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ITER (International Thermonuclear Experimental Reactor) will use tungsten for the divertor 

baffles and dome as carbon generated from CFC (carbon fibre composite) tiles at the strike zones 

would lead to unacceptable levels of tritium capture [1]. To investigate the behavior of tungsten 

in a fusion reactor, studies are planned or already being undertaken at a number of major 

locations worldwide [2].  For example, at JET, tungsten erosion rates and the impact of an all 

tungsten divertor are being studied while interior regions of the ASDEX Upgrade Tokamak in 

Garching have been coated with tungsten and an extensive program of study has been underway 

for the past ten years on the effects of tungsten impurities on the plasma dynamics as well as the 

spectral emission from tungsten ions [3, 4].  A comprehensive review of the available data for 

tungsten spectra in all ion stages has been published by Kramida and Shirai [5], while a review of 

data from different fusion devices has recently been written by Reader [6].   

From work performed in the late 1970s at the Oak Ridge tokamak it was found that radiation 

from tungsten ions sputtered into the plasma radiated very strongly between 4 and 7 nm where a 

structured quasicontinuum overlaid by a few strong lines was observed.  The radiation was 

shown to primarily originate from 4d
10

4f-4d
9
4f

2
 and 4d

10
4f-4d

10
5d transitions in Ag-like W 

XXVIII [7].  Subsequently Finkenthal and co-workers identified features in the 4-7nm region 

resulting from groups of unresolved 4d – 4f, 5p and 4f – 5d, 5g transitions in W XXII through 

XXVI in spectra from the TEXT tokamak [8].  The tungsten was introduced into the plasma 

discharge by laser ablation. Subsequently Sugar, Kaufman and Rowan succeeded in identifying 

the strongest 4d - 4f lines in the spectra of Ag-like W XXVIII, Pd like W XXIX and Rh-like W 

XXX from TEXT data recorded using the same injection method [9 - 11]. 
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The plasma temperatures obtained in ASDEX-Upgrade are higher than in the earlier devices, so 

higher ion stages are observed and spectra have been recorded from W XXXIX to W LI and 

confirmed by EBIT data. Additional data from Berlin [12], LLNL [13] and NIST [14, 15] EBITs 

have resulted in the identification of lines in ion stages all the way to Ne-like W LXV many of 

which can be potentially used for temporal and spatial diagnostics in ITER. 

In the present work we report on the results of recent tungsten injection experiments at the Large 

Helical Device (LHD) in NIFS.  In a previous experiment performed at the LHD [16] some 4d-5p 

and 4f – 5g lines from W XXII – W XXIX were identified in the 2.5 – 4 nm region but again the 

bulk of the emission was recorded between 4.5 and 7 nm and the strongest lines were found to 

arise from W XXVIII, W XXIX and W XXX.   The LHD is one of the largest devices in the field 

of magnetically confined fusion research and plasmas are maintained under a magnetic field of 

2.75 T at the center. The typical plasma density is approximately 10
20

 m
-3

.   In this work, solid 

tungsten was introduced by a tracer encapsulated solid pellet (TESPEL) [17] injected into the 

background hydrogen plasma.  Two different plasma regimes were used and the results are 

shown in figure 1. In the first, the plasma core temperature was approximately 1.5 keV, the 

TESPEL was injected at t = 2.3 s and spectra were recorded in a 200 ms window centred at 2.7 

and 3.5 s respectively. A spectrum recorded at t = 2.1 sec, or before injection, is also shown to 

indicate the contribution from background impurities.  In Fig 1(b) the conditions accompanying 

TESPEL injection into a plasma with a hotter core temperature of 3 keV are shown. Injection 

occurred here at t = 3s. Spectra were again recorded with a 200 ms integration time.  The EUV 

spectra were recorded by a grazing incidence spectrometer whose groove density and focal length 

were 600 mm
-1 

and 1 m, respectively.  Calibration was provided by C, B and Ne lines and the 

absolute wavelength could be determined to within an accuracy of 0.01 nm.   

The strong discrete lines evident between 4.9 and 5.1 nm in both spectra can be attributed to the 

previously identified 4d – 4f resonance lines of Ag- to Rh-like W XXVIII, W XXIX and W XXX 

[9- 11] though their relative contributions are difficult to assess because they are superimposed 

on a quasicontinuous background resulting from unresolved transitions from a range of ion 

stages.  The strong line at 4.8948 nm is the 4d
10

 
1
S0 – 4d

9
4f 

1
P1 of W XXIX. This is the strongest 

line in both spectra in figure (a) and appears particularly pronounced in the spectrum recorded 3.5 
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ns after injection. In comparing the low and high temperature spectra some major differences are 

apparent, most noticeably the short wavelength structure evident in the 4.5 – 4.8 nm region is 

absent at lower temperatures while the structure appearing in the 5.5 – 6.5 nm region is 

 

Figure 1: Spectra recorded from the LHD at different times after TESPEL injection.(a) core electron temperature 

approx. 1.5 keV, (b) core electron temperature approximately 3 keV. 

quite different in both cases.  From earlier data it is possible to associate the mean peak lying 

between 4.9 and 5.5 nm with transitions from open 4d subshell ions, i. e. W XXIX – XXXVIII, 

while the ions with outer 4p subshells, W XXXIX  - WXLV, are known to give rise to two line 

groups centered near 4.6 and 6.4 nm respectively [3,18] and are responsible for the structure at 

these wavelengths in the higher temperature spectra.  Ions with a valence 4f subshell, i.e. W XV- 

XXVIII, can give rise to 4d – 4f transitions [8, 19] and we performed atomic structure 

calculations with the Cowan code [20] which showed that they could contribute strongly in the 

4.7 - 5.5 nm region.  The structure appearing in Figure 1 (a) in the 5.5 – 7.0 nm region has 

already been identified as resulting from 4f – 5d excitation in W XXII – XXIV [9].  The absence 

of lines from lower stages is most likely due to the presence of low lying configurations 

containing 5s electrons which would cause 5s – 5p transitions to contribute significantly at longer 

wavelengths and dominate the emission of ions below W
21+

.  For ions with an outermost 4d 

subshell, the dominant transitions are 4p – 4d, 4d – 4f and 4d – 5p.  Once the 4d subshell opens, 

the most intense transitions become 4p
6
4d

m
 – 4p

5
4d

m+1
+4p

6
4d

m-1
4f [19].   Our calculations 

showed that the spectra in the lower ion stages are dominated by intense emission near 5 nm that 

essentially originates from transitions to the 4d5/2 sublevel.  A second peak which appears near 

4.5 nm in WXXX grows rapidly in intensity with increasing ionization, is associated with 

transitions to the 4d3/2 sublevel and comes to dominate the spectrum past W XXXV. So in 
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summary, from comparison with existing results and calculation, we know that the 1.5 keV 

spectrum contains no contribution from ion stages certainly above W
38+

, and possibly above 

W
34+

.   The calculations also show that in the emission peaking near 6 nm can be attributed to 4s 

– 4p transitions so that the 3 keV spectrum is essentially dominated by stages from W
27+

 to W 
46+

.   

Indeed the increased emission in the 4.5 – 4.8 and 6 – 7nm regions is mainly due to additional 

contributions from 4p - 4d transitions from species with valence 4p and 4s subshells and many of 

the individual peaks can be associated with lines from W XXXVIII – XLVI from a comparison 

with tabulated data [5].  
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