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Measuring abundance of iron-group elements (IGEs; Cr, Mn, Fe, and Ni) is essential for understanding
astrophysical phenomena such as supernovae. The L-shell emissions from IGEs will soon be resolved by next-
generation X-ray satellites, enabling more accurate measurements of abundance. However, theoretical calcula-
tions for these L-shell transitions have not been sufficiently validated using experimental work. Herein, large
helical device (LHD) experiments that measured L-shell emission from Ni and Mn are reported. The tempo-
ral evolution of LHD plasma is characterized by three phases, each of which resolves different L-shell emis-
sions. We modeled EUV-Short spectra considering LHD plasma structure with AtomDB, an atomic database
widely used in the X-ray astronomy community. We discovered that the observed intensity ratios of the 3C
(2p53d1 1P1 → 2p6 1S 0) to 3D (2p53d1 3D1 → 2p6 1S 0) transition of Ne-like ions are 0.4 - 0.6 times lower than
the theoretically predicted ratios.
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1. Introduction
The measurement of elemental abundance in various

astrophysical objects is essential for understanding the ori-
gin and chemical evolution of the universe. In particu-
lar, the abundance of iron-group elements (IGEs), such
as Cr, Mn, Fe, and Ni, in supernova remnants (SNRs),
is crucial in revealing how their progenitors evolve and
explode [1, 2]. The SNR structure is formed 100 - 1000
years after a supernova and contains hot thermal collision
plasma comprising elements synthesized in a supernova.
SNR plasma is an optically thin thermal collisional plasma
with an electron temperature of a few keV and an electron
density of ∼ 1 cm−3. Because of the low electron density,
the SNR plasmas frequently undergo nonequilibrium ion-
ization, and the IGEs remain in intermediate charge states
(e.g., Fe16+) [3]. To accurately measure the abundance
of IGEs in such a condition, precise measurements of the
electron temperature and ionization state are required.

After August 2023, the X-ray astronomy satellite
XRISM will be launched by JAXA, enabling high-
resolution X-ray spectroscopy [4]. The X-ray microcalori-
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meter onboard XRISM has an order of magnitude higher
energy resolution (∆E ∼ 5 eV @ 6.4 keV) than the pre-
vious charge-coupled device (CCD) detector, enabling the
resolution of various emissions, including K- and L-shell
emissions from IGEs with different charge states. These
emission lines enable detailed plasma diagnostics, im-
prove the accuracy of electron temperature and ionization
state measurements, and reduce the systematic uncertainty
of elemental abundance. However, high-resolution X-ray
spectroscopy poses some difficulties. Collisional radiative
modeling based on atomic data, such as energy levels and
transition probabilities of transition processes, is essential
for accurately interpreting X-ray spectra. However, only a
few atomic data have been evaluated via laboratory exper-
iments. This study presents laboratory experiments con-
ducted at the National Institute for Fusion Science using
a large helical device (LHD) to measure L-shell emissions
from IGEs. The experimental setup is described in Section
2, data analysis and line identifications are presented in
Section 3, a discussion based on spectrum synthesis using
the atomic database, AtomDB [5], which is widely used in
X-ray astronomy, is presented in Section 4, and a summary
is presented in Section 5.

© 2023 The Japan Society of Plasma
Science and Nuclear Fusion Research
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2. Experimental Setup
LHD is a heliotron-type plasma confinement device

[6]. Herein, the major and minor radii were set to 3.6 m and
0.64 m, respectively, and the toroidal magnetic field was
set to 2.75 T. Two extreme ultraviolet (EUV) spectrome-
ters, EUV-Short and EUV-Short2, were used [7]. The for-
mer was used for spectroscopy of L-shell emissions, while
the latter was used to determine the spatial distribution of
L-shell emissions. Back-illuminated CCD detectors were
installed at the exit slits of each spectrometer. The CCD
measures 26.6 mm × 6.6 mm and has 1024 × 255 pixels.
The spectral resolution of each spectrometer is ∼ 0.08 Å
at 33.73 Å [7]. A schematic of the spectroscopy system
is shown in Fig. 1 of ref. [8]. EUV-Short and EUV-Short2
cover the center and upper half of the LHD plasma, respec-
tively.

