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Impurity accumulations are observed near the center of the dee-shaped
plasma in Doublet III. The accumulation causes remarkable changes in the

current profile. This tendency to accumulate is counteracted by MHD
activities.
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1. INTRODUCTION

It is well known that impurity contamination is a primary obstacle
to obtaining reactor grade tokamak plasmas. In present-day tokamaks,
light impurities can be successfully reduced by sufficient discharge
cleaning (Ref. 1) and/or via titanium gettering (Ref. 2). Research on
the mechanism of metal impurity release and the suppression of metal
impurity influx has also progressed recently (Refs. 3, 4). Therefore,
the behavior of the metal impurities in the plasma takes on greater
importance. Of particular interest is whether impurities in large
tokamaks accumulate near the plasma center (Ref. 5).

In the Doublet III device, plasmas with Zeff < 2 have been obtained
by sufficient discharge cleaning. In low density and high current
discharges, appreciable metal impurity radiation is observed, character-
ized by nickel, a principal constituent of both walls and limiters.
Moreover, mental impurities are observed to accumulate at the plasma
center. This tendency to accumulate is counteracted suddenly by MHD
activities which seem to enhance the transport near the plasma center,
with metal impurities near the plasma center being pumped out.

In this paper, we describe the experimental results on the accumu-
lation and elimination of metal impurities near the plasma center in
dee-shaped discharges in Doublet III, and discuss the disappearance of

the impurity accumulation.
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2. EXPERIMENTS

The dee plasmas in the D-III device have an elliptical cross section.
The main results are described elsewhere (Ref., 6). The elongation of the
plasma cross section described here is around 1.2, and the major and minor
radii are 1.43 m and 0.45 m, respectively. The vacuum chamber and the
limiter are Inconel.

The time evolutions of discharge current, loop voltage, line-

averaged electron density and the central value of the electron tempera-
ture are shown in Fig. 1. Assuming uniform effective ionic charge,
Zeff v 1.5 is obtained at 0.6 s. The toroidal magnetic field is 20 kG,
and the discharge current of 0,38 MA corresponds to a safety factor of
3.74 at the limiter.

The time behavior of soft X-ray detectors is shown in Fig. 2.

The detectors look at the plasma tangentially on a midplane. The

channel 3 detector sights the plasma center on the major radius at

1.43 m. The difference among the major radii which each detector sights
is 3 em, After a slightly unstable period in an initial stage, the soft
X-ray signals near the center (ch 1 - 4) increase up to 0.3 s, and become
steady. At 0.41 s, the soft X-ray signals near the center suddenly go
down; however, the signals of channels 6 - 10 hardly change. During the
period of the decrease in the soft X-ray signals, strong MHD oscillations
are observed on chamnels 1 - 5,

The 95.85& spectral line, characteristic of NiXXI, is measured by
the VUV spectroscope and is also displayed in Fig. 2. The time behavior

of the NiXXI is quite similar to those of the soft X-ray signals near the
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center. Judging from the central electron temperature, the NiXXI is
considered to be emitted near the plasma center. The large soft X-ray
signals near the center are due to the nickel impurity. On thé other
hand, the NiXI as revealed through a spectral line at 1402 remains nearly
constant during the steady state phase of a discharge; this can be inter-
preted to mean that the influx of nickel is constant. The metal impurity
has a tendency to accumulate near the plasma center, and that tendency

to accumulate is counteracted by the MHD oscillations observed on the
signals in the soft X-ray there. After the decrease in the soft X-ray
near the center, the sawtooth oscillations are observed on the soft X-ray
signals. This fact indicates that the q value near the center is less

than one.

