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Abstract

We have constructed an atomic model for tungsten extreme ultraviolet (EUV) spectra to 
reconstruct characteristic spectral feature of unresolved transition array (UTA) observed at 

4-7 nm for tungsten ions. In the tungsten atomic modeling, we considered fine-structure levels 
with the quantum principal number z? up to 6 as the atomic structure and calculated the 
electron-impact collision cross sections by relativistic distorted-wave method, using 
HULLAC atomic code. We measured tungsten EUV spectra in Large Helical Device (LHD) 
and Compact Electron Beam Ion Trap device (CoBIT) and compared them with the model 

calculation. The model successfully explain series of emission peaks at 1.5-3.5 nm as = 5-4 
and 6-4 transitions of W24+ - W)2+ measured in CoBIT and LHD and the charge state 

distributions were estimated for LHD plasma. The UTA feature observed at 4-7 nm was also 
successfully reconstructed with our model. The peak at 〜5nm is produced mainly by many 
4f-4d transition of W22+ — ions, and the second peak at 〜6 nm is produced by 4f-4d 
transition of W2” - W28 ' ions, and 4d-4p inner-shell transitions, 4p2)4dn't 1 - 4p64dn, of W29+ — 
W35+ ions. These 4d-4p inner-shell transitions become strong since we included higher 

excited states such as 4p54dn4f state, which ADAS atomic data set does not include for 

spectroscopic modeling with fine structure levels.
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1.Introduction

Tungsten is planned to be used as plasma-facing material of divertor target for ITER and 
future fusion reactors, because of high melting point, low sputtering yield by hydrogen, and 
low tritium inventory. However, once tungsten is sputtered from target by some impurities, it 
is transferred into main plasma and causes radiation power loss to cool plasma. Tungsten is 

not fully ionized even in the core of ITER plasma with electron temperature of 15-20 keV, 
where tungsten is ionized up to W71+ (Li-like tungsten), and radiation power of such tungsten 

ions is large. It is also important for the stable operation of ITER to study the influx and edge 
transport of tungsten ions, rungsten behavior in plasmas can be studied with spectroscopic 

method and we need a reliable atomic model for tungsten to analyze spectral data.
Previous studies on tungsten atomic modeling have not fully explained tungsten extreme 

ultraviolet (EUV) spectra, e.g” an unresolved transition array (UTA) seen at 4.5-7.0 nm in 
plasma with Te < 1.5 keV [1]，which corresponds to edge plasma temperature for ITER. Since 
the UTA is composed of numerous inseparable emission lines, it has been difficult to analyze 

the UTA quantitatively. Especially, the second peak of UTA at -6 nm was not reproduced by 
Putterich et al.[1]and they explained that this peak could be produced by lower-charged 
tungsten ions or via dielectronic recombination processes which they did not included in their 
atomic model, since there were no significant emission peaks observed in Berlin EBIT spectra
[2]. However, the atomic data used in the model of Putterich et al. did not consider detailed 
atomic structure and number of energy levels were limited up to 〜2000 for one ion. Electron 
impact excitation cross sections were calculated with Coulomb-Born approximation, which 

was reliable only at high collision energy. Therefore their model was not sufficient to analyze 
spectra in detail. The charge state distributions in the Berlin-EBIT experiments were not so 

well controlled [2].
We have developed a tungsten atomic model with detailed atomic structure and validated 

the model by comparing with EUV spectra measured from LHD plasmas with tungsten pellet 
injection and compact electron beam ion trap (CoBIT) plasmas [3] with tungsten 
hexacarbonyl vapor. The LHD discharge is entirely stable for substantial amount of tungsten 

injection exhibiting no MHD instabilities. The CoBIT experiments well control the charge 
distribution of tungsten ions by changing the electron beam energy which determines the 
highest charge state in the plasma and by controlling vapor gas pressure of hexacarbonyl. The 
information from CoBIT spectra is absolutely helpful to identify the EUV lines in LHD.

