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The temperature dependent shape of quasi-continuum unresolved transition array (UTA) spectra from highly
charged heavy ions has been examined based on the experimental spectra recorded in the Large Helical Device
plasmas. The observed spectral shape of the n=4-4 UTA emission strongly depends on the electron temperature
especially for the lanthanide elements with the atomic numbers of 63 - 66. As the temperature decreases, the
UTA position moves to shorter wavelength and the UTA bandwidth becomes narrower. Eventually, characteristic
narrowed spectra with the lines of palladium-like and silver-like ions are observed at the lowest peak temperature
of a few hundred eV. The temperature dependence of the UTA shape can be explained by the change in ion
abundance and the wavelength distributions of the weighted transition probabilities calculated with the Flexible
Atomic Code (FAC). A collisional-radiative modeling of the narrowed spectrum for terbium ions is tried based
on the FLYCHK code and the FAC. As a result of slight intentional shifts of the calculated line positions, the

measured spectrum matches qualitatively with the simulation for the electron temperature of 230eV.
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1. Introduction

It is well known that the emission spectra from highly
charged heavy ions often appear in the extreme ultraviolet
(EUV) and soft X-ray regions as quasi-continuum bands
composed of a huge number of lines[1]. The extremely
complex energy level structure of a heavy ion with par-
tially filled orbitals of high angular momentum (e.g., 4d°,
4f7) leads to the quasi-continuum band in which the aver-
age line interval is smaller than each line broadening. In
this sense, such a quasi-continuum band is often referred
to as unresolved transition array (UTA) [2]. In particular,
the UTAs arising from n=4-4 transitions of ions with out-
ermost 4d or 4f subshell are outstanding because spectra
from a wide range of charge states are overlapped in the
same spectral region.

We have so far observed various UTA spectra from
highly charged heavy ions in the Large Helical Device
(LHD), a magnetically confined torus plasma device at
the National Institute for Fusion Science (NIFS). A va-
riety of heavy elements with the atomic numbers (Z) of
50 - 83 have been systematically investigated in the last
decades [3-5]. The observed spectral shape of the n=4-4
UTA emission strongly depends on the electron tempera-
ture for some of the lanthanide elements. In this study,
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we present a qualitative interpretation of this temperature
dependent spectral shape based on the comparisons with
the calculated wavelength distributions of the weighted
transition probabilities. In addition, we try to simulate
a characteristic narrowed spectral shape observed in a
low-temperature (<500eV) condition using a collisional-
radiative (CR) model.

2. Experimental

All the experimental data used in this study were
recorded in the LHD plasmas with the injection of heavy
elements as an impurity. The heavy elements are intro-
duced into high-temperature (=2 - 3keV) hydrogen plas-
mas using a tracer encapsulated solid pellet (TESPEL) [6].
The EUV and soft X-ray spectra used in this study were
measured by a 2m grazing incidence spectrometer called
SOXMOS with a 600 grooves/mm grating [7]. The wave-
length is calibrated with an uncertainty of +£0.003 nm using
a polynomial fitting of well-known lines of various impu-
rity ions. We observed the line-integrated spectra along
the line of sight adjusted to the path through the plasma
center. The spectral resolution is approximately 0.01 nm
which is enough to discuss the shape of UTA although a
line shape of a single line is unresolvable. The spectra
are sequentially recorded every 100 ms while the plasma
is maintained for several seconds. Therefore, the spectra
for various electron temperatures can be measured in a sin-
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gle discharge by changing the heating power. The electron
temperature and density profiles are measured by an exist-
ing Thomson scattering diagnostic system with high spatial
and temporal resolutions [8].

