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Abstract

The spectrum of eight-times ionized iron, Fe IX, was studied in the 110-200 A region. A low inductance vacuum
spark and a 3 m grazing incidence spectrograph were used for the excitation and recording of the spectrum.
Previous analyses of FeIX have been greatly extended and partly revised. The number of known lines in the
3p°3d-3p’4f and 3p°3d— 3p43d2 transmon arrays is extended to 25 and 81, respectively. Most of the identifications
of the Fe IX lines from the 3p>3d—3p*3d” transition array in the solar spectrum have been confirmed and several

new identifications are suggested.

Unified Astronomy Thesaurus concepts: Atomic spectroscopy (2099); Spectroscopy (1558); Line intensities
(2084); Solar extreme ultraviolet emission (1493); Solar atmosphere (1477)

1. Introduction

Eight-times ionized iron, FeIX, belongs to the argon isoelec-
tronic sequence with a fully occupied 3p°® ground configuration.
The strongest line in the Fe IX spectrum is the 3p° 18-3p73d' P,
resonance transition at 171.073 A, which was identified indepen-
dently by Gabriel & Fawcett (1965) and Alexander et al. (1965).
The reference wavelength for the line listed in the NIST database
(Kramida et al. 2021) comes from the solar spectral atlas of
Behring et al. (1972). In the past four decades, the 171 A line has
been a popular choice for solar extreme ultraviolet (EUV) imaging
instruments on account of its strength, relative isolation in the
spectrum, and the proximity of an aluminum absorption edge at
170 A. EUV imaging instruments make use of multilayer coatings
to yield narrow bandpasses that are typically 10% of the central
wavelength. However, the high density of lines in the EUV
means that multiple strong lines can contribute to the imaging
channel emission. Aluminum filters are used to block visible
radiation in these instruments, and the aluminum edge at 170 A
strongly attenuates emission to the short-wavelength side of Fe IX
171.07 A, yielding a relatively clean bandpass. Because of this, a
filter at or close to 171 A has been used for several telescopes
on spacecraft, including the EUV Imaging Telescope (EIT;
Delaboudiniere et al. 1995), the Transition Region and Coronal
Explorer (TRACE; Handy et al. 1999), the Extreme Ultraviolet
Imager (EUVI; Howard et al. 2008), the Atmospheric Imaging
Assembly (AIA; Lemen et al. 2012), and most recently the
Extreme Ultraviolet Imager (EUIL; Rochus et al. 2020) on Solar
Orbiter. The 171.07 A line has also been measured in spectra of
the cool stars Procyon (Drake et al. 1995) and « Centauri (Drake
et al. 1997).

Other Fe 1X lines in the EUV are much weaker, but the ratio of
the lines at 241.74 and 244.91 A (decays from the 3p53d 3P2’ 1
states to the ground) has long been recognized as a useful density
diagnostic of the solar atmosphere (Feldman et al. 1978).

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

The first excited configuration of FeIX, 3s5*3p”3d, has 12
fine-structure levels and yields a rich spectrum of forbidden
lines between 1738 A and 2.9 pm. Many of these lines have
been measured during solar eclipses, and a summary is
provided by Del Zanna & DeLuca (2018).

At soft X-ray wavelengths, there are three groups of lines
commg from n=4 conﬁguratlons The 3p°-3p°4d and 3p°—
3p°4ds transition arrays give two pairs of lines at 82.43 and
83.46 A, and 103.57 and 105.21 A, respectively, and these lines
were reported in a solar spectrum by Malinovsky & Heroux
(1973). The 3p53d 3p°4f array gives a group of lines between
111 and 120 A and an additional pair of lines at 133.92 and
136.57 A. None of these lines have been reported from solar
spectra, but they have been studied with laboratory spectra.
This array is the subject of study in the present article and is
discussed in Section 3.1.

Recent advances in the spectral analysis of FeIX have
largely been motivated by the solar spectra obtained with the
EUV Imaging Spectrometer (EIS: Culhane et al. 2007) on
board the Hinode spacecraft, launched in 2006. EIS has a
spectral resolution of 3000 and it covers the wavelength ranges
170-212 A and 246-292 A which contain a wealth of emission
lines from iron ions, ranging from Fe VII up to Fe XXIV (Young
et al. 2007). Brown et al. (2008) reported that about half of the
lines in the EIS wavelength ranges were unidentified. Young
(2009) was the first to report new Fe IX identifications in the
EIS wavelength bands, and further studies of the FelIX
spectrum have been performed by Del Zanna (2009), Landi
& Young (2009a, 2009b), Young & Landi (2009), O’Dwyer
et al. (2012), and Del Zanna et al. (2014). Laboratory studies of
the Fe IX spectrum in the EUV have been performed by Liang
et al. (2009), Beiersdorfer & Lepson (2012), and Beiersdorfer
& Tribert (2018). These works have resulted in a number of
line identifications from the 3p°3d-3p*3d* transitions and
around two dozen lines suggested as due to Fe IX but without
definite identifications.

The present work focuses on line identifications in the
110200 A range from the 3p°3d-3p°4f and 3p°3d-3p*3d>
transition arrays. Figure 1 gives an overview of the known (prior
to the present work) Fe IX transitions in the 100-220 A as found in
version 10 of the CHIANTI atomic database (Young et al. 2016;
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Figure 1. A CHIANTI synthetic spectrum showing the location of known Fe IX lines. Colors and numbers denote different transition arrays. Line profiles are
represented as Gaussians with an FWHM of 3 A. A temperature of 0.8 MK and an electron number density of 4.0 x 10° cm > were used. The wavelength range of the

EIS short-wavelength (SW) band is indicated.

Del Zanna et al. 2021). The spectrum was generated using a
temperature of 0.8 MK and an electron number density of 4.0 x
10® cm >, which are typical of conditions in the solar atmosphere.
Emission hne widths have been set to 3 A in order to group nearby
lines together Five transition arrays are highli 5ghted the two
studied in this work, and the 3p®3p°4s, 3p°3d-3p*4p, and
3p°-3p°3d arrays. The latter yields the 171 A line, which towers
over the other features to an intensity peak of 10 on the plot scale.
The only known line from the 3p°3d-3p>4p array is at 197.86 A
(Young 2009). Note that there are many more transitions in
CHIANTI in this part of the spectrum that are not shown because
they only have theoretical wavelengths.

Our new laboratory study uses spectra excited in a vacuum
spark and recorded with a higher resolution than in all previous
papers. The number of known lines in the 3p°3d-3p°4f
transition array is extended to 25. Several previous identifica-
tions were corrected resulting in changes to the energies of the
corresponding levels. Eighty-one lines of the 3p°3d—-3p*3d*
array have been identified. Most of the previous identifications
from this array in the solar spectrum have been confirmed and
several new ones have been made. Lines previously assigned to
FeI1X but not identified have been classified. This article
continues a series of publications on laboratory high-resolution
studies of iron ion spectra (Ryabtsev 2017; Young et al. 2021;
Kramida et al. 2022) relevant for diagnostics of solar plasma.

Section 2 describes the experimental setup used to obtain the
Fe IX spectra. Section 3 gives the line identification results for
the two transition arrays, and we give our conclusions in
Section 4.

2. Experiment

The procedures used in our earlier studies of the iron ions
(see, for example, Kramida et al. 2022) were followed in the
present measurements. In short, the spectra were taken with a
3 m grazing incidence (5°) spectrograph equipped with a 3600
linemm ™" grating. The spectra were excited in a three-
electrode vacuum spark run with peak currents up to 100 kA.
The high current tracks on the ORWO UV-2 photographic
plates taken for analysis of Fe VIII (Ramonas & Ryabtsev 1980)
were measured. The tracks were scanned on an EPSON

EXPRESSION scanner and then digitized and measured using
the Gfit code (Engstrom 1998).

Spectra were also recorded on phosphor imaging plates (Fuji
BAS-TR) (Ryabtsev 2017). These spectra were scanned using a
0.01 mm scanning step with a Typhoon FLA 9500 reader and
processed and analyzed with the ImageQuant TL 7.0 image
analysis software. For the final reduction of the spectra, the
GFit code again was employed. Because of a high level of
background, the imaging plate spectra taken at high currents
were useful only for wavelengths above around 140 A.

Figure 2 shows the photoplate spectrum between 110 and
140 A obtained for a current of 40 kA, and Figures 3 and 4
show the photoplate spectrum between 140 and 201 A obtained
at 100 kA. The wavelength scales are not the final ones used to
derive the FeIX wavelengths as a grating formula with
averaged parameters was used. The final Fe IX wavelengths,
given in Tables 1 and 3, were obtained following a reduction
with reference lines and a correction curve of the photoplate.
Close-ups of selected portions of the spectra are shown in
Figures 5-7, where spectra obtained for different currents are
compared.

The iron line wavelengths were measured by first taking
photoplate spectra with an iron anode and a titanium cathode of
the spark, giving a mixed spectrum of iron and titanium lines.
The known titanium wavelengths (Svensson 1969) were used
to derive reference wavelengths for those iron lines that are not
blended with titanium lines. These iron line wavelengths were
then used as secondary standards when reducing the pure iron
spectra obtained with both iron electrodes in the vacuum spark
The width of the FeIX lines on the photoplate spectra in the
region above 140 A was about 0.03 A whereas on the i imaging
plate spectra the width was larger by about 20%. The
photoplate containing the spectrum below 140 A that was used
for the analysis of the 3p°3d—3p°4f transitions had a better
resolution, with line widths around 0.02 A. The photoplate
spectra possessed two other advantages with respect to the
imaging plate spectra that were important for the wavelength
measurements. First, the signal to noise was better due to a
smaller background, and second, the line shape was smoother
due to the approximately two times smaller scanning step of the
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Figure 2. The photoplate spectrum obtained at a current of 40 kA.

EPSON EXPRESSION scanner in comparison with the
Typhoon FLA 9500 reader. The rms deviation of the reference
titanium, as well as the sqcondary iron, lines from the
calibration curve was 0.002 A, and the deviations from the
mean values of the wavelengths obtained from the measure-
ments of different spectra recordings were below 0.001 A
Because Svensson (1969) claimed an uncertainty of O. 004A
for their wavelengths we adopt this value as our wavelength
uncertainty for single, unperturbed lines. This estimation is
supported by the deviations of the measured wavelengths from
the Ritz values calculated in the present spectrum analysis.
Where possible, the line intensities were obtained from the
imaging plate spectra due to the greater linearity of the
response. The intensities will be given on an arbitrary scale
without taking into account the wavelength dependence of the
spectrograph efficiency and recording media sensitivity.

