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Abstract.  Quantitative tungsten study with reliable atomic modeling is important for successful achievement 
of ITER and fusion reactors. We have developed tungsten atomic modeling for understanding the tungsten 
behavior in fusion plasmas. The modeling is applied to the analysis of tungsten spectra observed from currentless 
plasmas of the Large Helical Device (LHD) with tungsten pellet injection. We found that extreme ultraviolet 
(EUV) lines of W24+ to W33+ ions are very sensitive to electron temperature (Te) and useful to examine the 
tungsten behavior in edge plasmas. Based on the first quantitative analysis of measured spatial profile of W44+ ion, 
the tungsten concentration is determined to be n(W44+)/ne= 1.4x10-4 and the total radiation loss is estimated as ~4 
MW, of which the value is roughly half the total NBI power. 
 

1. Introduction 

Tungsten is planned to be used as plasma-facing material of the 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 the target by some 
impurities, it is transferred into the main plasma and causes radiation power loss to cool 
plasma. Tungsten is not fully ionized even in the core of ITER plasma with an 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. Tungsten behaviour in plasmas 
can be studied with a spectroscopic method, and we need a reliable atomic model for tungsten 
to analyze spectral data. 

Previous studies on tungsten atomic modelling have not fully explained the 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. In particular, the second peak of UTA at ~6 nm was not 
reproduced by previous work of Pütterich et al. [1]. They explained that this peak could be 
produced by lower-charged tungsten ions or via dielectronic recombination processes which 
they did not include 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 Pütterich 
et al. did not consider detailed atomic structure and the 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, 
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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 we 
validated the model by comparing with EUV spectra measured from compact electron beam 
ion trap (CoBIT) plasmas [3] with tungsten hexacarbonyl vapour and from the LHD plasmas 
with tungsten pellet injection. 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 the vapour gas pressure of 
hexacarbonyl. The information from the CoBIT spectra is absolutely helpful to identify the 
EUV lines in the 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 
of charge state distributions obtained by analyzing EUV spectra of LHD discharge in section 
4, and radial profile measurement of W44+ ion in section 5. Summary is given in section 6. 

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 levels with quasi-steady state assumption for given electron temperature and density, 
because the relaxation timescale of the population densities for excited levels is fast enough 
compared to the timescales for changes in electron density and temperature. 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 
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where C(j,i) and F(k,i) are electron-impact excitation and de-excitation rate coefficients, ne is 
electron density, A(k,i) is the radiative transition probability, and S(i) is the 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 the 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, which is reliable over a wide range 
of collision energy. We consider electron 
configurations with principal quantum 
number n up to 6 including inner-shell 

 
Fig.1 Energy levels for W33+ ion, calculated with 
HULLAC code (red) in our model and data in 
ADAS database (blue) which Pütterich et al. used 
[1]. Data in ADAS considers only 5 
configurations. 
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excited states for atomic structure and up to 20,000 J-resolved fine-structure levels for one ion 
are included in the CR model. As an example, energy levels of W33+ ion are shown in Fig. 1. 
We consider 19 electron configurations, i.e., 4s24p64d5, 4s24p54d6, 4s24p64d4nl (n = 5–6 and l 
= 0–4), 4s24p54d55l (l = 0–4) states and 14,050 fine-structure levels in total, whereas ADAS 
dataset for fine structure J-resolved levels includes only 5 configurations. Rate coefficients for 
electron-impact excitation and ionization processes are obtained by averaging with electron 
velocity distribution as C( i, j ) = <σ(i,j)v>. We use the Maxwellian velocity distribution to 
compare with spectra taken in LHD, and mono-energy distribution for CoBIT spectra. Here 
we examine Wq+ ions with q = 20–45 and they are N-shell ions, i.e., the outermost electron is 
in n = 4 shell for the ground state. Ionization potentials for these ions are 543–2,414eV [5] 
and they can be seen in LHD plasmas.  

  Spectral line intensities are obtained with 
the population densities of the upper level 
for the transition as 

I (i, j; Te, ne) = n(i) A(i, j)∆E(i,j),     (2) 

where ∆E(i,j) is the transition energy and 
n(i) is calculated from the CR model with 
given electron density ne and temperature Te.  