In the impurity experiments described in the following
section, Ni and Mn from IGEs were selected as impurities
because a previous study used Fe [9] and there are tech-
nical difficulties with Cr. Ni and Mn were injected into
the LHD plasma using a coaxial carbon pellet [10] and a
tracer-encapsulated solid pellet [11, 12], respectively. In
addition, Ne and N2 gas injection experiments were con-
ducted for wavelength calibration. The LHD plasma was
heated using electron cyclotron heating (ECH) and neu-
tral beam injection (NBI). The radial profiles of electron

Fig. 1 Temporal evolution of the LHD plasma in Ni injection
experiment. The injection power, the electron tempera-
ture (red dots) and density (blue dots), and the 10 - 20 Å
photon counts are shown in (a), (b), and (c), respectively.

temperature and density were measured using Thomson
scattering and Michelson interferometry with a far-infrared
CH3OH laser (119 µm). Wavelength ranges of 5 - 47 Å and
8 - 17 Å were covered by the spectrometers EUV-Short and
EUV-Short2, respectively. For EUV-Short, a time resolu-
tion of 5 ms and full vertical binning mode were used. For
EUV-Short2, a time resolution of 100 ms was used and the
wavelength channels were binned to obtain a good signal-
to-noise ratio. This study used well-known lines, such
as C, N, O, Ne, and Fe, for wavelength calibration. The
bremsstrahlung continuum and its wavelength dependence
were used for relative intensity calibration (details of the
method are presented in [7]).

3. Temporal Analysis of the LHD
Plasma
Temporal evolution of the (a) heating power of ECH

and NBI, (b) electron temperature and electron density at
the LHD plasma center, and (c) total photon counts of
EUV-Short in the range of 10 - 20 Å are shown in Fig. 1
(shot number: 170679, impurity: Ni). The plasma was ini-
tiated by ECH and heated further by NBI, increasing the
electron temperature to ∼ 2 keV. When the impurity was
injected at t = 4.0 s, the photon counts increased rapidly.
ECH was superimposed between t = 4.1 - 5.1 s to prevent
radiative collapse owing to the rapid increase in radiative
loss caused by impurity injection. After 0.5 seconds of im-
purity injection, the photon counts stabilized. All heating
sources were turned off at t = 5.5 s, causing the electron
temperature to decrease. In addition, photon counts varied
in response to changes in electron temperature. Based on
the LHD plasma behavior, three characteristic phases were
defined as follows: (1) ionizing phase: immediately after
impurity injection (red region in Fig. 1); (2) equilibrium
phase: total photon counts, electron temperature, and elec-
tron density are stable (green region in Fig. 1); (3) recom-
bining phase: when the electron temperature is decreasing
(blue region in Fig. 1).

Figure 2 shows the accumulated EUV-Short spectra in
three phases for (a) Ni and (b) Mn injection. Various L-
shell emissions were detected in the 8 - 20 Å wavelength
range. The L-shell emissions were identified based on two
atomic databases, AtomDB and NIST [13]. For Ni, L-shell
emissions from Li- to Ne-like ions have been identified in
the 8 - 15 Å wavelength range. L-shell emissions from the
intermediate charge state, such as Ni XIX 3C (12.44 Å),
3D (12.65 Å), 3F (13.79 Å), and 3G+M2 (14.07 Å), have
been identified in the ionizing and recombining phases. L-
shell emissions from the highly charged state, such as Ni
XXVI, Ni XXV, and Ni XXIV, have been identified in the
equilibrium phase. For Mn, L-shell emissions from Li- to
Ne-like ions have been observed in the wavelength range
of 8 - 20 Å. L-shell emissions from the intermediate charge
state, such as Mn XVI 3C (16.64 Å), 3D (16.89 Å), 3F
(18.67 Å), and 3G+M2 (18.97 Å), have been identified in
the recombining phase. L-shell emissions from the highly
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charged state, such as Mn XXIII and Mn XXII, have been
identified in the equilibrium phase. In addition, transitions
from high-n levels have been identified in the equilibrium
phase ∼ 9 Å.

The central wavelengths of the identified lines were
measured using Gaussian fitting. The results are summa-
rized in Table 1. The wavelength uncertainties in the table
represent the quadrature sum of calibration errors of 5 mÅ,
CCD channel intervals of 19 mÅ for Ni XIX and 20 mÅ
for Mn XVI, and estimated statistical uncertainties rang-
ing from 2 to 8 mÅ. The complete list of identified lines is
presented in the Appendix.
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Fig. 2 EUV-Short spectra of (a) Ni and (b) Mn. Each panel
shows the accumulated spectra in the ionizing phase
(solid red line), the equilibrium phase (solid green line),
and the recombining phase (solid blue line).

Table 1 Identified L-shell emissions.