Based on our past experience with the vacuum spark, the
plasma is in approximate local thermodynamic equilibrium
with an effective electron temperature. Rough estimates
following the procedure of Kramida et al. (2022) for Fe VII
give a value of 10eV. It is not possible to estimate a density
from the spectra, but we expect a value around 10'7 cm™>
based on measurements from similar plasma discharges. The
density would be expected to vary as the current is varied to
modify the charge balance.

The FeIX analysis was guided by calculations with the
Cowan atomic code (Cowan 1981; Kramida 2019). The set of
even parity configurations used was 3p° 3p°np (n=4-6),

3p°nf (n=4-6), 3p*3d®, 3p*as?, 3p*3dds, 3p*adas, 3s3p°3d,
and 3s3p®4s. The set of interacting odd parlty conﬁguratlons
was restncted to 3p°nd (n = 3-6), 3p°4s, 3p°5s, 3s3p°4p, and
3s3p°4f. The calculated energy levels and transition probabil-
ities were used as input to the IDEN2 line identification code
(Azarov et al. 2018).

3. Results
3.1. The 3p°3d-3p’4f Transitions

Laboratory measurements of the 3p’3d— 3p°4f transition
array were performed in the 1970s, with Wagner & House
(1971) listing 12 lines in the 111-117 A range. Nine of these
were measured by Fawcett et al. (1972) with an accuracy of
40.01 A, and further work was done by Swartz et al. (1976)
who remeasured all 12 lines, yielding energies for 10 of the 12
3p°4f levels with an estimated uncertainty of 4200 cm™".

More recently, O’ Dwyer et al. (2012) pr0V1ded a list of 20
identified 3p°3d—3p°4f lines and all level energies of the 3p4f
configuration. The wavelengths include the 11 values from
Fawcett et al. (1972), but the source of the other nine
wavelengths is not given. We speculate that the authors had
access to the original plate of Fawcett and performed new
measurements as done in the earlier works of Del Zanna (2009)
and Del Zanna (2012). O’Dwyer et al. (2012) did not provide
uncertainties on their derived level energies.

Our results for this transition array are displayed in Table 1
for the wavelengths and in Table 2 for the energy levels of the
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Figure 3. A section of the photoplate spectrum obtained at a current of 100 kA.

3p°4f configuration. Many weak lines were added to the
previous analyses of these transitions extending to 25 the
number of identified lines and resulting in the location of all the
3p°4f levels with uncertainties 30 cm™' or less. The wave-
lengths of several lines marked by VII in Table 1 are close to
the Fe VII wavelengths of Ekberg (1981). Indeed, these lines
together with the other Fe VII lines are present in our tracks
with colder iron spectra but their influence on the intensities
and wavelengths of the FeIX lines is negligible in our case.
One line with Ritz value 112.463(3) A is not measured,
possibly being masked by the Fe VIIT 112.472 A line.

The relative intensities measured in the photographic plate
spectrum are given on an arbitrary linear scale. The 250 value
was adopted for the strongest line (113.789 A) for convenient
comparison with the corresponding gA values. (g is the
statistical weight of the transition upper level and A the
radiative decay rate.) The wavelength responses of the grating
and photoplate were not taken into account. Even for a narrow
wavelength range, the intensities should be considered as
more qualitative than quantitative because of a possible
error in the model characteristic curve of the photoplate used
for a transformation of the measured line densities to their
intensities.

Table 1 contains a comparison with the previous measure-
ments by Swartz et al. (1976) and O’Dwyer et al. (2012). Good
agreement of all measurements with some exceptions is seen.
The two lines at 111.713 and 112.031 A were listed by
O’Dwyer et al. (2012) as the transitions from the 3p°4f D,
level. A part of the iron spectrum in the region of these lines,

taken at two modes of the spark operation, is shown in
Figure 5. FeIX lines are clearly distinguished from those of
Fe vl and Fe VIII by the change in intensity from cold to hot
spark conditions. The Fe IX lines have about the same intensity
in the displayed spectra, while the lower ionization states have
reduced intensities in the hot spectrum. Both the 111.713 and
112.031 A lines identified by O’Dwyer et al. (2012) are seen to
belong to lower ionization states than FeIX. The feature at
112.031 A is a known line of Fe VII, measured at 1 12.030 A by
Ekberg (1981). The lines at 111.692 and 112.011 A (marked
with arrows in Figure 5) show behavior similar to the other
Fe IX lines and were adopted as the transitions from the 3p 4f
3D, level. The wavelengths are in good agreement with those
of Swartz et al. (1976).

The line of 118.27 A identified by Swartz et al. (1976) as the
3p°3d ' F5—3p°4f *F, transition has a low transition probability
and is absent in our spectrum. Its Ritz value is 118.220(3) A.

Previous FeIX studies did not provide definitive line
identifications for the 3p°4f 'D, and 3p°4f °F, levels. Swartz
et al. tentatively suggested that the two lines at 134.743
and 115.46 A belong to decays from the 3p°4f 'D, level to
the 3p°3d 'P; and D, levels, resulting in a value of
1,326,700 cm ™' for the 'D, level. It should be noted that both
lines are not present in our hot spectrum, the second one being
possibly the 115. 472 A line of Fe VII (Ekberg 1981). Lepson
et al. (2002) recorded an FeIX spectrum at the Lawrence
Livermore electron beam ion trap (EBIT). The spectral
resolution was relatively low (around 300 at 100 A) and the
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Figure 4. A section of the photoplate spectrum obtained at a current of 100 kA.

authors measured two weak lines at 134.08 and 136.70 A that
they assigned to 3d—4f transitions, although level assignments
were not made. The same lines were identified in low-
resolution (around 150 at 130 A) solar spectra from the
Extreme Ultraviolet Variability Experiment (EVE; Woods
et al. 2012) by Foster & Testa (2011), although level
information was not provided.

Our high-resolution spectra reveal several lines near the location
of the Lepson et al. (2002) 134.08 A line (Figure 6). Of these, the
134.063 and 134. 128A lines belong to Fe vl (Ekberg 1981),
while the 134.169 A line shows behavior consistent with the Fe IX
lines shown in Figure 5. We identify this line with the 3p3d
'Pi=3p°4f 'D, transmon which is supported by the Ritz transition
to the 3p°3d ° Dl level with a wavelength of 115.042 A. The
energy of the 3p°4f ' D, level of 1,329,872 cm ™" is consistent with
the energy calculated from the Cowan code. O’Dwyer et al. (2012)
suggested the 3p°3d'P,=3p°4f 'D, transition belonged to a line at
133.923 A. Our spectra have a line at 133. 899 A that is due to
Fe vII (Ekberg 1981). Possibly, this Fe VII line was identified by
O’Dwyer et al. (2012) as FelX with a measured value of
133.923 A It should be noted that the other lines at 114.860 and
115.124 A attnbuted by O’Dwyer et al. (2012) to the transitions
from the 3p°4f ' D, level are not present in our spectra.

Our value of 136.674A for the 3p°3d 'P,-3p°4f °F,
transition is in agreement with the Lepson et al. (2002)
measurement The correspondlng energy of 1,316,205 cm ™' for
the 3p°4f °F, level is in good agreement with the value
computed from the Cowan code. It is also supported by a Ritz
combination to the 3p°3d *D, level. The corresponding line at

116.881 A was the only remaining line in this region of the
spectrum that had the properties of Fe IX. On the other hand,
o’ Dwyer et al. (2012) attributed a line at 136.572 A to the
3p°3d 'P\-3p°4f °F, transition with Ritz support from lines at
113.258 and 116.803 A. No Fe IX lines can be identified in our
hot spectrum at 136.572 and 113.258 A:, The 116.803 A line,
measured in our spectrum at 116.814 A, is assigned to the
3p°3d *Ds-3p°4f *F, transition in FeIX.

The 3p°4f level energies in Table 2 were derived from the
identified 3p°3d—3p°4f lines using the program LOPT for least-
squares optimization of energy levels (Kramida 2011). The
3p53d levels were fixed to the values of Edlen & Smitt (1978)
for the optimization. The uncertainties of our level energies
range from 19-40 cm™~'. Column 2 shows the deviations of the
Cowan code energies from the experimental ones after a fitting
of 12 energy levels with four free parameters. The deviations
are in good agreement with the estimated level of uncertainties.
Good agreement is also seen with the energy values found by
Swartz et al. (1976) and O’Dwyer et al. (2012) except for the
questionable cases noted earlier. The differences in the energies
are within 60 cm ™', which shows that the Swartz et al. (1976)
uncertainties of 200 cm™"' were overestimated.

Table 2 shows the designations of the levels in the LS and JJ
couplings. It is seen that the JJ-coupling representation is
generally better than the LS one. Nevertheless, in Table 1 we
are using the more convenient LS designations because it is
possible to give unambiguously the LS names to all levels
although in several cases they are associated with the second
component of their wave function.
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Table 1
Wavelengths of the 3p°3d-3p>4f Transitions in Fe IX
oA 2 (A) 3p°3d 3paf
P (10" s~ This Work Ritz! TW-Ritz® S76 TW-S76 O'DI2 TW-0’'D12 Term E(m™') Term E (cm™))
21 22 111.664 111.665(3) —0.001 3Py 4293109 'G, 1,324,844
27 35 111.692 111.692(4) 0.000 111.689 0.003 111.713 —0.021 3p, 405,772 3D, 1,301,088
51 73 111.785 111.790(3) —0.005 111.795 —0.01 111.791 —0.006 3P, 4083151 3D, 1,302,850
24 29 112.011 VII  112.011(4) 0.000 112017  —0.006  112.031 —0.020 3P, 4083151  °D, 1,301,088
108 126 112.093 112.096(3) —0.003 112.097  —0.004  112.096 —0.003 3P,  413,6692 3Dy 1,305,762
29 38 112375 112.380(3) —0.005 112.375 0 ’F, 4338188  °F, 1,323,654
30 VIII 112.463(3) 112.464 3p, 4136692 3D, 1,302,850
16 18 112.875 112.880(3) —0.005 3Fy 4258098  °F, 1,311,707
20 24 113.529 113.529(4) 0.000 3Py 4293109 3Gy 1,310,147
18 15 113.570 113.572(3) —0.002 113.571 —0.001 3F,  425809.8 3G, 1,306,305
250 266 113.789 113.789(5) 113792  —0.003  113.793 —0.004 3F,  425809.8  3Gs 1,304,630
136 172 114.024 114.026(3) —0.002 114.027  —0.003  114.024 0 3Fy 4293109 3G, 1,306,305
98 113 114.112 114.113(4) —0.001 114116  —0.004  114.111 0.001 3F, 4338188 3Gy 1,310,147
30 12 115.042 VII  115.044(3) —0.002 3D, 4556122  'G, 1,324,844
30 34 115.042 VII  115.041(3) 0.001 3D, 460,616 'D, 1,329,872
51 112 115.354 115.353(3) 0.001 115.344 0.01 115.353 0.001 'D, 4567527  °F, 1,323,654
84 130 116.002 116.002(5) 116.001 0.001 115.996 0.006 3D,  462,616.6  'F, 1,324,670
101 172 116.414 116.412(3) 0.000 116.408 0.006 116.408 0.006 'Fy 4658284  'G, 1,324,844
10 9 116.578 116.574(3) 0.004 'Fy 4658284  °F; 1,323,654
171 171 116.814 VII  116.809(4) 0.005 116.806 0.008 116.803 0.011 3Dy 4556122 PF, 1,311,707
34 57 116.881 VII  116.879(3) 0.002 3D, 460,616 3F, 1,316,205
25 32 117.629 117.626(4) 0.003 117.626 0.003 3Dy 4556122 3Dy 1,305,762
19 21 118.984 118.980(3) 0.004 118.978 0.006 'Fy 4658284 3G, 1,306,305
10 11 119.019 119.015(4) 0.004 3D,  462,6166 D, 1,302,850
35 72 134.169 134.169(4) 0.000 1347437 —0.574  133.923 0.246 'p, 584,546 'D, 1,329,872
21 44 136.674 VII  136.676(4) —0.002 136.572 0.102 'p, 584,546 3F, 1,316,205

