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ABSTRACT

In the light of accurate structure and scattering calculations for Fe, we review the status of identifications in the EUV spectrum
of this ion using various experimental data, from the X-raysto the UV. Most previous identifications are confirmed, although a
critical revision leads to changes in many wavelength values, in particular for the 2p5 3s–2p5 3p and 2p5 3p–2p5 3d transitions, which
we observed with the Hinode EUV Imaging Spectrometer (EIS).Several lines are identified here for the first time. We find good
agreement between expected and measured line intensities,with a few notable exceptions. In particular, the strong line in the EIS
spectra, observed at 254.88 Å, has a consistently low observed intensity. We present two Hinode/EIS observations and discuss which
lines are clearly blended in these datasets, and which are reliable for diagnostic purposes.
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1. Introduction

This paper is one of a series in which atomic data and line identi-
fications are benchmarked against experimental data (Del Zanna
et al. 2004). It is now timely for us to review the Fe EUV
spectrum for the following reasons. First, the R-matrix scatter-
ing calculations of Loch et al. (2006) predict Fe line intensi-
ties that largely differ (factors of 2–3) from previous estimates.
Hence, previous identifications need to be reassessed in light of
these new data. Second, new accurate ab-initio theoreticalcal-
culations of level energies for Ne-like ions are now available
(Ishikawa et al. 2009). These theoretical energies are of great
help in the line identification process. Third, accurate wave-
lengths and intensities of some EUV lines are now measurable
by the Hinode EUV Imaging Spectrometer (EIS, see Culhane
et al. 2007). Fourth, the Fe EUV lines observed by EIS are
of particular importance because they are among the very few
lines formed at temperatures (4–10 MK) that provide useful in-
formation about the nature of the heating in the solar corona.

In this paper we focus on the EUV lines, principally the
2p5 3s–2p5 3p and 2p5 3p–2p5 3d transitions that occur at EUV
wavelengths (200–500 Å) and for which we can provide accu-
rate EUV wavelengths based on EIS observations [a preliminary
assessment of the most prominent Fe lines was published in
Del Zanna 2008]. The weakern = 4 → 3 andn = 3→ 3 tran-
sitions, which occur in the 30–150 Å range are also considered,
as well as wavelength measurements in the X-rays.

Section 2 describes the experimental data we have se-
lected, with particular emphasis on the analysis of Hinode EIS
data. Section 3 briefly describes the benchmark method used.
Section 4 discusses the lines observed in the 30–150 Å range,
while Sect. 5 discusses those observed in the 171-630 Å range.
In Section 6, we draw our conclusions.

2. Experimental data

2.1. X-ray observations

The identification of Fe lines started with the excellent work
of Tyrén (1938) on the soft-X-ray transitions to the L shell, pro-
viding identifications and at the time excellent wavelengths. We
reviewed the measurements of X-ray wavelengths found in the
literature, and found that Hutcheon et al. (1976a) and Hutcheon
et al. (1976b) provide very accurate values. There is excellent
agreement, within 1 m Å, between the Hutcheon et al. measure-
ments and the most accurate measurements in the X-rays, from
laboratory spectra (Boiko et al. 1978) to solar SMM/FCS ones
(Phillips et al. 1982).

The set of observed wavelengthsλobs. that we consider most
accurate are provided in Table 1. We used them, as described
in the Appendix, in conjunction with the EUV wavelengths to
obtain a consistent set of experimental energies for this ion.

2.2. EUV observations in the 30–150 Å range

The 30–150 Å range is rich in (weaker) Fe n = 4 → 3 and
n = 3 → 3 transitions. Fawcett et al. (1979) provided many
wavelength measurements and identifications using laboratory
spectra. We adopted their wavelengths as shown in Table 2.
Finkenthal et al. (1985) provided a few additional measurements
and identifications again based on laboratory spectra, which we
also considered. The highest quality solar flare spectrum atthese
wavelengths is probably that obtained during a rocket flightby
Acton et al. (1985). Wavelengths were not accurate, but the spec-
trum was radiometrically calibrated, so we could use their line
intensities for the benchmark.



Table 1. List of wavelengths and identifications for the X-ray lines.

i- j λobs(Å) ID Diff. ID

1-131 11.023(4) Br77 ? H76
1-129 ? 11.043(4) Br77 (11.051 B98) Br77
1-118 11.129(1) H76a ? S71, H76b
1-93 11.250(1) H76a (bl) ? S71, H76b
1-85 11.287(2) H76b ? H76b
1-77 11.420(3) H76b (bl) H76b
1-71 12.124(2) H76a (bl ?) H76a
1-59 12.264(2) H76a (bl ?) H76a ? T38
1-52 ? 12.322(4) Br78 (bl Fe XXI) S71
1-42 12.521(2) H76a (bl Fe XXI) ? S71
1-39 12.680(2) H76a (bl Fe XXI) ? S71 B98
1-37 13.159(2) (bl) N LP05
1-33 13.825(2) H76a T38
1-31 13.890(3) H76a T38
1-27 15.013(2) H76a T38
1-23 15.262(2) H76a (bl mr) T38
1-17 15.453(2) H76b (bl ?) T38
1-14 16.004(2) (bl Fe XVIII, O VIII) N
1-10 16.238(2) (bl Fe XVIII) N
1-7 16.335(2) (bl Fe XVIII) N
1-5 16.775(2) H76b T38
1-3 17.051(2) H76b T38
1-2 17.096(2) H76b P73

Table 1. i- j are level indices,λobs the observed wavelength
with the uncertainty (last digit) and the source. (bl) indicates
the presence of a blend, mr in medium-resolution spectra. ID
indicates the original identification (N is a new identification
proposed here), while Diff. ID indicates a differing identifica-
tions. References: T38: Tyrén (1938); S71: Swartz et al. (1971);
P73: Parkinson (1973); H76a: Hutcheon et al. (1976a); H76b:
Hutcheon et al. (1976b); Br77: Bromage et al. (1977); B98:
Brown et al. (1998); LP05: Landi & Phillips (2005).

2.3. EUV observations in the 171–630 Å range

The Skylab NRL slitless spectrograph produced spectra of so-
lar flares in the 171–630 Å range. For this benchmark, we con-
sidered the calibrated intensities of a solar flare reportedby
Doschek et al. (1991). We also adopted some of the wave-
lengths measured by Dere (1978), listed in Table 2. We re-
placed the Skylab wavelengths with the more accurate SERTS
and Hinode/EIS values, whenever available. The intensities of a
few lines recorded during the 1989 SERTS rocket flight (Thomas
& Neupert 1994) were also used for the benchmark. Thomas &
Neupert (1994) provided very accurate wavelengths which were
adopted, as shown in Table 2.