Using our tungsten model, we synthesize 
EUV spectra at 2–7 nm with ion density 
distribution calculated with assumption of 
ionization equilibrium [6], as shown in Fig. 
2. EUV spectrum measured in the LHD is 
also shown in Fig. 2. Our model can 
reproduce the two-peak UTA feature in the 
tungsten EUV spectra at Te = 1 keV. The 
first peak at ~5 nm is produced with 4dn-

14f–4dn transition (4f–4d transition) and the 
second peak at ~ 6 nm is produced with 
4d94fn+1–4d104fn transition of W25+–W28+ 
ions (4f–4d transition) and 4p54dn+1–4p64dn 
transition of W29+–W34+ ions (4d–4p transition). Such inner-shell transitions become stronger 
when higher inner-shell-excited levels are included in the model. For example, population 
densities of 4p54d6 levels of W33+ ion (Fig. 1) become larger with de-excitation or cascade 
processes from higher levels such as 4p5 4d5 4f levels, which are not included in the ADAS 
dataset, then 4p5 4d6 – 4p6 4d5 transitions can produce stronger 6nm UTA peak. Such 
processes can occur in fusion plasmas. Since Pütterich et al. [1] used limited levels from the 
ADAS atomic datasets for their model, they did not reproduce the 6nm UTA peak in their 
model. For the higher electron temperature case (Te = 2 keV), W37+–W47+ ions do not produce 
UTA and isolated lines appear, as shown as the green line in Fig. 2b. 

 

3. Spectroscopic measurements in CoBIT and LHD 

 

Tungsten EUV spectra are measured for plasma in CoBIT [7]. Tungsten hexacarbonyl vapor 
is introduced into CoBIT, and tungsten is ionized sequentially by the electron beam and 

 
Fig. 2  Tungsten EUV spectra from (a) 
measurement in LHD and (b) model calculation 
with assumption of ionization equilibrium with 
Te = 0.53 keV (W23+ -W31+; dot-dashed line), 1 
keV (W26+-W36+; solid line), and 2 keV (W37+-
W47+; dotted line). UTA is reproduced at Te < 
1.5 keV and disappears at Te = 2 keV forming 
isolated lines. 
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trapped by electrostatic potential well in the 
axial direction and by electronic space 
charge potential in the radial direction. EUV 
spectra at the 1.5–4.5 nm wavelength region 
were measured with various electron beam 
energy and the charge states of observed 
emission peaks are determined. Using the CR model, we calculated EUV spectra with the 
physical condition of CoBIT, i.e., ne = 1016 m-3 and mono-energy electron distribution with the 
beam energy and identified emission peaks as 6g–4f, 5g–4f, 5f–4d, and 5p–4d transitions of 
W19+–W33+ ions, as shown in Figs. 3a and 3d.  The peak wavelengths shift shorter for higher 
charge states and they are useful to determine charge state distribution in LHD plasmas. 

For LHD plasmas, tungsten is injected as a coaxial impurity pellet (0.1–0.3 mmφ x 0.7 mmL 
tungsten in 0.7 mmφ x 0.7 mmL cylindrical carbon) [8] or a tracer-encapsulated solid pellet 
(TESPEL, 0.5–0.9 mm diameter) [9] in NBI heated discharges. A pellet is ablated in the 
vicinity of normalized minor radius ρ ~ 0.8, and tungsten is ionized and transferred into a core 
plasma region for discharges with typical central electron density ne ~ a few 1019 m-3. A typical 
NBI heated discharge with tungsten pellet injection is shown in Fig. 4. After a tungsten 
TESPEL was injected at t = 3.8 s, electron temperature dropped due to large radiation loss by 

 
Fig. 3 EUV spectra of tungsten ions; (a, d) 
CoBIT with two electron beam energies Ee, 
(b, e) LHD with different central electron 
temperature T0 at  t= 4.64s and 4.80s of 
discharge #112880, 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.4 Temporal evolution of stored energy Wp, 
NBI port-through power, central electron 
temperature T0, line-integrated electron 
density nel, and total radiation power for 
discharge #112880 with a tungsten TESPEL 
injection at 3.8s.  

 
Fig. 5 Electron temperature distribution at 
t=3.77, 4.20, 4.64, and 4.80s for discharge 
#112880 measured by a Thomson scattering 
system, as a function of normalized minor 
radius. 
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tungsten at the central region and reached the 
minimum temperature at t = 4.20 s, as also 
shown in Fig. 5, and recovered with NBI 
heating (t=4.64 and 4.80s). Tungsten was 
supposed to be accumulated within ρ < 0.8. 