Notes.

# Observed relative intensity in arbitrary units (see text).

® Product of upper level weight g and transition probability A calculated with eigenfunctions obtained from the fitting of the calculated to experimental level energies.
¢ Symbols: VII—line is present in a list of the Fe VII lines reported by Ekberg (1981), and the influence on the intensity and the wavelength of the corresponding Fe IX
line is negligible at present excitation conditions; VIII—line is masked by a wing of the Fe VIII line at 112.472 A. Previous measurements: S76—Swartz et al. (1976);
O’D12—O’Dwyer et al. (2012).

d Wavelength derived from the final level energies (Ritz wavelength).

¢ A blank value for the TW-Ritz difference indicates that the upper level is derived from that line only.

Table 2
Energy Levels of the 3p°4f Configuration of Fe IX
E* em™Y) Designation®

™ o-c” S76 TW-S76 O’D12 TW-0’D12 LS 1 N¢
1,301,088(23) 24 1,301,070 18 1,300,923? 165 99% °D, 99% (3/2, 5/2), 2
1,302,850(30) —20 1,302,800 50 1,302,841 9 93% *D, 53% (3/2,5/2), 2
1,304,630(30) 50 1,304,595 35 1,304,598 32 99% 3Gs 99% (3/2,7/2)s 1
1,305,762(30) —38 1,305,750 12 1,305,762 0 79% *Ds 79% (3/2,7/2)3 2
1,306,305(21) —12 1,306,295 10 1,306,319 —14 69% >G4 96% (3/2,5/2)4 3
1,310,147(22) 10 1,310,110 37 1,310,158 —11 56% >G5 81% (3/2, 5/2)3 2
1,311,707(30) —24 1,311,730 -23 1,311,755 —48 50% *F, 95% (3/2,7/2)4 2
1,316,205(19) 15 1,316,758 —553 58% °F, 49% (3/2, 7/2), 2
1,323,654(24) 17 1,323,715 —61 1,323,657 -3 28% *Fs 86% (1/2, 5/2)3 3
1,324,670(30) —42 1,324,680 —-10 1,324,715 —45 38% 'F, 83% (1/2,7/2); 1
1,324,844(22) 46 1,324,885 —41 1,324,876 -32 30% 'Gy4 93% (1/2,7/2)4 3
1,329,872(19) —20 1,326,700? 3172 1,331,244 —1372 55% 'D, 89% (1/2,5/2), 2
Notes.

4 Key to references for the energy level values: O’D12—O’Dwyer et al. (2012), S76—Swartz et al. (1976), TW—this work.

® Residual (obs.-calc.) of the parametric least-squares fit with Cowan’s codes.

¢ Percentages of the leading components in the eigenvector of each level in LS and JJ coupling. In LS coupling, the leading components of the 1,323,654, 1,324,670,
and 1,324,844 cm ™' levels correspond to the second term of the eigenvector composition.

4 Number of observed lines determining the level value in the least-squares optimization procedure.
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Figure 5. Two iron spectra correspond to hot (red) and cold (black) excitation conditions. The lines are marked by the symbols: VII—Fe VII, VIII—Fe VIII, and IX—
Fe IX. Lines due to the three iron species are distinguished by their relative intensities in the two spectra. Arrows indicate the Fe IX lines at 111.692 and 112.011 A.
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Figure 6. The iron spectrum in the 133.8-134.3 A range taken in the cold (black) and hot (red) modes of the spark operations (see Figure 5).

3.2. The 3p°3d-3p?3d® Transitions

The 3p*3d* comprises 109 fine-structure levels and the
3p3d-3p*3d* transition array gives rise to a large number of
emission lines in the 150-270 A region. Young (2009) was
the first to identify lines from this array, using solar spectra
obtained with Hinode/EIS. Further identifications from EIS
spectra were suggested by Young & Landi (2009), Del Zanna
(2009) and Del Zanna et al. (2014). Previous laboratory
measurements of lines from the 3p*3d” configuration have
been made by Liang et al. (2009) and Beiersdorfer &
Trébert (2018).

The wide wavelength coverage and high resolution of our
spectra have enabled us to make many new line identifications
from the 3p°3d—3p*3d* and these are summarized in Table 3.
Updated level energies are provided in Table 4. In total, 81
lines in the range 151-200 A were identified, and five of them
are doubly classified, i.e., two Fe IX transitions are assigned to
the same observed line (marked with “db” in Column 2 of
Table 3). The iron ion spectrum in this region is rich in lines.
Depending on excitation conditions in a spark, the lines of
Fe VI to Fe XII can be present and they can blend, mask, or
perturb the FeIX lines. Even at the high current modes, the
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Table 3
Wavelengths of the 3p°3d-3p*3d” Transitions in Fe IX
3p°3d 3p*3d?

A A Char.? P A iy (A 0 Term J E(cm™) Term'! J E(ecm™) Aprev (A)2

151.549 200 205  151.5502) —0.001 'D 2 456,752.7 GP)Da 2 1,116,602

152.910 80 73 152.9092)  0.001 D2 4626166 GCP)YDa 2 1,116,602

158.756 50 48 158.759(3) —0.003 P 0 405,772 (D¥*Da 1 1,035,659

159.011 130 101 159.0142) —0.003 3P 1 408315.1 (D¥Da 2 1,037,191

160.377 80 39 160.379(2)  —0.002 P 2 413,669.2 (D¥Da 2 1,037,191

162.178 400 300 162.183(3) —0.005 P 2 413,669.2 (D*Da 3 1,030,255

162.720 60 33 1627232) —0.003 P 1 408,315.1 CP¥Fa 2 1,022,856

165.439 ? 130 790  165.439(5) P 1 584,546 éGP)'s 0 1,188,998

168.483 70 91  168.479(2)  0.004 SF 3 4293109 GPy¥Fa 2 1,022,856

168.610 140 88  168.6102)  0.000 SF 4 425.809.8 (CP¥Fa 3 1,018,894

169.242 260 138 169.245(2) —0.003 3D 3 4556122 GP)F 3 1,046,472

169.407 160 201  169.4103) —0.003 P 0 405,772 (D¥Pa 1 996,057

169.579 p 420 259  169.5722)  0.007 D 2 4567527 CP)YF 3 1,046,472

169.614 1240 1263  169.6112)  0.003 SF 34293109 (GPy¥Fa 3 1,018,894 169.605
BTI8TW

169.773  bI(VI)  ~500 744  169.769(2)  0.004 3F 2 4338188 (GPy¥Fa 2 1,022,856

169.914 1380 1776  169.9102)  0.004 F 4 4258098 GPy¥Fa 4 1,014,356 169.900
BTI8TW

170.116 600 383  170.117(3) —0.001 3P 1  408315.1 (D¥Pa 2 996,147 170.11
BTI8TW

170.150 w 290 87  170.1433)  0.007 P 1 408315.1 (D¥Pa 1 996,057

170.889 ? 550 292 170.889(4) P 1 408315.1 (Dy*Pa 0 993,490

170.924 db 740 158 170.918(2)  0.006 SF 2 4338188 (CP¥Fa 3 1,018,894 170.92
BTI8TW

170.924 db 740 197 170.927(2) —0.003 F 3 4293109 CP¥Fa 4 1,014,356 170.92
BTISTW

171.279 450 137 171.2752)  0.004 3D 2 4626166 CPYF 3 1046472 171.26
BTISTW

171.681  bI(VI) 1030 1048 171.680(3)  0.001 P2 413,669.2 (D¥Pa 2 996,147 171.685
BTISTW

171,706 bI(VI) 940 522 171.707(3)  —0.001 3P 2 413,669.2 (D¥Pa 1 996,057

171.948 170 111 171.946(2)  0.002 D 3 4556122 (D¥Da 2 1,037,191

172219 920 1180 172223(2) —0.004 'F 3 4658284 GCPYF 3 1,046472 172.16'
BTISTW

172.285 100 96  172.284(2)  0.001 'D 2 4567527 (D*Da 2 1,037,191

172.482 390 44 172486(3) —0.004 P 2 413,669.2 (D¥Db 1 993,425

172.795 70 33 172796(3) —0.001 (P 2 413,669.2 (D¥Db 2 992,387

173.258 200 180 173.255(3)  0.003 P00 405772 GPys 1 982956

173.902 780 537 173.900(3)  0.002 3D 1 460,616 (D*Da 1 1,035,659 173.902
BTISTW

174.024 db 1530 1578  174.0203)  0.004 D 3 4556122 (D*Da 3 1,030,255 174.03
BTISTW

