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Control of plasma disruption by a biased edge electrode is reported in SINP-Tokamak. The features
that characterize a plasma disruption are reduced with increasing bias potential. The disruption can
be completely suppressed with the concomitant stabilization of observed MHD modes that are
allegedly precursors of the disruption. An m=3/n=1 tearing mode, which apparently causes
disruption can be stabilized when a negative biasing potential is applied near the edge. These
changes in the disruptive behavior with edge biasing are hypothesized to be due to changes in the
current density profile. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4803656]

INTRODUCTION

Plasma disruption'? is a major issue for the stable opera-
tion of a tokamak due to its highly damaging effect and it
should be avoided in large machines expected to attain the
high confinement times needed for future fusion reactors.
Major disruptions are mainly due to the growth of unstable
MHD modes™ or operation beyond the density limit™°
although the exact cause of this phenomenon is still an
unsolved problem. Control of the large scale MHD instabil-
ities, especially the m=2/n=1 and m=3/n=2 tearing
modes is important to avoid disruptions. Different methods
have been proposed and tested in several tokamaks to stabilize
MHD modes, such as magnetic feedback stabilization,” injec-
tion of RF waves for electron cyclotron resonance heating
(ECRH),8 or electron cyclotron current drive (ECCD).9’10
With ECRH and ECCD, conditions inside magnetic islands
can be modified due to the small localization of wave deposi-
tion. FTU experiments'' have shown the importance of MHD
mode coupling for a disruption and used localized ECRH for
disruption avoidance, by direct heating of magnetic islands
which stops further growth and also produces the stabilization
of the other modes. Current density redistribution can be
achieved through ECRH and ECCD, which stabilizes the cur-
rent-gradient-driven modes. Global change of current profile
has been obtained by ECRH® and by ECCD.’

A series of detailed electrode biasing experiments in the
SINP-Tokamak, whose main feature is that it can be oper-
ated from ultra low-g, regime to high-g, regime, showed
that, over different ¢, regimes, the current profile is modified
as a result of the application of a fast (~ us) biasing voltage
at the plasma edge. Consequently, transport-producing drift
modes in normal-g, (Ref. 12) and m =2 tearing mode in
low-q, (Ref. 13) have been stabilized, leading to improved
plasma confinement. Local application of electric potential
may thus lead to a global current profile change, which
affects internal MHD modes. This assertion is supported by
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the observations reported here of the reduction of Mirnov
probe oscillations and the stabilization of m =2/n =1 tearing
mode and suppression of unstable m =3/n =1 tearing mode
by applying a bias voltage. As a result, plasma disruptions
have been controlled. This represents a simple experimental
method supported by a physical picture, which might be
extended to avoid disruptions in future tokamaks with the
appropriate technology.

EXPERIMENTAL SETUP

The SINP-Tokamak is a small iron-core tokamak with
R=30cm, a=7.5cm, and wall radius a«, = 8.5cm.
Detailed experimental description can be found in Ref. 12.
In these experiments, plasma discharge duration is
10-15ms. A highly purified cylindrically shaped tungsten
electrode having 6 mm in diameter is inserted from the
top port into the tokamak. The exposed length as well as
electrode tip position have been kept fixed at 0.5cm and
r=6.7cm, respectively, for this experiment, where no
plasma disturbances have been observed. A negative bias
voltage was applied to the electrode with respect to the vac-
uum vessel from a 500V, 500 A power supply that can be
turned on in a time scale of tens of us by a silicon-controlled
rectifier (SCR) controlled fast trigger circuit. An important
component is two sets of Mirnov probes that are used to-
gether with other diagnostics. These two sets are separated
90° toroidally. Each set consists of four Mirnov probes sepa-
rated 90° poloidally. Multiple scans with reproducible results
give confidence to our measurements.

ANALYSIS AND INTERPRETATION OF RESULTS

In the present experiment, plasma discharges are restricted
to the normal ¢, regime with g, ~ 5 — 7. Very clean plasmas
are used in almost all discharges to get steady and reproducible
shots. All experimental scans start with a low —30V bias
voltage. Typical plasma parameters were Ip = 18 — 23 kA,
Br =12T, T,~200eV, n,~(3—5)x10”m™3, and
q,=4.9-6.2. Before the application of the biasing voltage,
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signatures of disruptions are found from loop voltage signals
with dense negative spikes'* at the falling stage of the plasma
current in almost every shot. A typical disruption shot is shown
in Fig. 1, where a hard disruption is seen at around 12 ms for
the discharge represented with the light line. The negative loop
voltage spike together with a positive spike in the plasma cur-
rent is clearly seen.