We measured tungsten EUV spectra using 
an EUV spectrometer [10] and a SOXMOS 
spectrometer [11]. At 1.5–3.5 nm we 
observed similar spectra to ones measured in 
CoBIT and spectra change according to the 
change of central electron temperature. Low 
and high temperature cases are shown in Figs. 
3b and 3e, respectively. We calculated spectra 
using our model with the plasma condition of 
LHD, i.e., ne ~ 5 × 1019 m-3 and the 
Maxwellian electron velocity distribution 
with given electron temperature for each ion 
and synthesized spectra with ion abundances 
determined to match with the measured 
spectra as shown in Figs. 3c and 3f. Our 
model calculations well reproduce the LHD 
spectra with emission peaks of 6g–4f and 5g–
4f transitions of W23+ – W28+ for electron 
temperature Te = 0.7 keV case (Fig. 3c), and 
emission peaks of 5f–4d, 5g–4f, and 5p–4d 
transitions of W28+ – W34+ for Te = 1.4 keV 
(Fig. 3f). Spectral property is changed at W28+ 
ion reflecting a change in the atomic structure 
of tungsten ions. The ground state of W28+ ion 
is 4d10 and one of W27+ ion is 4d10 4f. Thus 
4f–ng transitions are dominant for W27+ and 
lower charged ions, but 4d–nl transitions are 
dominant for W28+ and higher charged ions.  

The determined charge state distributions of tungsten ions are shown in Fig. 6. For the 
lower temperature case, W25+ ion is the most abundant (solid circles), and W29+ ion is the 
most abundant for the higher temperature case (solid triangles). For comparison, we also plot 
charge distributions in ionization equilibrium calculated by two models [6, 12]. Details are 
discussed in the next section. 

   As calculated with our tungsten model shown in Fig. 2b, the UTA at 5–7 nm was seen for 
LHD plasma with T0 ~ 1 keV and not seen with T0 ~ 3keV, as shown in Fig. 7. In this 
discharge, the deposited tungsten amount to the plasma was small and the electron 
temperature of the core plasma did not drop as in Fig. 5. The electron temperature was kept 
high even after the tungsten pellet injection at 3.8 s and emission lines of W40+–W45+ ions 
were observed at T0 ~ 3 keV, and such discrete lines are useful to examine the tungsten 
behaviour. 

 

 

Fig. 6 Charge distribution of tungsten ions 
obtained by fitting to the measured LHD 
spectra (● and ▲), and calculated o nes in 
ionization equilibrium obtained in [6](purple 
lines) and in [12] (green lines). 

 
Fig. 7 Tungsten EUV spectra at 3.75s (black) 
before pellet injection of 3.80s, at 4.35s (red) 
with T0~3keV, and at 5.35s (green) with 
T0~1keV measured in LHD NBI-discharge 
#112877. 
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4.  Charge state distributions 

 

   As shown in Fig. 6, we obtained charge state distributions of tungsten ions using EUV 
spectra at 1.5–3.5nm. We can compare them with expected distributions from ionization 
equilibrium calculations. Sasaki and Murakami [6] 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. The excitation-autoionization process is also 
naturally included in the model. Ionization rate coefficients were calculated with Lotz’s 
empirical formula [13]. Traditionally, ADPAK [14] atomic datasets are widely used for 
ionization equilibrium calculations. This model is based on an average ion model and detailed 
atomic structures are not considered. Asmussen et al. [12] proposed to modify the ionization 
rates of tungsten in this package in order to explain experiments done in ASDEX Upgrade. 
They increased the ionization rates by a factor of up to 3 for Wq+ with q > 30. A part of this 
factor is explained as the excitation-autoionization process. We also use their rates to calculate 
charge state distributions in ionization equilibrium for a comparison. 

Figure 6 shows that the equilibrium ion abundance distributions of Sasaki and Murakami 
model are shifted toward higher charge states than the measurements for the same electron 
temperature. To obtain the same maximum charge state in the distributions as to the 
measurement, lower electron temperature must be assumed, i.e., Te ~ 0.4 keV for the T0 = 0.7 
keV case, and Te ~ 0.9 keV for the T0 = 1.4 keV case. On the other hand, the abundance 
distributions calculated with the modified ADPAK rates of Asmussen et al. [12] show closer 
maximum charge sate to the measurements with almost the same electron temperature for 
both cases. Interestingly, abundance calculation by Pütterich et al. [15] indicates the same 
tendency. The reason that the models of Amussen et al. and Pütterich et al. give the similar 
charge distribution is probably that they modified atomic data to fit to their experiments. 
Pütterich et al. used ionization rates calculated by configuration averaged distorted wave 
method [16], but they modified the recombination rates from ADPAK to explain experiments. 
The Sasaki and Murakami model does not modify any atomic data artificially. Their model 
calculation shows good agreement with experiments for the line ratio of W44+ and W45+ lines, 
although their ionization and recombination rates are both larger than other models. 

