to match the accuracy of theoretical
modeling data and thus to help line identification, even if the
theoretical data are shifted in wavelength. We note that EBIT op-
erates with a quasi-monoenergetic electron beam that implies an
upper limit to the charge states reached; this technical limit is the
basis for our estimate of charge state of unidentified lines. The
near-Maxwellian electron energy distribution in the solar corona,
however, can produce some high charge state ions even at low
temperature.

Carbon and oxygen. The two major lists of reference data,
NIST and CHIANTI, have very few carbon lines that are ex-
pected to show up in our spectra. It is, of course, possible that
among the unidentified lines that we observe when injecting CO2
(Fig. A.1) there are lines that actually belong to C ions, even as
almost all identified lines originate from oxygen (Table A.1).
The lower part of the same figure shows observations of the
SDO/AIA λ171 band range that have been made using our
high-resolution spectrograph HIGGS (Beiersdorfer et al. 2004,
2014b) in the course of recording data for our SDO/AIA λ171
band study (Beiersdorfer & Träbert 2018). The first-diffraction
order wavelength scale of these data plots has been adjusted to
match the apparent wavelength scale at which the λ171 band data
would appear in second diffraction order, but without a correc-
tion for the even higher resolving power under such conditions.
The narrow line profiles are advantageous for spectral analysis
and for indicating the positions of the second order images. We
assume that over the narrow wavelength band of either obser-
vation, the detection efficiency is practically constant. A con-
volution with a wider line profile would be necessary to mimic
the line widths of our less highly resolved direct observations of
the λ335 band. However, even without such a manipulation it is
straightforward to identify (approximately) the contribution of
second diffraction order light to the envelope of the λ355 obser-
vations. Near λ171 and 172 there are strong lines of oxygen (Ov
and Ovi). The strong second order images of these does not af-
fect the SDO/AIA observations that use a multilayer mirror as a
wavelength band selector instead of a grating instrument. How-
ever, the many unidentified first-diffraction order C or O lines
might be worth including in a model of the solar signal once
their charge states can be established.

Nitrogen. Spectra of nitrogen were obtained at an electron
beam energy of 1000 eV (Fig. A.2). The N iv 2p–3d singlet tran-
sition has a wavelength near λ335 and thus is close to the po-
sition of the Fexvi line of primary interest in this SDO/AIA
band. This line may be worth including in the solar data analy-
sis, considering that nitrogen has a solar abundance that is about
three times higher than iron. The second-diffraction order lines
(marked by “2”) of nitrogen and oxygen in our spectra do not
affect the SDO data. Known nitrogen lines and unidentified lines
are given in Table A.2.

Fluorine and sul f ur. Fluorine and sulfur are easily intro-
duced into EBIT as SF6 gas, which, however, implies that it is
not immediately known whether an observed spectral line be-
longs to F or S. Fluorine is not very abundant in the sun and no
fluorine lines are listed by CHIANTI. The NIST tables list only
two Fvii lines in the λ320-350 band, near λ335 (see Table A.3),
which we see but weakly in our spectra (Fig. A.3). One strong
line in our spectra, near λ332, coincides with the unresolved
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second diffraction order image of a pair of Fv lines (near λ166)
that should not affect the SDO/AIA λ335 channel.

Our spectra, recorded at electron beam energies of 300, 600,
and 1000 eV, show a large number of unidentified lines that we
assume to belong to sulfur, and of which the line at 338.7 Å
might affect the SDO/AIA observations. The spectra also show
a line pair near λ345 that resembles the strong Ov and Ovi
lines near λ172 and λ173, respectively (in second diffraction or-
der), but at different relative line intensities and with a slightly
different spacing. Thus in our spectra a blend of sulfur (sev-
eral weak lines in first diffraction order) or fluorine with oxy-
gen lines (in second diffraction order) is likely. We note that the
CHIANTI database has fewer wavelength listings than the NIST
tables in this wavelength range, although we would naively ex-
pect 2s–2p transitions (between relatively low-lying levels) to be
noticeable. However, most of these transitions are between dis-
placed terms, and these are hardly populated in a low-density
environment. This may also explain some relatively large wave-
length changes between CHIANTI versions 7.1 and 8 for some
entries.