174.024 db 1530 359 174.022(4)  0.002 3P 1 408,315.1 GPYs 1 982956 174.03
BTISTW

174.043 1400 945  174.0422)  0.001 D 2 4626166 (D*Da 2 1,037,191 174 03
BTI8TW

175.020 db 530 121 175.022(3) —0.002 'D 2 456,752.7 (D)Da 2 1,028,110

175.020 db 530 770 175.0202)  0.000 'F 3 4658284 (D¥Da 2 1,037,191

175.551 60 26 175.552(2) —0.001  F 4 4258098 (9G4 995441

175.648 db 420 409  175.642(3)  0.006 D 3 4556122 (GCP¥Pa 2 1,024,953

175.648 db 420 186 175.658(4) —0.010 P 2 413,669.2 GPYs 1 982956

175.712 300 201 175.718(3) —0.006 D 1 460,616 GPy¥Pa 1 1,029,709

175.774 ? 240 155 175.774(5) 5D 1 460,616 @sH's 0 1,029,528

175.993 140 147 175.994(3)  —0.001 D 2 4567527 CP¥Pa 2 1,024,953

176.289 320 77 176.291(2) —0.002 D 3 4556122 (GPy¥Fa 2 1,022,856

176344  bI(VI) 510 433 176.3383)  0.006 D2 462,616.6 GPy¥Pa 1 1,029,709

176599  9bI(VI)) 520 632  176.599(5) . 'D 2 4567527 ¢éPp 1 1,023,007

176.646 70 148 176.646(2)  0.000 D 2 4567527 CP¥Fa 2 1,022,856

176.840 240 124 176.837(3)  0.003 D 2 462616.6 (D)'Da 2 1,028,110

176.978 1210 1598  176.978(5) SF 4 4258098 (DYDb 3 990,852 176.959" YL 176.945" D14

177173 bi(VI) 850 179 177.1713)  0.002 'F 3 4658284 (D¥Da 3 1,030,255
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Table 3

(Continued)

3p°3d 3p*3d>
A (A) Char.* P A iy (A 0 Term J E(cm™) Term' J E(cm™) Aprey (AN
177.599 780 958  177.596(3)  0.003 3F 3 4293109 (DY¥Db 2 992387 177.594 YL 177.592 D14
177.845 300 234 177.847(3) —0.002 'F 3 4658284 (D)Da 2 1,028,110
177.856 db 300 325 177.860(2) —0.004 D 1 460,616 (GCPPFa 2 1,022,856
177.856 db 300 47  177.8613) —0.005 *F 2 4338188 (DY¥Pa 1 996,057
177.888 270 151  177.891(2) —0.003 'D 2 456,752 (GP¥Fa 3 1,018,894
178059  bIXI) 760 606  178.065(3) —0.006 °D 3 4556122 GP)Db 2 1,017,204
178.431 40 60  178.428(3)  0.003 'D 2 4567527 GP)Db 2 1,017,204
178.701 930 626 178.697(3)  0.004 3F 2 4338188 (DY¥Db 1 993425 178.699 YL
178.848 80 379 178.8513) —0.003 'F 3 4658284 (GP¥Pa 2 1,024,953
178.972 810 492 178.973(2) —0001 D 3 4556122 (GP¥Fa 4 1014356 178.985 YL
179.027 530 69  179.0293) —0.002 *F 2 4338188 (DY¥Db 2 992387
179.753  bI(XD) 1110 319  179.767(3) —0.014 3D 2 4626166 (CP¥Fa 3 1,018,894
181.367 320 460  181.364(3)  0.003 'F 3 4658284 GP)YDb 2 1,017,204
182.161  bI(XD) 1370 350  182.172(3) —0011 °F 4 425809.8 GPBFb 4 974743 182158 LYTW  182.146 D09
182.305 bl 870 161  182.306(3) —0.001 'F 3 4658284 (GP¥Fa 4 1,014,356
182.919 760 217 182.928(2) —0.009 3F 3 4293109 GCPPFb 3 975974
184.442 300 56 184.449(2) —0.007 °F 2 4338188 GP¥Fb 3 975974
185244  p(VII) 650 144  185.244(3)  0.000 3D 3 4556122 (H'G 4 995441
185.978 450 219 185.978(3)  0.000 3F 2 43381838 GPPFb 2 971516 185994 YLTW
187.950 480 1461  187.950(3)  0.000 P 1 584,546 (GCP)Da 2 1,116,602 187.961 YLTW
188.300  bI(XI) 1000 149  188.303(2) —0.003 F 2 43338188 (D)Fa 3 964878
188.493 1920 1291  188.493(4) 3F 4 425.809.8 GP»Gb 5 956333 188.497 Y09 188.493 D09
188.678 240 79 188.680(3) —0.002 °F 4  425809.8 (P¥Gb 4 955807 188.685 YL
188.818 1160 745  188.817(3)  0.001 'F 3 4658284 ($)'G 4 995441  188.823 LYTW  188.807 D09
189.577 400 130 189.578(3) —0.001  *F 3 4293109 GP»Gb 3 956,798 189.582 YL
189.937 1820 958  189.9353)  0.002 3F 3 4293109 (GP»Gb 4 955807 189.941 Y09 189.935 D09
191.210 1290 544  191.2123) —0.002 3F 2 433,818.8 GP¥Gh 3 956,798 191.216 Y09 191.206 D09
192.182 200 28 192.1742)  0.008 3D 3 4556122 GP¥Fb 3 975974
192.603 100 33 192.596(3)  0.007 'D 2 456,752.7 GP¥Fb 3 975974
192.633  bI(XD) 1040 374  192.6303)  0.003 3D 3 4556122 GCPPFb 4 974,743 192.632 YL 192.630 D14
194.796 940 302 194.796(2)  0.000 3D 2 462,616.6 GPBFb 3 975974  194.806 YLTW  194.784" D09
195.733 670 209  195.7333)  0.000 3D 1 460,616 GP¥Fb 2 971,516 195743 YLTW  195.743 D09
196.356 300 35 196.361(2) —0.005 3D 3 4556122 (D)Fa 3 964,878
196.499 190 39 196.496(3)  0.003 'F 3 4658284 CPPFb 4 974,743
196.805 530 338 196.802(2)  0.003 'D 2 4567527 (D)Fa 3 964878  196.810 YLTW  196.803 D09
199.985 360 29 199.982(3)  0.003 'D 2 456,752.7 (GP»Gb 3 956,798 199.986 YL
200.386 200 72 200.381(2)  0.005 'F 3 4658284 (D)Fa 3 964,878
Notes.

 Character of the observed line: db—intensity is shared by two transitions; bl—blended line (the blending species are given in parentheses where known): VII—
Fe vI1, VIII—Fe VvIiI, XI—Fe IX; ?—identification is uncertain; p—perturbed by a stronger nearby line (both the wavelength and intensity may be affected); w—wide
line.

b Relative intensities are given on an arbitrary linear scale (see text).

¢ Weighted transition probability (g is the statistical weight of the upper level) in 10° s~ unit.

d Wavelength derived from the final level energies (Ritz wavelength).

e_ Difference between the observed and Ritz wavelengths (blank for lines that solely determine the upper level).

f Designation is restricted to a term of the 3p* sub-shell followed by a final term and a letter (a or b) distinguishing different terms of the 3d* configuration in the case
the final term is repeated. For full designation see Table 4.

€ Previous measurements and identifications: BT18TW—measured by Beiersdorfer & Tribert (2018), identification of this work; D09—Del Zanna (2009); D14—Del
Zanna et al. (2014); YO9—Young (2009); LYTW—Iine from Landi & Young (2009a), identification of this work; YL—Young & Landi (2009); YLTW—suggested
as Fe IX lines by Young & Landi (2009), identification of this work.

%1 Lines are not fully resolved from, respectively, Fe VII 176.905 and 194.770 A lines in EIS spectra.

! Line is blended with the O V line in the EBIT spectrum.

lines of lower stages of the ionization can be seen due to
temporal and spatial inhomogeneity of the spark plasma. The
spectra taken at the peak currents 50-100 kA were used for the
Fe IX line measurements. The wavelengths were obtained from
the spectra recordings on the photographic plates, while the
intensities were taken from the imaging plates, where possible.

About 15 Fe IX lines have wavelengths close to known Fe VI-
VIII lines (Azarov et al. 1996; Kramida et al. 2022; Ramonas &
Ryabtsev 1980) or to the unidentified cold lines that are seen
with high intensity in the spectra taken with lower peak
currents. It was estimated, after a study of the behavior of the
line intensities of these ion species on the peak current, that in
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Table 4