In the following sections, our tungsten atomic model is explained in section 2, and the 
spectroscopic experiments in CoBIT and LHD are shown in section 3. We discuss the results 
for the UTA in section 4 and summarize in section 5.
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2. Tungsten atomic model

As the tungsten atomic model, we have constructed a collisional-radiative (CR) model for 
tungsten ions. In the CR model, we solve rate equations for population densities n(i ) of 

excited states with quasi-steady state assumption for given electron temperature and density. 
We include electron-impact ionization, excitation and de-excitation processes, and radiative 
decay in the rate equations. The rate equation for the excited level i is described as

dn{i)/dt = {C(y,/)«X7）} + 2 {F(ん，〇久 +

J<i (1)
-[S(i)«e + V C{i,k}ne + V {F{i,j}ne + 外’，_/)}>(/)，

K>i j<i

where C(jti) and F(Jc，i) are electron-impact excitation and de-excitation rate coefficients, ne is 
electron density, A(k,i) is radiative transition probabilities, and S(z) is electron-impact 
ionization rate coefficient. The recombination processes are ignored since these processes are 
not important for plasmas considered here. Energy levels，radiative transition probabilities, 
electron-impact excitation and ionization cross sections are calculated with HULLAC code
[4]. In the HULLAC code，atomic structure is calculated with Dirac Hamiltonian using 
parametric potential method and configuration interaction is included. Collision cross sections 
are calculated with a relativistic distorted wave method. We consider fine-structure levels 
including inner-shell excited states with principal quantum number n up to 6. So we treat 
about 4000 - 20,000 levels for one ion in the CR model. Rate coefficients for electron-impact 
excitation and ionization processes are obtained by averaging with electron velocity 

distribution as C( z, j ) = くXV) v>,. We use the Maxwellian velocity distribution to compare 
with spectra taken in LHD, and use mono-energy distribution for CoBIT spectra. The rate 
equations (eq.(l)) are solved with the quasi-steady state assumption as dz?(z)/dZ = 0 for excited 

levels，because the relaxation timescale of the population densities is fast enough compared to 
the timescales for changes in electron density and temperature.

Here we consider W7+ ions with q = 20-45 and they are N-shell ions, i.e. the outermost 

electron is in /? = 4 shell for the ground state. Namely，the ground states are 4s for W45^, 4s2 
for W44+，4s24pA with k =
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Fig.l Energy levels for W33+ ion, calculated with HULLAC code (black) 
in our model and data in ADAS database (gray) which Plitterich et al. 
used [1].Data in ADAS considers only 5 configurations.

1-6 for W43+- W38+, 4s24p64d* with た=1-10 for W37+— W28+, and 4s24p64d,04f* with た=1-8 

for W27+ - W20+. Ionization potentials for these ions are 543-2,414eV [5] and they can be 

seen in LHD plasmas. In the CR model, we consider the excited states including inner-shell 
excited states. For example, for the case of W33+ ion, we consider 4s24p64d\ 4s24p’4d6, 

4s24p64d4z?Z（Z7 = 5-6 and I = 04)，4s24p)4d)5/ (/ = 0-4) states as electron configurations and 

14,050 fine structure levels in total (Fig.1).
Spectral line intensities are obtained with the population densities of the upper level for the 

transition
10,7； Tef ne) = A(if y)DE(zj), (2)

where DE(zj) is the transition energy and «(/) is obtained from the CR model. We give 

electron density ne and temperature Te to solve the rate equations.

3. Experiments
3.1 Spectroscopic measurements in CoBIT
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Fig. 2 Tungsten EUV spectra measured in CoBIT (lower) with 
electron beam 1170eV and calculated with our CR model (upper).
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Fig.3 The wavelength shift of EUV emission lines for Tungsten 
ions measured in CoBIT [6].

