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A spectrum line in the Princeton Large Torus (PLT) tokamak discharges, with wave-
length measured as 2665.1+0.2 ~, has been identified as the 2s 2p "D,~,

—'D,~, magnetic
dipole transition in Fe xx ground configuration. A variety of localized spectroscopic di-
agnostics, e.g., ion temperature and density distribution measurements in the high-tem-
perature interior of the plasma, are feasible by means of forbidden lines of this type.
The 2665-A line has been used to measure near-central ion temperature in a discharge
with auxiliary neutral-beam heating.

Special interest in forbidden lines of highly
ionized atoms in plasma diagnostics arises for
two reasons. One reason is that the radiation
originates usually from a fairly localized region,
where the ionization potential of the ion is rough-
ly comparable to the local electron temperature.
The other is that this radiation occurs at rela-
tively long wavelengths, where optics (mirrors,
perhaps windows and lenses) can be effectively
used, thus allowing employment of versatile
spectroscopic techniques. In the past, spectro-
scopic ion temperature and spatial distribution
measurements in tokamaks have been restricted
to the relatively abundant oxygen and carbon im-
purities, "which become stripped and hence un-
observable at temperature ~0.7 keV.

In this paper, we report the first observation
and diagnostic application of a Fe XX forbidden
line in tokamak discharges. This line, from the
transition 2s'2p' 'D,g, -'D, g2 in the ground con-
figuration, had not been directly observed before,
although its approximate location was, of course,
predictable. The wavelength (in air) was meas-
ured as 2665.1+0.3 A, corresponding to the 'D-
level separation of 37511+4 cm '. The simple
LS-coupling magnetic dipole radiative transition
probability (which should be adequate to better
than a factor 2) is 570 sec '. The identification
of the line is based on the temporal and spatial
variation of the observed emissivity in the dis-

charge, and the approximate agreement with the
expected wavelength and intensity, as described
below. Forbidden iron lines of Fe XXI at about
2300 and 1354 A have been also observed in the
adiabatic toroidal compressor (ATC) and Prince-
ton Large Torus (PLT) tokamaks, but not yet
with sufficient intensity and reproducibility to
allow accurate wavelength determination or con-
sistent use for plasma dignostics, mostly be-
cause of interfering radiation of other origin in
the spectral neighborhood.

The energy levels and wavelengths of the ground
configurations of Fe XX and neighboring iron ions
are shown in Fig. 1. The energy levels and their
scaling in isoelectronic sequences, and the ob-
served lines, have been described by Edlen. '4
The lines at 1354.1 A of Fe XXI, at 845.1 A of
Fe XXII, and at 974.8 A of FeXVIII have been ob-
served in solar flares, ' the others are mostly de-
duced from differences of far-uv lines from laser-
produced plasmas, "or from ab initio calcula-
tions (except, of course, the coronal green line'
of Fe XIV). Magnetic dipole transition probabili-
ties and wavelengths have been calculated by
Cowan' and Kastner, Bhatia, and Cohen. " In gen-
eral, the directly observed wavelengths are ac-
curate to about +0.1 A, whereas the interpolated
or calculated wavelengths are uncertain to at
least several angstroms.

Figure 2 shows the temporal behavior of the
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X = 2665 A line intensity in a PLT tokamak dis-
charge, in comparison with a succession of iron-
ion resonance lines measured with a grazing-inci-
dence spectrometer. All measurements are
take ' the equatorial plane of the torus, with

the toroidal separation of the two instruments
about 45'. The intensities are measured on an
absolute scale, although for illustration we have
normalized them to peak values. The 2665-A
line is measured with an 1-M Ebert-Fastie spec-
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FIG 2 Temporal behavior of the X=2666 A line and several aron-ion reso-~ ~
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trometer, 1200-line/mm grating in the fourth
order. A typical sample of the actual signal,
with background radiation of neighboring weak
carbon or oxygen lines, is shown in the inset.

