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Abstract. We report recent results of extreme ultraviolet (EUV) spectroscopy of
highly charged heavy ions in plasmas produced in the Large Helical Device (LHD).
The LHD is an ideal source of experimental databases of EUV spectra because of
high brightness and low opacity, combined with the availability of pellet injection
systems and reliable diagnostic tools. The measured heavy elements include tungsten,
tin, lanthanides and bismuth, which are motivated by ITER as well as a variety of
plasma applications such as EUV lithography and biological microscopy. The observed
spectral features drastically change between quasicontinuum and discrete depending
on the plasma temperature, which leads to some new experimental identifications of
spectral lines. We have developed collisional-radiative models for some of these ions
based on the measurements. The atomic number dependence of the spectral feature is
also discussed.
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1. Introduction

Among various types of plasma sources, magnetically confined torus plasmas for fusion
research have some unique characteristics: high emissivity, low opacity and high
temperature of the order of keV. In addition, a number of diagnostic tools with high
spatial and temporal resolutions are usually prepared for the measurements of plasma
parameters in these facilities. Therefore, some tokamaks have been exploited as light
sources for basic spectroscopic studies of highly charged ions by introducing impurities
into high temperature plasmas [1, 2, 3].

The Large Helical Device (LHD) at the National Institute for Fusion Science is
a large scale facility for fusion research equipped with superconducting helical coils
and neutral beam injection (NBI) systems [4]. The LHD is considered to be more
appropriate for the above mentioned purpose because of higher flexibility of plasma
density and temperature, allowance for larger amounts of impurities and plasma
stability. Temporal evolution of electron temperature and density profiles is precisely
measured by an existing Thomson scattering diagnostic system with high spatial and
temporal resolution [5, 6]. Multiple pellet injection systems [7, 8] and extreme ultraviolet
(EUV) spectrometers [9, 10] are routinely running for studies on impurity transport.
Accordingly, we have extensively promoted so far in the LHD a variety of spectroscopic
studies relevant not only to fusion research but also to astrophysics, plasma applications
and basic atomic physics [11, 12, 13, 14, 15].

Figure 1 shows the 5th and 6th period elements which have been injected into LHD
plasmas to date. Among them, tungsten (W) is the most frequently injected element as
it is a planned divertor material in ITER [11, 16, 17, 18]. Some of the other elements
listed here are related to industrial applications to short-wavelength light sources. For
example, tin (Sn) and gadolinium (Gd) are being considered as candidate materials for
the next generation light sources for EUV lithography [19, 20, 21, 22]. Bismuth (Bi) is
a candidate material for a tabletop light source in the water window range (2.3-4.4 nm)
for high-contrast biological microscopy [23]. We have also studied a number of elements
adjacent to them in the periodic table to investigate atomic number (Z) dependence in
terms of basic atomic physics [15, 24, 25, 26, 27].

This paper reports recent results of EUV spectroscopy of highly charged heavy ions
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Figure 1. A partial periodic table of the elements for the 5th and 6th periods. Symbols
of the elements which have been injected into LHD plasmas to date are displayed in
white on dark.

wln [EELN 5 Sb

»le

asz BaBl 54




Extreme ultraviolet spectroscopy and atomic models of highly charged heavy ions 3

0 N M L K
' T Tty T T I

100.00 ¢
10.00

1.00E

ITER

©
o

lonization Energy (keV)

80 60 40 20
Number of Electrons

Figure 2. Ionization energies of tin (diamonds), gadolinium (triangles), tungsten
(squares) and bismuth (circles) ions as functions of number of electrons. FEnergy
ranges corresponding to the temperature ranges in LHD and ITER plasmas are roughly
displayed on the right by grey scales.

in LHD plasmas. Some of the background necessary to interpret the spectra is reviewed
in section 2 with an emphasis on unresolved transition arrays (UTA). The experimental
procedure to obtain temperature dependent spectra is briefly described in section 3, and
a typical example of the result is shown in section 4. The Z dependence of the EUV
spectra is discussed in section 5 together with the identification of some isolated spectral
lines. Recent developments of the collisional-radiative (CR) models compared with the
experiments are shown in section 6 followed by a brief summary in section 7.