IO10 cm-3

Tungsten EUV spectra are 
measured for plasma in CoBIT
[6]. Tungsten hexacarbonyl 
vapor is introduced into CoBIT, 
and tungsten is ionized 

sequentially by the electron 
beam and trapped by 
electrostatic potential well in the 
axial direction and by electronic 

space charge potential in the 
radial direction. EUV spectra at 

1.5-4.5 nm wavelength region 
were measured with various 
electron beam energy and the 
charge states of observed 
emission peaks are determined.
In this wavelength region, 
several emission peaks were 
observed and their peak 
wavelengths are shifted with the 
charge state. Using the CR

model, we calculate EUV spectra with the physical condition of CoBIT, i.e.， 
and mono-energy electron distribution with the beam energy. Figure 2 shows the measured 
EUV spectrum in CoBIT with electron beam energy 1，170 eV and calculated spectra by the 

CR model. To synthesize spectrum we determined the ion abundances to fit with the 
measured spectrum. We obtain good agreement between the measured and synthesized 
spectra. In this case, peaks at 2.0-2.4nm are 5f-4d transitions of W29+- W2” ions, and peaks 

at 2.7-3.6nm are 5g-4f and 5p-4d transitions. Figure 3 shows the peak wavelength shifts 
depending on the charge state q of W^+. Peaks at shorter wavelengths are 5fMd transitions for 

q>27 and 6g-^f transitions for q く 28. Peaks at longer wavelengths are 5g-4f and 5p-4d 
transitions. This indicates that the charge state dependence of the peaks can be used to 
determine charge state distribution in LHD plasmas.
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3.2 Spectroscopic measurements in LHD

In LHD plasmas tungsten is injected as 
an impurity pellet. A pellet is ablated and 

tungsten is ionized and is maybe 
transferred into a core plasma region for 
discharges with typical central electron 
density ne 〜a few 1013cm'3. Radiation 

from tungsten reduces electron 

temperature of a core plasma.
We measured EUV spectra at 1-7 nm 

wavelength region using an EUV 
spectrometer. At 1.5-3.5 nm we obtain 
similar spectra to ones measured in 
CoBIT and spectra change according to 

the change of central electron temperature.
In order to explain the measured spectra, 
we calculate spectra using our CR model 
with the plasma condition of LHD, i.e., ne 
〜5 xio13 cm'3 and the Maxwellian 

electron velocity distribution with given 
electron temperature. Figure 4 shows 
EUV spectra measured in CoBIT and 
LHD, and calculated spectra for two cases. 
Namely, lower temperature case (central 

electron temperature To = 0.7 keV) and 
higher temperature case (To =1.5 keV). 
Emission peaks observed in LHD show 5 
very similar structure to peaks measured 
in CoBIT, so they can be identified. The 

former spectrum has emission peaks of 
6g-4f and 5g-4f transitions of W23十一 

W28+, and the latter has emission peaks of

Fig. 4 EUV spectra of tungsten ions; (a, d) CoBIT 
with two electron beam energies Eb, (b, e) LHD with 
different electron temperature Te, and model 
calculations for (c) W23* — W28+ and (f) W28+ — W34* 
ions. Wavelengths in calculation at (c) are shifted by 
•0.15 nm to fit the position to measurements.

Fig. 5 Charge distribution of tungsten ions obtained 
by fitting to the measure LHD spectra (・ and ▲)， 
and calculated ones in ionization equilibrium [7].

5f-4d, 5g-4f，and 5p-4d transitions of W28" - Wj4+. We can reproduce the LHD spectra with 

our CR model calculations well as shown in Fig. 4. To fit with the LHD spectra, we determine 
charge state distribution of tungsten ions as shown in Fig. 5・ For the lower temperature case, 
W24+ and W2> ions are abundant, and W29" and W30f are abundant for the higher temperature 

case.
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Sasaki and Murakami [7] constructed a large-scale collisional-radiative model with 
configuration averaged levels to calculate tungsten ion densities in ionization equilibrium 
condition. Many autoionizing levels were included and dielectronic recombination process 

was treated explicitly as electron-capture to autoionizing levels, followed by radiative decay 
to bound levels. Ionization rate coefficients were calculated with Lotz’s empirical formula [8]. 
We can compare their ion density distribution in the ionization equilibrium with our obtained 
distribution. Figure 5 shows that their equilibrium ion abundance distributions with the 
similar electron temperature are shifted toward higher charge states than our obtained one 

from the measurements. The similar abundance distributions are shifted to lower electron 
temperature，i.e.，Te〜0.4 keV for 丁〇 = 0.7 keV case，and Te 〜0.9 keV for 丁〇〜1.4 keV case. 

