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Abstract. Solar physicists routinely utilize observations of Ar-like Fe IX and Cl-like Fe X emission to study a
variety of solar structures. However, unidentified lines exist in the Fe IX and Fe X spectra, greatly impeding
the spectroscopic diagnostic potential of these ions. Here, we present measurements using the Lawrence
Livermore National Laboratory EBIT-I electron beam ion trap in the wavelength range 238-258 A. These
studies enable us to unambiguously identify the charge state associated with each of the observed lines.
This wavelength range is of particular interest because it contains the Fe IX density diagnostic line ratio
241.74 A/244.91 A, which is predicted to be one of the best density diagnostics of the solar corona, as well
as the Fe X 257.26 A magnetic-field-induced transition. We compare our measurements to the Fe IX and
Fe X lines tabulated in CHIANTI v10.0.1, which is used for modeling the solar spectrum. In addition,
we have measured previously unidentified Fe X lines that will need to be added to CHIANTI and other

spectroscopic databases.

1 Introduction

Accurate atomic data and line identifications for coro-
nal ions in the extreme ultraviolet (EUV) are impor-
tant for many solar missions, in particular the Extreme
Ultraviolet Imaging Spectrometer (EIS) on Hinode [1].
EIS observes EUV emission in two spectral bands: 166—
212 A and 245291 A. EUV spectroscopy is essential for
understanding the physics of the solar atmosphere and
the interpretation of the solar spectra relies on accu-
rate and complete plasma models. The most commonly
used spectral model in solar physics is CHIANTI [2]. Tt
is crucial for the atomic data included to be complete,
as many emission lines are partially blended. This is
especially a problem for weak emission lines, which are
often used as density diagnostics [3]. Additionally, miss-
ing line identifications mean that observations are not
fully utilizing all of the diagnostic information available.

Here, we present EUV spectra recorded at the
Lawrence Livermore National Laboratory EBIT-I elec-
tron beam ion trap in the wavelength range between
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238-258 A. High-resolution line surveys for astrophysics
and solar physics have been conducted using EBIT-I for
several decades now and the procedure is well developed
[4-10]. Our measurements build on previously reported
work in this wavelength range [11]. This spectral region
is of considerable importance for solar physics because
it contains two promising plasma diagnostics.

First, there is the potential magnetic field diagnos-
tic using the magnetic-field-induced Fe X transition at
257.26 A [12,13]. The magnetic field of the solar corona
plays a fundamental role in solar physics, as it under-
pins many aspects of coronal phenomena. In general,
measurements of the coronal magnetic field are chal-
lenging due to the weakness of the magnetic field signa-
tures. This has served to motivate the increasing inter-
est in developing a magnetic field diagnostic using the
Fex 257.26 A line, since it is one of the strongest lines
in the Fe X spectrum in the solar corona.

Second, there is the Feix 241.74 A/244.91 A line
ratio, one of the most sensitive EUV density diagnos-
tics for the solar corona. This ratio varies in intensity
by over three orders of magnitude for densities from
108 cm ™3 to 10'2 cm 3. This range is to be contrasted
with commonly used density sensitive coronal line ratios
which are only usable over a couple of decades in den-
sity [14]. Despite the remarkable density sensitivity
of the Fe1x 241.74 A/244.91 A density diagnostic, and
although these lines have been measured in the Sun
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before [15-17], this density diagnostic is not currently
utilized. This is, in part, because of previous discrep-
ancies between theory and solar observations [18]. The
project reported here is part of an experimental cam-
paign to address this discrepancy. A first step in pro-
viding this laboratory benchmark of the Fe1x density
diagnostic is to provide accurate line identifications and
wavelength measurements, which is the subject of the
present work.

2 Experiment

The measurements were carried out at LLNL EBIT-
I, which has been described in detail elsewhere [6,19].
EBIT-I can be used to create and trap Fe ions relevant
for solar coronal physics [7,10,11,20].