2. Unresolved transition array

In the EUV wavelength region (roughly 1-15 nm), the emission from highly charged
heavy ions often appears as an unresolved transition array (UTA) [28], a quasicontinuum
band-like spectrum composed of millions of unresolvable lines. The general spectral
features of the heavy ions relevant to this study are briefly described in this section for
easier understanding of the discussions in the following sections. Ionization energies of
Sn, Gd, W and Bi ions are plotted in figure 2 as functions of the number of electrons.
The corresponding outermost electron shells are denoted on the top of figure 2. It is
clearly seen that the ionization energy jumps at the boundaries where the outermost
shell changes, as indicated by the arrows in figure 2. As shown by a grey scale on the
right of figure 2, the electron temperature in LHD is reduced to be lower than 2-3 keV
when a sufficient amount of heavy element is introduced. Therefore, heavy ions having
outermost N (n=4) shell electrons, the ionization energies of which are roughly 0.1-
3 keV, would be the dominant emitters in LHD plasmas. Photons corresponding to
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Figure 3. Calculated energy level diagrams of tungsten ions having outermost (a) 4p
and (b) 4d subshell electrons in their ground states. The levels for the ground and the
first excited configurations are drawn on the left and right sides for each ion. The first
excited configurations are the mixtures of the type (a) 4s?4p™~14d-+4s4p™*! and (b)
ApS4dn—14f+4p34dnt,
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Figure 4. Calculated spectra of the normalized line strengths of (a) Ga-like W43+
and (b) Nb-like W33* arising from the energy levels shown in figure 3.
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this energy range are mainly in the EUV region. As shown in figure 2, these ions are
subdivided by the outermost subshells: 4s, 4p, 4d and 4f. Small jumps in the ionization
energies are seen at the boundaries between the adjacent subshells.

The number of energy levels largely depends on the number of electrons in the
outermost subshells. For example, energy level diagrams of tungsten ions having
outermost 4p and 4d subshells are illustrated in figure 3, and the corresponding spectra
of the normalized line strengths (gA values) of the n=4-4 (An=0) transitions are drawn
in figure 4 for Ga-like W#* (single electron 4p subshell) and Nb-like W33+ (half filled
4d subshell) ions. The atomic structures and line strengths were calculated with the
Flexible Atomic Code (FAC) [29] including the minimum numbers of configurations and
their mixings: i.e., 4d%4d™ and the mixed configuration of the type 4p®4d”~14-4p34d"+!
for ions with outermost 4d subshell. It can be easily understood from figure 4 that
the ions with outermost 4p and 4d subshells tend to yield discrete and quasicontinuum
UTA spectral features, respectively. Also, figure 3 (b) indicates that the average n=4—
4 transition energy does not change so much with ion charge, which gives rise to the
intense band of emission contributed from a number of charge states. On the other
hand, n=4-5 or 4-6 (Ans0) transitions tend to form a series of UTAs separated by
charge states in the higher energy (shorter wavelength) region. This phenomenon has
been demonstrated experimentally in the LHD and laser-produced plasmas for tungsten
ions [18, 30].

3. Experimental

Since the experimental procedure in the LHD has already been described in our earlier
publications [15, 25, 26], a brief explanation is given here with an emphasis on the
heating scheme to obtain a variety of electron temperatures. Typical examples of the
temporal evolution of various parameters in a discharge with a thulium (Tm) pellet
injection are shown in figure 5. The electron temperature profiles measured with the
Thomson scattering diagnostic [5, 6] at 5.0, 5.5 and 6.0 s in the same discharge are shown
in figure 6. Among five NBI beamlines available, three beams (NBI #1-3) are injected
tangentially with an acceleration voltage of 180 keV, while the other two (NBI #4-5)
are injected perpendicularly with an acceleration voltage of 40 keV [31]. This means
that the tangential and perpendicular beams contribute primarily to electron and ion
heating, respectively [31]. A small amount (~10'" atoms) of Tm was injected at 3.8 s
with a tracer encapsulated solid pellet (TESPEL) [7] while the tangential beams were
injected during 3.3-5.3 s to sustain a high electron temperature above 2 keV. In order
to decrease the electron temperature effectively, the tangential beams were switched to
the vertical beams at 5.3 s. As a result, the core electron temperature finally dropped to
zero at around 5.6 s because of the formation of a hollow temperature profile as shown
in figure 6 (c).

Temporal evolutions of the EUV spectra are routinely recorded with two types of
grazing incidence spectrometers [9, 10]. In this article, we mainly describe the spectra
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Figure 5. Temporal evolution of (a) heating power (Peat), (b) plasma stored energy
(W), (c) line averaged electron density ((ne)), (d) total radiated power (Praq) and (e)
central electron temperature (Teg) in an LHD discharge with a Tm pellet injected at
3.8 s.

measured by a 2 m Schwob-Fraenkel spectrometer [9] every 0.1 or 0.2 s. The spectral
resolution is around 0.01 nm with a grating of 600 grooves/mm. The absolute wavelength
is calibrated using the positions of known lines of intrinsic and intentionally injected
impurity ions, which results in an uncertainty of about 4+0.005 nm.