Neon. Neon spectra were recorded at electron beam ener-
gies of 300, 600, and 1000 eV. A sample spectrum recorded
at 1000 eV is shown in Fig. A.4. Known and other observed
lines are given in Table A.4. Only about a dozen of the weaker
lines we see are listed in the NIST and CHIANTI tables as be-
longing to Ne iii in first diffraction order. However, many other
lines coincide with the second diffraction order positions of Ne ii
through Nev lines, which should not affect the AIA observa-
tions. This leaves about 14, individually relatively weak, neon
lines inside the SDO/AIA band λ335.

Argon. Neither the NIST database nor CHIANTI has promi-
nent Ar lines in the λ320–350 wavelength band. Actually, among
the two databases, six Arv lines are considered as known in
this wavelength interval. Owing to our use of a reflection grat-
ing spectrograph, we also expect second diffraction order im-
ages of various Arviii to Arxiii lines. Our Ar spectra were
recorded at electron beam energies of 300, 600, and 1000 eV;
for an example recorded at 1000 eV, see Fig. A.5. The spec-
tra show about two dozen lines that clearly vary with the elec-
tron beam energy. Many of the lines, however, appear in sec-
ond diffraction order. Among these are lines of Ov and Ovi.
The Ar lines we observe are given in Table A.5. We note that
the CHIANTI wavelengths of the Arx 2s22p5–2s2p6 line dou-
blet differ substantially (by about 0.8 Å) from the NIST listings.
There are lines of corresponding brightness in our spectra (in
two diffraction orders) only at the positions (λ165.538, 170.642)
given by the NIST listing, indicating that in this case the NIST
database has better wavelengths than CHIANTI. Another puz-
zle is the line at 335.2 Å, which fits in wavelength to the second
diffraction order of an Arxii line listed by both CHIANTI and
NIST, but which we do not see in the corresponding first diffrac-
tion order spectrum. At λ327.8, the observed line is much more
intense than the lines that nearby, at 328 Å, might show in sec-
ond diffraction order. In the SDO/AIA λ335 band overall, there
are numerous unidentified Ar lines, but these do not contribute
much flux.

Iron. Iron as the dominant contributor to the signal of the
λ335 SDO/AIA band was studied at six electron beam ener-
gies from 300 to 2600 eV. An example of our λ320–350 spec-
tra (recorded at 1000 eV) is shown in Fig. A.6. O’Dwyer et al.
(2010) named the Fexvi line at λ335.41 as the dominant feature
in the λ335 SDO/AIA band, which is blended in our measure-
ment with Fe ix and Fexii lines to form the third brightest line
in this range, and a much weaker Fexiv line nearby at λ334.18.

O’Dwyer et al. (2010) expected the Fexvi line to be about 20
times stronger than the Fexiv line in a solar active region. Fits
to our data show a ratio on the order of 12 (see Table A.6), which
is in the same ball park as the model. Part of the λ335.3 line in-
tensity arises from blending contributions. With several compo-
nents of the blend separated by much less than a line width, the
relative intensities of the components as returned by a line pro-
file fit (unconstrained by a spectral model) are ambiguous. The
fourth and fifth most intense lines are second diffraction order
lines of Fe ix and Fex (near λ171), which are well known.

We note that in addition to the aforementioned Fexiv line at
λ335.41 there is a group of lines presumably from lower charge
states that in our spectra (with continuous gas injection) are
as high in amplitude as the Fexiv line, and these unidentified
lines together provide even more signal flux than that individual
known line. The wavelengths of the observed lines, many of the
weak lines being hardly resolved, are given in Table A.6.

From the table it becomes evident that the low charge states
up to Feviii have a number of lines in the wavelength range
of interest, but we cannot resolve many of those. Moreover, in
the range 330–340 Å a number of Fevii and Feviii lines (see
Beiersdorfer & Träbert 2018; Del Zanna 2009a,b) have their
second-diffraction order images. These lines are numerous, but
in our λ171 band first-diffraction order observations they are
individually weak. In second diffraction order these lines are ex-
pected to remain weak (at most). We do not list these lines, al-
though they contribute to the present spectra, because they are
not expected to affect the AIA data for the λ335 channel. For the
sake of completeness we included in Table A.6 highly charged
Fe ions beyond Fexvii.

Table A.6 shows how the NIST and CHIANTI reference ta-
bles agree or disagree with each other, from agreement of the
stated wavelengths through disagreements by some 30 mÅ or
even 160 mÅ (Fexvii near λ323.5) to coverage in only one
of the tables and not the other (especially pronounced for iron
in the wavelength range of present interest). With our present
measurements, however, we cannot resolve the wavelength dis-
crepancies between the two databases.