2.4. Hinode/EIS observations

The EIS instrument covers two wavelength bands (SW: 165–
211 Å; LW: 245–291 Å, approximately). We analysed many
Hinode/EIS observations containing Fe lines, although only
the results from two observations are presented here. The first
observation is a full spectrum recorded on 2007 June 2. A pre-
liminary analysis of this observation was presented in Del Zanna
(2008). Here, the same observation is reanalysed in variousre-
spects. First, by including a treatment of ‘warm’, ‘hot’, and
‘dust’ pixels (in the sense that these pixels are excluded from
the analysis). Second, by applying a geometrical correction to
the spectra. It has been known that there are offsets in both N-S
(18′′) and E-W (2′′) directions between the two EIS channels.
The offset in the E-W direction means that observations in the

Table 2. List of wavelengths and identifications for the EUV lines.

i- j λexp. λobs.(Å) ID Diff. ID

19-96 41.370 41.37(20) F79 F79
3-47 46.300 46.30(20) (bl) A85 N
5-56 46.307 46.30(20) (bl) A85 N
2-44 46.400 46.40(20) (bl) A85 N
7-55 49.870 49.87(20) (bl) F79 F79
8-53 50.260 50.26(20) F79 (bl) F79
33-135 50.690 50.69(20) (bl) A85 N
8-38 57.320 57.320(20) F79 F79
33-119 57.710 57.71(20) A85 N
18-64 58.621 58.62(20) F79 (bl) F79
24-72 58.752 58.76(20) F79 (bl) N F79
19-62 58.760 58.76(20) F79 (bl) F79
25-74 58.980 58.98(20) F79 (bl) F79
20-61 58.980 58.98(20) F79 F79
26-73 59.259 59.26(20) F79 (bl) F79
21-66 59.260 59.26(20) F79 (bl) F79
22-67 59.590 59.59(20) F79 F79
27-56 68.510 68.51(20) A85 N
3-29 89.760 89.76(20) A85 N Fi85 (87.30)
3-15 204.668 204.668(10) N (bl) D78
6-18 254.536 254.536(10) N (bl) J84,B85(254.48)
5-15 254.885 254.885(10) N (bl) D78(254.87)
7-21 259.705 259.722(10) N (bl) N
8-22 262.699 262.699(10) N (bl) N
6-17 264.785 (bl Fe XIV) N
12-24 266.417 266.417(10) N J84,B85(266.43)
7-20 269.420 269.420(10) N J84 ?B85(269.61)
6-16 269.886 269.886(10) N (bl) J84
33-37 273.347 273.347(10) N (bl) N
7-18 274.210 (bl Fe XIV) N
9-21 275.550 275.550(10) N J84,B85(275.60)
8-20 279.245 279.240(10) N (bl) N
14-26 280.160 280.160(10) N (sbl) D08 J84(279.21)

B85(279.1)
10-22 280.160 280.160(10) N (sbl) J84,B85, D08
13-25 281.120 281.120(10) N J84(281.09), B85
8-19 283.942 283.945(10) N N B85(284.01)

J84(284.17)
14-24 288.945 288.960(10) weak N
3-11 295.981 295.98(20) D78 F85 J84(297.34)

B85(297.46)
10-18 304.971 304.971(10) E N B85(304.93)

(bl MnXIV,FeXV)
2-10 323.572 323.57(20) D78 J84, B85(323.65)
4-13 340.122 340.12(20) D78 F85 J84(337.23)
3-10 340.391 340.40(20) D78 J84,B85(340.47)
5-14 347.816 347.814(4) TN94 J84 B85(347.96)
2-8 350.478 350.477(5) TN94 J84,B85(350.58)
5-13 351.533 351.58(20) D78 F85, B85(351.69)
3-9 358.247 358.247(6) TN94 J84 ?B85
2-7 367.288 367.287(8) TN94 F85,B85(367.37) J84(365.62)
4-12 373.430 ? 373.41(20) F85 F85 B85(372.93)
5-12 387.231 387.23(20) D78 F85, B85(387.36)
3-7 389.111 389.11(20) (bl) F85, B85(389.25) J84(387.23)
2-6 409.705 409.705(6) TN94 F85 J84(410.46)

B85(409.91)
3-4 1153.16 1153.16(20) F98 F85

Table 2. See Table 1 for a description of the columns.λexp. (Å)
is the experimental wavelength obtained from the experimental
energies. The estimated uncertainty inλobs in parentheses is in
mÅ. N in theλobs column indicates a new measurement based
on the Hinode EIS observations presented here. (sbl) indicates
the presence of a self-blend. Some of the literature wavelengths
(Å) are indicated in parentheses. References: D78: Dere (1978);
F79: Fawcett et al. (1979); J84: Jupén (1984); F85:Feldmanet al.
(1985); B85: Buchet et al. (1985); Fi85: Finkenthal et al. (1985);
A85: Acton et al. (1985); TN94:Thomas & Neupert (1994); F98:
Feldman et al. (1998); D08:Del Zanna (2008).



Fig. 1. Monochromatic images (negative) of a selection of EIS linesfrom the 2007 May 21 observation. Ion and wavelength in Å are indicated,
as well as the logarithm of the temperature (K) of line formation in collisional ionisation equilibrium. We note that allthe identified Fe lines
have the same morphology.

two channels are neither simultaneous nor cospatial. A further
significant effect found during the course of this work is a slant
in the spectra relative to the axes of the CCD. The intensities
of lines emitted by the same ion within each channel were cross-
correlated to measure the slant. We found the presence of a linear
slant in both channels, equivalent to a displacement in the N-S
direction of about 3.66(±0.2) pixels end-to-end (each pixel along
the slit corresponding to 1′′). The slant has a significant impact
on the data analysis, and was corrected by rotating the spectra.
We note that a similar slant in the SW channel was independently
reported by Young et al. (2009).

The location of the brightest Fe emission considered in
Del Zanna (2008) is an area where lines are broadened and very
strong emission of cooler features is present. For this study, an
average spectrum was obtained from three consecutive expo-
sures in two locations where the Fe emission was less af-
fected by blending.

The EIS instrument is affected by a strong (75 km/s) or-
bital variation in the wavelength scale. This was removed, and
a wavelength calibration obtained by using the bottom 50′′ of
the field of view as the reference. The locations chosen to obtain
an averaged spectrum are places where Dopplershifts in coro-
nal lines are smaller than±5 km/s. The averaged spectrum was
calibrated in wavelength, using a set of about 30 coronal lines

(formed around 1 MK) in each channel and a quadratic wave-
length calibration. The adopted rest-frame wavelengths origi-
nated in various laboratory and solar observations, and canbe
found e.g., in the CHIANTI atomic package (Dere et al. 1997;
Landi et al. 2006). Very good agreement (to within 5 mÅ) be-
tween observed and rest-frame wavelengths was found across
both EIS spectral ranges. A conservative uncertainty of 10 mÅ is
adopted. We found no measurable Dopplershifts in the strongest
Fe lines, and therefore believe that the Fe wavelengths
that we measured are to be considered as being at rest.