3. EFFECTIVE IONIC CHARGE PROFILS

The microwave radiometer measurements of the electron temperature
profiles before and after the onset of MHD oscillations are shown in
Fig. 3. The temperature profile before the MHD oscillations is more
peaked than the one after the oscillation. . If the effective ionic
charge Zeff is uniform over the plasma cross-section, the sawtooth
oscillation should appear before the MHD oscillation. However, as
mentioned above, the.experimental results indicate that the sawtooth
oscillations are observed after the oscillations, never before. This
fact suggests that the profile of Zeff before the MHD oscillation is
centrally peaked,

The profiles of the soft X-ray intensities before and after the MHD
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oscillations are shown in Fig. 4. It is noted that the profile before
the MHD activities is strongly peaked near the center, compared with the
one after the MHD oscillations. The signals in channels 6 - 10 of the
soft X-ray array seldom change before and after the oscillations.

The absolute values detected by the soft X-ray array can‘be compared
with calculation based on bremsstrahlung and recombination process (Ref. 7).
Using the electron temperature profiles presented in Fig. 3 and an assumed
parabolic density profile, the calculated hydrogen bremsstrahlung for a
Maxwellian plasma after the MHD oscillations is plotted as a dotted line
in Fig. 4. As a matter of course, the enhancement of the signal above
the hydrogenic value due to the presence of impurities (the so-called
enhancement factor) has to be taken into account in order to adjust the
calculated value to the experimental one.

The best fit to the data is shown in Fig. 4. The profiles of the
enhancement factor used in the calculation are presented in Fig. 5.
The enhancement factor before the MHD oscillations reveals a strong
peaking., After the MHD activity, however, hollow profile of the enhance-

ment factor i1s required to adjust the calculation to the data.

4. DISCUSSION

The effective ionic charge Ze can be calculated from the enhance-

ff

ment factor (Ref. 7). The obtained profiles of the Ze are shown in

ff
Fig. 5. In the derivation of Zeff (r), the metal impurity is assumed to
be iron. The observed main metal impurity is nickel, as above-mentioned.

‘There is no available data on nickle, so data on iron is adopted, instead.
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Since the difference between nickel and iron is considered to be small,
the Zeff values in the calculation on iron can be useful for nickel.

The Zeff values in the region outside the r = 30 cm surface cannot be
determined because the bremsstrahlung from this region does not contribute

to the signal; thus the Ze value can have a large error bar.

£f

As mentioned previously, the Ze values after the MHD oscillation

ff
is around 1.5, assuming a uniform zeff' As shown in Fig. 5, the Ze

ff
value from the soft X-ray signals is almost 1.6, The derivation of the
Zeff from the soft X-ray signals is believed to be accurate.

The effective ionic charge Zeff before the MHD oscillations has a
strongly peaked profile near the plasma center. On the other hand, the
profile after the MHD oscillation is slightly hollow. It is concluded
that the metal impurity is accumulated in the plasma center before the
oscillation, and the metal impurity is eliminated from the center with
the MHD activities.

The current profile can be derived from the electron temperature, the
effective ionic charge, and the electric field. The period which we are
now discussing is long compared to characteristic times for the relevant
physical processes, i.e., 0.1 s and 0.2 s before and after the oscillation,
respectively. Therefore, it is a good assumption that the loop voltage
is uniform over a plasma cross-section. The calculated results on the
current distribution are shown in Fig. 6., In the calculation, it is

assumed that Ze in the region of r > 30 cm is the same as that at

ff

r = 30 cm. The total discharge currents from the calculated results

are 1.16 and 1.05 times as much as the observed discharge current of
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380 kA. Such minor discrepancies can be accounted for by the soft X-ray
sensitivity, the calculation of the emission from the plasma, and the
derivation of the Zeff values. Then, the calculated current distribution
is normalized to the observed discharge current, and is shown in Fig. 6.

Figure 7 shows the profiles of the safety factor calculated from the
current distribution in Fig. 6. The experimental data indicate that the
electron temperature profile before the MHD oscillations is more peaked
than the one after the oscillations, and that the sawtooth oscillations
are observed after the MHD oscillations, never before the oscillations.
The profiles shown in Fig. 7 successfully explain these puzzling pheno-
mena. The impurity accumulation in the plasma center prevents the safety
factor being less than one, and the impurity evacuation from the plasma
center increases the current density in the center and helps to drive
q (0) to less than one.