Nickel. Nickel spectra have been observed at electron beam
energies of 300, 600, 1000, and 1600 eV. Similar to the case of
Fe, we see little of the known low or very high charge state lines.
A sample spectrum (recorded at 1000 eV) with many bright fea-
tures is shown in Fig. A.7. The prominent lines in our spec-
trum of the λ335 channel range are second diffraction order
images of lines that in first diffraction order would fall into
the SDO/AIA λ171 band and which should not affect the AIA
λ335 channel signal. This observation supports the recognition
by O’Dwyer et al. (2010) that Ni is not an important ingredient
of their model for the λ335 band. The wavelengths of our ob-
served lines are given in Table A.7. This table lists wavelengths
from the NIST and CHIANTI databases; while there is agree-
ment among the two in many cases, there is also disagreement
by up to 100 mÅ in other cases, plus cases in which only one or
the other database holds entries.

4. Discussion

The present measurements at an EBIT demonstrate how many
unidentified lines of a few given elements appear in survey spec-
tra recorded under conditions that resemble many astrophysical
plasmas. The present spectra illustrate the need for additional
work, ideally with higher resolution and finer electron beam en-
ergy steps, to identify the many unknown new features.
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Overall, we observe about 185 spectral lines in the vicinity
of the SDO/AIA λ335 band. Almost half of the lines cannot be
identified from the NIST and CHIANTI databases, the latter of
which is a primary resource for the interpretation of the SDO
data. While most of the new lines are weak, when taken together
they represent a flux that is on the same order as that of various
stronger lines that are used in the spectral model, and thus an, at
least approximate, inclusion of the many new lines might benefit
the SDO data interpretation.
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Appendix A: Tables and figures

Fig. A.1. Spectrum of carbon and oxygen in the range λ320–λ350:
the spectrum in the middle panel was recorded using our moderate-
resolution LoWEUS spectrograph at the EBIT-I electron beam ion trap
at an electron beam energy of 700 eV. Identified spectral features are
labeled by the corresponding spectrum. Several oxygen lines appear in
second diffraction order (marked “2”). The lowest panel of the figure
shows a high-resolution spectrum (from our HIGGS spectrograph) at
half the wavelength. Strong first-diffraction order lines in this spectrum
may appear in second diffraction order in the spectrum in the middle
panel. The approximate band pass function of the SDO/AIA λ335 chan-
nel is indicated in the top panel.

Fig. A.2. Spectrum of nitrogen in the range λ320–λ350: the spec-
trum was recorded with our moderate-resolution LoWEUS spectro-
graph at the EBIT-I electron beam ion trap at an electron beam energy
of 1000 eV. The line markers from fits to the data are visual aids only as
the actual number of line components that in spectral line fits of blends
can be discerned may depend on the available spectral resolution. Iden-
tified spectral features are labeled by the corresponding spectrum. Lines
that are recognized as second diffraction order images are denoted “2”.
The approximate band pass function of the SDO/AIA λ335 channel is
indicated in the top panel. The second-diffraction order oxygen lines
indicated are the same as in Fig. A.1, where a high-resolution measure-
ment of these lines in first diffraction order is also shown.
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E. Träbert and P. Beiersdorfer: Low-density laboratory spectra near λ335

Table A.1. Lines observed in EBIT within the wavelength band λ320–λ350 when injecting CO2.

Spectrum Transition type Line intensity λ (Å) Unc. (mÅ) λ (Å) λ (Å)
This work CHIANTIa NISTb

Known oxygen lines
O III 2p–3d 1.5 320.9 100 320.9780 320.978
O III 2p–3d 0.6 328.4 150 328.4480 328.448
O III 2p–3d . . . . . . . . . 328.7400 328.74
O V 2s–3p Blended . . . . . . 171.5731 (II) . . .
O V 2s–3p 4.2 344.37 150 172.1693 (II) 172.169 (II)
O III 2p–3d Blended . . . . . . 345.3120 345.312
O VI 2p–3d Blended . . . 150 172.9354 (II) 172.935 (II)
O VI 2p–3d 10 346.1 150 173.0795 (II) 173.079 (II)
Unidentified lines
. . . . . . 0.4 320.4 150 . . . . . .
. . . . . . 1.5 320.9 150 . . . . . .
. . . . . . 0.5 329.3 150 . . . . . .
. . . . . . 0.2 332.3 200 . . . . . .
. . . . . . 0.8 335.4 150 . . . . . .
. . . . . . 1.7 336.0 150 . . . . . .
. . . . . . 0.8 340.4 150 . . . . . .
. . . . . . 2.3 344.6 150 . . . . . .
. . . . . . 0.8 347.4 150 . . . . . .
. . . . . . 0.2 349.1 200 . . . . . .