3. Temperature Dependence

The temperature dependence of the observed quasi-
continuum UTA shape was particularly outstanding for the
lanthanide elements with Z of 63 - 66. For example, Fig. 1
shows three different soft X-ray spectra of terbium (Tb:
7Z=65) ions measured in a single discharge. The peak
electron temperature for each spectrum is also displayed
in Fig. 1. Figure 2 shows temporal evolutions of heating
power, line-averaged electron density and electron temper-
ature in the same discharge as in Fig. 1. Electron temper-
atures at the center and at 0.45m in the effective minor
radius are plotted in Fig. 2 (c). A TESPEL containing Tb
powder was injected at 3.8 s during the neutral beam in-
jection (NBI) heating to keep high electron temperature
around 2 keV in the core. The heating power was dropped
at 4.4 s due to the extinction of NBI #2, which triggered
a rapid decrease in core electron temperature. The UTA
spectra in Fig. | were measured sequentially in this period
(4.4 - 4.7s). In Fig. 1 (c), a hollow temperature profile (so-
called “temperature hole”) [4] is formed as the temperature
is zero in the core and have a peak of about 300 eV in the
outer region as shown in Fig. 2 (c).

Figure 1 clearly illustrates that the position and the
shape of the UTA largely change with the electron tem-
perature. As the temperature decreases, the peak position
moves to shorter wavelength side while the width becomes
narrower. Eventually, a narrowed band emission with a
strong peak at 6.514nm appears as shown in Fig. 1 (c).
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Fig. 1 Soft X-ray spectra of terbium (Tb) ions observed in an
LHD plasma (shot number #114636) with a TESPEL in-
jection. Three different spectra for peak electron tem-
peratures of (a) 1.1keV, (b) 0.6keV and (c) 0.3keV are
plotted. The number and period for each time frame are
also indicated.

This narrowed spectrum looks slightly asymmetric with a
tail in longer wavelength side, which is characterized by a
remarkable doublet peak at 6.851 and 6.895 nm. The main
peak and the doublet peak are assigned to the emission
lines of palladium-like (Pd-like) Tb'%* and silver-like (Ag-
like) Tb'3* ions, respectively, because the wavelengths of
these peaks are in excellent agreement with the past exper-
imental values [9, 10].

This temperature dependent shape of the quasi-
continuum spectrum is attributable to the change in domi-
nant charge states in the plasma. Figure 3 shows the wave-
length distributions of the weighted transition probabil-
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Fig. 2 Temporal evolutions of (a) heating power Py, (b) line-
averaged electron density <n.> and (c) electron tempera-
ture T, in the same plasma as in Fig. 1. Electron temper-
atures at the center and at 0.45 m in the effective minor
radius are plotted in (c).
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Fig. 3 Calculated wavelength distributions of the weighted tran-
sition probability (gA) for 4d-4f (black) and 4p-4d (grey)
transitions of Tb ions. The intensities for charge states
from Rb-like (Tb?**) to Ag-like (Tb'3*) isoelectronic se-
quences are shown. The intensities are normalized for
each charge state and transition type. The ionization en-
ergy and the ground state configuration for each charge
state are also indicated.
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ity (gA) of n=4—4 transitions for rubidium-like (Rb-like)
Tb?®* to Ag-like Tb'8* ions, calculated with the Flexible
Atomic Code (FAC) in which the atomic structure is cal-
culated using Multi-configuration Dirac-Fock method with
local potential approximation [11]. The gA intensities plot-
ted in Fig. 3 are normalized for each charge state and tran-
sition type. It is clearly seen that the mean position of the
line group moves to shorter wavelength as the ion charge
decreases. This trend is qualitatively consistent with the
observed spectra in Fig. 1 because the fractional ion abun-
dance should move to lower charge as the electron temper-
ature decreases. The calculation also implies that the nar-
rowed spectrum in Fig. 1 (c) would largely originate from
Pd-like and Ag-like ions because the main and doublet
peaks are seen in the calculation for these ions. The spec-
tral feature for these ions look relatively simple rather than
quasi-continuum because the 4d orbital is nearly closed.

We have also surveyed thoroughly the Z dependence
of the narrowed spectrum in the low-temperature condi-
tion for all the lanthanide elements except for Z=61. The
position and shape of the spectrum gradually change with
Z. The mean position of the narrowed spectrum moves
to shorter wavelength with increasing Z. The narrowed
spectrum accompanied with the clear peaks of Pd-like and
Ag-like ions is remarkably outstanding in Z=63 - 66. The
doublet peak of Ag-like ions disappear for Z lower than 63,
while the bandwidth of the main UTA is gradually broad-
ened as Z increases beyond 66.