The effect of the electrode biasing voltage on the disrup-
tion can be judged by comparing cases with and without bias
under similar conditions. Fig. 1 shows that bias voltage sup-
presses the disruption. It is noticed that soft disruptions also
appear in the case with bias at the falling stage of plasma cur-
rent, coincident with the falling edge of bias voltage. The
physical mechanism behind the disruption event should be
determined and then elucidate how the application of a bias
voltage helps to suppress it. Two of the main causes of disrup-
tions are: unstable MHD disturbances and the attainment of a
density limit. The second case can be ruled out in SINP toka-
mak since the Greenwald limit ng = 10°1(MA)/(na*)m—3
~ 1.2 x 10®*m~3 is much higher that the nominal operating
densities n, ~ (3 —5) x 10'. We then focus on the stability
of magnetic disturbances.

First, the magnetic perturbations measured by the
Mirnov probes are studied for the case without bias, in order
to elucidate the features of the MHD modes related to disrup-
tions. Examination of the time sequence of the signals shows
that, typically, three time regions are present in the oscilla-
tions of each Mirnov coil which, in the typical shot of the
present analysis (not the one in Fig. 1), are 3-5ms, 5-9 ms,
and 9-17 ms, extending from current flat-top to current ter-
mination. In the time region of 3-5ms, no definite MHD
mode is observed. But, in the time intervals of 5-9 ms and
9-17ms characteristic MHD modes are present. First, the
frequency power spectrum is obtained with FFT in the three
time intervals and they are shown in Fig. 2. The first interval
(Fig. 2(a)) is free from MHD activity, while the other two
intervals show prominent peaks which determine the
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FIG. 1. Typical plasma discharge disruption. Temporal variation of (a)
plasma current /,,, (b) loop voltage V,, (c) intensity of H, line, (d) electrode
current, and (e) applied bias voltage. Without bias voltage (narrower line)
and with bias voltage at —70 V (wider line).
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FIG. 2. Power spectra of typical Mirnov probe fluctuations at three phases:
(a) pre-precursor phase (3—5ms), (b) precursor phase (5-9 ms), and (c) dis-
ruption phase (13—17ms) without bias. Precursor phase (lower power) is
also shown in panel (c) for comparison.

dominant frequencies of the MHD modes. It is worth men-
tioning that these frequencies correspond to drift-tearing
modes, which rotate at the observed frequency for some
poloidal mode number m. To determine these numbers, rela-
tive phases of the four consecutive Mirnov oscillations are
obtained following the conventional directions of the probes’
locations. This has to be made with precaution due to the
small number of coils available. We call the intervals 5-9 ms
the disruption precursor phase (Fig. 2(b)) and 9—17 ms the
disruption phase (Fig. 2(c)). Fig. 2 shows that the power
level in the precursor phase is quite low compared to that
in the disruption phase, which indicates that magnetic oscil-
lations have grown strongly at the disruption time. This leads
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to conclude that these are likely the main cause of the
disruption.

During the precursor interval, there are two dominating
frequency intervals at 12.5-13.2kHz and 8.1-9.2kHz seen
in Fig. 2(b). These frequencies can be filtered from the actual
time signal to determine the relative poloidal phases of con-
secutive Mirnov probes. These frequency-filtered signals are
plotted in Figs. 3(a) and 3(b). The relative phase differences
of consecutive Mirnov probe signals can be determined by
looking at the vertical lines drawn to aid the eye. The signals
for the frequency interval 12.5-13.2kHz have an approxi-
mate phase difference of m between consecutive Mirnov
coils, separated by 7/2 which corresponds to poloidal mode
number m =2, whereas for the range 8.1-9.2 kHz the phase
difference is approximately 37/2, which corresponds to
m=3. In order to better identify the mode numbers, in Fig.
3(c) we have plotted the phase difference of contiguous coils
against the poloidal position of the coils for each frequency
interval. Drawing a best fit straight line through the points,
the mode number is obtained from the line slope. This analy-
sis is facilitated in this case because the Mirnov coils are
equally spaced and the plasma cross section is circular.
When this is not the case, more elaborate analyses are
required.'>'® The fact that there are only four Mirnov coils
leaves the possibility that there are mode nodes between
coils which would produce a larger mode number, but we
are assuming here that higher mode numbers are unlikely to
be present and more difficult to detect. On the other hand,
the toroidal mode number is indicated to be n =1 by looking
at the relative phases between Mirnov coils at two toroidal
positions 90° apart. We point out that, for both coil sets at
the two toroidal positions, the relative poloidal phases are
the same thus confirming that the determination of the m
number is correct. The dominant tearing modes for the pre-
cursor (m/n=2/1 and 3/1) evolve as determined by the cur-
rent profile, eventually leading to the disruption.