In the trapping region, Fe ions are confined radially
by the potential of the magnetically compressed elec-
tron beam and axially by voltages applied to the outer
drift tubes. The magnetic field in the trap is estimated
to be 3T. The axial voltages also set the electron beam
energy at a nominal electron beam energy, E.. The
Fe ions are produced by injecting iron pentacarbonyl
[Fe(CO);] into the trapping region. The molecules are
rapidly dissociated and ionized by electron impact. The
ionization states of the Fe ions present in the trap are
largely determined by the energy of the electron beam.
The maximum energy of the electron beam energy
determines the maximum ionization stage in the trap
region. The electron beam energy is nearly monoener-
getic and lower charge states exist primarily because of
the continuous injection of Fe(CO),. EBIT-I operates
at typical electron densities < 5 x 10! cm ™3, which are
relevant for studying the solar corona.

The EUV spectra were recorded using the high-
resolution grazing-incidence grating spectrometer
(HiGGS) [21]. At EUV wavelengths, for any given set-
ting it observes an ~ 20A wide bandpass. The spec-
tra reported here have been calibrated using the NIST
Atomic Spectra Database Ritz wavelengths for strong
OIV,NIV, NV, and Fe XIV lines [22]. The calibration
residuals are everywhere less than 5 mA. The weighted
root mean square of the calibration residuals is 1.5 mA
and has been added in quadrature with the statistical
wavelength uncertainties from line fitting, to give the
full measurement uncertainties. The resulting quadra-
ture sums are reported in Table 1.

3 Results

In order to unambiguously identify important Fe lines
and separate possible line blends in EUV bandpasses
relevant for solar observations, we are carrying out a
series of line survey measurements. These studies build
on the previous 30 years of EBIT-I work in the EUV [7—
10,24-28]. Figure 1 shows the EBIT-I spectra recorded
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in the 238-258 A range at electron beam energies above
and below the energy required to form FeX, i.e., the
energy of the FeIX ionization potential. Emission lines
from a given charge state appear when the beam energy
reaches the ionization threshold to form that charge
state. By measuring the spectrum while varying the
beam energy in steps, the various emission lines can be
unambiguously associated with their emitting charge
state. In Fig. 1, the nominal electron beam energies are
E, = 230¢eV (top) and E, = 170eV (bottom). The solid
black line is the EBIT-I spectrum and the dashed verti-
cal lines denote the location of the most prominent Fe X
and Fe1X lines in this wavelength range, as tabulated
in the CHIANTI v10.0.1 database [2].

The top panel of Fig.1 contains prominent emission
lines from Fe VII-X. We identify the Fe X lines in the
top panel by observing which lines are absent in the bot-
tom panel. The measured Fe X line positions are listed
in Table 1 and compared to the wavelengths tabulated
in CHIANTT v10.0.1 [2] and the recent multiconfig-
uration Dirac-Hartree-Fock (MCDHF) calculations of
Wang et al. [23]. The Fe X lines listed in Table 1 and all
other Fe X transitions discussed in this manuscript, are
3523p*3d — 3523p° configurations and so we will refer
to a given transition by its term and level. We note that
the ground level is 35*3p° *Py 5.

The measured and tabulated wavelengths in CHI-
ANTI fOI' the 2P3/2 — 2P1/2 and the D5/2 — 2P3/2
transitions show good agreement on the level of 5-6 mA.
However, the *Dy /5 — P35 and *D3 /5 — Py tran-
sitions disagree on the order of 40mA. This disagree-
ment is much larger than the wavelength uncertainty
in the experiment, which ranges between 2-9mA. We
suggest that the CHIANTI wavelengths will need to
be updated. In addition, we propose that the 2P1/2

— 2Py line (line 4 in Fig. 1) at 247.406 A in the
EBIT-I spectrum corresponds to the unidentified line
at 247.404 A previously observed using EIS [29].