The second EIS observation is a full spectrum recorded on
2007 May 21 with the 2′′ slit and a long exposure of 40s. The
long exposure allowed the measurement of the line intensities for
each 2′′×2′′ area in the field of view. The observation was pro-
cessed in the same way as the previous one. Figure 1 shows the
resulting monochromatic images for a selection of lines formed
over a range of temperatures. We note that the bulk of the Fe

emission is concentrated within a loop structure, which only be-
comes visible in Fe. We also note that the Fe 263.765 Å
line is dominated by two unidentified coronal lines (at 263.70 Å)
that have a formation temperature similar to Fe. Figure 1 is
important because it clearly shows that all the Fe lines iden-



tified in this paper have the same morphology, although many of
them are blended.

We selected two averaged spectra, one from the lower part
of the flare loop, where blending should be at a minimum, and
one from a transition-region brightening located at the bottom
left of the field of view. The averaged spectra were wavelength-
calibrated to an accuracy of 5 mÅ. With this calibration, we
found the same Fe wavelengths (to within a few mÅ) as in
the 2007 June 2 observation. No Dopplershifts in Fe lines
were observed. Portions of the spectra where Fe lines are
present are shown in Fig. 2. For comparison, the spectra of the
transition-region brightening are also shown on the same Fig. 2.
It is quite clear which Fe lines can be blended with lines
formed at transition-region temperatures (when sufficient plasma
at those temperatures is present along the line of sight). The most
notable case is the 204.66 Å line, which is blended, on its red
wing, by a strong (unidentified) transition-region line, located
at 204.72 Å. This line has the same morphology as Fe (or
Si) and becomes much stronger than the Fe line at all lo-
cations where Fe is bright. Another notable feature is that the
283.93 Å line still clearly shows some residual blending with the
far blue wing of the very bright Fe 284.15 Å resonance line.
We note, however, that in the flare loop region, Fe lines are
strong and not severely blended.

3. The benchmark method

As described in Del Zanna et al. (2004), the benchmark process
starts with an assessment of the observed wavelengthsλobs. For
Fe, we reviewed all previous measurements from the X-rays
to the UV, as briefly described in the previous section. These
observed wavelengthsλobs are provided in Tables 1 and 2.

From the observed wavelengthsλobs a set of experimental
level energiesEexp is obtained (see the Appendix and Tables A.1
and A.2).

From the level energiesEexp, experimental wavelengthsλexp
are derived. We note that there can be cases when lines with
experimental wavelengthsλexp have not been observed yet, and
cases whenλexp andλobs are not exactly the same.

As an aid to the identification process, relativistic multi-
reference many-body perturbation theory calculations were per-
formed along the Ne-like sequence (see Ishikawa et al. 2009). In
these, state-averaged multiconfiguration Dirac-Fock-Breit self-
consistent field (MCDFB SCF) and multi-reference configura-
tion interaction (MR-CI) calculations are followed by a state-
specific multi-reference Møller- Plesset perturbation treatment.
This procedure (hereafter referred to as MR-MP) yields highly
accurate level energies, the average deviation between experi-
mental and theoretical values being 0.01%. For details of the
procedure, we refer to Ishikawa & Vilkas (2008). Wavelengths
obtained from the energies of the MR-MP calculations are also
shown in Table 4, together with those from the NIST database1.
The NIST wavelengths were obtained from the published list of
energies. Table 4 clearly shows excellent agreement between the
MR-MP wavelengths and the experimental ones, with deviations
of only about 0.1 Å (the only notable exception being the two
decays from the 3p1S0 level). We note that typical deviations of
other ab-initio calculations are of the order of 5–10 Å, as shown,
e.g., by the theoretical wavelengthsλCC obtained from the scat-
tering target energies and also shown in Table 4. The MR-MP
wavelengths were used to identify additional weaker lines.

1 http://physics.nist.gov/PhysRefData/ASD/index.html

Fig. 2. Hinode EIS spectra (ordinates are averaged counts per pixel,
while abscissae are wavelengths in Å) over an area where Fe emis-
sion was more clearly isolated (black line) and over a transition-region
brightening (red thick line).

Line intensities were calculated with the rates and transition
probabilities provided by Loch et al. (2006), at the temperature
of peak ion abundance for Fe in ionisation equilibrium (log
T[K] = 6.6). Table 4 shows the relative line intensities calcu-
lated at an electron density of 1011 cm−3, which is typical of
solar flares but still in the low-density regime for this ion.The
lines are ordered by their intensities. It is reassuring to see that
all the lines expected to be brightest have now been observed.
Line intensities, whenever available, were compared to confirm
identifications and assess the possible presence of blending. This
was achieved using the ‘emissivity ratio’ technique, whereby the
observed intensity of a line is divided by its emissivity (inthis
paper, as a function of density). In one single plot, this allows us
to compare at once for a group of lines observed and theoreti-
cal intensities (see Del Zanna et al. 2004 for details), and assess
which of the respective emissivities have a different sensitivity
to electron density.

4. Benchmark in the 30–150 Å range

Fawcett et al. (1979) performed an excellent analysis to identify
the transitions that become strong at high densities, as Table 3



Table 3. List of strongest Fe lines in the 30–150 Å range.

i- j Transition Int Int λexp.(Å) λCC(Å) λNIST(Å) λMR−MP(Å)