Notes. There are no known C lines in this wavelength interval. The unknown lines may technically belong to spectra up to Cvi or Ovii.
References. (a) From the CHIANTI database v. 7.1 and v.8 (Del Zanna et al. 2015); (b) from the online database at NIST (Kramida et al. 2015).

Table A.2. Nitrogen lines observed in EBIT-I within the wavelength band λ320–λ350.

Spectrum Transition type Line intensity λ (Å) Unc. (mÅ) λ (Å) λ (Å)
This work CHIANTIa NISTb

Known lines
IV 2p–3s 6.0 322.4 100 322.5020 322.503
IV 2p–3s 4.0 322.6 150 322.5680 322.570
IV 2p–3s Blended . . . . . . 322.7180 322.724
V 2s–4p 4.5 325.0 150 162.5560, 162.5644 (II) 162.556, 162.564 (II)
IV 2p–3d 4.0 335.3 150 335.0470 335.047

Unidentified lines
. . . . . . 1.5 320.4 100 . . . . . .
. . . . . . 1.0 320.8 150 . . . . . .
. . . . . . 3.0 323.4 150 . . . . . .
. . . . . . 1.0 333.8 200 . . . . . .
. . . . . . 10 334.9 100 . . . . . .
. . . . . . 4.5 335.3 150 . . . . . .
. . . . . . 1.0 340.2 200 . . . . . .
. . . . . . 1.0 347.5 150 . . . . . .

Notes. The unknown nitrogen lines may technically belong to spectra up to Nvii.
References. (a) From the CHIANTI database v.8 (Del Zanna et al. 2015); (b) from the online database at NIST (Kramida et al. 2015).
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Table A.3. Fluorine or sulfur lines observed in EBIT-I within the wavelength band λ320–λ350.

Spectrum Transition type Line intensity λ (Å) Unc. (mÅ) λ (Å) λ (Å)
This work CHIANTIa NISTb

Known fluorine lines
F V 2p–3d 7.9 332.0 100 . . . 165.98 (II)
F V 2p–3d 10 332.4 100 . . . 166.18 (II)
F VII 3s–4p 0.21 335.1 200 . . . 335.133
F VII 3s–4p Blended . . . . . . . . . 335.265

Known sulfur lines
S V 3p–4d 0.5 320.6 100 . . . 320.610
S V 3p–4d Blended . . . . . . . . . 320.632
S V 3p–4d Blended . . . . . . . . . 320.646
S XII 2s–2p . . . . . . . . . 323.3470 323.35
S IX 2s–2p 0.65 324.4 150 162.3180 162.318 (II)
S X 2s–2p 0.65 326.3 100 . . . 326.33
S X 2s–2p Blended . . . . . . . . . 164.262 (II)
S XII 2s–2p 0.6 328.5 150 328.5420 328.54
S IX 2s–2p . . . . . . . . . . . . 164.450 (II)
S X 2s–2p . . . . . . . . . . . . 330.12
S IX 2s–2p . . . . . . . . . . . . 165.173 (II)
S XII 2s–2p 0.3 330.5 200 330.4800 . . .
S X 2s–2p . . . . . . . . . . . . 331.38
S XI 2s–2p . . . . . . . . . . . . 168.782 (II)
S X 2s–2p . . . . . . . . . . . . 337.82
S XI 2s–2p . . . . . . . . . 170.2792 (II) 170.279 (II)
S XI 2s–2p . . . . . . . . . . . . 172.39 (II)
S XI 2s–2p Blended . . . . . . 346.9614 346.96
S XI 2s–2p Blended . . . . . . 346.9783 347.0
S XI 2s–2p . . . . . . . . . . . . 347.31

Unidentified lines
. . . . . . 1.6 322.6 100 . . . . . .
. . . . . . 0.3 325.2 200 . . . . . .
. . . . . . 0.6 326.3 100 . . . . . .
. . . . . . 2.0 326.9 100 . . . . . .
. . . . . . 1.0 327.2 150 . . . . . .
. . . . . . 0.7 329.2 150 . . . . . .
. . . . . . 0.6 326.3 150 . . . . . .
. . . . . . 0.3 336.9 200 . . . . . .
. . . . . . 4.9 338.7 100 . . . . . .
. . . . . . 2.1 339.3 100 . . . . . .
. . . . . . 1.4 339.8 100 . . . . . .
. . . . . . 0.4 341.9 200 . . . . . .
. . . . . . 0.1 342.4 200 . . . . . .
. . . . . . 0.4 344.0 200 . . . . . .
. . . . . . 2.4 346.5 100 . . . . . .

