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Abstract: Extreme ultraviolet (EUV) spectra of highly charged praseodymium (Pr) and neodymium
(Nd) ions have been investigated in optically thin high-temperature plasmas produced in the Large
Helical Device (LHD), a magnetically confined torus device for fusion research. Discrete spectral
lines emitted mainly from highly charged ions having 4s or 4p outermost electrons were observed in
plasmas with electron temperatures of 0.8–1.8 keV. Most of the isolated lines of Ga-like to Cu-like
Nd ions were identified by a comparison with the recent data recorded in an electron beam ion trap
(EBIT). The isolated lines of Pr ions corresponding to the identified lines of Nd ions were easily
assigned from a similarity of the spectral feature for these two elements. As a result, some of the lines
of Pr ions have been newly identified experimentally for the first time in this study.
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1. Introduction

It is well known that extreme ultraviolet (EUV) spectra of highly charged ions of
lanthanide elements (Z = 57–71) are typically composed of quasi-continuum band emis-
sions and/or isolated line emissions due to n = 4–4 transitions [1–3]. The complex quasi-
continuum feature originates from a huge number of unresolved lines emitted from ions
with unfilled outermost 4d or 4f electrons, while the isolated lines are mainly emitted from
ions having simple electron configurations with one or two outermost 4s or 4p electrons,
i.e., Cu-, Zn-, Ga- and Ge-like ions [4,5]. Since the analysis of the isolated lines is easier
than that of the quasi-continuum feature, the line identifications of these highly charged
lanthanide ions have been attempted so far by using magnetically confined fusion plasmas,
laser-produced plasmas and electron beam ion traps (EBITs). For example, systematic
studies on lanthanide elements having even atomic numbers from 60 to 70 have been
performed at the EBIT facility of the National Institute of Standards and Technology (NIST),
which resulted in the identification of a number of unknown lines [6–10]. Nevertheless,
experimental data of spectral lines of highly charged ions are still insufficient for some of
the lanthanide elements.

In this study, we focus on the EUV spectra of highly charged praseodymium (Pr)
and neodymium (Nd) ions observed in the Large Helical Device (LHD), a magnetically
confined torus device of the National Institute for Fusion Science (NIFS). There are only a
few experimental data available for Cu-, Zn- and Ga-like Pr (Z = 59) ions. At first, a 4s2–
4s4p resonance line of Zn-like Pr29+ ions was identified in a laser-produced plasma [11].
Subsequently, EUV spectra of Pr ions were observed in Texas Experimental Tokamak
(TEXT) [12–14], where several prominent lines of Cu-, Zn-, and Ga-like Pr ions were
assigned. However, no EBIT measurements have been reported so far for Pr ions. As
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for Nd (Z = 60) ions, only a few line identifications for highly charged ions had been
reported using laser-produced plasmas or magnetically confined fusion plasmas [11,15–19].
Recently, 59 lines of Br-like to Ni-like Nd ions have been identified in the EBIT facility at
NIST [10].

We have already carried out systematic observations of EUV spectra of lanthanide
ions in the LHD in the last ten years [19–22]. Though the assignments of some of the
isolated lines have been reported, most of the observed spectra are still being analyzed. In
this article, we describe the spectral analyses of the isolated lines emitted from Ga-like to
Cu-like Pr and Nd ions in high-temperature LHD plasmas. Most of the isolated lines of
Nd ions are assigned by a comparison with the recent EBIT data [10], while the spectra
of Pr ions are analyzed based on a similarity to the Nd spectra, which results in new
experimental assignments of some of the unreported lines.

2. Experimental

The experiments were performed in the LHD, a large-scale magnetically confined
torus device for fusion research, as described in our previous papers [19–22]. Accordingly,
only a brief explanation is given here. In LHD, a large volume ('30 m3) doughnut-shape
plasma with a major radius of about 3.6 m is produced under a magnetic field of about
2.75 T generated by superconducting coils [23,24]. Hydrogen plasmas are typically heated
up to several keV by neutral beam injection (NBI). The typical electron density is in the
order of 1019 m−3. Even if heavy ions are injected into a plasma, an electron temperature
of 2–3 keV can be maintained by maximum heating and then the electron temperature
can be controlled to some extent by changing the heating power. Pr and Nd atoms are
introduced into the plasmas by using tracer-encapsulated solid pellet (TESPEL) [25,26]. We
used hydride powder and pure metal fragments for Nd and Pr, respectively, to inject small
amounts (in the order of 1017 atoms) of solids. The injected impurity ion density is roughly
in the order of 1016 m−3, which means that optical depth is extremely low and unaffected
by transition strength for all the transitions of impurity ions in LHD plasmas.