1.0 1011 1.0 1019

3-29 2s22p53s1P1–2p63s1S0 0.38 0.19 89.760 87.52 87.319 89.79
5-56 2s22p53s3P1–2s22p54p 1S0 0.15 7.2 10−2 46.307 46.19 - -
5-29 2s22p53s3P1–2p63s1S0 0.23 0.11 98.249 95.78 95.317 98.28
3-47 2s22p53s1P1–2s22p54p 3P0 8.4 10−2 4.3 10−2 46.300 46.12 - -
8-53 2s22p53p 3D3–2s22p54d 3F4 6.4 10−2 0.33 50.260 50.32 50.280 -
22-37 2s22p53d 3D3–2p63d 1D2 0.11 0.11 92.283 90.34 - 92.35
2-44 2s22p53s3P2–2s22p54p 3D3 4.6 10−2 0.16 46.400 46.64 - -
33-119 2p63p 1P1–2p64s1S0 5.4 10−2 2.9 10−2 57.710 57.79 - -
33-135 2p63p 1P1–2p64d 1D2 4.6 10−2 4.0 10−2 50.690 50.75 - -
26-37 2s22p53d 1F3–2p63d 1D2 8.9 10−2 8.9 10−2 100.640 98.53 - 100.71
20-37 2s22p53d 3F3–2p63d 1D2 7.8 10−2 7.9 10−2 90.401 88.51 - 90.47
3-83 2s22p53s1P1–2s22p55p 1S0 2.9 10−2 7.1 10−3 - 33.73 - -
14-70 2s22p53p 1D2–2s22p54d 1F3 4.2 10−2 0.14 - 50.46 - -
13-69 2s22p53p 3P1–2s22p54d 3D2 4.1 10−2 0.11 - 50.44 - -
27-56 2s22p53d 1P1–2s22p54p 1S0 5.5 10−2 2.6 10−2 68.510 68.66 - -
7-55 2s22p53p 3D2–2s22p54d 3F3 3.9 10−2 0.18 49.870 49.93 49.897 -
19-36 2s22p53d 3F4–2p63d 3D3 7.1 10−2 0.25 - 91.29 - 93.20
2-28 2s22p53s3P2–2p63s3S1 6.4 10−2 0.21 - 90.52 - 92.50
21-37 2s22p53d 1D2–2p63d 1D2 6.2 10−2 6.2 10−2 91.550 89.60 - 91.62
8-32 2s22p53p 3D3–2p63p 3P2 6.0 10−2 0.27 - 90.40 - 92.40
6-52 2s22p53p 3S1–2s22p54d 3P1 3.1 10−2 6.6 10−2 49.456 49.38 49.443 -
10-54 2s22p53p 3P2–2s22p54d 3P2 2.5 10−2 7.3 10−2 - 50.89 - -
23-47 2s22p53d 3D1–2s22p54p 3P0 3.2 10−2 1.6 10−2 67.918 67.78 - -
9-57 2s22p53p 1P1–2s22p54d 1D2 2.3 10−2 8.4 10−2 - 50.37 49.805 -
20-35 2s22p53d 3F3–2p63d 3D2 4.2 10−2 0.11 - 92.03 - 93.91
8-38 2s22p53p 3D3–2s22p54s3P2 2.1 10−2 8.4 10−2 57.320 57.40 57.331 -
14-42 2s22p53p 1D2–2s22p54s3P1 1.9 10−2 3.7 10−2 57.536 57.68 57.646 -
11-59 2s22p53p 3P0–2s22p54d 3D1 1.6 10−2 1.7 10−2 51.247 51.29 51.236 -
25-37 2s22p53d 3D2–2p63d 1D2 3.1 10−2 3.1 10−2 100.211 98.06 - 100.29
24-37 2s22p53d 3F2–2p63d 1D2 3.0 10−2 3.0 10−2 99.553 97.45 - 99.63
9-59 2s22p53p 1P1–2s22p54d 3D1 1.5 10−2 1.6 10−2 49.750 49.75 49.748 -
15-71 2s22p53p 1S0–2s22p54d 1P1 1.5 10−2 1.7 10−2 52.780 53.25 52.754 -
19-62 2s22p53d 3F4–2s22p54f 3G5 1.4 10−2 0.69 58.760 58.93 58.783 -
7-57 2s22p53p 3D2–2s22p54d 1D2 1.1 10−2 4.0 10−2 - 49.80 49.261 -
21-34 2s22p53d 1D2–2p63d 3D1 1.9 10−2 4.7 10−2 - 93.34 - 95.25
25-74 2s22p53d 3D2–2s22p54f 3D3 1.2 10−2 0.25 58.980 59.23 59.240 -
17-63 2s22p53d 3P1–2s22p54f 3D2 1.2 10−2 0.11 - 58.33 58.268 -
26-73 2s22p53d 1F3–2s22p54f 3G4 1.2 10−2 0.30 59.258 59.43 - -
9-39 2s22p53p 1P1–2s22p54s1P1 1.1 10−2 2.1 10−2 57.388 57.53 57.407 -
20-61 2s22p53d 3F3–2s22p54f 1G4 1.1 10−2 0.41 58.980 59.15 59.278 -
7-39 2s22p53p 3D2–2s22p54s1P1 1.1 10−2 2.0 10−2 56.668 56.79 56.686 -
18-37 2s22p53d 3P2–2p63d 1D2 1.6 10−2 1.6 10−2 89.874 87.92 - 89.95
10-39 2s22p53p 3P2–2s22p54s1P1 1.0 10−2 1.9 10−2 57.874 58.01 57.893 -
27-37 2s22p53d 1P1–2p63d 1D2 1.8 10−2 1.8 10−2 106.585 104.77 - 106.66
7-31 2s22p53p 3D2–2p63p 3P1 1.5 10−2 6.5 10−2 92.793 90.86 92.832 92.89
18-64 2s22p53d 3P2–2s22p54f 3F3 8.7 10−3 0.27 58.621 58.76 - -
24-72 2s22p53d 3F2–2s22p54f 3G3 8.2 10−3 0.22 58.751 59.07 59.010 -
22-67 2s22p53d 3D3–2s22p54f 3F4 7.9 10−3 0.40 59.590 59.79 59.607 -
21-66 2s22p53d 1D2–2s22p54f 1F3 7.4 10−3 0.25 59.260 59.48 59.337 -

Table 3. Lines are ordered by decreasing intensity. The first column indicates the level indices as given in Loch et al. (2006). The
second column provides the transition description. The relative intensities (photons)Int were calculated at electron densities of
1011 and 1019 cm−3, typical of solar flares and laboratory spectra.λexp. are our experimental wavelengths.λCC are the wavelengths
obtained from the scattering target energies (Loch et al. 2006), whileλNIST are those from NIST v.3 andλMR−MP are those obtained
from the MR-MP calculations.

shows (see the intensities calculated at 1019 cm−3). We confirm
all their identifications, but note that in various other literature
and databases (e.g., NIST, CHIANTI) some incorrect identifica-
tions are present.

As mentioned in Ishikawa et al. (2009), there are large dis-
crepancies between the reported (e.g., NIST) and calculated
MR-MP energies for a number of 2s 2p6 3s,p,d levels along the

whole sequence, so doubt should be cast upon the reliabilityof
previous identifications. We studied the Fe 2s 2p6 3s,p,d lev-
els closely and propose that all previous identifications, in partic-
ular those of Finkenthal et al. (1985), are incorrect. Finkenthal
et al. (1985) studied the 2s2 2p5 3s - 2s 2p6 3s transitions in
Cr, Fe, and Ni along the sequence and identified a
number of transitions.