The 2P1/2 — 2P3/2 and 2P1/2 transitions (lines 1
and 4) are flagged as “unobserved” in CHIANTI. The
EBIT-I measured wavelengths for these two transitions
are 238.144 A and 247.406 A, respectively. In CHIANTI
when a transition is flagged as “unobserved” this means
there is not an experimental value for one or both of the
energy levels. Using either of the EBIT-I wavelengths to
determine the upper level 2P, /2 energy gives the same
value within the stated uncertainties. This gives confi-
dence in our transition identifications.

The 247.406 A line might also be of interest for
magnetic field diagnostic line ratios involving the
Fex 257.26 A line, which consists of the magnetic
quadrupole (M2) 4D7/2 — 2P3/2 and the electric dipole
(E1) 4D5/2 — 2P3/2 transitions. In the presence of a
magnetic field, the D /2 level mixes with the 1Dy /2
level, making the line ratio sensitive to the magnetic
field strength. Unfortunately, these transitions are too
close in wavelength to spectrally resolve. Hence, recent
laboratory measurements have instead used the E1 Fe X
226.31 A line as a normalization line [13]. Our identifi-
cation of other Fe X E1 lines, closer in wavelength to the
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Table 1 Measured Fe X wavelengths compared with the tabulated values in CHIANTI v10.0.1 [2] and the multiconfiguration
Dirac-Hartree-Fock (MCDHF) calculations of Wang et al. [23]

Key  Transition Experiment  Line intensity =~ CHIANTI MCDHF A(E-C) A(E-M) A(C-M)
1 *Pijp — *Pgja 238.144(7) 11(2) 239.314 238.20 —1.17 —0.056 1.114

2 — 238.72(3) 22(2) - - - - -

3 *Pyjp — “Pija 242.536(4) 23(2) 242.531 242.59 0.005 —0.054 —0.059

4 *Pijp — *Pija 247.406(2) 38(2) 248.646 247.47 —1.24 —0.064 1.176

5 “Dijs — *P32 255.433(9) 10(2) 255.393 255.53 0.040 —0.097 —0.137

6 “Djjo — *P3jo 256.441(3) 38(2) 256.398 256.55 0.043 —0.109 —0.152

7 ‘D52 — *P3/n 257.265(2) 175(2) 257.259 257.36 0.006 —0.095 —0.101

Note - The key indicates the FeX line as it is numbered in Figure 1. The configuration for each transition is 3s5*3p?3d —
3s23p® and so we indicate a given transition using only the terms and levels involved. The ground level is 3s23p° 2P3/2.
The numbers in parentheses after the measured quantities are the uncertainties in the last digit. A(E — C) is the difference
between the EBIT-I measured wavelength and the wavelength listed in CHIANTI. A(E — M) is the difference between
the EBIT-I measured wavelength and the MCDHF calculated wavelength. A(C — M) is the difference in the wavelengths
between CHIANTI and the MCDHF calculation. All wavelengths and wavelength differences are given in units of A

Table 2 Measured Fe X energy levels compared with the tabulated values in CHIANTI v10.0.1 [2] and the multiconfigu-
ration Dirac—Hartree—Fock (MCDHF) calculations of Wang et al. [23]

Level Experiment CHIANTI MCDHF A (E-C) A(E-M) A(C-M)
35°3p*3d “Ds 2 388,704(2) 388,713.5 388,558 -10 146 156
35°3p*3d “D3 /2 389,953(4) 390,019 389,791 —66 162 228
35°3p*3d “Dy /2 391,492(13) 391,554 391,341 —62 151 213
35°3p*3d °Py s 419,914(12) 417,861 419,812 2053 102 —1951
35°3p"3d *Py s 428,030(14) 428,002 427,951 28 79 51