EUV spectra were measured mainly by a 2 m Schwob-Fraenkel grazing incidence spec-
trometer called “SOXMOS” [27] equipped with a 600 mm−1 grating and a micro-channel
plate (MCP) detector coated with a phosphor screen. The wavelength coverage of the
SOXMOS with this grating is roughly 1–34 nm, in which we can measure simultaneously
two different spectral bands of approximately 2–7 nm bandwidths. A visible image of the
phosphor screen was recorded by a linear photodiode array having 2048 pixels. The expo-
sure time of the photodiode array is 0.1 or 0.2 s, and the time evolutions of the spectra were
observed sequentially during an entire discharge lasting several seconds. The wavelength
resolution of the SOXMOS spectrometer is approximately 0.01 nm. In addition, we em-
ployed spectral data recorded in another EUV spectrometer called “EUV_long” [28] with
a lower wavelength resolution ('0.03 nm) and wider wavelength coverage ('4–64 nm).
The EUV_long spectrometer is equipped with a flat-field 1200 mm−1 grating and a back-
illuminated CCD camera. Though the exposure time of the CCD camera was set to 5 ms,
10 consecutive frames (during 0.05 s) were accumulated in our analyses to generate spectra
with better signal-to-nose ratios. The absolute wavelength scale was calibrated by a third
order polynomial fitting of the well known reference lines of intrinsic and injected impurity
ions for both spectrometers. The uncertainties of the calibrated wavelengths are less than
0.005 and 0.01 nm for SOXMOS and EUV_long, respectively.

3. Results and Discussion

The injection of Pr and Nd TESPELs has been performed in more than 20 discharges
for each element in the last ten years of the LHD experiment. In this study, EUV spectra
measured by the SOXMOS and EUV_long spectrometers were analyzed for several selected
discharges in which clear discrete spectral lines appeared under stable plasma conditions.
The typical discrete EUV spectra of Pr and Nd ions observed by SOXMOS in the two
different spectral ranges, 6.0–10.0 nm and 9.7–13.6 nm, are shown in Figures 1 and 2,
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respectively. Though the electron temperature is not necessarily kept constant during
one exposure time of the detector, the representative central electron temperatures at the
middle of the corresponding period are indicated in Figures 1 and 2. As reported in our
previous papers [19–22], the spectral feature of highly charged lanthanide ions changes
from a quasi-continuum to discrete as the electron temperature rises. As the spectra in
Figures 1 and 2 were observed in relatively high temperature conditions, above 0.8 keV, the
quasi-continuum spectra emitted from lower ion stages were very well suppressed, and
the spectra are composed only of discrete features due to higher ion stages such as Cu-,
Zn-, and Ga-like ions. Note that the spectral intensity is normalized by each maximum for
each wavelength range, and that the Pr spectra are shifted upwards to make them visible
in these figures. The dotted lines in the figures indicate background spectra taken before
the TESPEL injection, including emissions from intrinsic impurity ions such as carbon and
iron. For example, a line at 6.747 nm in Figure 1 is the second order spectrum of H-like C5+

ions, and a resonance line of Be-like Fe22+ ions at 13.291 nm is clearly observed in Figure 2.

Figure 1. EUV emission spectra observed in LHD plasmas with TESPEL injections of Pr and Nd in
the wavelength range of 6.0–10.0 nm. The dotted lines indicate background spectra taken before the
TESPEL injection. The spectrum of each element is normalized to its maximum intensity. Isoelectric
sequence of each ion is indicated by a bracket for the identified lines.

Figure 2. EUV emission spectra observed in LHD plasmas with TESPEL injections of Pr and Nd in
the wavelength range of 9.7–13.6 nm. The dotted lines indicate background spectra taken before the
TESPEL injection. The spectrum of each element is normalized to its maximum intensity. Isoelectric
sequence of each ion is indicated by a bracket for the identified lines.
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In our previous study for Nd [19], we have assigned only one line of Cu-like Nd31+

ions and a couple of lines of Ni-like Nd32+ ions in the 6.0–9.3 nm wavelength range. In
the present study, the other wavelength ranges have also been examined by using the
two spectrometers, and the additional lines of Cu-, Zn-, and Ga-like ions were identi-
fied by a comparison with the recent EBIT data [10], as indicated by vertical arrows in
Figures 1 and 2. The results of the present assignments for Nd ions are summarized in
Table 1 in which the present wavelengths λLHD are listed together with the corresponding
transitions. For comparison, the corresponding wavelengths determined at the EBIT exper-
iment [10] and the wavelengths predicted semiempirically for Cu- and Zn-like ions [29,30]
are also listed in Table 1. It is clearly shown in Table 1, that all of the present wavelengths
are in excellent agreement with the EBIT data and the predictions.

Table 1. The assignments of the lines of neodymium ions. Isoelectric sequence of each ion is shown in a square bracket. The
states of the lower and upper levels are denoted in jj coupling notation. The wavelengths listed in the column λEBIT are
taken from the recent EBIT data [10], and those in the column λpred are predicted semiempirically [29,30]. All wavelengths
are in nm.