These discrepancies indicate that 1)tungsten ions in LHD would not be in ionization 
equilibrium and behind the equilibrium, 2) tungsten ions would not accumulate in the center, 
but stay at lower temperature region, or 3) ionization equilibrium calculation would not be 
correct. Observed time variation of the EUV spectra follows the change of central electron 

temperature very well, so it is not easy to believe that the ionization stage would be behind the 
equilibrium. We need further investigation on the charge distributions.

4・ Discussion

Now using the obtained charge 
distribution, we can calculate spectra at 
4-7 nm wavelength region, where the 
UTA is seen. Figure 6 shows calculated 
spectra at 1-7 nm wavelength region. The 
characteristic two-peak UTA feature is 
reproduced: the first peak at 〜5 nm is 
produced with 4dn_,4f-4dn transition 

(4f-4d transition) and the second peak at

Fig. 6 Calculated spectra for Te = 0.7 and 1.4 keV with 
obtained charge distributions. Electron density 
5xl013cm'3 is assumed in the calculation.

〜6 nm is produced with 4d94f1"1-4dl04ffl transition of W2、♦- W28+ ions (4f-4d transition) and 
4p54dn+1-4p64dn transition of W29+ - W34+ ions (4d-4p transition). These inner-shell 

transitions are important to reproduced 6nm peak.
Putterich et al.[1]used ADAS atomic database and their atomic data do not include many 

higher excited states, since they limited total number for energy levels up to 〜2000 for dataset 

with J-resolved energy levels. As shown in Fig.l, only 5 configurations are considered for
W33+ ion, for example. The 4p54d6- 4p64d5 inner-shell transition can be occurred even with 

the ADAS dataset, but higher excited states related to this upper level, such as 4p5 4d5 4f are 
not included. Two-step processes of the electron-impact excitation from 4p6 4d5 to 4p5 4d5 4f 
and following de-excitation from 4p5 4d5 4f to 4p5 4d6 are important to populate the 4p) 4d6 

levels larger and to produce stronger emissions at 〜6 nm than the model without these
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processes. Therefore it is very important to include higher excited states especially inner-shell 

excited states to reproduce measured spectra in plasmas.

5. Summary

We have constructed the tungsten atomic model including many fine structure levels and 
we can use the model for detailed analysis of spectra to examine tungsten behavior in fusion 
plasmas. The atomic model is validated by comparing calculated spectra with measured ones 
with CoBIT and LHD. We obtained good agreement for EUV spectra of W20+ - W3P ions at 

1.5-4.5 nm wavelength region for the CoBIT measurements and the model calculation. Using 
spectral peaks at 1.5-3.5 nm of n = 5- 4 transitions we can determine charge state distribution 
for W20+ - W3パ ions for the LHD plasma. These ions are produced in plasma with electron 

temperature from 〜0.3 keV to 〜1.5 keV. This temperature region corresponds to peripheral 

plasma in ITER.
Our model can reproduce the two-peak characteristics of the UTA at 4-7 nm. The second 

peak at 〜6 nm is produced with 4d94f1+1-4dI04f1 transition of W25+ - W28+ ion and 

4p54dn+1-4p64dn transition of W29+ -W34+ ions. Higher inner-shell excited states and the 

transitions between the inner-shell excited states are important to reproduce the 〜6 nm peak.
We can apply our model to analyze spectra at longer vacuum ultraviolet wavelength 

regions for further study of tungsten behavior in LHD plasmas in future.
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