Table 4. List of the Fe strongest lines in the 200–450 Å range.

i- j Transition Int Int(B84) λexp. λCC λNIST λMR−MP

3-15 2s22p53s1P1–2s22p53p 1S0 1.0 1 204.668 196.38 204.650 205.34
5-15 2s22p53s3P1–2s22p53p 1S0 1.1 1.1 254.885 243.47 254.751 255.93
2-8 2s22p53s3P2–2s22p53p 3D3 1.2 0.54 350.478 348.22 350.582 350.30
5-14 2s22p53s3P1–2s22p53p 1D2 0.78 0.28 347.816 345.98 347.959 347.69
2-6 2s22p53s3P2–2s22p53p 3S1 0.77 0.4 409.705 408.70 409.903 409.30
8-19 2s22p53p 3D3–2s22p53d 3F4 0.42 0.27 283.942 282.86 284.010 283.97
2-10 2s22p53s3P2–2s22p53p 3P2 0.47 0.17 323.572 321.97 323.646 323.50
3-9 2s22p53s1P1–2s22p53p 1P1 0.48 0.16 358.247 356.33 358.320 358.05
7-20 2s22p53p 3D2–2s22p53d 3F3 0.35 0.16 269.420 267.82 269.295 269.44
14-26 2s22p53p 1D2–2s22p53d 1F3 0.37 0.14 280.160 278.64 280.198 280.24
2-7 2s22p53s3P2–2s22p53p 3D2 0.44 0.18 367.288 365.48 367.377 367.16
3-7 2s22p53s1P1–2s22p53p 3D2 0.43 0.17 389.111 387.50 389.226 388.93
10-22 2s22p53p 3P2–2s22p53d 3D3 0.29 0.092 280.160 278.32 280.206 280.17
3-10 2s22p53s1P1–2s22p53p 3P2 0.34 0.14 340.391 338.93 340.483 340.28
4-13 2s22p53s3P0–2s22p53p 3P1 0.34 0.13 340.122 338.42 340.136 339.97
3-11 2s22p53s1P1–2s22p53p 3P0 0.27 0.1 295.981 293.43 296.314 295.77
13-25 2s22p53p 3P1–2s22p53d 3D2 0.24 0.14 281.120 279.65 281.104 281.16
12-24 2s22p53p 3D1–2s22p53d 3F2 0.21 0.11 266.417 265.20 266.432 266.45
6-18 2s22p53p 3S1–2s22p53d 3P2 0.20 0.13 254.536 253.32 254.485 254.60
5-12 2s22p53s3P1–2s22p53p 3D1 0.29 0.11 387.231 385.26 387.357 387.02
9-21 2s22p53p 1P1–2s22p53d 1D2 0.17 0.067 275.550 274.28 275.596 275.60
4-12 2s22p53s3P0–2s22p53p 3D1 0.22 0.084 373.430 370.93 373.385 373.25
5-13 2s22p53s3P1–2s22p53p 3P1 0.19 0.074 351.533 350.31 351.692 351.36
10-18 2s22p53p 3P2–2s22p53d 3P2 0.13 0.098 304.971 304.09 304.943 304.91
7-21 2s22p53p 3D2–2s22p53d 1D2 0.10 0.039 259.705 258.29 259.734 259.72
6-16 2s22p53p 3S1–2s22p53d 3P0 9.6 10−2 0.072 269.886 269.62 269.884 269.98
8-22 2s22p53p 3D3–2s22p53d 3D3 7.8 10−2 - 262.699 261.29 262.729 262.76
2-13 2s22p53s3P2–2s22p53p 3P1 7.2 10−2 - 252.525 250.31 252.704 252.44
8-20 2s22p53p 3D3–2s22p53d 3F3 5.8 10−2 - 279.245 277.91 279.096 279.31
33-37 2p63p 1P1–2p63d 1D2 4.9 10−2 - 273.347 271.73 - 273.52
9-18 2s22p53p 1P1–2s22p53d 3P2 3.6 10−2 - 291.934 291.33 291.928 291.93
7-18 2s22p53p 3D2–2s22p53d 3P2 3.3 10−2 - 274.210 273.35 274.190 274.18
6-17 2s22p53p 3S1–2s22p53d 3P1 2.8 10−2 - 264.785 263.63 264.306 264.47
14-25 2s22p53p 1D2–2s22p53d 3D2 3.0 10−2 - 283.543 282.48 283.535 283.56
5-11 2s22p53s3P1–2s22p53p 3P0 4.0 10−2 - 413.911 412.69 414.285 413.52
14-24 2s22p53p 1D2–2s22p53d 3F2 2.5 10−2 - 288.945 287.69 288.934 288.95
2-9 2s22p53s3P2–2s22p53p 1P1 2.8 10−2 - 339.666 337.62 339.720 339.51
10-25 2s22p53p 3P2–2s22p53d 3D2 1.6 10−2 - 225.902 223.97 225.999 225.90
3-6 2s22p53s1P1–2s22p53p 3S1 2.6 10−2 - 437.048 436.43 437.292 436.55
2-14 2s22p53s3P2–2s22p53p 1D2 1.3 10−2 - 250.601 248.09 250.771 250.54
8-18 2s22p53p 3D3–2s22p53d 3P2 1.2 10−2 - 284.394 283.87 284.357 284.40
32-36 2p63p 3P2–2p63d 3D3 1.1 10−2 - - 291.82 - 291.71
3-14 2s22p53s1P1–2s22p53p 1D2 1.0 10−2 - 260.573 258.05 260.763 260.49
6-21 2s22p53p 3S1–2s22p53d 1D2 7.3 10−3 - 241.990 240.33 241.984 242.09
31-35 2p63p 3P1–2p63d 3D2 6.9 10−3 - - 278.22 - 278.19
7-25 2s22p53p 3D2–2s22p53d 3D2 5.1 10−3 - 208.571 206.84 208.655 208.58
31-37 2p63p 3P1–2p63d 1D2 6.1 10−3 - 250.198 248.34 - 250.01
13-24 2s22p53p 3P1–2s22p53d 3F2 5.1 10−3 - 286.429 284.76 286.410 286.47
28-32 2p63s3S1–2p63p 3P2 5.4 10−3 - - 346.41 - 348.84

Table 4. For a description of the columns see Table 3. The relative intensities (photons)Int = N jA ji/Ne were calculated at an
electron density of 1011 cm−3. The fourth column provides the relative intensities calculated by Bhatia et al. (1985) as reported in
Feldman et al. (1985).

The strongest Fe 2p5 3s - 2p6 3s transitions are
the branching ratios1P1–1S0 (3-29) and3P1–1S0 (5-29). The
strongest of them is the 3-29, and Finkenthal et al. (1985) as-
signs this transition to a line observed in their laboratoryspec-
tra at 87.30 Å. There are two problems with this identification.
First, our MR-MP calculations predict a wavelength of 89.79Å.
Second, this line, in solar flare conditions, ought to be bright
enough to be observed.

In the rocket flight spectrum of Acton et al. (1985), no line is
reported around 87.30 Å. On the other hand, Acton et al. (1985)

reports an unidentified line at 89.76 Å, in excellent agreement
with our predicted wavelength. Its intensity is within an excellent
30% agreement with theory, together with various other transi-
tions that we believe to have identified for the first time in the
same spectrum, as shown in Fig. 3 and Tables 2,3.