The discharge starts at 20 msec in the scale of
the figure, and the (central) electron density
rises nearly linearly from about 1.3 x 10"/cm'
at 50 msec to 3 &10LS/cm~ at 200 msec. The ap-
pearance and peaking times of the 2665-A line
are clearly appropriate for Fe XX, in compari-
son with the other ion lines. The somewhat dif-
ferent early-time shape is probably due to differ-
ent electron density dependence of the emission:
The radiative lifetimes of the 'D states of Fe XX
are not very much shorter than collisional life-
times (as is the case in the other lines depicted
in Fig. 2); so with increasing density the relative
intensity of the 2665-A line may be progressive-
ly reduced. At about 135 msec the discharge suf-
fered an internal disruption (which reproduced
quite well from discharge to discharge) that low-
ers and broadens the electron temperature radial
profile. As a result, the ion lines pertaining to
the highest temperatures (highest ionization po-
tentials) drop, whereas those of lower states in-
crease slightly. Also in this respect the 2665-A
line is appropriate for Fe XX..

From the intensities of the resonance line and
the electron density, the Fe XX ion concentration
near the 2665-A line peak is found to be nearly
7 X10"/cm' for these particular discharges with
high Fe concentration. From the pattern of the
energy levels and approximately known collision-
al rate coefficients, it appears that the dominant
population mechanism of the 'D states is the di-
rect transition from the ground state (2p"S)
rather than, e.g. , pumping through higher-ener-
gy states. With the help of extrapolated colli-
sion cross sections"" and the radiative life-
times, " the population of the 'D,g, state under
t;he experimental conditions is calculated to be
about 20% of the total Fe XX population. The
measured intensity (near the peak) of 1.2&&10LS

photons/cm' sr sec of the 2665-A line is in very
good agreement with this estimate.

Figure 3 shows the vertical brightness distribu-
tion of the A. ='2665 A line, with a C V line distribu-
t.'on superimposed for comparison. [The discharge
conditions here differed somewhat from those
pertaining to Fig. 2: The temperature was lower,
T, (0) =1.2 keV versus -2 keV in Fig, 2, and n, (0)
about double that of Fig. 2. ] The CV line distribu-
tion corresponds to a quasicylindrical shell of
radiation located at about r= 28-30 cm (where T,
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FIG. 3. Chord distribution of the A. =2665 A line and
background, compared with the C & light distribution
in the same discharge. Aperture limiter is at + 40 cm.

=200 eV), whereas the A. = 2665 A line has a
strongly centrally peaked distribution, as is ex-
pected for the - 1.5-keV ionization potential of
Fe XX. The shoulder distributions of the latter
trace belong to some interfering lines of lower
states of carbon or oxygen, with quite different
time as well as space dependence from the A.

= 2665 A line. (The apparatus, measurement
techniques, etc. , for the radial brightness dis-
tributions have been described by Suckewer,
Hinnov, and Schivell. ")

With the space and time behavior, as well as
the wavelength and absolute intensity all consis-
tent with the 'D,~,-'D,~, transition of Fe Xx., %e
consider the identity of the A. =2665.1 A line de-
finitely established.

As a first application of this line for plasma
diagnostics, we show in Fig. 4 the results of near-
central ion temperature measurements' from
Doppler broadening of the line in a PLT tokamak
discharge with auxiliary neutral-beam heating. "
The neutral beams injected approximately 1-MW
power from 300 to 400 msec into a discharge with
Ohmic-heating power input about 0.7 MW. Fig-
ure 4 shows the consequent ion temperature be-
havior at radial locations determined by the radia-
tion pattern of the A. = 2665 A line (similar to that
in Fig. 3). The insets show the measured line
profiles just before and at the end of the beam
injection, and 100 msec later. These measure-
ments are in good agreement with ion tempera-
tures determined from char ge -exchanged neutral
deuterium energy spectra and collimated neutron
counts, ' under similar discharge conditions. The
advantages of Doppler temperature measure-
ments are that the radial location of the measure-
ment is, at least in principle, more definitely
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FIG. 4. Ion temperature near the center of a PLT
discharge with neutral-beam heating (300-400 msec)
measured from the Doppler contours of the A. =2666 A

line. Insets show some measured spectral contours
before, at the end, and after neutral-beam injection.
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determinable, and the results do not depend on
the plasma composition (e.g. , electron/deuteron
or hydrogen/deuteron ratios) or minor deviations
from Maxwellian distributions.