Notes. There are no known fluorine lines in this interval. Known sulfur lines are indicated by the elemental symbol. The unknown lines may
technically belong to spectra up to Fvii or Sxii.
References. (a) From the CHIANTI database v.8 (Del Zanna et al. 2015); (b) from the online database at NIST (Kramida et al. 2015).
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E. Träbert and P. Beiersdorfer: Low-density laboratory spectra near λ335

Fig. A.3. Spectrum of fluorine and sulfur in the range λ320–λ350:
the spectrum in the middle panel was recorded with our moderate-
resolution LoWEUS spectrograph at the EBIT-I electron beam ion trap
at an electron beam energy of 1000 eV. Visually recognized line posi-
tions are denoted. The lowest panel of the figure shows a high-resolution
spectrum at half the wavelength, obtained using our HIGGS instrument.
Strong first-diffraction order lines in this spectrum may appear in sec-
ond diffraction order in the spectrum in the middle panel. Identified
spectral features are labeled by the corresponding spectrum. We note
the presence of several (known) O and F lines with wavelengths of 160
to 173 Å, the second diffraction order images (denoted “2”) of which
appear in the range of the SDO/AIA λ335 band, but would not affect
the observations with SDO/AIA. The approximate band pass function
of the SDO/AIA λ335 channel is indicated in the top panel.

Fig. A.4. Spectrum of neon in the range λ320–λ350: the spectrum in
the middle panel was recorded with our moderate-resolution LoWEUS
spectrograph at the EBIT-I electron beam ion trap at an electron
beam energy of 1000 eV. The approximate band pass function of the
SDO/AIA λ335 channel is indicated in the top panel. Of the 59 lines
seen in this spectrum (with eye-guiding markers), known second diffrac-
tion order images are denoted “2”. The lowest panel of the figure
shows a high-resolution spectrum at half the wavelength. Strong first-
diffraction order lines in this spectrum may appear in second diffraction
order in the spectrum in the middle panel.
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Table A.4. Neon lines observed in EBIT-I within the wavelength band λ320–λ350.

Spectrum Transition type Line intensity λ (Å) Unc. (mÅ) λ (Å) λ (Å)
This work CHIANTIa NISTb

Known lines
III 2p–3s . . . . . . . . . 322.6600 322.7045
III 2p–3s . . . . . . . . . 323.3300 . . .
II 2p–4s 1.4 324.3 150 324.5690 324.57
II 2p–4s . . . . . . . . . 325.3920 . . .
II 2p–3d 1.4 326.6 100 326.5170−326.5380 326.54
II 2p–3d 3.0 327.2 100 327.3510 327.355
II 2p–3d 4.4 328.0 100 327.6210−328.0990 327.626−328.090
VI 2p–3s 7.0 328.3 100 164.0340 (II) 164.027−164.296 (II)
IV 2p–4d 2.6 329.7 100 . . . 164.685−164.9085 (II)
II 2p–4d Blended . . . . . . 330.6250−330.7890 330.626; 330.790
V 2p–3s 2.2 330.8 100 . . . 165.224−165.527 (II)
II 2p–4d 2.2 331.2 100 331.0700 331.07
II 2p–4d 1.5 331.7 150 331.5150 331.515
IV 2p–4s . . . . . . . . . . . . 166.1314−166.1336 (II)
V 2p–3s 5.6 335.3 100 167.4740−167.9220 (II) 167.475−167.924 (II)
VI 2s 2p2–2s2 3p 3.1 337.6 100 168.7650 (II) . . .
IV 2p–3d 10 345.0 100 . . . 172.4894−172.6137 (II)
IV 2p–3d 2.4 346.3 100 . . . 173.2636−173.5343 (II)
V 2p–3s 2.1 347.8 100 173.9320 (II) 173.928 (II)