A second assignment given by Finkenthal et al. (1985) is the
level 2p6 3s3S1 (28). They identify the decays from this level to
those of 2p5 3s1P1 (3) and 2p5 3s3P0 (4) with lines observed at
90.77 and 98.38 Å. There are three problems with this identifi-
cation. First, the wavelength difference between those two lines



Fig. 3. The emissivity ratio curves of a few lines observed during a flare
by a rocket (Acton et al. 1985). Iob indicates the observed intensity,λob

the observed wavelength. The indices of the transition are given. bl in-
dicates a blend. Lines number 4,5 had their observed intensity corrected
as indicated.

does not match the energy difference between the1P1 and3P0.
Indeed, those two wavelengths provide an energy for 2p6 3s3S1
of 6 966 446 and 6 967 945 cm−1, respectively (i.e., with a large
difference of 1500 cm−1). Second, our predicted intensities in-
dicate that these two transitions should be weak, and the decay
to 2p5 3s 3P2 is much stronger and should have been observed.
Third, the energy is very different from our MR-MP calculated
one.

It is therefore likely that all the decays from 2p6 3s1S0, 3S1
in Cr and Ni were also incorrectly identified in Finkenthal
et al. (1985). In support of our 2p6 3s identifications, we note
that the energies of two of the observed 2p6 3p levels (obtained
from X-ray lines) are in excellent agreement with those from
our MR-MP calculations. Concerning the 2p6 3d levels, the only
level that produces observable lines is the1D2 (level 37). NIST
does not report any observed value. The first identification is
given by Landi & Phillips (2005), who identified the decay to
the ground state with a blend observed in an SMM/FCS spec-
trum at 13.142 Å. There are two problems with this identifica-
tion. First, this would mean that the 2p6 3p 1P1 - 2p6 3d 1D2

(33-37) transition should correspond to 266.22 Å, where no flare
line is observed by Hinode/EIS. Second, the1D2 energy would
be quite different from the MR-MP predicted one. Instead, it is
quite obvious that the 2p6 3p 1P1 - 2p6 3d 1D2 (33-37) transi-
tion is the previously unidentified flare line that we observed at
273.347 Å. The 2p6 3p 1P1 level energy is known from the de-
cay to the ground state observed at 13.825 Å, which provides an
energy for the 2p6 3d 1D2 level of 7 599 108 cm−1. This energy
is in excellent agreement with the MR-MP predicted one, and
provides a decay to the ground state at 13.159 Å, where a previ-
ously unidentified line is present (13.161 Å by Landi & Phillips
2005, 13.159 Å by Bromage et al. 1977).

5. Benchmark in the 171-630 Å range

5.1. Previous identifications

The Skylab NRL slitless spectrograph produced spectra of solar
flares in the 171-630 Å range, which allowed a number of iden-
tifications to be made (cf. Sandlin et al. 1976 and Dere 1978).
It was, however, a spectral analysis along the Ne isoelectronic
sequence that allowed Jupén (1984) to suggest a more complete
list of identifications in the Skylab spectra. Readers should note
that Jupén (1984) labelled levels based on theLS coupling of
ions in the lower part of the sequence. ThisLS labelling differs
from the correct labelling, which takes into account the dominant
percentage contribution for mixed levels, and changes along the
isoelectronic sequence.

The key to the interpretation of the Jupén (1984) identifica-
tions is given in the energies listed in Jupén & Litzén (1984).
Soon after, Feldman et al. (1985) analysed Skylab spectra inthe
290-410 Å wavelength range and revised a number of identi-
fications proposed by Jupén (1984). The labelling of levelsin
Feldman et al. (1985) follows the conventions used in Jupén&
Litzén (1984), but the identifications are based on the distorted-
wave structure calculations presented by Bhatia et al. (1985),
calculations that have since been improved by adding more con-
figurations. Feldman et al. (1985) used the morphology of the
observed lines as an analysis tool, and used estimated intensi-
ties from the calculations as an aid in the identification process.
However, these line intensities (listed within Table 4) arevery
different from those obtained on the basis of the calculations by
Loch et al. (2006), by factors of 2-3 for the strongest lines,up to
a factor of 10 for the weaker ones.

At about the same time, Buchet et al. (1985) published a list
of line identifications from laboratory spectra obtained byfoil
excitation of fast ion beams. The beam-foil wavelength deter-
minations were much less accurate than the corresponding solar
observations, and the line intensities are rather different, because
the beam-foil light source relies on excitation at high electron
density.

5.2. Line intensities and wavelengths

The first check was done on the EUV lines in the longer wave-
length range observed by Skylab. Figure 4 [left] shows the emis-
sivity ratio curves based on the measurements of Doschek et al.
(1991). The agreement between observed and predicted intensi-
ties for the two strongest lines (observed at 204.65, 254.87Å) is
excellent (within 10%), although large departures are present for
some of the weaker lines. The observed intensities of the 254.53,
269.88, 266.42, and 275.55Å lines can be explained with the
presence of blends. However, the 351.55, 358.24, and 409.69Å
lines are too weak by a factor of about 2, which could be due to
a problem with either the measurements or the calculation.

The second check (see Fig. 4 right) was completed with the
intensities observed during the SERTS-89 rocket flight (Thomas
& Neupert 1994). Intensities are weak overall since the instru-
ment observed a non-flaring active region, and possible blending
with lower-temperature lines becomes more likely. The 254.88
and 389.11 Å lines appear to be significantly blended in this ob-
servation. The 389.11 Å line has a known blend with Ar, but
the intensity of the former line is puzzling.

In what follows, we discuss identifications based on Hinode
EIS data. We used three key new features to identify a number of
new lines and revise many wavelengths, as listed in Tables 2 and
4. First, we used the morphology of the lines to assess which line



Fig. 4. The emissivity ratio curves (at logT [K]=6.6) relative to the transitions observed by the Skylab NRL spectrometer during a flare (Doschek
et al. 1991) [left] and the 1989 SERTS rocket flight (Thomas & Neupert 1994) [right].

Fig. 5. The emissivity ratio curves (at logT [K]=6.6) relative to the transitions observed by Hinode/EIS. Left: 2007 June 2 observation; right: 2007
May 21.

could be due to Fe (cf. Fig. 1). Second, we used the accurate
EIS wavelengths that we measured (see Table 2). Third, we used
the measured intensities. We note that in many cases our wave-
lengths differ significantly from those from the NIST database.
The high spectral resolution of the Hinode EIS spectra, com-
bined with most lines being either blended or having other lines
very close-by, means that many lines would be misidentified in
the EIS spectra, if the NIST wavelengths are used. Some specific
examples are given below.