The metal impurity content near the plasma center is determined by
the imbalance between the influx and the outflux of the impurity. The
MHD oscillations seem to enhance the transport, and the metal impurity
in the center decreases. However, the quantity of the metal impurity
after the oscillation is more than 0.1%, a value that is comparable to
the requirement for future larger machines. However, the impurity
concentration prior to the onset of MHD activity exceeds 1%, which is a
very severe condition. It is necessary to decrease the metal influx
from the wall and to enhance the outflux of the impurity due to the
enhanced transport. In discharges with higher densities, such impurity

accumulation is not observed. This seems to be due to the reduction of



JAERI-M 9179

the impurity influx and to the enhanced transport induced by the MHD
activity.

The reason why the plasma before the MHD oscillation suddenly becomes
unstable is not clear. Plasmas with hollow current profiles seem to have
a greater tendency to display such instébilities. This point must be
studied further.

In this paper, the contribution of light impurities (e.g. oxygen) is
excluded. Because there is no data on highly ionized light impurity ions
(e.g. OVIII, OVII), there is no way to evaluate the effect of light
impurities. But, it is reasonable that 1light impurities contribute to
Zeff to some extend, The almost similar conclusions (current profile)

can be drawn. Qualitative spectroscopic study should be made infuture.

5. CONCLUSION

The peaked profile in the soft X-ray signals observed in relatively
low density discharges is seemed to be due to the metal impurity accumula-
tion near the plasma center. The major metal impurity is nickel from
the limiter and the vacuum wall. During the stage in which impurities
accumulate, the profile of the discharge current becomes hollow. The
impurity accumulation is suddenly counteracted by MHD activities, which
may be a consequence of the hollow current profile. The MHD activities
enhance the impurity transport, and eject metal impurities from the plasma

center, This leads to a slightly hollow profile of Ze The safety

ff°

factor corresponding to the deduced current profile is less than one near

the center, which is in agreement with the observed sawtooth oscillatioms.
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- Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. S

Fig. 6

Fig. 7

Time behavior of loop voltage (VL)’ discharge current (Ip), mean
electron density (E;), and central electron temperature of dee
hydrogen plasmas in D-III.

Time evolution of array of soft X-ray detectors (10 channels) and
NiXXI (95.85&). The soft X-ray detectors sight a plasma tangen-
tially on a midplane. Arrows before and after MHD oscillations
show the time analyzed in this report.

Radial profiles of electron temperature measured with microwave
radiometer of the second harmonic of the electron cyclotron
frequency before and after MHD activity.

Profiles of soft X-ray intensity. Marks (O) and (4) are
observed data before and after MHD activities, respectively.

The solid and broken lines are the best fits obtained using the
enhancement factors in Fig. 5. The dotted line is hydrogen brems-
strahlung after MHD oscillations assuming a parabolic density
profile and using the temperature profile in Fig. 3.

Radial profiles enhancement factors csvbefore, and ca after MHD
activities giving best fits are shown in Fig. 4.

Profiles of effective ionic charge (Zeff) derived from enhancement
factors, assuming that the main impurity is iron.

Radial profiles of discharge current density before and after MHD
oscillations calculated from loop voltages, temperature profiles,
and effective ionic charge profiles.

Profiles of safety factors calculated from profiles of current

densities in Fig. 6.
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Fig. 2 Time evolution: of array of soft X-ray detectors (10 channels) and
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tially on a midplane. Arrows before and after MHD oscillations

show the time analyzed in this report.
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The solid and broken lines are the best fits obtained using the
enhancement factors in Fig. 5. The dotted line. is hydrogen brems-
strahlung after MHD oscillations assuming a parabolic density

profile and using the temperature profile in Fig. 3.
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