Unidentified lines
. . . . . . 2.6 320.5 100 . . . . . .
. . . . . . 1.6 321.1 150 . . . . . .
. . . . . . 1.0 323.3 150 . . . . . .
. . . . . . 2.6 333.0 100 . . . . . .
. . . . . . 2.8 333.5 100 . . . . . .
. . . . . . 2.9 335.8 100 . . . . . .
. . . . . . 2.0 337.3 150 . . . . . .
. . . . . . 1.8 339.1 100 . . . . . .
. . . . . . 1.2 339.4 150 . . . . . .
. . . . . . 0.7 341.1 200 . . . . . .
. . . . . . 0.5 341.5 200 . . . . . .
. . . . . . 1.2 342.1 150 . . . . . .
. . . . . . 2.9 342.6 100 . . . . . .
. . . . . . 1.4 343.0 150 . . . . . .
. . . . . . 1.2 344.5 150 . . . . . .
. . . . . . 3.5 345.4 100 . . . . . .
. . . . . . 1.7 347.4 150 . . . . . .

Notes. The unknown Ne lines may technically belong to spectra up to Ne ix, but are not likely to belong to spectra Nevi or higher.
References. (a) From the CHIANTI database v.8 (Del Zanna et al. 2015); (b) from the online database at NIST (Kramida et al. 2015).
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E. Träbert and P. Beiersdorfer: Low-density laboratory spectra near λ335

Fig. A.5. Spectrum of argon in the range λ320–λ350: the spectrum in
the middle panel was recorded with our moderate-resolution LoWEUS
spectrograph at the EBIT-I electron beam ion trap at an electron beam
energy of 1000 eV. Eye-guiding markers indicate visual line positions.
Known Ar lines are labeled by the spectrum number, while contam-
ination lines from oxygen are labeled by the element. Lines that ap-
pear in second order of diffraction are denoted by “2”. The approximate
band pass function of the SDO/AIA λ335 channel is indicated in the
top panel. The lowest panel of the figure shows a high-resolution spec-
trum at half the wavelength. Strong first-diffraction order lines in this
spectrum may appear in second diffraction order in the spectrum in the
middle panel.

Fig. A.6. Spectrum of iron in the range λ320–λ350: the spectrum in
the middle panel was recorded with our moderate-resolution LoWEUS
spectrograph at the EBIT-I electron beam ion trap at an electron beam
energy of 1000 eV. Fiducial markers indicate line positions as judged
visually at this spectral resolution. The spectral features that arise from
second diffraction order (denoted “2”) should not affect the SDO/AIA
data. The approximate band pass function of the SDO/AIA λ335 chan-
nel is indicated in the top panel. The lowest panel shows a high-
resolution spectrum at half the wavelength, in which the strongest
lines and line groups are identified by spectrum number. Strong first-
diffraction order lines in this spectrum may appear in second diffraction
order in the spectrum in the middle panel.
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Table A.5. Argon lines observed in EBIT-I within the wavelength band λ320–λ350.

Spectrum Transition type Line intensity λ (Å) Unc. (mÅ) λ (Å) λ (Å)
This work CHIANTIa NISTb

Known lines
XII 2s–2p 0.15 322.4 200 161.1710 (II) 161.146 (II)
XIII 2s–2p 2.1 323.2 100 161.6240 (II) 161.610 (II)
XIII 2s–2p 0.45 326.0 200 162.9800 (II) 162.957 (II)
XII 2s–2p . . . . . . . . . 163.2330 (II) 163.225 (II)
XII 2s–2p 6.5 328.9 100 164.5420 (II) 164.532 (II)
XIII 2s–2p 3.05 329.5 100 164.8190 (II) 164.803 (II)
XIII 2s–2p Blended . . . . . . 165.5870 (II) . . .
X 2s–2p 10 331.1 100 166.3655 (II) 165.538 (II)
XII 2s–2p 1.3 335.2 150 167.6270 (II) 167.623 (II)
XII 2s–2p 2.4 327.8 100 169.0080 (II) 169.004 (II)
V 3p–4s 1.7 336.6 100 . . . 336.570
V 3p–4s 1.65 337.8 100 . . . 337.574
V 3p–4s 1.5 338.1 100 . . . 338.010
V 3p–4s 0.37 338.8 200 . . . 338.446
V 3p–4s Blended . . . . . . . . . 339.020
V 3p–4s 0.38 339.9 200 . . . 339.902
X 2s–2p 1.95 341.5 100 171.5204 (II) 170.642 (II)

Unidentified lines
≤IX . . . 0.22 320.8 200 . . . . . .
≤XVII . . . 1.1 329.8 150 . . . . . .
≤IX . . . 1.3 331.7 150 . . . . . .
≤IX . . . 0.05 334.3 200 . . . . . .
≤IX . . . 1.3 335.2 150 . . . . . .
≤IX . . . 1.8 337.1 100 . . . . . .
≤IX . . . 3.1 341.2 100 . . . . . .
≤IX . . . 0.22 342.1 200 . . . . . .
≤IX . . . 0.7 345.6 150 . . . . . .