Figure 5 shows the emissivity ratio curves obtained from the
Hinode EIS spectra of 2007 June 2 and May 21. The results from
the two observations are similar. For most lines, agreementto
within 20% is found. The strongest transitions are the decays of
2p5 3p1S0 to the 3s3,1P1 levels (5–15 and 3–15, see Table 4). We
provide new accurate wavelengths for these decays at 254.885 Å
and 204.668 Å. We note that the NIST wavelengths are very dif-
ferent. The 204.668 Å line has a strong transition-region line in
its red wing, as Fig. 2 shows, and accurate wavelength calibra-
tion and deblending are required to obtain a reliable measure-
ment of this line. The 254.885 Å line has also to be carefully
measured, since it has other transitions nearby, as Fig. 2 shows.
The NIST wavelength for this line is incorrect. The new wave-

lengths for the decays from 2p5 3p 1S0 provide an energy split-
ting for the 3s3,1P1 levels of 96 262 cm−1, in excellent agree-
ment with the energy difference of 96 495 cm−1 obtained from
the X-ray wavelengths of 17.051 and 16.775 Å. One problem
with these lines, as already mentioned in Del Zanna (2008), is
that the observed intensity of the 254.885 Å line is almost 50%
weaker than it should be. This is consistently true for both ob-
servations. The two lines form a branching ratio, so their relative
intensity should be accurate to within 10% or so.

During the assessment, we studied the possibility that the
204.668 Å and 254.885 Å lines are not due to Fe. The mor-
phology of the 204.66 Å and 254.88 Å lines clearly indicates
that these two strong lines must be due either to Fe or an ion
formed at the same temperature. There are no other strong lines
within a few Å of the same morphology. For example, there are
no strong flare lines within a few Å of the 254.885 Å line. In
theory, the decay of the 2p5 3p 1S0 to the 3P1 level could be
blended with the group of lines around 256.3–256.4 Å, although
this would require the decay to1P1 to be placed around 205.6 Å,
where no flare lines are present.

We note that Träbert & Jupén (1987) identified the decays of
the 2p5 3p 1S0 in Ti  and discussed the identifications along



the Neon-like sequence. As shown in Ishikawa et al. (2009), the
MR-MP energies are offset along the entire Neon-like sequence
by similarly small amounts. For Fe, it is 0.04%, one to two orders
of magnitude less than typical inaccuracies in most calculations
found in previous literature.

All the above arguments support the identification of the
254.885 and 204.668 Å lines. The nearby 254.54 Å line is also
weaker by the same amount. This suggests that an instrumental
problem is present around these wavelengths in Hinode EIS.

The next strongest transition is the 8-19, which we identify
with a line that we observe at 283.945 Å, and not with the line
reported by NIST at 284.010 Å. The 283.945 Å line has the ap-
propriate morphology (cf. Fig. 1) and intensity. The marginal
agreement with its intensity is caused by its intensity being very
difficult to measure, the line lying close to an Al line and also
in the wings of the strong Fe 284.1Å line, as Fig. 2 shows. The
next strongest transition is the 7-20 269.420 Å. This line isrel-
ative free from blending. We note that NIST provides an incor-
rect wavelength (269.295 Å). The 280.16 Å line is a self-blend
identified in Del Zanna (2008). The 13-25 281.12 Å line is a rel-
atively strong line free of blends and for which a 20% agreement
in its intensity is found. The 12-24 266.417 Å line also appears
free from blending and shows good agreement in its intensity.
The 9-21 275.550 Å is a weak transition for which we provide
a new correct wavelength. We note that NIST and CHIANTI
provide incorrect wavelengths (275.596 and 275.673 Å), which
would locate this transition where another nearby strong line
from Si is. We also identify here for the first time various
weaker transitions, at 259.71, 262.70, 273.35, and 279.24 Å, al-
though many of them appear to be significantly blended.

6. Conclusions

We have shown that a combination of MR-MP and R-matrix
scattering calculations is a powerful tool to assessing line iden-
tifications and blending. The wavelengths based on the MR-MP
calculations are in excellent agreement with the observed ones,
to a few hundredths of an Å in the 30–150 Å range and to a few
tenths of an Å in the 200–450 Å range. This gives us confidence
in using them to assess the line identifications along the isoelec-
tronic sequence.

We have confirmed most previous Fe identifications,
but revised a significant number of wavelengths, mostly in the
Hinode/EIS spectral range. This is a particularly important re-
sult, considering the high spectral resolution of EIS, and that
many Fe lines are either blended or have other nearby lines.
We have obtained level energies that do not differ much from
the NIST compilation (see Tables A.1, A.2), although in several
cases NIST wavelengths are incorrect and would lead to a wrong
identification in the EIS spectra, as shown in Table 4.

We have also identified several lines for the first time, some
of which are visible in the Hinode/EIS spectra. We find excellent
agreement overall between the observed and theoretical line in-
tensities, the latter being calculated with the atomic dataof Loch
et al. (2006). However, we have noted a large number of cases in
which line blending occurs.

We note that most Hinode/EIS ‘studies’ of active regions do
not include Fe lines. Of those that do, the majority include
only the two brightest Fe transitions. However, both of these
lines are problematic. The 204.66 Å line is a close blend witha
strong cool line, and careful deblending is needed. The 254.88 Å
line does not appear to be blended but consistently appears to

be underestimated in Hinode/EIS data. The brightest unblended
transition is the 3p3D2 - 3d 3F3 269.42 Å, and we recommend
that future EIS ’studies’ include this line.
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Appendix A: Details about the energies of the n = 3
levels

The energy of level 2 is obtained from the 1–2 17.096 Å line and
by taking into account the wavelengths of the 2–10, 3–10 and 2–
7, 3–7 transitions. The energy of level 3 is obtained from the1–3
17.051 Å line. The energy of level 4 relates to the 3–4 1153.16Å
line. The energy of level 5 is obtained from the energy of level 3
and the measured splitting of the 3–15 and 5–15 transitions.The
resulting wavelength of the 1–5 transition is 16.776 Å, only1
mÅ different from the measured 16.775 Å value, and well within
the uncertainties. The energy of level 6 is obtained from the2–6



409.705 Å line. The energy of level 7 is from the 367.287 Å line.
The 3–7 line was observed at 389.11 Å, and the 1–7 is predicted
to be blended at 16.335 Å. The energy of level 8 is from the 2–8
350.477 Å line. The energy of level 9 is from the 3–9 358.247 Å
line. The energy of level 10 is from the 2–10 and 3–10 transi-
tions, observed at 323.57, 340.40 Å. The energy of level 11 is
from the stronger 3–11 295.98 Å line. The energy of level 12 is
from the 5–12 387.23 Å line. The 4–12 is then predicted to be
at 373.43 Å, close to the line observed by F85 at 373.41 Å. The
energy of level 13 is from the stronger decay, the 4–13 340.12Å
line. The weaker 5–13 line is then predicted to be at 351.53 Å,
in slight disagreement with the observed 351.55, 351.58 Å mea-
surements found in the literature.

