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Tokamak-generated tungsten radiation identified in Agi isoelectronic sequence (Wxxvm)
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A new interpretation of the tungsten spectrum observed in 1,5-keV tokamak plasmas at Oak Ridge (the
ORMAK) and Princeton (the PLT) is given. An isoelectronic extrapolation of the Agi sequence from newly

observed data through Hoxxi strongly suggests that the tokamak radiation belongs to the transition array
4d ' 4f-4d '4f ' of Wxxviii. This is well supported by comparison with a calculation of the spectrum. An
earlier interpretation incorrectly attributed the radiation to a superposition of complex transition arrays
from much higher ionization stages.

Radiation losses from heavy ions are considered
to be a serious limitation to the achievable temp-
erature in tokamak plasmas. For the present,
lighter metals such as titanium or stainless steel
are used exclusively for the interior construction
of these machines. Knowledge of the ionization
stages and specific energy levels giving rise to
impurity radiation is necessary for a correct
calculation of the radiation losses, for an under-
standing of the plasma dynamics, and for future
design considerations. Heretofore, the tungsten
impurity spectrum observed in tokamaks ' was
attributed to a superposition of thousands of lines
arising mainly from W XXXI-W XXXIV.' We here
present strong experimental and theoretical evi-
dence that show that it arises primarily from
W XX&III, and that single transitions may be re-
cognized. Thus, the tungsten ionization appears
to be much lower than expected for a 1.5-keV
plasma.

The new interpretation of the tungsten radiation
follows from a detailed study of the PdI and AgI
isoelectronic sequences, whose ground states are
4d &p and 4d 5s Sy(2 The latter changes to
4d' 4f F at Sm XV& due to the rapid contraction of
the 4f shell with increasing nuclear charge. The
identifications of the Pd I resonance transitions
4d"-4d'5p and 4d" 4d 4f were p-reviously re-
ported for Cs X through Nd ~, and many lines in
the Ag I sequence were identified for Cs IX through
Sm XVI. In the present study these observations
were extended through Dy XXI in the Pd I sequence
and Ho XXI in the Ag I sequence. The ions were
excited by a triggered high-voltage spark dis-
charge and photographed with the NBS 10.7-m
grazing incidence spectrograph used at both 80'
and 85' angles of incidence. We here make use of
preliminary wavelength measurements for iso-
electronic sequence curves. The data through
Sm ~I are from Refs. 4 and 6-9 while the rest
are new identifications.

Figure 1 shows all of the known resonance lines

of the Pd I isoelectronic sequence that arise from
the 4d 5ft and 4d'4f configurations. It is a. plot
of the energy (in rydbergs) of the transitions di-
vided by the effective charge on the residual ion.
Extrapolations of the curves to W XXIX provide
predictions for the wavelengths of the expected
strong lines arising from the 'I'& levels, as given
in Fig. 1. The error of these predictions is not
expected to exceed +1.0 A.

At the position of the predicted line of W XXIX

at 49.3 A, the spectrum from tokamak plasmas
at Oak Ridge (ORMAK) shown in Fig. 2 (taken from
Ref. 2) contains a complex blend of lines; two
more blends appear at 45 and 60 A. The spec-
trum was again observed with the tokamak at
Princeton (PLT), ' but a significant difference was

G

found; in this case the structure near 45 A was
missing. The missing feature was attributed to
gold that lined the ORMAK. '

We have found that identification of the tungsten
spectral structure at 50 and 60 A follows naturally
from our observations of the Ag I isoelectronic
sequence through Ho XXI. This sequence begins
with the ground state 4d 5s S, but as the nuclear
charge Z increases along the sequence the 4f orbit
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FIG. 1. Transitions of the Pd r isoelectronic sequence:
4d Sp-4d 4f P, P, D, and 4d Sp-4d 5p Pf, Pg,
Extrapolated values (in A) of the So Pt lines for-
W XXK are given.
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case the spin-orbit parameter for the 4d core
f«was fit along with G', and the rest of the elec-
trostatic integrals of 4d 4f' were reduced by 20%
in accordance with experience in fitting Hartree-
Fock (HF) calculations to observed levels. The
adjusted value of G' is 87% of the HF value, while

g~ is 7% greater than HF.
The strong portion of the transition array

4d 4f-4d 4f ' has now been identified for the
spectra Ce XII through Ho XXI (Fig. 5). The
W &XVIII lines are included and are seen to fol-

Ba Ce Nd Sm Gd Dy Er Yb Hf W
X XV XX XXV

lON

FIG. 5. Transitions in the Agr isoelectronic sequence
between the 4d 4f ground term and the upper terms in-
dicated. The perturbation at the crossing of G terms
is evident at SmXVI. The dashed portions of the curves
indicate their unperturbed positions.

low smoothly the experimental points obtained
from our observations. A perturbation of the 'G
term occurs where it crosses the 4d 5g configura-
tion. It is most severe in Sm XVI where the doub-
let splittings are compressed and the G terms
are strongly displaced. It is less severe in
Eu &VII but sufficient to produce an anomalously
large fitted value of G .

An extension of the 4d'04f-4d 5d sequence to
tungsten leads to a tentative identification of this
doublet in the ORMAK spectrum (see Fig. 2),
which is unfortunately blended with the gold im-
purity lines. An extension of the 4d 4f-4d 4f
curves to gold leads us to assign the blend at
45 A to the same array in Au ~XIII. The re-
maining weak structure underlying the 50-A
group probably includes the WXXVII array 4d 4f'-
4d 4f that should also split into two similarly
placed groups of lines.

The spark discharge used in the present work
appea. rs incapable of providing spectra in this
sequence beyond Ho XM. %e are undertaking ob-
servations with a laser-produced plasma in an
attempt to reach VY XXVIII and verify the present
analysis with high-resolution spectra.
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