Wavelength [Å]
Name Transition This work AtomDB NIST

Ni XIX 3C 2p53d 1P1 → 2p6 1S 0 12.44 ± 0.02 12.435 12.432
Ni XIX 3D 2p53d 3D1 → 2p6 1S 0 12.65 ± 0.02 12.656 12.654
Ni XIX 3F 2p53s 3P1 → 2p6 1S 0 13.79 ± 0.02 13.779 13.780
Ni XIX 3G 2p53s 1P1 → 2p6 1S 0 14.07 ± 0.02

14.043 14.043
Ni XIX M2 2p53s 3P2 → 2p6 1S 0 14.077 14.078
Mn XVI 3C 2p53d 1P1 → 2p6 1S 0 16.64 ± 0.02 16.679 16.616
Mn XVI 3D 2p53d 3D1 → 2p6 1S 0 16.89 ± 0.02 16.951 16.882
Mn XVI 3F 2p53s 3P1 → 2p6 1S 0 18.67 ± 0.02 18.741 18.654
Mn XVI 3G 2p53s 1P1 → 2p6 1S 0 18.97 ± 0.02

19.023 18.935
Mn XVI M2 2p53s 3P2 → 2p6 1S 0 19.073 -

4. Modeling the EUV-Short Spectrum
Based on the LHD Plasma
Structure
In the previous section, we identified the L-shell emis-

sions from Ne-like ions and measured the central wave-
lengths using two atomic databases. The observed wave-
lengths of Ni emissions are consistent with astrophysical
X-ray observations [14] and other laboratory experiments
[15]. However, the observed wavelengths of Mn emissions
are ∼ 50 mÅ shorter than AtomDB values but consistent
with NIST values. This is because the NIST values were
calibrated by a previous study measuring Mn XVI emis-
sion through vacuum discharge [16], whereas the AtomDB
value is calculated by flexible atomic code [17].

The EUV-Short spectrum was modeled based on the
LHD plasma structure using the collisional radiative model
implemented in AtomDB and compared it to the observed
spectrum. To calculate the LHD plasma structure, we made
the following two assumptions: (1) The electron tempera-
ture, density, and impurity are symmetrically distributed
based on magnetic coordinates. (2) The LHD plasma is in
collisional ionization equilibrium in any observed frame.
To determine the spatial structure of LHD plasmas, a good
signal-to-noise ratio of the EUV-Short2 spectrum is re-
quired. In the recombining phase, the EUV-Short2 spec-
trum with a good signal-to-noise ratio was obtained ow-
ing to the absence of NBI, which is the main source of
the noise. In addition, various L-shell emissions are de-
tected in the recombining phase, as mentioned in Section
3. Therefore, we focus on the analysis of frames with
t = 5.6 s.

Figures 3 (a) and (b) show the electron temperature
and density distributions at t = 5.6 s, respectively. Temper-
ature and density distributions were mapped in the plasma
cross-section, including the vertical observation range of
EUV-Short2. The distributions of electron temperature and
density in the magnetic coordinates were obtained from
tsmap, whereas the magnetic coordinates at plasma cross-

(a) (b)

(d)(c)

Fig. 3 The distribution of (a) electron temperature, (b) electron
density, and (c) impurity. Line-of-sights of each channel
of EUV-Short2 are also plotted. (d) shows the Ni XIX
3C intensity distribution. observed and synthesized dis-
tribution are plotted in blue solid line and black solid line,
respectively.
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Fig. 4 Comparison between observed (blue solid line) and theo-
retical (black dashed line) spectrum of (a) Ni and (b) Mn.
The solid red line in the bottom panel shows the theo-
retical spectrum with the central wavelengths of Ne-like
transitions (i.e., 3C, 3D, 3F, 3G, and M2) replaced with
the NIST values.

section were obtained from tsmesh_h in the LHD exper-
iment data repository1. We cannot directly measure the
relationship between impurity distribution and magnetic
coordinates. Therefore, we mapped the impurity distri-
bution in real coordinates, assuming that the impurity is
distributed with a Gaussian function in the minor radius
of the magnetic coordinate. We then calculated the theo-
retical intensity distribution with an impurity distribution
and integrated it with the line-of-sight of each EUV-Short2
channel. Further, we fitted the impurity distribution to re-
produce the intensity distribution observed by EUV-Short2
with the peak, width, and normalization factor of the Gaus-
sian function as free parameters. We used the intensity dis-
tribution of Ni XIX 3C (or Mn XVI 3C) for fitting because
both emissions are strongest in the EUV-Short2 observa-
tion range. The fitted impurity distribution and a compari-
son between the calculated and observed Ni XIX 3C inten-
sity distributions at t = 5.6 s are shown in Figs. 3 (c) and
(d), respectively.