The energy of level 14 is from the 5–14 347.814 Å line. The
energy of level 15 is from the 3–15 and 5–15 204.668, 254.885 Å
lines. The energy of level 16 is from the 6–16 269.886 Å line.
The energy of level 17 is from the 1–17 15.453 Å line. The en-
ergy of level 18 is from the 6–18 254.536 Å line. This predicts
that the 10–18 line is at 304.971 Å, in slight disagreement with
the B85 measurement; we note however that this latter line is
blended. The energy of level 19 is from the strongest decay, the
8–19 283.945 Å line. The energy of level 20 is from the strong 7–
20 269.420 Å line, in agreement with the 8–20 line at 279.24 Å.
The energy of level 21 is from the 9–21 275.55 Å line, which
provides a wavelength of 259.705 Å for the weaker and blended
7–21 line, observed at 259.722 Å. The energy of level 22 is from
the 8–22 and 10–22 transitions, observed at 262.699, 280.16Å.
The energy of level 23 is from the 1–23 15.262 Å line. The en-
ergy of level 24 is from the 12–24 266.417 Å line. The energy
of level 25 is from the 13–25 281.12 Å line, a new measurement
close to the J84 one (281.09). The energy of level 26 is from
the 14–26 280.16 Å line, which is a self–blend. The energy of
level 27 is from the 1–27 15.013 Å line. The energy of level 28
is uncertain, considering that Finkenthal et al. (1985) only pro-
posed a value, and that the energy of level 29 suggested by the
same authors is incorrect (see main text). The energy of level 31
is from the 1–31 13.890 Å line. The energy of level 33 is from
the 1–33 13.825 Å line. The energy of level 37 is from the new
measurement of the 33–37 273.347 Å line (see main text).

Table A.1. List of energies for then = 3 levels.

i C L Eexp. ENIST EMR−MP

1 2p6 1S0 0 0 0
2 2p53s 3P2 5849490 5849490 (0) 5848891 (599)
3 2p53s 1P1 5864760 5864770 (-10) 5864138 (622)
4 2p53s 3P0 5951478 5951210 (268) 5950877 (601)
5 2p53s 3P1 5961022 5960870 (152) 5960410 (612)
6 2p53p 3S1 6093568 6093450 (118) 6093209 (359)
7 2p53p 3D2 6121756 6121690 (66) 6121253 (503)
8 2p53p 3D3 6134815 6134730 (85) 6134360 (455)
9 2p53p 1P1 6143897 6143850 (47) 6143431 (466)

10 2p53p 3P2 6158540 6158470 (70) 6158010 (530)
11 2p53p 3P0 6202620 6202250 (370) 6202238 (382)
12 2p53p 3D1 6219266 6219030 (236) 6218795 (471)
13 2p53p 3P1 6245490 6245210 (280) 6245018 (472)
14 2p53p 1D2 6248530 6248260 (270) 6248024 (506)
15 2p53p 1S0 6353356 6353410 (-54) 6351136 (2220)
16 2p53d 3P0 6464095 6463980 (115) 6463611 (484)
17 2p53d 3P1 6471233 6471800 (-567) 6471317 (-84)
18 2p53d 3P2 6486440 6486400 (40) 6485977 (463)
19 2p53d 3F4 6487000 6486830 (170) 6486514 (486)
20 2p53d 3F3 6492924 6493030 (-106) 6492387 (537)
21 2p53d 1D2 6506808 6506700 (108) 6506276 (532)
22 2p53d 3D3 6515479 6515350 (129) 6514936 (543)
23 2p53d 3D1 6552221 6552200 (21) 6552491 (-270)
24 2p53d 3F2 6594617 6594360 (257) 6594099 (518)
25 2p53d 3D2 6601210 6600950 (260) 6600688 (522)
26 2p53d 1F3 6605469 6605150 (319) 6604858 (611)
27 2p53d 1P1 6660894 6660000 (894) 6660232 (662)
28 2p63s 3S1 - - 6929964
29 2p63s 1S0 6978842 7010000 6977876 (966)

(-31158)
30 2p63p 3P0 - - 7194137
31 2p63p 3P1 7199424 7198900 (524) 7197788 (1636)
32 2p63p 3P2 - - 7216629
33 2p63p 1P1 7233273 7234300 7232164 (1109)

(-1027)
34 2p63d 3D1 - - 7556104
35 2p63d 3D2 - - 7557249
36 2p63d 3D3 - - 7559441
37 2p63d 1D2 7599108 - 7597767 (1341)

Table A.1. We list our experimental energiesEexp. (in cm−1),
compared with the values in the NIST compilation (ENIST)
and those calculated with the many-body perturbation theory
(EMR−MP) for the n = 3 levels. Values in parentheses indicate
differences with our observed energies.



Table A.2. List of energies for a selection ofn = 4, 5 levels.

i C L Eexp. ENIST

38 2p54s 3P2 7879407 7879000 (407)
39 2p54s 1P1 7886435 7885800 (635)
42 2p54s 3P1 7986583 7983000 (3583)
44 2p54p 3D3 8004662 -
47 2p54p 3P0 8024587 -
52 2p54d 3P1 8115566 8116000 (-434)
53 2p54d 3F4 8124469 8123600 (869)
55 2p54d 3F3 8126969 8125800 (1169)
56 2p54p 1S0 8120535 -
57 2p54d 1D2 - 8151700
59 2p54d 3D1 8153947 8154000 (-53)
61 2p54f 1G4 8188413 8180000 (8413)
62 2p54f 3G5 8188838 8188000 (838)
63 2p54f 3D2 - 8188000
64 2p54f 3F3 8192312 -
66 2p54f 1F3 8194279 8192000 (2279)
67 2p54f 3F4 8193611 8193000 (611)
71 2p54d 1P1 8248013 8249000 (-987)
72 2p54f 3G3 8296708 8289000 (7708)
73 2p54f 3G4 8293013 -
74 2p54f 3D3 8296700 8289000 (7700)
77 2p55s 1P1 8756567 8757000 (-433)
85 2p55s 3P1 8859750 8860000 (-250)
87 2p55d 3P1 - 8860000
93 2p55d 1P1 8888888 8887000 (1888)
96 2p55f 3G5 8904210 8903000 (1210)

118 2p55d 3D1 8985533 8982000 (3533)
119 2p64s 1S0 8966075 -
129 2p64p 3P1 9055510 9056000 (-490)
131 2p64p 1P1 9071940 9072000 (-60)
135 2p64d 1D2 9206049 -

Table A.2. See TableA.1 for a description of the columns