Energy Levels of the 3p*3d* Configuration of Fe IX Higher Than 930,000 cm '
E (cm™H? o-c® J Composition® N¢
9311584 1 61% (°P)*Da [3p*P)3d*(’F)*D] 20% (‘D)*Da 9% (2S)*D*
9347304 2 56% (*P)*Da [3p*(?P)3d*(*F)’D] 18% (\D)*Da 8% (25)°D*
9349734 1 74% (3P)*P [3p*CP)3d('S)*P] 12% (3P)*Pa 6% (°P)*Pb
9374284 5 96% ('D)'H Bp*('D)3d*('G)'H] 6% ('D)’G 1% CPY’H
9378544 0 73% (°P)*P [3p*(CP)3d*(S)*P] 12% (°P)*Pa 6% (°P)*Pb
9397904 3 56% (*P)*Da [3p*(?P)3d*(’F)’D] 20% ('D)*Da 8% (25)°D*
9439844 2 55% (\D)*Fb [3p*(\D)3d2(3P)*F] 28% ('S)’F 5% ('D)*Fa
9465224 3 45% (\D)*Fb [3p*(D)3d2(*P)*F] 28% (1S)’F 6% (‘D)*Fa
9495554 4 44% ('D)*Fb [3p*('D)3d2(3P)*F] 38% ('S)’F 6% ('D)’Fa
955807(9) —279 4 37% (°P)’Gb [3p*(CP)3d*('G)*G] 32% ('D)’G 23% (°P)*Ga 2
956333(11) 13 5 41% (3P)3Gb [3p*CP)3d*(G)G] 33% (\D)*G 22% (3P)*Ga 1
956798(3) —395 3 25% (°P)’Gb [3p*(CP)3d*('G)*G] 25% ('D)'Fa 23% ('D)’G 3
964878(10) —102 3 64% (\D)'Fa [3p*('D)3d?(\G)'F] 14% (3P)3Gb 9% ('D)’G 4
971516(8) —42 2 41% (3P)3Fb [3p* CP)3d%('G)*F] 38% (\D)*Fa 15% (\S)’F 2
974743(11) —78 4 37% (°P)*Fb [3p* CP)3d%('G)*F) 33% (\D)*Fa 12% ('S)*F 3
975974(12) 283 3 39% (°P)’Fb [3p* CP)3d*('G)*F] 33% ('D)*Fa 12% (\S)’F 5
9822184 0 55% ('S)’P [3p*(18)3d?(*P)*P] 40% ('D)*Pb 2% ('D)*Pa
982956(12) —179 1 79% (3P)3S [3p* CP)3d2(3P)3S] 13% (\S)*P 2% (2P)3S 3
9837704 1 47% (\S)’P [3p*(18)3d*(*P)*P] 33% ('D)*Pb 9% (°P)3S
9839274 2 32% ('D)'D [3p*('D)3d2(S)'D] 23% (\S)’P 13% (1S)'D
9878294 2 38% ('S)’P [3p*(18)3d?(3P)*P] 17% (\D)'D 17% (\D)*Pb
990852(13) 843 3 47% ('D)*Db [3p*('D)3d*(*P)*D] 14% (°P)’Db 13% (*P)’Da 1
9916104 4 58% (\D)'Ga [3p*('D)3d2('G)'G] 26% (S)'G 11% (°P)'G
992387(9) 486 2 38% ('D)*Db [3p*(\D)3d2(3P)*D] 13% (3P)3Db 12% (*P)*Da 3
993425(13) —102 1 41% (\D)*Db [3p*(\D)3d2(3P)*D] 14% (3P)3Db 12% (3P)*Da 2
993490(14) 125 0 48% ('D)*Pa [3p*('D)3d2(F)*P] 35% (°P)*Pb 10% (1S)*P 1
995441(7) —254 4 51% ($)'G [3p*(1$)3d%('G)'G] 25% (°P)'G 10% (\D)'Ga 3
996057(10) 732 1 41% (\D)*Pa [3p*(\D)3d2(3F)*P] 31% (3P)*Pb 10% (1S)*P 4
996147(10) —497 2 38% (\D)*Pa [3p*(D)3d2(’F)*P] 35% (°P)*Pb 15% (18)’P 2
1014356(8) 172 4 48% (3P)*Fa [3p*CP)3d2(CF)*F) 24% ('S)’F 11% CP)*F 4
1017204(11) 245 2 32% (3P)'Db [3p*((P)3d*(*P)'D] 18% (\D)'Db 15% ('D)'D 3
1018894(9) 204 3 44% (3P)*Fa [3p* CP)3d2(CF)*F) 23% ('$)’F 11% (P)’F 5
1022856(7) 582 2 27% (*P)’Fa [3p*CP)3d*(CF)’F) 15% (\S)’F 7% ('D)'Da 6
1023007(13)? —220 1 42% (3P)'P [3p*(CP)3d*(*P)'P] 25% ('D)'P 9% (*P)*Pa 1
1023390# 0 50% (S)'S [3p*(18)3d2(1S5)'S] 14% (3P)*Pa 13% (\D)'S
1024953(10) —331 2 31% (°P)*Pa [3p*(CP)3d*(3P)*P] 18% (\D)*Pb 12% (3P)*P 3
1028110(9) —388 2 22% ('\D)'Da [3p*(D)3d*(G)'D] 15% (3S)'D* 12% (*P)*Fa 3
1029528(13)? —1504 0 23% (1S)'S [3p*(15)3d2(S)'S] 21% (3P)*Pa 15% (3P)*P 1
1029709(17) 317 1 23% (3P)*Pa [3p*CP)3d*(*P)*P] 14% (3P)'P 10% (\S)*P 2
1030255(15) —1093 3 34% (\D)*Da [3p*(\D)3d?(3F)*D] 20% (3P)*Db 17% (3P)*Da 2
1035659(12) —1451 1 36% ('D)*Da [3p*('D)3d*(*F)*D] 24% (3P)*Db 18% (°P)*Da 2
1037191(7) 197 2 31% (‘D)*Da [3p*(\D)3d?(*F)*D] 21% (3P)*Db 17% (3P)*Da 6
1046472(10) 1158 3 54% (3P)'F [3p*(CP)3d*(’F)'F] 19% (\D)'Fb 19% (2P)*D** 4
1116602(8) 8 2 54% (°P)'Da [3p*(CP)3d*(PF)'D] 24% ('D)'Da 7% (*P)' Db 3
1188998(15)? 136 0 63% (°P)'S [3p* CP)3d%(3P)'S] 17% (\D)'s 12% (S)'S 1
Notes.

& 4 calculated value for the level; ? questionable levels not included in the fitting.

® Residual (obs.—calc.) of the parametric least-squares fit with Cowan’s codes in cm ™.
¢ LS composition of the level eigenvector. The 3p* configuration terms and the final terms are listed. The letters after the final terms distinguish different terms of the
3d” configuration. Full descriptions for the first component are shown in square brackets. * (35)'D and (25)D terms belong to the 35s3p®3d configuration; ** (2P)*D

stands for 3p3(2P)4p (2P)*D.

4 Number of observed lines determining the level value in the least-squares optimization procedure.

most cases their influence on the Fe IX lines is negligible. We
found and marked in Table 3 only six lines that could have a
contribution to their intensities from cold lines (marked with
bl(VII) or bI(VIII) in Table 3)

The relative intensities are given on a linear scale without
accounting for the wavelength dependence of the spectrograph and
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imaging plate effectivities. The resonance Fe IX line at 171.073 A
has in our spectrum the intensity 6000 on this scale. The scale is
not directly connected to that of the 3p 3d-3p°4f transitions
because the spectra were taken on different recording media and
with different excitation in the vacuum spark. According to rough
estimates, the scales can be different by a factor of two.
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Table 4 lists the 45 levels in the upper level range of the 3p*3d*
configuration (energies above 930,000cm'). The 81 lines
identified in the present work yield energies for 30 of these
levels. Three of the level energies are uncertain (marked with a ?
in the table) as they are based on a single questionable line
identification. The second column of the table compares the
observed energies with the energies obtained from Cowan’s code
using parametric calculations. The remaining 15 levels in Table 4
are listed for completeness and the energies are those from
Cowan’s code. The values should be valuable for future efforts to
identify FeIX transitions. Table 4 also gives the first three
components of each level’s eigenvector. The first component of
the eigenvector together with the energy level value was used as a
label for the transitions in Table 3. A difficulty in the level
designation should be pointed out. The 3p*3d” configuration
consists of two sub-shells with more than one electron. For
unambiguous level designation all intermediate quantum numbers
should be given 3p*(L'S")3d?(L"S")LS. Shorthand designation
by the L'S’ numbers together with the final LS is adopted in the
Cowan code resulting in an ambiguity of the repeated final LS
numbers belonging to the same L'S’ but to different L”S”". The
letters a or b are added to distinguish between such cases. The full
descriptions for the first components of the eigenvectors are
shown in Table 4 in square brackets.

The energy parameters after the least-squares fitting of the
calculated to the experimental energy levels are shown in
Table 5. The electrostatic parameters for the configurations
with unknown levels as well as the configuration interaction
parameters were scaled by a factor of 0.85 with respect to the
corresponding Hartree—Fock with relativistic corrections (HFR)
values (see p.464 of Cowan 1981). Only a parameter of
interaction between the 3s23p*3d” and 3s3p°3d configurations
was fitted for better description of the levels with mixed
eigenvectors. The spin—orbit parameters were not scaled, and
all of them are omitted from Table 5. The average energies of
these configurations were scaled so that their differences from
those of the known configurations were approximately the
same as in the HFR calculations. The parameters of Table 5
were used for the calculations of the energy levels and
transition probabilities of the Fe IX spectrum. The branching
ratios for the intensities of the lines from a particular level
generally follow the calculated transition probabilities with
three exceptions. The intercombination line 'D,—(3P)3Gb
(J=13) at 199.985 A is too intense and two other intercombina-
tion lines 'D,—(3P)’Fa (J=2) and 'F3~(PP)3Pa (J=2) at,
respectively 176.646 and 178.848 A are too weak in their
transition arrays.

Most of the lines with gA greater than 5 x 10'° s~' were
identified, with the exception of the decays from the (*P)*Da
term. The three *P, ;—(*P)*Dya (J=3, 2, 1) transitions have
gA=52x10",2.9x 10", and 1.4 x 10“ ~! and calculated
wavelengths 190.07, 189.96, and 190. 34A respectively. The
lines may be blended with lines at 190.037 A (Fe X), 189.937 A
(Fe 1X), and 190.296 A (Fe VI).

Finally, we give a few remarks about previous measurements
and identifications of the Fe IX lines.

Several laboratory studies of Fe IX were undertaken with the
aid of the Heidelberg (Liang et al. 2009) or the Lawrence
Livermore National Laboratory (Beiersdorfer & Lepson 2012;
Beiersdorfer & Tribert 2018) EBIT. The observed spectra
showed the evolution of each ionic stage from Fe " to at least
Fe'>" as a function of the electron energy, allowing the authors
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to distinguish the emission lines from the neighboring ion
charge states.

The spectra of Liang et al. (2009) were recorded in the
125-265 A range with 0.5-0. 8 A resolution. Four lines (188.5,
189.9, 191.2, and 197.9 A) were suggested as belonging to Fe IX,
and these were independently identified by Youn, § (2009) from
EIS spectra. The first three lines belong to the 3p d *F-3p™3d*
(3P)*G multiplet, and the fourth is the 3p>3d 'P,—3p°4p 'S,
transition.

Belersdorfer & Lepson (2012) measured with a resolutlon of
about 0.3 A a dozen spectral features in the 170-200 A range,
some of which could be attributed to Fe IX based on ionization
energy and wavelength coincidences with a CHIANTI spectral
model. Version 7.0 (Landi et al. 2012) of CHIANTI was used,
which mostly had only theoretical wavelengths for the lines in
this wavelength range and so definitive new identifications
could not be made. The authors did provide supporting data for
some of the identifications of Young (2009) and Young &
Landi (2009), however.

Beiersdorfer & Tribert (2018) (hereafter BT18) studied
emission in the wavelength region 165- 175 A from various
species excited in an EBIT, including FeIX. The spectral
resolution was 3000 and wavelengths were measured with
uncertainties of 10-20 mA. The spectrum produced by a beam
energy 300 eV yielded lines mainly due to Fe IX and Fe X. The
authors modeled the Fe IX emission by employing atomic data
computed with the relativistic Multi-Reference Mgller—Plesset
(MR-MP) perturbation theory (Vilkas et al. 1999) and the
Flexible Atomic Code (FAC; Gu 2008). By comparing their
predicted spectra with the EBIT measurements, BT18 were
able to match features in their modeled spectra to features in the
EBIT spectrum based on proximity in wavelength and
intensity. Some of the lines were blended with other species.