Figure 4 shows the observed (blue solid line) and the-
oretical (black dashed line) EUV-Short spectra of (a) Ni
and (b) Mn experiments. The theoretical EUV-Short spec-
trum was synthesized using estimated LHD plasma dis-
tribution, as described in the previous paragraph. In this
wavelength range, emission lines from Ne-like and more
highly charged ions are detected (Fig. 4). Because we in-

1https://www-lhd.nifs.ac.jp/pub/Repository_en.html

ferred the impurity distribution using their emission, only
the Ne-like ions are discussed herein. The observed spec-
tra indicated that the 3C/3D intensity ratios of Ni and
Mn are significantly lower than the theoretical predictions.
These discrepancies are not believed to be due to calibra-
tion uncertainty because the relative efficiency over the
discussed wavelength range has been well calibrated us-
ing the bremsstrahlung continuum (Section 2). Further, no
strong emission is predicted around the 3C and 3D emis-
sions, so contamination from other emissions is unlikely.
However, the O VIII Lyα emission is predicted to appear
at 18.97 Å, which may be responsible for the observed ex-
cessive Mn XVI 3G+M2 emission. Notably, the collisional
radiative model implemented in AtomDB employs a low
electron density limit approximation (so-called corona ap-
proximation). During our experiments, the typical electron
density of LHD plasma was (1 - 5) ×1013 cm−3, which is
significantly higher than the assumed value of the model.
Therefore, we used Atomic Data and Analysis Structure
(ADAS [18]) to investigate the effect of electron density.
Consequently, we confirmed that the intensity ratio of 3C
to 3D changes by no more than 5% from the value when
the corona approximation is assumed. The observed and
theoretical 3C/3D ratios of Ni XIX are 1.43 ± 0.11 and
3.57, respectively. The observed ratio is 0.4 times lower
than the theoretical value. Previous laboratory or astro-
physical measurements show that the measured 3C/3D ra-
tios [19–21], ranging from 2.12 - 2.35, are consistent with
the presented ratio. For Mn, the observed and theoreti-
cal 3C/3D ratios of Mn XVI are 2.49 ± 0.29 and 4.01, re-
spectively. The observed ratio is 0.6 times lower than the
theoretical value. Previous laboratory measurements were
conducted using electron beam ion trap experiments [19],
and the 3C/3D ratio is 3.42 ± 0.30, which is inconsistent
with the observed ratio. However, the trend is consistent
with the measured 3C/3D ratio being less than the the-
oretical value. The 3C/3D ratio has long been debated,
particularly in Fe XVII. Recent measurements using an
electron beam ion trap and monochromatic X-ray syn-
chrotron radiation have enabled direct measurement of the
3C/3D oscillator-strength ratio [22]. The measured 3C/3D
oscillator-strength ratio is consistent with the state-of-the-
art theoretical predictions. Therefore, both experimental
and theoretical efforts are required to solve the 3C/3D ra-
tio problem for Ni and Mn.

5. Summary
We measured L-shell emission from Ni and Mn us-

ing LHD impurity injection experiments. We identified
various L-shell emissions from Li- to Ne-like ions. We
also modeled the EUV-Short spectrum using the atomic
database, AtomDB, based on the LHD plasma structure
and compared it to the observed spectrum. The observed
intensity ratios for 3C (2p53d1 1P1 → 2p6 1S 0) and 3D
(2p53d1 3D1 → 2p6 1S 0) are 0.4 - 0.6 times lower than the
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predicted value.

Acknowledgement
The authors would like to thank all the mem-

bers of the LHD experiment group for their coopera-
tion, including technical support. This work is sup-
ported by Grants-in-Aid for Scientific Research (KAK-
ENHI) of the Japanese Society for the Promotion of Sci-
ence grant No. JP22J21194 (Y.O.). This work is also
supported by the NIFS Collaboration Research Program
(NIFS20KLPF076).

Appendix: Complete List of Identified
Lines

The complete list of identified lines is presented in Ta-
ble A. The wavelength uncertainties in the table represent
the quadrature sum of calibration errors of 5 mÅ, the in-
terval of the CCD channel, which range from 16 - 22 mÅ,
and estimated statistical uncertainties, which range from
2 - 15 mÅ.

Table A Identified L-shell emissions. The asterisk symbols indicate the emission line overlaps with other transitions.

