
A novel idea of this work is to use near UV-visible
forbidden lines to measure Wq+ ions distributions in the
Large Helical Device (LHD). Inherently narrow natural
width of the forbidden lines is a suitable feature for iden-
tifying a specific charge state of ions in emission spectra.
In the last LHD cycles, wavelengths of emission lines
from tungsten highly-charged ions have been precisely
measured for 320 − 356 nm and 382 − 402 nm by tung-
sten pellet injection. In the present work, the tungsten
emission lines were assigned based on its line-integrated
intensity profiles on a poloidal cross section. The ground-
term magnetic-dipole (M1) lines of W26+,27+ and an M1
line of a metastable excited state of W28+, whose wave-
lengths have been determined by measurements using a
compact electron-beam-ion-trap (CoBIT), were identi-
fied in the LHD spectra. The present results partially
compliment wavelength data of tungsten highly-charged
ions in the near UV-visible range.

Discharges for present measurements were started
with electron cyclotron heating followed by hydrogen
neutral beam injection (NBI) heating. In steady state,
the maximum electron temperature is about 3 keV at
the plasma center. Then, a polyethylene pellet contain-
ing tungsten wire (0.6 mm long and 0.15 mm diam-
eter) was injected into background hydrogen plasmas.
Time-resolved (sampling time of 38 ms at every 100 ms)
measurements were performed using Czerny-Turner UV-
visible spectrometers equipped with CCD detectors. Us-
ing an optical fiber array, photon emission was observed
at 44 lines of sight divided along the vertical direction of
a horizontally elongated poloidal cross section.

Fig. 1 shows examples of measured spectra for
330 − 340 nm (shot no. 121534). We could identify 11
lines of Wq+ (q = 20−28) in 320−356 nm and 382−402
nm. Among them, three lines are identified as ground-
term M1 lines of W26+, i. e. (4f2) 3F4 - 3F3,

3F4 -
1G4, and 3H5 - 3H4. One line is that of W27+, i. e.
(4f) 2F7/2 - 2F5/2. Another is an M1 line in a meta-
stable excited state of W28+, i. e. (4d94f) (5/2,5/2)3 -
(5/2,7/2)4. Spatial distributions of those M1 line inten-
sities in the core plasmas were deduced by Abel inversion
of line-integrated intensities on a cross-section of a helical
plasma torus (see Fig. 2), which will be compared to the
emisivities of the M1 lines calculated by using ionization
and recombination rate coefficients and ion transport co-
efficients.

Fig. 1: Upper panel shows vertical distribution of line-
integrated intensities. Solid indicates spectra measured
after tungsten injection (t = 4.1−4.138 s), and light gray
those before the tungsten injection. Red arrows indicate
the emission lines assigned to tungsten. Numbers are the
central wavelengths in nm.

Fig. 2: Radial distributions for the M1 line of W26+

(4f2) 3F4 - 3F3 at 333.7 nm.

The spectra of photoemissions due to the transitions 
between the sub-shell levels in N-sub-shell open atomic 
ions are of interest for the strong influence from the 
interactions between the electronic state configurations 
with different constituent orbitals. Modifications in 
unresolved transition array (UTA) spectral profile has been 
pointed out1,2), and this effect is advantageous to the 
development of practical extreme ultraviolet (EUV) light 
sources. The wavelengths of the 4d - 4f transitions are 
reported to be, for example, 7.9 nm for Nd (Z=60), 7.0 nm 
for Eu (Z=63) , and 6.8 nm for Gd (Z=64)3). The 4d - 4f
transitions of Tb(Z=65) at 6.5 nm has been investigated 
theoretically by Sasaki et al4).

To study the EUV light emissions from highly charged 
heavy ions in connection to their atomic structures, it is 
quite worthy to study in thin plasma conditions. We have 
proposed the use of the LHD plasmas for the spectral 
measurement of lanthanide elements. In the fiscal year 
2011, we measured the emission spectra of Gd(Z=64) and 
Nd(Z=60) in detail5,6). We further measured Tb(Z=65) and 
Dy(Z=66) in 2012, Yb(Z=70), Er(Z=68), and Sm(Z=62) in 
2013. We extended, in the fiscal year 2014, our 
measurement to the elements Ce (Z=58), Ho (Z=67), 
Tm(Z=69), Lu(Z=71), and Hf (Z=72)5,6). We have presently 
covered almost the whole range of the atomic number in 
lanthanide atoms, say, for atoms with Z=58, 60, 62, 64, 65, 
66, 67, 68, 69, 70, 71, and 72. The present accumulation of 
the spectral data is now enabling our investigation on the Z-
dependence of the spectral features in lanthanide elements. 

We compared those spectra to our elaborate atomic 
structure calculations based on a Multi-Configuration 
Dirac-Fock (MCDF) approximation. We employed the 
General purpose Relativistic Atomic Structure Program 92 
(GRASP92)7) for the electronic structure, and the 
Relativistic Atomic Transition and Ionization Properties 
(RATIP) code8) for transition wavelengths and strengths. 
By using these programs, we can properly evaluate the
electron correlations through the interactions between the 
relevant configuration state functions (CSF's) in a 
sophisticated manner. The complex spectra from UTA are 
generated theoretically. We have made the MCDF 
calculations for all the lanthanide atomic species for ions
with the number of electrons from 27 to 59. We have 
investigated, firstly, the Z- dependence of the 4d-4f UTA 
spectral features, and, secondly the charge state dependence 
of the 4d-4f UTA spectral features for individual elements. 

Figure 1 gives the synthesized EUV spectra in the 4p -
4d, 4d - 4f UTA region for all the lanthanide elements from 
Ce to Lu. We find that the general trend of the spectra 
agrees well with our experimental LHD spectra.

Fig 1. Synthesized EUV spectra of lanthanide atomic ions for the region of 
4p - 4d, 4d - 4f UTA. The distribution of weighted Einstein coefficients 
( gA-factors ) for transitions between N sub-shell states of Ce(Z = 58) to 
Lu (Z = 71) for ions with a configuration [Ni]4s24p64dw(w = 2 ~ 8) in the 
ground state. Horizontal axis: Wavelength of the emitted photons in units 
of Angstrom. Vertical axis: Sums of the weighted Einstein coefficients in 
units of 1/s. The sums of all the calculated gA-factors have been 
convoluted by the Lorentzian function of full width at half maximum 
(FWHM) 0.10 Angstrom and the triangular function of FWHM 0.10
Angstrom. The dotted line under the curves indicate the wavelengths of 
the spectral peak position.

In Fig.2, we show the charge state dependence of the EUV 
spectra in the 4p - 4d, 4d - 4f UTA region for Yb(Z=70). We find 
the UTA shows a dual peaked nature mainly in the wings of lower 
charges.

Fig. 2. Ionic charge dependence of the distribution of gA-factors in Yb 
ions. Vertical bars: the weighted Einstein coefficients for 4d - 4f and 4p -
4d transitions for individual ionic charges from Yb25+ with 4d9 to Yb33+

with 4d. Horizontal axis: wavelength of emitted photons in units of
Angstrom. Vertical axis: weighted Einstein coefficients in units of 1/s.
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