The MR-MP method has previously been shown to yield
level energies with spectroscopic accuracy. For example, the
n=3 levels of FeXill (Vilkas & Ishikawa 2004) are
reproduced to around 0.01%. However, earlier works did not
address complex configurations of the form 3p*3d™ (k <6,
m > 1). Recently, Santana et al. (2020) Performed MR-MP
calculations for Fe vl and derived 3p°3d” energies with
accuracies up to 0.8%, which is not high enough for classifying
unidentified lines. Although not investigated by BT18, such
uncertainties may also apply to their calculations for the 3p*3d*
configuration of Fe IX.

BT18 did not publish their Fe IX atomic data and so it is not
possible to compare radiative decay rates with the present or
earlier calculations. However, they do comment that the 3p*3d*
('D)3D;a level (using our level notation) has its strongest decay
to 3p°3d *F; whereas the CHIANTI 8 atomic model has the
strongest decay to 3p°3d *D;. The CHIANTI 8 model decay
rates are from Del Zanna et al. (2014) and are comparable to
the present decay rates. We compared with the calculations of
Storey et al. (2002) and Tayal & Zatsarinny (2015), and these
both confirmed that the strongest decay is to the *D5 level. This
particular discrepancy affects the identification of the lines at
167.478 and 174.03 A measured by BT18, as discussed below.

Of the 16 Fe IX lines identified in Table 5 of BT18, seven are
present in our spectra and we also assign them to Fe IX. The
BTI8 line at 172.16 A was blended with O V in their spectrum
but this is not the case in our spectra. BT18 noted that lines at
170.92 and 173.90 A could be due to FeIX. Both lines are
present in our spectra with FeIX properties. All nine of
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Table 5
HFR and Least-square-fitted (LSF) Parameter Values (cm™ ") with Their Uncertainties (Unc.) in Fe IX
Configuration Parameter LSF Unc.? HFR" LSF/HFR®
Even configurations
35%3p° E.y 31,763 571 30,744 1.032
35%3p>4p Env 1,054,771 f 1,084,771 0.971
35%3p°5p Eqy 1,406,545 f 1,436,545 0.978
35%3p°6p E. 1,573,258 f 1,603,258 0.980
3523p°4f o 1,310,977 165 1,340,635 0.977
@3p) 1,034,0 330 1,013,0 1.021
) 21 f 21 1.000
F2(3p, 4f) 36,124 2265 38,697 0.933
G*(3p, 4f) 18,411 1313 21,281 0.865
G*Gp, 4f) 13,303 4016 14,048 0.947
35%3p°5f Eg. 1,520,529 f 1,550,529 0.980
3s%3p°6f E.y 1,634,436 f 1,664,436 0.981
35%3p*3d* Env 906,997 463 938,864 0.964
F*(3p, 3p) 127,124 3697 132,065 0.963
aGp) 199 223
F2(3d, 3d) 105,070 3063 131,852 0.797
F*(3d, 3d) 63,148 4848 84,189 0.750
3p) 10,012 482 9698 1.032
CBd) 753 169 798 0.944
F*(3p, 3d) 117,806 1170 128,513 0.917
G'Gp, 3d) 128,628 598 153,097 0.840
G3(3p, 3d) 79,137 2044 97,017 0.816
3s3p°3d E,, 800,263 977 829,259 0.962
&) 755 169 800 0.944
G*(3s, 3d) 120,637 2520 119,177 1.012
353p%4s E.y 1,314,892 f 1,344,892 0.976
G°(3s, 4s) 8928 f 10,505 0.850
35%3p*3d4s E. 1,406,139 f 1,436,139 0.978
35%3p*4s2 Ea 1,975,829 f 2,005,829 0.984
35%3p*4sad En 2,220,346 f 2,250,346 0.986
R'(s, 3d; 3p, 3p)° 145,004 897 160,894 0.901
o 555
Odd configurations
35%3p 3d E,, 448,456 16 477,759 0.932
3p) 9921 48 9686 1.024
(3d) 784 18 798 0.982
F'(3p, 3d) 4862 121 0
F2(3p, 3d) 115,238 143 128,765 0.895
G'(p, 3d) 129,360 47 153,302 0.844
G*(3p, 3d) 5252 245 0
G*(3p, 3d) 84,578 258 97,191 0.870
35%3p°4d Eqy 1,199,786 38 1,233,059 0.971
3p) 10,616 50 10,082 1.053
((4d) 220 f 220 1.000
F2(3p, 4d) 31,127 f 36,620 0.850
G'(p, 4d) 8573 f 10,085 0.850
G3(3p, 4d) 8520 f 10,023 0.850
35%3p°5d E,, 1,469,453 f 1,502,453 0.977
35%3p°6d En 1,605,451 f 1,638,451 0.979
35%3p4s Eu 954,374 39 985,623 0.966
3p) 10,307 58 10,077 1.023
G'(3p, 4s) 11,655 f 13,711 0.850
3573p°5s Eqy 1,362,553 38 1,392,738 0.977
3p) 10,292 49 10,138 1.015
G'3p, 55) 3940 f 4636 0.850
353p%4p Eqy 1,408,803 f 1,440,803 0.977
3s3p%4f Eay 1,665,072 f 1,697,072 0.980
o 51

Notes.

* f—fixed parameter.

® Average energies are adjusted so that the energy of the ground level 35?3p® 'S, is zero in the calculation of the even configuration matrix with all electrostatic parameters scaled by 0.85
factor.

¢ Electrostatic parameters of the configurations, as well as interaction parameters not listed in the table, are scaled by a factor of 0.85 with respect to ab initio values; the spin—orbit parameters
are not scaled.

4 Parameter of interaction between the 35?3p*3d” and 3s3p®3d configurations.

¢ rms deviation of the fitting.
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Figure 7. The iron spectrum in the range 169.0-170.3 A taken at three modes of the spark operation: cold—black, intermediate—Dblue, and hot—red. The lines are
marked by the symbols: VI—Fe VI (only prominent lines), and IX—Fe IX. The relative intensities in arbitrary units are scaled so that the Fe IX lines have approximately
the same intensities in the intermediate and hot spectra, whereas the Fe VI lines have approximately the same intensities in the cold and intermediate spectra.

the BT18 measured wavelengths are given in the Ayreq column
of Table 3.

The higher resolution of our spectra allows us to resolve the
170.11 A line of BT18 into two lines at 170.116 and 170.150 A
(see Figure 7). The line at 174. 03 A is also resolved into two
lines at 174.024 and 174.043 A, and the former is a double
blend of two Fe IX transitions (Table 3).

Of the seven BT18 lines for which they assigned identifica-
tions, we confirm only one: the 3p°3d°Ds-3p*3d* (\D)*Dsa
transition at 174.03 A. This is the strongest of a pair of
transitions that are double-blended in our spectra at 174.024 A
(Table 3). Both identifications are supported by multiple Ritz
combinations. Although we agree with the BT18 identification,
we note that the BT18 atomic model predicted this transition to
be the weakest of all the decays from the 3p*3d*’Dsa level, yet
the measured line is quite strong in their spectra. This is a
consequence of the problem with this level noted earlier.

Of the remaining six lines for which identiﬁcations disagree,
we find two belong to the set of three 3p°3d *F,-3p*3d*
(PYFja transitions. The BTI8 wavelengths 169.605 and
169.900 A match our wavelengths 169.614 and 169. 914 A,
corresponding to the transitions with J=3 and J=4,
respectively. We identify the J=2 transition with a line at
169.773 A (see discussion below). Each identification is
supported by between four and six Ritz combinations. The
2-3 and 3-4 members of the same multiplet comprise the
170.92 A feature in the BT18 spectrum, with Ritz wavelengths
of 170918 and 170.927 A, respectively. The other Ritz
combinations within the 165-175 A range are at 168.483 and
168.610 A (Table 3) and lie close to a strong Fe VIII line in
the BT18 spectrum and were not reported by BT18.

The identification of the 169.773 A line warrants further
discussion as BT18 stated that this line must come from a
spectrum lower than Fe IX. Figure 7 shows the spectra in the
region of this line taken at different excitation conditions in the
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spark. The intensities in the spectra are scaled so that their
comparison can help in the attribution of the lines to different
ions. The 169.773 A line is clearly blended with a strong Fe VI
line (Azarov et al. 1996). But a comparison of the changes in its
intensity with those of the other Fe VI and Fe IX lines clearly
shows that the main contribution to the intensity of this line in
hot conditions comes from FeIX. The identification is
supported by the observation of an additional five Ritz lines
in our spectra.

Two more of the six BT18 lines for which we have different
identifications are 170.11 and 171.685 A. These are the two
strongest decays of the (\D)3Pa (J = 2) level to 3p°3d *P, and *P»,
respectively, that we measure at 170.116 and 171.681 A. Three
additional Ritz combinations outside of the BT18 wavelength
range are reported in Table 3. The remaining two BT18 lines are
at 171.26 and 172.16 A and we identify them with decays from
the (3P)!F; level. Our wavelengths are 171.279 A and 172.219 A
and they correspond to decays to the 3p°3d *D, and 'F; levels,
respectively. Note the latter is blended with OV in the BTI18
spectrum hence the wavelength discrepancy. A third decay to the
'D, level can be identified as an enhanced wing to the strong
169.614 A line, as indicated in Figure 7.

BT18 listed two strong transitions at 167.478 and 167.654 A
as blends of Fe IX with Fe VIII. The former identification was
made on account of the BT18 atomic model predicting the
strongest transition from the 3p*3d* (\D)3Dsa level near this
wavelength. As noted earlier this prediction is at odds with
other atomic calculations, and our spectra do not suggest a
contribution from FeIX. A similar problem may affect
the BT18 identification of the 167.654 A line. That is, if their
atomic model predicts the 3p°3d *F>-3p*3d* *Dsa to be the
strongest decay, then this disagrees with our atomic calcula-
tions and those in CHIANTI. As with the 167.478 A line, we do
not find evidence of an Fe IX contribution.
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The remaining seven Fe IX lines listed by BT18 that are not
found in our spectra were weak in their spectrum
(intensities <0.1 on the BT18 scale). They could belong to
other stages of ionization, but the different excitation condi-
tions in the EBIT compared to our spark spectrum could also be
responsible for the differences. The EBIT plasma has a lower
density that is more typical of the solar corona.