Note - The CHIANTI energy levels are tabulated measured values except for the 3s23p*3d 2P, /2, which has no measured
value. The numbers in parentheses after the measured quantities are the uncertainties in the last digit(s). A(E-C) is the
difference between the EBIT-I measured energy level and the energy level listed in CHIANTI. A(E-M) is the difference
between the EBIT-I measured energy level and the MCDHF calculated energy level. A(C-M) is the difference in the energy
levels bletween CHIANTT and the MCDHF calculation. All energy levels and energy level differences are presented in units
of cm™
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Fex 257.26 A line, may offer better candidates for nor-
malization lines for the magnetic field diagnostic. This
is especially true if the 2P1/2 — 2P1/2 transition has
indeed been observed using EIS. We note that in Table
1, for the Fex 257.265 A line, we only list the E1 D5 5
— 2P, /2 transition because we expect negligible contri-
bution from the M2 4D7/2 — 2P3/2 due to collisional
quenching at the electron density in EBIT-I.
CHIANTIT lists three other “unobserved” transitions
in this wavelength range which decay to
3523p° 2Py 5, the first excited level: 2Dy /s, *Pq /s, and
2F3/2 — 2P1/2. The CHIANTI wavelengths of these

transitions are 239.742, 240.778, 242.692 A, respec-
tively. In principle, any of these three transitions could
correspond to the unidentified line in Table 1 at
238.72 A (line 2). Unfortunately, the transitions for all
of these upper levels to the ground level fall outside
the wavelength range studied here, preventing a defini-
tive identification of the transition. It is worth noting
that the MCDHF calculations of Wang et al. show that
the 2F3/2 — 2P3/2 transition has a branching fraction
close to 0.99, where the branching fraction considers
radiative decay to all lower levels. This means that the
*F3/5 — 2Py o transition most likely would not show
up in the EBIT-I spectrum. In contrast, CHIANTI has
a much lower branching fraction close to 0.27, although
CHIANTI only lists decay rates from the 2F4 /2 upper
level to the two lowest lying levels 2Py /5 and *Py)5.

In Table 2, we present the measured upper level ener-
gies of the transitions listed in Table 1, and compare
these energy levels with those tabulated in CHIANTI
and with the MCDHF calculations of Wang et al. [23].
For the transitions to the ground level (lines 1, 5, 6,
and 7), the measured transition wavelengths directly
correspond to the energy of the upper level. To deter-
mine the 3523p*3d 2P, s2 upper level energy, we used
the wavelengths of the 3523p43d2P3/2 — 3523p° 2P1/2
(line 3) and the 3523p43d2P1/2 — 3s523p° 2P1/2 (line
4) transitions together with our measured value for the
3823p43d2P1/2 level (from line 1). Since both transi-
tions have the same lower level, the difference in their
wavelengths corresponds to the difference in their upper
level energies. By adding this measured energy differ-
ence with our measurement of the 3s?3p*3d 2P 5 level
we were able to determine the 3s23p*3d 2P3/2 level
energy. Lastly, we note that the calculated value for the
3523p*3d?P1 5 level provided by Wang et al. is much
closer to the EBIT-I measurement than the theoretical
value currently tabulated in CHIANTTI.

4 Conclusions

We have compared our EBIT-I EUV measurements
in the 238-258 A wavelength range with the tabu-
lated wavelengths and energy levels in the CHIANTI
database and recent MCDHF calculations for Fe x. We
have measured two previously unidentified transitions
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from the same upper level 3523p*3d 2P1/2 to the levels
3523p° 2P1/2 and 3s23p° 2P3/2. In addition, we have
measured the wavelength of an unidentified Fe X line at
238.72(3) A. However, more experiments are required
to determine precisely the upper and lower levels in
this transition. The comparisons between the EBIT-
I measurements, CHIANTI, and the MCDHF calcula-
tions suggest that in absence of experimental values for
the Fe X energy levels the MCDHF calculations should
be preferred.

This work is still ongoing. Future studies will focus on
completing the line surveys for the additional Fe charge
states. We will also systemically investigate the possi-
bility of line blending affecting either line in the Fe1x
line ratio 241.74 A/244.91 A and determine the Feix
line intensities as a function of the effective electron
density in EBIT-I.
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