The discrepancies between The Sasaki and Murakami model and measurements indicate 
that ionization of tungsten proceeds to higher charge states than expected from measurements 
at a fixed temperature because of large ionization rates or large recombination rates. The EUV 
spectra at 1.5–3.5 nm of this discharge shown in Fig. 3 show very rapid time variation, 
following the change of the central electron temperature. It means that the charge state 
distribution follows the change of electron temperature very well and the tungsten ions seem 
to be in ionization equilibrium. We do not include the effects of transport and spatial profiles 
in this analysis yet, thus we need to examine such effects. In addition, we need independent 
validation for ionization and recombination rates of tungsten ions. 

 

5.  Radial profile of tungsten ion 

 

As shown in Fig. 7, W44+ and W45+ ions have discrete emission lines at ~6 nm since their 
atomic structures are simpler than lower charged ion such as W33+, because their ground states 
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are 3d10 4s2 for W44+ ion and 3d10 4s for W45+ ion, 
respectively. Since the ionization potential of 3d 
shell is large and inner-shell ionization of a 3d 
electron is not easy, their transitions are similar to 
He-like ion and H-like ions. The 4s4p – 4s2 
transition of W44+ ion at 6.09nm can be used to 
measure its radial intensity profile.  

A radial intensity profile of W44+ ion at 6.09nm 
was measured for the NBI heated discharge with 
tungsten pellet injection. Similar to the discharge 
shown in Fig. 4, the electron temperature dropped 
after a tungsten impurity pellet injection, and then 
recovered later. During the temperature recovery 
phase, it reached ~3keV and 6.09nm line was 
measured. Applying Abel inversion technique, we obtain centrally peaked local emissivity 
profile, shown as a solid line in Fig. 8.  

We calculate radial profile of tungsten ion distribution by continuity equation in 
cylindrical geometry, where we assume diffusion coefficient and convective velocity as D = 
0.2m2/s and V = -1 m/s as typical values. Centrally concentrated profile is obtained as a dotted 
line in Fig. 8. Discrepancy in calculated profile at ρ >0.5 may be caused by contamination of 
lower charged ions. Since the tungsten pellet is usually ablated in the vicinity of ρ ~ 0.8, the 
peaked profile indicates that the tungsten is transferred from the edge to the core. Quantitative 
analysis based on our model can determine the tungsten concentration at plasma center as 
n( W44+ ) / ne = 1.4 x 10-4. In addition, the total radiation power from tungsten is estimated as 
~ 4 MW, which is the dominant component in the total radiation loss and approximately half 
the total NBI input power of 8.2 MW. 

 

6.  Summary 

 

   We have constructed the tungsten atomic model including many fine structure levels and 
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+ – W33+ ions at 
1.5–4.5 nm wavelength region for the CoBIT measurements and the model calculation and we 
identified emission peaks as n=6–4 and 5–4 transitions. We injected a tungsten pellet into 
NBI heated discharge of LHD and obtained tungsten EUV spectra similar to ones measured in 
CoBIT. Using emission peaks at 1.5–3.5 nm of n = 5– 4 transitions we can determine charge 
state distribution for W20+ – W33+ ions for the LHD plasma. These ions are produced in 
plasma with electron temperature from ~ 0.3 keV to ~ 1.5 keV and these peaks are very 
sensitive to electron temperature. This temperature region corresponds to peripheral plasma in 
ITER. The obtained charge state distributions from EUV spectra are compared with 
calculations by the atomic model of Sasaki and Murakami [6] and modified ADPAK of 
Asmussen et al. [12] in ionization equilibrium. The theoretical model of Sasaki and Murakami 
shows discrepancy from the measurements, and we need to find a method of validation on 
ionization and recombination rates. 

 
Fig. 8 Radial emissivity profile of W44+ 
line at 6.09 nm against normalized 
minor radius ρ, fitted by calculation 
for NBI heated discharge #108821 . 
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   Our model can reproduce the two-peak characteristics of the UTA at 4–7 nm. The second 
peak at ~ 6 nm is produced with 4d94fn+1–4d104fn 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.  

   A radial emissivity profile of W44+ ion is measured using 6.09nm emission line. This is the 
first measurement of the radial profile of tungsten ion in the LHD. Performing one-
dimensional transport calculation, we estimate the tungsten ion density at the plasma center 
relative to the electron density as n( W44+ ) / ne = 1.4 x 10-4.  The total radiation power from 
tungsten is estimated as ~ 4 MW and this is a dominant component of radiation power for NBI 
heated discharge. 
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