A breakthrough in the analyses of the Fe IX 3p°3d-3p*3d” lines
in the Sun’s spectrum came from observations by Hinode/EIS.
The two wavelength bands 170-212 and 246-292 A are observed
with a spectral resolution of around 0.06 A Imaging capability is
critical to discriminating between neighboring ionization stages, as
demonstrated by Young (2009) who compared images of coronal
loop structures in lines of Fe VIII through Fe X.

Landi & Young (2009a) created an atlas of the Sun’s spectral
lines of ions formed between 10° K and 10° K from a bright point
related to the footpoint region of a coronal loop. The intensities of
cold lines were enhanced over normal values in this atlas. It
permitted to make the first identification of three lines from the
3p°3d—3p*3d* transitions, namely, the main lines from the
3p°3d°F-3p*3d*> (3P)3G multiplet (Young 2009) mentioned
above. In an extension of this result, Young & Landi (2009)
found the Ritz combinations for the 3p*3d” *P)3G, 5 levels, thus
confirming their identifications. Three lines (176.959, 177 594
and 199.986 A) were added as the transitions to the 3p 3d FM
levels from the 3p43d2 (D)3D3 5> levels. It should be noted that
the first line in the EIS spectrum is not fully resolved from the
Fe VII 176.905 A line. The wavelength of this line is 176.978 A
from our fully resolved spectrum. Two other lines at 178.699 and
178.985 A were tentatively suggested as the 3p°3d *F,-3p*3d*
(D)*D, and 3p°3d >Ds-3p*3d*> (PP)3Fa (J=4) transitions,
respectively. We have confirmed these suggestions. In summary,
ten lines in the 3p°3d-3p*3d* array of Fe IX were identified with
specific 3p*3d”> levels.

Young & Landi (2009) published a list of seven additional
observed lines that were suggested as being due to Fe IX based on
image morphology, but for which transition identifications could
not be assigned. We have identified all but one of these lines and
marked them with YLTW in Table 3. On a basis of our laboratory
spectrum, we have identified three additional lines in the Landi &
Young (2009a) atlas. The 182.158, 188.823, and 194. 806 A EIS
lines are identified, respectively, with 3p 3d3F4 3p*3d* (3P)*Fb
(J=4), 3p’3d 1F3—3p43d2 ($)'Gy, and 3p°3d *Dy-3p*3d*
(PY’Fb (J = 3) transitions. The latter is not fully resolved from
the Fe VII 194.770 A line in the EIS spectrum, and our laboratory
wavelength is 194.796 A. Note that the wavelengths of all the EIS
Fe IX lines from the Landi & Young (2009a) atlas listed in Table 3
are corrected for the redshift with velocity 16 kms ™" as suggested
by Young & Landi (2009).

Del Zanna (2009) published a spectral atlas from a coronal
loop rooted in a sunspot that also exhibited strongly enhanced
cool emission lines. Del Zanna confirmed the Young (2009)
identifications of the three main lines of the 3p”3d *F-3p*3d”
(3P)3G multiplet and Del Zanna tentatively identified three weak
transitions from the 3p*3d” configuration levels that we reject.
However, the line list contains many other lines left unidentified
or considered as blends that are also present in the Landi &
Young (2009a) atlas and are identified in our laboratory
spectrum. These lines are marked with D09 in Table 3. Their
wavelengths were corrected for a redshift of 10 kms™".

Large-scale intermediate-coupling R-matrix scattering calcu-
lations for electron collisional excitation of FelIX were
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performed by Del Zanna et al. (2014). The data were used to
create a new atomic model for the ion, and intensities were
computed and compared with observations. Good agreement
with the known Fe IX lines in the EIS spectrum was obtained.
Based on this agreement a few new weak FelX lines were
tentatively identified (Del Zanna 2009). We confirmed the
identification of one line at 192.630 A as the 3p°3d? D3—3>p43d2
(P)3Fb (J =4) transition. The identification of the 194.784 A
line was changed. The other suggested lines are absent in our
laboratory spectra, perhaps because of different excitation
conditions in the Sun and our spark spectra or they belong to
Fe vl (Ekberg 1981 Kramida et al. 2022).

The 3p°3d-3p°4p lines should be also located in the studied
wavelength range. As mentioned above, a hne at 197.862 A in
the EIS spectrum was identified as the 3p°3d 'P,=3p°4p 'S,
transition by Young (2009). This identification was supported
by the observation of two lines at 717.661 and 803. 422 A,
corresponding to decays to the 3p°4s 'P; and *P; levels (Landi
& Young 2009b). These lines were measured with the Solar
Ultraviolet Measurements of Emitted Radiation (Wilhelm et al.
1995) instrument. The 197.862 A line is very weak in our
spectrum. We did not succeed in finding any other lines of the
3p°3d-3p°4p transitions, which possess smaller transition
probabilities than the 197 862 A line. Since only one upper
level is known in the 3p°4p configuration, we considered this
configuration as unknown in our calculations, scaling only its
average energy by a predetermined factor (Table 5). In this
approach, the calculated energy of the 3p°4p 'S, level is lower
than the experimental one by about 3900 cm ™'

4. Conclusions

Using high-resolution laboratory spectra in the 110-200 A
range the analysis of energy levels and spectral lines of Fe IX was
greatly extended. Many weak lines were added to the previous
analyses of the 3p°3d—3p°4f transitions extending the number of
identified lines to 25. Seventy-three lines of the 3p°3d—3p*3d”
transition array were identified, bringing the number of known
lines in this transition array to 81. A number of lines assigned to
FeIX were identified in Hinode/EIS spectra. The data can be
used for diagnostics of solar plasma and provide a benchmark for
further development of atomic theory.
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University of Cambridge (UK).

ORCID iDs

Alexander N. Ryabtsev @ https: //orcid.org/0000-0002-5321-

5406
Peter R. Young @ https: //orcid.org/0000-0001-9034-2925

References

Alexander, E., Feldman, U., Fraenkel, B. S., & Hoory, S. 1965, Natur, 206, 176
Azarov, V. 1., Kramida, A., & Vokhmentsev, M. Y. 2018, CoPhC, 225, 149
Azarov, V. I, Podobedova, L. I., & Ryabtsev, A. N. 1996, PhyS, 53, 398
Behring, W. E., Cohen, L., & Feldman, U. 1972, ApJ, 175, 493
Beiersdorfer, P., & Lepson, J. K. 2012, ApJS, 201, 28

Beiersdorfer, P., & Tribert, E. 2018, ApJ, 854, 114


https://orcid.org/0000-0002-5321-5406
https://orcid.org/0000-0002-5321-5406
https://orcid.org/0000-0002-5321-5406
https://orcid.org/0000-0002-5321-5406
https://orcid.org/0000-0002-5321-5406
https://orcid.org/0000-0002-5321-5406
https://orcid.org/0000-0002-5321-5406
https://orcid.org/0000-0002-5321-5406
https://orcid.org/0000-0002-5321-5406
https://orcid.org/0000-0001-9034-2925
https://orcid.org/0000-0001-9034-2925
https://orcid.org/0000-0001-9034-2925
https://orcid.org/0000-0001-9034-2925
https://orcid.org/0000-0001-9034-2925
https://orcid.org/0000-0001-9034-2925
https://orcid.org/0000-0001-9034-2925
https://orcid.org/0000-0001-9034-2925
https://doi.org/10.1038/206176a0
https://ui.adsabs.harvard.edu/abs/1965Natur.206..176A/abstract
https://doi.org/10.1016/j.cpc.2017.12.012
https://ui.adsabs.harvard.edu/abs/2018CoPhC.225..149A/abstract
https://doi.org/10.1088/0031-8949/53/4/003
https://ui.adsabs.harvard.edu/abs/1996PhyS...53..398A/abstract
https://doi.org/10.1086/151575
https://ui.adsabs.harvard.edu/abs/1972ApJ...175..493B/abstract
https://doi.org/10.1088/0067-0049/201/2/28
https://ui.adsabs.harvard.edu/abs/2012ApJS..201...28B/abstract
https://doi.org/10.3847/1538-4357/aaa761
https://ui.adsabs.harvard.edu/abs/2018ApJ...854..114B/abstract

THE ASTROPHYSICAL JOURNAL, 936:60 (15pp), 2022 September 1

Brown, C. M., Feldman, U., Seely, J. F., Korendyke, C. M., & Hara, H. 2008,
AplS, 176, 511

Cowan, R. D. 1981, The Theory of Atomic Structure and Spectra (Berkeley,
CA: Univ. California Press)

Culhane, J. L., Harra, L. K., James, A. M., et al. 2007, SoPh, 243, 19

Del Zanna, G. 2009, A&A, 508, 501

Del Zanna, G. 2012, A&A, 546, A97

Del Zanna, G., & DeLuca, E. E. 2018, ApJ, 852, 52

Del Zanna, G., Dere, K. P., Young, P. R., & Landi, E. 2021, ApJ, 909, 38

Del Zanna, G., Storey, P. J., Badnell, N. R., & Mason, H. E. 2014, A&A,
565, A77

Delaboudiniere, J. P., Artzner, G. E., Brunaud, J., et al. 1995, SoPh, 162, 291

Drake, J. J., Laming, J. M., & Widing, K. G. 1995, ApJ, 443, 393

Drake, J. J., Laming, J. M., & Widing, K. G. 1997, ApJ, 478, 403

Edlen, B., & Smitt, R. 1978, SoPh, 57, 329

Ekberg, J. O. 1981, PhyS, 23, 7

Engstrom, L. 1998, GFit, a Computer Program to Determine Peak Positions
and Intensities in Experimental Spectra: Lund Reports on Atomic Physics
LRAP-232,, Lund Univ.