Notes. The unknown Ar lines may technically belong to spectra up to Ar ix.
References. (a) From the CHIANTI database v.8 (Del Zanna et al. 2015); (b) from the online database at NIST (Kramida et al. 2015).
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Table A.6. Iron lines observed in EBIT-I within the wavelength band
λ320–λ350.

Known lines

XIII 3s–3p 0.8 320.7 100 320.8000 320.800
XIII 3s–3p . . . . . . . . . 321.4660 321.455
XV 3s–3p 0.2 321.7 150 321.7690 . . .
XII 3s–3p . . . . . . . . . 323.4110 . . .
XVII 3s–3p 0.2 323.6 150 323.4880 323.65
XI 3s–3p 0.2 326.4 150 326.3230 . . .
XV 3s–3p 0.2 327.0 150 327.0330 . . .
XIII 3s–3p . . . . . . . . . 328.9410 . . .
IX 3s–3p 0.2 329.8 100 329.8970 . . .
XIII 3s–3p . . . . . . . . . 332.0250 . . .
XII 3s–3p . . . . . . . . . 333.1550 333.181
XIV 3s–3p 0.8 334.1 100 334.1783 334.171
IX 3s–3p Blended . . . . . . 335.2900 . . .
XII 3s–3p Blended . . . . . . 335.3800 335.06
XVI 3s–3p 10 335.3 100 335.4090 335.409
XXI 2s–2p . . . . . . . . . 335.6925 335.514
X 3s–3p 0.6 337.2 100 337.2350 . . .
XII 3s–3p . . . . . . . . . 338.2630 338.263
X 3s–3p 0.3 339.5 150 339.4340 . . .
IX 3s–3p 0.3 339.7 150 339.8370 . . .
XVII 3s–3p . . . . . . . . . 340.1220 340.12
XII 3s–3p 0.3 340.3 150 . . . 340.200
XVII 3s–3p . . . . . . . . . 340.4950 . . .
XII 3s–3p Blended . . . . . . 340.5570 . . .
XI 3s–3p 0.3 341.1 150 . . . 341.113
IX 3s–3p . . . . . . . . . 341.1590 . . .
IX 3s–3p . . . . . . . . . 341.3960 . . .
IX 3s–3p 4.5 342.3 100 171.0733 (II) 171.073 (II)
X 3s–3p 3.9 345.7 100 345.7380 345.723
XII 3s–3p 0.3 346.7 150 346.8520 346.852
XVII 3s–3p 0.5 347.8 100 347.8160 . . .
IX 3s–3p 0.2 348.1 150 348.1230 . . .
XIII 3s–3p Blended 348.1 100 348.1830 348.184
XI 3s–3p Blended . . . . . . 349.0460 349.046
X 3p–3d 0.3 349.2 100 174.5310 (II) 174.534 (II)
X 3s–3p . . . . . . . . . 349.3020 . . .

Unidentified lines
≤XXI . . . 0.04 331.8 200 . . . . . .
≤XXI . . . 0.3 332.7 150 . . . . . .
≤XVII . . . 1.7 336.3 100 . . . . . .
≤XII . . . 1.2 336.9 100 . . . . . .
≤XVII . . . 0.8 337.9 100 . . . . . .
≤XII . . . 4.1 341.9 100 . . . . . .
≤XII . . . 2.6 348.9 100 . . . . . .

Notes. The other about 90 lines named in the literature are too weak
individually to be distinguished in our spectra.
References. (a) From the CHIANTI database v.8 (Del Zanna et al.
2015); (b) from the online database at NIST (Kramida et al. 2015).