Lower Level Upper Level
λLHD Ion Conf. State Conf. State λEBIT [10] λpred [29,30]

8.984 1 Nd31+ [Cu] 4p (4p−)1/2 4d (4d−)3/2 8.9788 8.9825
10.880 2 Nd31+ [Cu] 4d (4d+)5/2 4f (4f+)7/2 10.8803 10.8836
11.078 Nd31+ [Cu] 4p (4p+)3/2 4d (4d+)5/2 11.0763 11.0780
12.594 Nd31+ [Cu] 4s (4s+)1/2 4p (4p+)3/2 12.5906 12.5911
18.912 3 Nd31+ [Cu] 4s (4s+)1/2 4p (4p−)1/2 18.9077 18.9095

10.605 Nd30+ [Zn] 4s4d (4s+,4d+)2 4s4f (4s+,4f+)3 10.5990 10.5728
10.828 Nd30+ [Zn] 4s4p (4s+,4p+)1 4s4d (4s+,4d+)2 10.8248 10.8275
12.062 Nd30+ [Zn] 4s2 (4s2

+)0 4s4p (4s+,4p+)1 12.0610 12.0614
20.131 3 Nd30+ [Zn] 4s2 (4s2

+)0 4s4p (4s+,4p−)1 20.1249 20.1261

8.526 Nd29+ [Ga] 4p (4p−)1/2 4d (4d−)3/2 8.5256 —
9.175 Nd29+ [Ga] 4p (4p−)1/2 4s4p2 (4s+,(4p2

+)2)3/2 9.1761 —
11.953 Nd29+ [Ga] 4p (4p−)1/2 4s4p2 (4s+,4p−)1,4p+)1/2 11.9531 —
12.348 Nd29+ [Ga] 4p (4p−)1/2 4s4p2 (4s+,4p−)1,4p+)3/2 12.3473 —
20.507 3 Nd29+ [Ga] 4p (4p+)3/2 4s4p2 (4s+,4p−)1,4p+)5/2 20.5024 —

1 Already reported in [19]. 2 Determined from the 3rd order spectrum. 3 Observed by EUV_long spectrometer.

As mentioned above, the line of Cu-like Nd31+ ions at 8.984 nm has already been
reported in our previous paper [19]. A line of the Cu-like Nd31+ ions at 10.880 nm is
partially blended with a nearby line of Zn-like Nd30+ ions at 10.828 nm for the first order
spectrum as shown in the bottom panel of Figure 2. However, the wavelength of this
line could be determined more precisely from the corresponding third order spectrum
observed in the other wavelength range in which these two adjacent lines are completely
isolated because of better spectral resolution. As indicated in the footnote of Table 1, some
of the lines in a longer wavelength region are observed in the EUV_long spectrometer, the
wavelength resolution of which is lower than that of the SOXMOS spectrometer.

As clearly shown in Figures 1 and 2, the Pr spectrum has a structure similar to the
corresponding Nd spectrum, and is systematically shifted to longer wavelength. Therefore,
the line identifications of Pr ions for the transitions same as those in Table 1 have been
carried out by a comparison with the corresponding spectra of Nd ions. The results of the
identifications are listed in Table 2. To verify the present identification, we used the previous
experimental data in TEXT tokamak plasmas [12–14] and the predicted wavelengths
reported for Cu- and Zn-like ions [29,30]. Note again that some of the wavelengths are
evaluated from the second order spectra of the corresponding lines, and the EUV_long
spectrometer is employed for longer wavelength region.
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Table 2. The assignments of the lines of praseodymium ions. Isoelectric sequence of each ion is shown in a square bracket.
The states of the lower and upper levels are denoted in jj coupling notation. The wavelengths listed in the column λTEXT are
taken from the previous data in TEXT tokamak [12–14], and those in the column λpred are predicted semiempirically [29,30].
All wavelengths are in nm.

Lower Level Upper Level
λLHD Ion Conf. State Conf. State λTEXT [12–14] λpred [29,30]

9.394 1 Pr30+ [Cu] 4p (4p−)1/2 4d (4d−)3/2 — 9.3980
11.257 2 Pr30+ [Cu] 4d (4d+)5/2 4f (4f+)7/2 11.23 11.2457
11.470 Pr30+ [Cu] 4p (4p+)3/2 4d (4d+)5/2 11.47 11.4709
13.271 3 Pr30+ [Cu] 4s (4s+)1/2 4p (4p+)3/2 13.233 13.2699
19.546 4 Pr30+ [Cu] 4s (4s+)1/2 4p (4p−)1/2 19.58 19.5466