Besides local ion temperature measurements
in hot plasma interiors, the long-wavelength for-
bidden lines of heavy ions are useful many other
localized diagnostics. Measurement of plasma
motions, e.g. , rotations, is an obvious extension
of the Doppler temperature measurement. But
perhaps the most important in tokamak experi-
ments is the possibility of determination of spa-
tial distribution of the various ion concentrations,
which can lead to direct measurement of cross-
field ion transport rates. The ion concentrations
follow directly from local absolute emissivity
measurements, since the transition probabilities
can be calculated with relatively good accuracy,
and the populations of near-ground levels can be
related to each other fairly reliably, in plasmas
of known electron density.

Evidently, iron ions (and the associated chrom-
ium and nickel from stainless steel walls or
limiters) are useful for such diagnostics in the

1-2-keg electron temperature range. Corre-
sponding transitions in somewhat heavier ele-
ments that could be added in small quantities to
the discharge would extend the temperature
range upward. In this respect krypton is a par-
ticularly useful element in the diagnostics of
future larger tokamaks, since its addition and
removal is easily controllable.

The authors wish to thank our colleagues from
the PLT for their cooperation in experiments
and particularly Dr. K. Bol, Dr. R. J. Hawryluk,
Dr. J. Hosea, Dr. H. P. Eubank, and his Neutral
Beam team, for producing the discharges where
the reported measurements were made.

This work is supported by the U. S. Department
of Energy, Contract No. EY-76-C-02-3073.

'S. Suckewer and E. Hinnov, Nucl. Fusion 17, 945
(1977).

E. H~~~ov, S, Suckewer, K. Bol, R. Hawryluk,
J. Hosea, and E. Meservey, to be published.

3B. Edlen, Mem. Soc. Roy. Sci. Liege, Collect. 9,
235 (1976).

4B. Edlen, Sol. Phys. 24, 356 (1972).
5G. A. Doschek, U. Feldman, K. P. Dere, G. D. Sand-

lin, M. E. van Hoosier, G. E. Brueckner, J. D. Pur-
cell, and R. Tousey, Astrop. J. 196, I 83 (1975).

6G. A. Doschek, U. Feldman, R. D. Cowan, and
L. Cohen, Astrop. J. 188, 417 (1974).

U. Feldman, G. A. Doschek, R. D. Cowan, and
L. Cohen, Astrop. J. 196, 613 (1975).

B. Edlen, Z. Astroph. 22, 47 (1942).
R. D. Cowan, Los Alamos Scientific Laboratory Re-

port No. LA-6679-MS, 1977 (unpublished).
S. O. Kastner, A. K. Bhatia, and L. Cohen, Phys.

Scr. 15, 259 (1977).
S. J. Czyzak, T. K. Krueger, H. E. Saraph, and

J. Shemming, Proc. Soc., London, 92, 1146 (1967).
'2P. de A. P. Martins, H. E. Saraph, and M. J. Seaton,

J.Phys. B 2, 427 (1969).
~3S. Suckewer, E. Hinnov, and J. Schivell, Princeton

Plasma Physics Laboratory Report No. PPPL 1430,
1978 (unpublished).
'4R. Goldston et a/. , in Proceedings of the Seventh In-

ternational Conference on Plasma Physics and Con-
trolled Nuclear Fusion, »nsbruck, Austria, 1978 (In-
ternational Atomic Energy Agency, Vienna, , to be pub-
lished).