4. Temperature dependence of EUV spectra

The discussions in section 2 imply that the spectral feature would change between
discrete and quasicontinuum UTA according to whether the outermost subshell of the
dominant ion stages is 4p or 4d. For example, temperature dependence of the spectra
around 6.5 nm from dysprosium (Dy) ions in an LHD plasma is shown in figure 7. The
maximum electron temperature (7, _n.x) along the line of sight for each timing is shown
in each panel. When T, .« was 1.7 keV, a discrete spectrum with less UTA feature was
observed as shown in the top panel. These isolated lines mainly originate from n=4-4
transitions of Cu-, Zn- and Ga-like ions having 4s, 4s? and 4s?4p ground configurations.
Indeed, the lines due to the 3d'%4p ?Py/, — 3d'%4d ?Dj3/; and 3d'4d 2Dy, — 3d'4f 2F5 s
transitions of Cu-like ions are easily found at 6.902 nm and 8.546 nm, respectively [26].
When T, .., decreased to 1.2 keV, a UTA feature with a maximum at around 6.5 nm
developed with a bandwidth of about 0.5 nm. As the temperature decreases, the peak
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Figure 6. Electron temperature profiles at (a) 5.0 s, (b) 5.5 s and (c) 6.0 s in the
discharge shown in figure 5.

position of the UTA moves to shorter wavelength and the bandwidth becomes narrower.
Finally, a very narrowed UTA feature was formed with a maximum at 6.35 nm at
Ty max=0.4 keV as shown in the last panel. The dominant ion stages are considered to
be Pd- and Ag-like ions because an isolated double peak around 6.6 nm is identified
as the 4d'%4f 2F — 4d%f? 2G transition of Ag-like Dy'®T ions, and the highest peak at
6.280 nm is close to the previously reported value of the 4d1° 'S, — 4d%4f 1P, transition
of Pd-like Dy?** ions [26].

It seems curious that the UTA peak moves slightly to longer wavelength with
increasing temperature because electrons in higher charge states generally feel a larger
potential well from nuclear charge. This behaviour of the UTA wavelength peculiar to
n=4-4 (An=0) transition is mainly due to the effect of multi-electron correlation energy
among n=4 electrons [32, 33|, which can be qualitatively reproduced by the FAC code
calculation shown in figure 8. In contrast, the UTA positions of the An#0 transitions
move to shorter wavelength with increasing charge, which results in a series of UTAs
separated by charge state as mentioned in section 2.

5. Z dependence of EUV spectra

An empirical quasi-Moseley’s law has recently been derived for the peak wavelength of
the n=4-4 UTA emission, Ayra, from highly charged ions with Z from 50 onward based
on the spectra observed in Nd:YAG laser-produced plasmas (LPP) [34], which gives

/\UTA = aR;l(Z — S)_b, (1)
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by the triangles in each panel.

Table 1. List of the isolated lines identified experimentally for the first time in the
LHD. The uncertainty of the wavelengths measured in the LHD is estimated to be less
than £0.005 nm. The details of the lines from Ho and Tm ions will be reported soon
in a separate paper.

Ton Transition Wavelength (nm) Ref.
Ni-like
Nd***  3ds/94p1 /5 — 3d3/24ds)s 7.413 [25]
Cu-like
Th30+  3d'%4p 2Py — 3d'%4d 2Dy, 7.203 [26]
Th30+  3d'%4d ?Dj/p — 3d'04f °F5  8.796 [26]

Ho®*¥+  3d'04p 2Py, — 3d'°4d 2D3/2 6.614
Tm**t  3d'%4p 2Py, — 3d'%4d ?D3,5,  6.072
Ag-like

Tm?*t  4d'04f 2F7 5 — 4d%4f? 2Gg/»  5.933
Tm?*t  4d'04f 2F5 )5 — 4d%4f? 2G7/2  5.986
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where a=21.86+12.09, b=1.5240.12, s=23.23+2.87 and R, is the Rydberg constant.
This empirical law is similar to the classical Moseley’s law in which a=4/3, b=2 and
s=1 for K, lines of characteristic X-rays.