10.977 Pr29+ [Zn] 4s4d (4s+,4d+)2 4s4f (4s+,4f+)3 — 10.9480
11.225 2 Pr29+ [Zn] 4s4p (4s+,4p+)1 4s4d (4s+,4d+)2 11.10 11.2233
12.686 Pr29+ [Zn] 4s2 (4s2

+)0 4s4p (4s+,4p+)1 12.68 12.6833
20.846 4 Pr29+ [Zn] 4s2 (4s2

+)0 4s4p (4s+,4p−)1 20.83 20.8406

8.939 Pr28+ [Ga] 4p (4p−)1/2 4d (4d−)3/2 8.77 —
9.714 Pr28+ [Ga] 4p (4p−)1/2 4s4p2 (4s+,(4p2

+)2)3/2 — —
12.569 Pr28+ [Ga] 4p (4p−)1/2 4s4p2 (4s+,4p−)1,4p+)1/2 12.57 —
13.016 Pr28+ [Ga] 4p (4p−)1/2 4s4p2 (4s+,4p−)1,4p+)3/2 12.980, 12.83 —
21.245 Pr28+ [Ga] 4p (4p+)3/2 4s4p2 (4s+,4p−)1,4p+)5/2 — —

1 Blended with Fe XVIII. 2 Determined from the 2nd order spectrum. 3 Partially blended with Fe XXIII. 4 Observed by EUV_long spectrometer.

For Ga-like ions, Z dependence of the specified transition wavelength has also been
examined for an unambiguous identification because no predicted wavelengths have been
reported previously. Since the EBIT data for the lanthanide elements with even atomic
numbers from 60–70 are available [6–10], Z dependence for a specific transition can be
plotted to verify the identifications. For example, the wavelength of the transition 4s24p
[(4p+)3/2] − 4s4p2 [((4s+,4p−)1,4p+)5/2] is plotted as a function of Z in Figure 3. The EBIT
data for Z = 60, 62, 66, 68 and 70 are plotted with diamonds, and a second order polynomial
fitting curve to the EBIT data is drawn by a solid line in Figure 3, where the second order
polynomial was chosen to avoid overfitting. The present results of the LHD (triangles) for
Z = 59 and 60 are very close to the extrapolation of the fitted curve, which implies that the
present assignment would be reasonable. The analyses of Z dependence of the transition
wavelengths are still ongoing for the other transitions by comparisons with theoretical
calculations, which will be reported in a separate paper.

Unfortunately, a line of Cu-like Pr30+ ions for the 4p–4d transition at 9.394 nm is
completely blended with an intense line of F-like Fe17+ ions. Though another line of
Cu-like Pr30+ ions at 13.271 nm is partially blended with the resonance line of Be-like
Fe22+ ions at 13.291 nm, it is distinguishable because the peak position for Pr30+ is clearly
deviated to shorter wavelength side of the position for Fe22+, as shown in the top panel of
Figure 2. It is notable that one line for Zn-like Pr29+ ions and two lines of Ga-like Pr28+ ions
have been identified experimentally for the first time in the present study. For Pr ions, some
of the wavelengths measured previously in tokamak plasmas are largely deviated from the
present results. This is probably due to low wavelength resolution and line blending with
the quasi-continuum feature in the previous studies.

There still remain a few unidentified lines of Pr and Nd ions, as indicated by question
marks in Figures 1 and 2. These lines certainly originate from the injected elements because
they only appear after the TESPEL injections. Even though these lines for Nd ions are
not listed in the recent EBIT data [10], they probably originate from lower ion stages such
as Ge-like ions because they become relatively more intense as the electron temperature
decreases. As the spectral structure including Ge-like ions is more complicated due to the
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larger number of lines involved, further investigations using atomic structure calculations
and collisional-radiative models should be required for the assignments of these lines.

Figure 3. Z dependence of the wavelength for the transition 4s24p [(4p+)3/2] − 4s4p2

[((4s+,4p−)1,4p+)5/2] of Ga-like ions. The line is a second order polynomial fitting of the EBIT
data [6–10]. The wavelengths recorded in the NIST EBIT are plotted with diamonds, while those in
LHD are plotted with triangles for Z = 59 and 60.

4. Summary

We have analyzed discrete spectra of highly charged Pr and Nd ions in optically thin
high-temperature LHD plasmas in the wavelength range of 6–22 nm. We have successfully
made assignments of the lines corresponding to 14 transitions of Ga-like to Cu-like ions for
each element. The line identifications for Nd ions were easily performed by a comparison
with the data recorded in the NIST EBIT, while the lines of Pr ions were identified from the
similarity of the spectral features of both elements. We determined the wavelengths for
the lines of Pr ions more accurately in comparison with the previous studies, and some
of them have been identified experimentally for the first time in the LHD. The spectral
data analyses for the other lanthanide elements are still ongoing to find new lines and
clarify Z dependence of the transition wavelengths, the results of which will be reported in
future publications.
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