Wavelength [Å]
Ion transition This work AtomDB NIST previous measurement

Ni XXVI* 1s23p 2P3/2 → 1s22s 2S 1/2 9.05 ± 0.02 9.060 9.060 -
Ni XXVI* 1s23d 2D3/2 → 1s22p 2P1/2 9.36 ± 0.02 9.385 9.385 -
Ni XXVI 1s23d 2D5/2 → 1s22p 2P3/2 9.55 ± 0.02 9.529 9.529 -
Ni XXVI 1s23s 2S 1/2 → 1s22p 2P3/2 9.73 ± 0.02 9.745 9.745 -
Ni XXV* 1s22s3d 1D2 → 1s22s2p 1P1 9.95 ± 0.02 - 9.968 9.97 [23]
Ni XXI 1s22p3(2D)3d 3D3 → 2s22p4 3P2 11.30 ± 0.02 11.318 11.319 11.318 [24]
Ni XIX 2s2p63p (1/2, 3/2)3 → 2s22p6 1S 0 11.53 ± 0.02 11.539 11.537 11.537 [15]
Ni XX 2s22p43d 2D5/2 → 2s22p5 2P3/2 11.82 ± 0.02 11.832 11.831 11.831 [15]

Ni XIX 3C 2p53d 1P1 → 2p6 1S 0 12.44 ± 0.02 12.435 12.432 12.432 [15]
Ni XIX 3D 2p53d 3D1 → 2p6 1S 0 12.65 ± 0.02 12.656 12.654 12.654 [15]

Ni XX 2s22p4(2D)3s 2D5/2 → 2s22p5 2P3/2 12.89 ± 0.02 12.927 12.930 12.930 [15]
Ni XX* 2s22p4(2D)3s 2D3/2 → 2s22p5 2P3/2 13.31 ± 0.02 13.075 13.078 13.078 [15]
Ni XX* 2s22p4(3P)3s 4P5/2 → 2s22p5 2P3/2 13.51 ± 0.02 13.309 13.310 13.310 [15]

Ni XIX 3F 2p53s 3P1 → 2p6 1S 0 13.79 ± 0.02 13.779 13.780 13.780 [15]
Ni XIX 3G 2p53s 1P1 → 2p6 1S 0 14.07 ± 0.02

14.043 14.043 14.042 [15]
Ni XIX M2 2p53s 3P2 → 2p6 1S 0 14.077 14.078 14.080 [15]
Mn XXIII* 1s24p 2P3/2 → 1s22s 2S 1/2 8.66 ± 0.02 8.689 8.689 -
Mn XXIII* 1s23p 2P3/2 → 1s22s 2S 1/2 11.57 ± 0.02 11.553 11.553 -
Mn XXIII 1s23d 2D3/2 → 1s22p 2P1/2 11.99 ± 0.02 12.019 12.019 -
Mn XXIII 1s23d 2D5/2 → 1s22p 2P3/2 12.17 ± 0.02 12.163 12.163 -
Mn XXIII 1s23d 2D5/2 → 1s22p 2P3/2 12.47 ± 0.02 12.444 12.444 -
Mn XVI 2s22p5(2D1/2)4d 2[2/3]1 → 2s22p6 1S 0 13.48 ± 0.02 13.481 13.461 13.46 [16]
Mn XVI 2s22p5(2D3/2)4d 2[2/3]1 → 2s22p6 1S 0 13.62 ± 0.02 13.626 13.615 13.61 [16]

Mn XVIII 2s22p3(2D)3d 3D3 → 2s22p4 3D2 14.86 ± 0.02 14.898 14.877 -
Mn XVIII 2s22p3(2D)3d 3D3 → 2s22p4 3D2 15.23 ± 0.03 15.212 15.238 -
Mn XVII* 2s22p4(1D)3d 2D5/2 → 2s22p5 2P3/2 15.69 ± 0.02 15.707 15.670 15.670 [25]

Mn XVI 3C 2p53d 1P1 → 2p6 1S 0 16.64 ± 0.02 16.679 16.616 16.616 [16]
Mn XVI 3D 2p53d 3D1 → 2p6 1S 0 16.89 ± 0.02 16.951 16.882 16.882 [16]

Mn XVII 2s22p4(2D)3s 2D5/2 → 2s22p5 2P3/2 17.31 ± 0.02 17.356 17.300 17.301 [25]
Mn XVII* 2s22p4(2D)3s 2D3/2 → 2s22p5 2P3/2 17.56 ± 0.02 17.603 17.550 17.550 [25]
Mn XVII* 2s22p4(3P)3s 4P5/2 → 2s22p5 2P3/2 17.79 ± 0.02 17.855 17.794 17.794 [25]
Mn XVI 3F 2p53s 3P1 → 2p6 1S 0 18.67 ± 0.02 18.741 18.654 18.654 [16]
Mn XVI 3G 2p53s 1P1 → 2p6 1S 0 18.97 ± 0.02

19.023 18.935 18.935 [16]
Mn XVI M2 2p53s 3P2 → 2p6 1S 0 19.073 - -
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