4. Simulation of the Narrowed Spec-
trum

In this section we focus on the characteristic narrowed
spectrum of Tb ions shown in Fig. 1 (c). When this spec-
trum was observed, the temperature hole was formed as
mentioned in Sec.3. Judging from the Thomson scatter-
ing diagnostic data, the emission should originate from the
outside region where the density is (2 - 15)x10'” m=3 and
the temperature is lower than 350 eV.

The discussion in Sec.3 implies that a few charge
states around Pd-like ion are dominant in this condition.
In order to simulate the measured spectrum, we tried to
roughly estimate the fractional abundance in the emit-
ting region using the FLYCHK code based on a non-LTE
(non-local thermodynamic equilibrium) model under hy-
drogenic approximation [12]. The density dependence can
be ignored here because the average charge calculated as a
function of temperature remains almost unchanged in the
density range of 10'® - 10%° m=3. The temperature depen-
dence of the fractional abundance of Tb ions is plotted in
Fig.4 in which three charge states, Ag-like, Pd-like and
rhodium-like (Rh-like) ions, are emphasized by thick black
lines. It indicates that these charge states would be dom-
inant in the temperature range of 200 - 300 eV, which is
consistent with the discussion in Sec. 3.

Next we try to reproduce the narrowed spectrum us-
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Fig.4 Fractional ion abundance of Tb ions calculated by
FLYCHK code as a function of electron temperature.
Electron density is assumed to be 10" m=.

ing the CR model included in the FAC. For simplicity, we
only considered three charge states (Tb'3*—Tb?’*) men-
tioned above. The calculation only includes single elec-
tron excited configurations up to n=5, and the CR model
only includes spontaneous emission and electron impact
excitation/de-excitation to reduce the calculation time for
the cross sections of elementary processes. Also, single
temperature is assumed, that is, the effect of line integra-
tion along the line of sight is ignored.

For a comparison with the experiment, the calculated
spectra for the three charge states need to be synthesized
with the fractional abundance estimated by the FLYCHK
code. However, it should be noted here that the calcu-
lated wavelengths of the identified lines of Pd-like and
Ag-like ions systematically deviate approximately 0.2 nm
to shorter wavelength side. For example, the calculated
wavelength for the 4d'° 'S)—4d°4f P, transition of Pd-like
Tb!%* ion is 6.334 nm, while the experimental wavelength
of this line in LHD is 6.514nm. This indicates that the
calculated spectra need to be slightly shifted so as to meet
the experimental spectra. Therefore, the calculated spec-
tra for Ag-like and Pd-like ions were shifted by 0.195 and
0.180 nm to longer wavelength side, respectively, based on
the measured values in LHD. As for Rh-like ion, the ap-
propriate value of the shift is unknown because no lines
are identified. In this study, we assumed the shift for Rh-
like ion is the same as that for Pd-like ion. We synthesized
the shifted three spectra with the weight determined by the
calculated fractional abundance.

Consequently, we obtained the simulated spectra for
the temperature range of 200 - 300eV. For example, the
simulated spectrum at 230 eV is shown in Fig.5 together
with the measured spectrum (same as Fig.1(c)). The
overall feature of the narrowed spectral shape qualitatively
matches with the simulation for 230 eV except for the fine
details. It is noted that there still remains weak background
quasi-continuum feature in the observed spectrum, which
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Fig.5 The simulated (top) and the observed (bottom) spectra
of Tb ions. The simulated spectra are slightly shifted
to longer wavelengths before synthesizing the spectra for
three charge states. The observed spectrum is the same as
Fig. 1 (¢).

may originate from broad UTAs of the other charge states
as suggested from the gA distributions shown in Fig. 3.

5. Summary

In LHD plasmas, we have systematically observed
soft X-ray spectra of n=4-4 transitions of highly charged
heavy ions. Temperature dependent shape of quasi-
continuum UTA spectra can be qualitatively explained
by the calculated line positions for ions with outermost

4d subshell. The narrowed spectral shape outstanding in
Z=63 - 66 is mainly composed of a few charge states
around Pd-like ion, and is qualitatively simulated by the
CR model for three ion stages if the calculated wavelengths
are intentionally shifted by approximately 0.2 nm.
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