Fawcett, B. C., Kononov, E. Y., Hayes, R. W., & Cowan, R. D. 1972, JPhB,
5, 1255

Feldman, U., Doschek, G. A., & Widing, K. G. 1978, ApJ, 219, 304

Foster, A. R., & Testa, P. 2011, ApJL, 740, L52

Gabriel, A. H., & Fawcett, B. C. 1965, Natur, 206, 390

Handy, B. N., Acton, L. W., Kankelborg, C. C., et al. 1999, SoPh, 187, 229

Gu, M. F. 2008, CaJPh, 86, 675

Howard, R. A., Moses, J. D., Vourlidas, A., et al. 2008, SSRv, 136, 67

Kramida, A. 2019, NIST Public Repository (A suite of atomic structure codes
originally developed by R. D. Cowan adapted for Windows-based personal
computers) (Gaithersburg, MD: National Institute of Standards and
Technology),

Kramida, A., Ralchenko, Y., Reader, J. & NIST ASD Team 2021, NIST Atomic
Spectra Database (ver. 5.9), [Online]. Available: https:/ /physics.nist.gov/asd,
National Institute ofStandards and Technology, Gaithersburg, MD

15

Ryabtsev, Kononov, & Young

Kramida, A., Ryabtsev, A. N., & Young, P. R. 2022, ApJS, 258, 37

Kramida, A. E. 2011, CoPhC, 182, 419

Landi, E., Del Zanna, G., Young, P. R., Dere, K. P., & Mason, H. E. 2012,
Apl, 744, 99

Landi, E., & Young, P. R. 2009a, ApJ, 706, 1

Landi, E., & Young, P. R. 2009b, ApJ, 707, 1191

Lemen, J. R., Title, A. M., Akin, D. J., et al. 2012, SoPh, 275, 17

Lepson, J. K., Beiersdorfer, P., Brown, G. V., et al. 2002, ApJ, 578, 648

Liang, G. Y., Baumann, T. M., Lépez-Urrutia, J. R. C., et al. 2009, ApJ,
696, 2275

Malinovsky, L., & Heroux, M. 1973, ApJ, 181, 1009

O’Dwyer, B., Del Zanna, G., Badnell, N. R., Mason, H. E., & Storey, P. J.
2012, A&A, 537, A22

Ramonas, A. A., & Ryabtsev, A. N. 1980, OptSp, 48, 348

Rochus, P., Auchere, F., Berghmans, D., et al. 2020, A&A, 642, A8

Ryabtsev, A. N. 2017, EPJWC, 132, 03043

Santana, J. A., Ishikawa, Y., & Beiersdorfer, P. 2020, ApJS, 247, 52

Storey, P. J., Zeippen, C. J., & Le Dourneuf, M. 2002, A&A, 394, 753

Svensson, L. A., & Ekberg, J. O. 1969, Ark. Fys., 40, 145

Swartz, M., Kastner, S. O., Goldsmith, L., & Neupert, W. M. 1976, JOSA,
66, 240

Tayal, S. S., & Zatsarinny, O. 2015, ApJ, 812, 174

Vilkas, M. J., & Ishikawa, Y. 2004, PhRvA, 69, 062503

Vilkas, M. J., Ishikawa, Y., & Koc, K. 1999, PhRvA, 60, 2808

Wagner, W. J., & House, L. L. 1971, ApJ, 166, 683

Wilhelm, K., Curdt, W., Marsch, E., et al. 1995, SoPh, 162, 189

Woods, T. N., Eparvier, F. G., Hock, R., et al. 2012, SoPh, 275, 115

Young, P. R. 2009, ApJL, 691, L77

Young, P. R., Del Zanna, G., Mason, H. E., et al. 2007, PASJ, 59,
S857

Young, P. R., Dere, K. P., Landi, E., Del Zanna, G., & Mason, H. E. 2016,
JPhB, 49, 074009

Young, P. R., & Landi, E. 2009, ApJ, 707, 173

Young, P. R., Ryabtsev, A. N., & Landi, E. 2021, ApJ, 908, 104


https://doi.org/10.1086/529378
https://ui.adsabs.harvard.edu/abs/2008ApJS..176..511B/abstract
https://doi.org/10.1007/s01007-007-0293-1
https://ui.adsabs.harvard.edu/abs/2007SoPh..243...19C/abstract
https://doi.org/10.1051/0004-6361/200913082
https://ui.adsabs.harvard.edu/abs/2009A&A...508..501D/abstract
https://doi.org/10.1051/0004-6361/201219923
https://ui.adsabs.harvard.edu/abs/2012A&A...546A..97D/abstract
https://doi.org/10.3847/1538-4357/aa9edf
https://ui.adsabs.harvard.edu/abs/2018ApJ...852...52D/abstract
https://doi.org/10.3847/1538-4357/abd8ce
https://ui.adsabs.harvard.edu/abs/2021ApJ...909...38D/abstract
https://doi.org/10.1051/0004-6361/201323297
https://ui.adsabs.harvard.edu/abs/2014A&A...565A..77D/abstract
https://ui.adsabs.harvard.edu/abs/2014A&A...565A..77D/abstract
https://doi.org/10.1007/BF00733432
https://ui.adsabs.harvard.edu/abs/1995SoPh..162..291D/abstract
https://doi.org/10.1086/175533
https://ui.adsabs.harvard.edu/abs/1995ApJ...443..393D/abstract
https://doi.org/10.1086/303755
https://ui.adsabs.harvard.edu/abs/1997ApJ...478..403D/abstract
https://doi.org/10.1007/BF00160106
https://ui.adsabs.harvard.edu/abs/1978SoPh...57..329E/abstract
https://doi.org/10.1088/0031-8949/23/1/002
https://ui.adsabs.harvard.edu/abs/1981PhyS...23....7E/abstract
https://doi.org/10.1088/0022-3700/5/6/028
https://ui.adsabs.harvard.edu/abs/1972JPhB....5.1255F/abstract
https://ui.adsabs.harvard.edu/abs/1972JPhB....5.1255F/abstract
https://doi.org/10.1086/155778
https://ui.adsabs.harvard.edu/abs/1978ApJ...219..304F/abstract
https://doi.org/10.1088/2041-8205/740/2/L52
https://ui.adsabs.harvard.edu/abs/2011ApJ...740L..52F/abstract
https://doi.org/10.1038/206390a0
https://ui.adsabs.harvard.edu/abs/1965Natur.206..390G/abstract
https://doi.org/10.1023/A:1005166902804
https://ui.adsabs.harvard.edu/abs/1999SoPh..187..229H/abstract
https://doi.org/10.1139/P07-197
https://ui.adsabs.harvard.edu/abs/2008CaJPh..86..675G/abstract
https://doi.org/10.1007/s11214-008-9341-4
https://ui.adsabs.harvard.edu/abs/2008SSRv..136...67H/abstract
https://physics.nist.gov/asd
https://doi.org/10.3847/1538-4365/ac3a7e
https://ui.adsabs.harvard.edu/abs/2022ApJS..258...37K/abstract
https://doi.org/10.1016/j.cpc.2010.09.019
https://ui.adsabs.harvard.edu/abs/2011CoPhC.182..419K/abstract
https://doi.org/10.1088/0004-637X/744/2/99
https://ui.adsabs.harvard.edu/abs/2012ApJ...744...99L/abstract
https://doi.org/10.1088/0004-637X/706/1/1
https://ui.adsabs.harvard.edu/abs/2009ApJ...706....1L/abstract
https://doi.org/10.1088/0004-637X/707/2/1191
https://ui.adsabs.harvard.edu/abs/2009ApJ...707.1191L/abstract
https://doi.org/10.1007/s11207-011-9776-8
https://ui.adsabs.harvard.edu/abs/2012SoPh..275...17L/abstract
https://doi.org/10.1086/342274
https://ui.adsabs.harvard.edu/abs/2002ApJ...578..648L/abstract
https://doi.org/10.1088/0004-637X/696/2/2275
https://ui.adsabs.harvard.edu/abs/2009ApJ...696.2275L/abstract
https://ui.adsabs.harvard.edu/abs/2009ApJ...696.2275L/abstract
https://doi.org/10.1086/152108
https://ui.adsabs.harvard.edu/abs/1973ApJ...181.1009M/abstract
https://doi.org/10.1051/0004-6361/201117926
https://ui.adsabs.harvard.edu/abs/2012A&A...537A..22O/abstract
https://ui.adsabs.harvard.edu/abs/1980OptSp..48..348R/abstract
https://doi.org/10.1051/0004-6361/201936663
https://ui.adsabs.harvard.edu/abs/2020A&A...642A...8R/abstract
https://doi.org/10.1051/epjconf/201713203043
https://ui.adsabs.harvard.edu/abs/2017EPJWC.13203043R/abstract
https://doi.org/10.3847/1538-4365/ab76c7
https://ui.adsabs.harvard.edu/abs/2020ApJS..247...52S/abstract
https://doi.org/10.1051/0004-6361:20021091
https://ui.adsabs.harvard.edu/abs/2002A&A...394..753S/abstract
https://doi.org/10.1364/JOSA.66.000240
https://ui.adsabs.harvard.edu/abs/1976JOSA...66..240S/abstract
https://ui.adsabs.harvard.edu/abs/1976JOSA...66..240S/abstract
https://doi.org/10.1088/0004-637X/812/2/174
https://ui.adsabs.harvard.edu/abs/2015ApJ...812..174T/abstract
https://doi.org/10.1103/PhysRevA.69.062503
https://ui.adsabs.harvard.edu/abs/2004PhRvA..69f2503V/abstract
https://doi.org/10.1103/PhysRevA.60.2808
https://ui.adsabs.harvard.edu/abs/1999PhRvA..60.2808V/abstract
https://doi.org/10.1086/150993
https://ui.adsabs.harvard.edu/abs/1971ApJ...166..683W/abstract
https://doi.org/10.1007/BF00733430
https://ui.adsabs.harvard.edu/abs/1995SoPh..162..189W/abstract
https://doi.org/10.1007/s11207-009-9487-6
https://ui.adsabs.harvard.edu/abs/2012SoPh..275..115W/abstract
https://doi.org/10.1088/0004-637X/691/2/L77
https://ui.adsabs.harvard.edu/abs/2009ApJ...691L..77Y/abstract
https://doi.org/10.1093/pasj/59.sp3.S857
https://ui.adsabs.harvard.edu/abs/2007PASJ...59S.857Y/abstract
https://ui.adsabs.harvard.edu/abs/2007PASJ...59S.857Y/abstract
https://doi.org/10.1088/0953-4075/49/7/074009
https://ui.adsabs.harvard.edu/abs/2016JPhB...49g4009Y/abstract
https://doi.org/10.1088/0004-637X/707/1/173
https://ui.adsabs.harvard.edu/abs/2009ApJ...707..173Y/abstract
https://doi.org/10.3847/1538-4357/abd39b
https://ui.adsabs.harvard.edu/abs/2021ApJ...908..104Y/abstract

	1. Introduction
	2. Experiment
	3. Results
	3.1. The 3p53d–3p54f Transitions
	3.2. The 3p53d–3p43d2 Transitions

	4. Conclusions
	References