Fig. A.7. Spectrum of nickel in the range λ320–λ350: the spectrum in
the middle panel was recorded with our moderate-resolution LoWEUS
spectrograph at the EBIT-I electron beam ion trap at an electron beam
energy of 1000 eV. Lines indicated by “2” are recognized as second
diffraction order images. Fiducial markers indicate the rich structure of
the spectrum, without being complete. Only the strongest of the known
lines are identified by the spectrum number. The approximate band pass
function of the SDO/AIA λ335 channel is indicated in the top panel.
The lowest panel of the figure shows a high-resolution spectrum at half
the wavelength and the strongest lines are identified by spectrum num-
ber. Strong first-diffraction order lines in this spectrum may appear in
second diffraction order in the spectrum in the middle panel.
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Table A.7. Nickel lines observed in EBIT-I within the wavelength band λ320–λ350.

Spectrum Transition type Line intensity λ (Å) Unc. (mÅ) λ (Å) λ (Å)
This work CHIANTIa NISTb

Known lines
X 3p–3d Blended <320.0 . . . . . . 159.977 (II)
XVIII 3s–3p 9.5 320.4 100 320.5580 320.558
XVI 3s–3p 4.5 321.1 100 321.0370 . . .
XII 3p–3d Blended 321.1 100 160.5550 (II) 160.556 (II)
XIII 3s–3p 0.9 321.90 50 321.8820 321.881
XVII 3s–3p . . . . . . . . . 322.0203 . . .
XIII 3p–3d Blended 323.1 . . . 161.5600 (II) 161.547 (II)
XIII 3p–3d Blended 323.5 . . . 161.7830 (II) 161.752 (II)
XV 3s–3p 1.0 324.4 100 324.3540 324.354
XV 3s–3p Blended . . . . . . 324.6510 324.651
XIV 3s–3p . . . . . . . . . 325.7427 . . .
XIV 3s–3p 0.3 325.9 200 . . . 325.957
XIII 3p–3d 10 328.2 100 164.1460 (II) 164.172 (II)
XXII 3s–3p 1.4 330.7 100 330.5290 330.58
XIV 3p–3d 0.7 332.5 150 166.2799 (II) . . .
XIV 3s–3p . . . . . . . . . 334.4093 334.519
XIV 3p–3d 1.5 336.7 100 168.1203 (II) 168.12 (II)
XIV 3p–3d Blended . . . . . . 168.3703 (II) 168.37 (II)
XIV 3s–3p . . . . . . . . . . . . 338.655
XIII 3p–3d 2.5 339.2 100 169.5900 (II) 169.59 (II)
XIV 3p–3d 2.2 339.5 100 169.6903 (II) 169.69 (II)
XIV 3p–3d 2.2 339.5 100 169.6903 (II) 169.69 (II)
XIV 3p–3d Blended Blended Blended 169.8742 (II) . . .
XIV 3p–3d 1.0 341.1 100 170.5003 (II) 170.50 (II)
XIV 3p–3d 2.9 342.7 100 171.3703 (II) 171.37 (II)
XIV 3p–3d 1.4 344.3 100 172.1603 172.16 (II)
XV 3p–3d 1.9 347.3 100 173.7240 173.724 (II)
XIV 3p–3d 1.8 347.7 100 . . . 173.737 (II)

Unidentified lines
≤XI . . . 9.5 320.4 100 . . . . . .
≤XI . . . 7.3 320.7 100 . . . . . .
≤XI . . . 1.5 323.1 100 . . . . . .
≤XI . . . 0.9 327.6 100 . . . . . .
≤XVIII . . . 5.0 328.5 100 . . . . . .
≤XI . . . 0.3 329.4 200 . . . . . .
≤XI . . . 0.5 331.0 100 . . . . . .
≤XI . . . 0.3 331.6 200 . . . . . .
≤XI . . . 0.8 333.7 100 . . . . . .
≤XI . . . 1.6 336.3 100 . . . . . .
≤XI . . . 0.5 337.9 150 . . . . . .
≤XI . . . 2.2 343.0 100 . . . . . .
≤XIX . . . 0.7 345.9 100 . . . . . .
≤XVIII . . . 0.7 346.3 100 . . . . . .
≤XVIII . . . 2.1 347.3 100 . . . . . .
≤XVIII . . . 0.1 348.3 200 . . . . . .
≤XVIII . . . 0.4 349.4 150 . . . . . .

Notes. The unknown Ni lines can technically originate in spectra up to Nixi.
References. (a) From the CHIANTI database v.8 (Del Zanna et al. 2015); (b) from the online database at NIST (Kramida et al. 2015).
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