Figure 9 shows the Z dependence of the normalized EUV spectra from some of the
heavy ions with Z ranging from 62 to 83 measured in the LHD, together with the UTA
peak positions predicted from (1) denoted by triangles. The time frames were chosen
at the timings when T, .« roughly agree with the corresponding ionization energies
of Ag-like ions so as to follow the emission from open N shell ions having similar
electron configurations. The LHD spectra roughly follows (1) for higher Z elements,
while the peak position slightly shifts to shorter wavelength from the prediction for
lower Z elements. This is probably because of the difference between charge state
distributions in LHD plasmas and Nd:YAG LPPs. Because of higher opacity and lower
temperature in the YAG LPPs, the spectra from the LPPs tend to be broader and
include emissions from lower charge states having 4f outermost subshell, which appear
on the longer wavelength side [34].

As a result of the survey of the EUV spectra from a wide range of Z, we have
identified some of the isolated spectral lines from ions with relatively simple electron
configurations such as Ni-, Cu- and Ag-like ions. The lines of neodymium (Nd), terbium
(Tbh), holmium (Ho) and Tm ions identified experimentally for the first time in the
LHD are listed in table 1 [25, 26]. The Ni- and Cu-like lines were observed under high
temperature conditions above 1.5 keV, while the Ag-like ions were observed under low
temperature conditions below 0.6 keV.

6. Modelling

For tungsten ions, we have constructed a collisional-radiative (CR) model in which rate
equations for the population density nq (i) of an excited level i for gth ion stage is given

by
dny (i)

dt = Z Cy(k,i)neng(k) + Z{Cq(ja i)ne + Aq(7,7) }nq(d)
- kZ{Cq(i? F)neng(i) + Aq(i, k) Ing(i) = 3 Co(i, j)neng (i) (2)
- Sq(i)nenq(i)a

where C, (1, 7) is the electron impact excitation or de-excitation rate coeflicient between
levels ¢ and j, n, is the electron density, A, (i, j) is the spontaneous transition probability
between levels i and j and S, (4) is the electron impact ionization rate coefficient of level 1.
The atomic level structure, C, (i, j), Aq4(7, 7) and S, (i) are calculated with the HULLAC
code, a fully relativistic code based on the Dirac Hamiltonian [35]. Recombination
processes are not included in the model because of the difficulties in the calculations of
dielectronic recombination rate coefficients systematically for all the ions. We include
many configurations together with inner-subshell excited ones such as 4p®4d™. Using the
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Figure 10. Comparison between the measured and modelled spectra from
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synthesised spectrum with assuming the abundance ratio of 0.625:1.0:1.521:1.5 for
Tm? . Tm?¥+: Tm?T: Tm*°* and (c)-(f) calculated spectra for each ion.

model, we have successfully evaluated the fractional abundances of tungsten ions W2+ -
W33+ at different electron temperatures based on the measured An#0 UTA spectra in
the 1.5-3.5 nm region as described in [18]. However, the An=0 UTA spectra in the 4-
7 nm region are not well reproduced with this model. An earlier study using other codes
and atomic data suggests that dielectronic recombination processes might contribute to
the An=0 UTA feature [36]. Further improvement of the model is required to examine
their contributions.

We are now trying to extend the model to lanthanide elements. For example,
a comparison between the measured and modelled spectra from Tm ions in a high
temperature condition is shown in figure 10. The abundance ratios for Tm?®*+-Tm*+
have been tuned so as to reproduce the measured line intensity ratios. The calculated
wavelengths of the lines around 5.9 nm agree with the measurements within £0.02 nm,
while those around 7.5-8 nm are shifted by 0.06-0.08 nm to shorter wavelength.
Nevertheless, the measured spectral feature was qualitatively well reproduced by the
synthesised spectrum from Cu-, Zn-, Ga- and Ge-like ions calculated for the measured
electron density and temperature (2.2 keV). Therefore, the present results possibly would
lead to further new experimental identifications of isolated spectral lines. We will try
to further improve the models so as to reproduce the UTA features of the lanthanide
elements in low temperature conditions.
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7. Summary

We have so far carried out studies on EUV spectroscopy of a number of heavy ions in
the 5th and 6th period elements using LHD plasmas. Spectra from highly charged ions
having N shell outermost electrons appear as discrete or quasi-continuum UTA features
depending on the electron temperature. The characteristic behaviour of the n=4-4
UTA structure due to the effect of n=4 electron correlation have been found consistent
with the calculations. Some of the isolated spectral lines of Nd, Th, Ho and Tm ions
with relatively simple configurations have been newly found in the LHD. The CR model
developed for the measured EUV spectra of tungsten ions is being extended to the other
elements. The present study demonstrates that the LHD is a good complementary
platform for studying EUV spectra from highly charged heavy ions because of its low
opacity condition and availability of high quality diagnostic tools.
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