At the disruption time, a similar analysis reveals that
there is a single dominant mode at frequency interval of
9-10 kHz, which is clearly observed in Fig. 2(c) for a repre-
sentative coil. Form the frequency-filtered time signals for
each of the four Mirnov coils, the relative phase differences
can be determined and in Fig. 4 the plot of the signal phase
vs poloidal angle is shown. From the slope of the best-fit line
in this figure, it is clear that the mode number is m=3.
Similarly, indication of toroidal mode number comes from
the comparison of the two sets of toroidal coils; the
frequency-filtered time signals at two toroidal positions for
this case are shown in Fig. 5 and the relative phases indicate
that n = 1. The amplitude of this mode is almost one order of
magnitude larger than those at the precursor phase and there
is no clear evidence of an m =2 mode. This observation
seems to imply that the growing mode m/n=2/1 couples
with the outer m/n =3/1 mode, in the sense that the energy
of the former is transferred to the latter stopping its growth,
through some mechanism that we cannot determine with the
available diagnostics. Possible causes are magnetic island
overlap* or mode locking by resonant fields.'” The unstable
m =23 mode then leads to the disruption by connecting the
confined plasma to the edge.
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FIG. 3. Time evolution of frequency-filtered Mirnov coil signals at four
poloidal locations in precursor phase (5-9ms) with no bias. (a) Range
8.1-9.2kHz indicates m=3 and (b) range 12.5-13.2kHz indicates m=2
from spatial phase differences at same time instant (indicated by the vertical
lines). (¢) Mode numbers for cases (a) and (b) as the slope of the line that
best fits the signal phases against the poloidal angle.

The presence of these modes can be checked to be con-
sistent with the plasma parameters. For this, the temperature
and current profiles are modeled to compute the rotation fre-
quencies and compare with the experimental values. The
electron temperature profile is taken as

T.(r) = To[l - (r/a)*), (1)
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FIG. 4. Mirnov signal phase as a function of poloidal angle when filtered at
frequency of 9-10 kHz in the disruption phase with no bias. The slope of the
best-fit line indicates a mode number m = 3.

where p is determined from the experimental information as
follows. For ohmic plasma, the current profile is obtained
from the electrical conductivity as J(r) ~ Te(r)3/ 2 from
which the g(r) profile is found. Assuming that the observed
frequency in the filtered Mirnov signals corresponds to the
electron diamagnetic frequency w., = ¢T,/eBrL,, the value
of T,(r=ry) at the g(r =ry,) = m/n surface is derived
(here n=1) and from that the index p of the model profile.
The density gradient scale length, L,, used in w,, is esti-
mated from a model density profile of the parabolic-like type
n=nol — (r/a)’]’, with s~ 1.2, and depending on the
location of the mode it can be in the range L, ~ 1 —4cm.
The T, profile obtained can then be used to find the fre-
quency of other m-modes, and compare with the data. For
the precursor phase, the central frequency of the m =2 mode
(f ~12.8 kHz) gives p=2.55 and it is located at
r, = 0.58a. With this profile index, radial positions for the
modes m =3 and m =35 are obtained and the corresponding
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FIG. 5. Time evolution of frequency-filtered (9—10kHz) Mirnov coil signals
at two toroidal locations (90° apart) but in same poloidal locations (0°) in
disruption phase with no bias indicates toroidal mode number n=1 from
spatial phase differences at same time instant (indicated by the vertical line).
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frequencies are f ~ 8.7kHz and 15 kHz. This is exactly the
observed frequency for the m =3 mode and there is evidence
for some smaller activity at the other frequency in Fig. 2(b),
although the m-number for this mode could not be identified
from the data due probably to some mode mixture. J/Jy and
q profiles for this phase are plotted in Fig. 6 with dashed
lines. At the disruption stage, the same analysis is applied
to the observed m=3 mode giving p=2.34 when the
frequency f ~ 9.5kHz of this mode is used, which is located
at the radius 73 = 0.76a. This profile is wider than the one at
the precursor time and that produces a more unstable mode
as it will be discussed in Discussion section. In Fig. 6, this is
plotted with dotted lines.

Now consider a discharge with a biasing voltage applied
at the plasma edge. In this case, the Mirnov oscillations have
a very low amplitude but still provide information about the
MHD modes. The relative power between the cases with and
without bias can be seen in the power spectra of Fig. 7.
Clearly, the MHD activity is drastically reduced when the
bias voltage is applied. In Ref. 12, it was reported that
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FIG. 7. Comparison of power spectra of typical Mirnov coil fluctuations in
disruption phase (13—17 ms) with no bias (upper panel) and with —80V bias
(lower panel) for the same time interval. Notice the large difference in
amplitudes of the peaks.
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biasing experiments improve plasma confinement by stabi-
lizing deleterious drift modes; in Fig. 2 of Ref. 12, the energy
confinement time was shown to be improved for the same
shots of Fig. 1. Current profile modification was reported in
the outer plasma region, becoming steeper right inside the
electrode position and this was associated to the improved
confinement. The current redistribution should also affect
current-driven tearing modes and hence a bias voltage would
alter the ensuing disruption. The dominant mode in this case
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is atf ~ 9 — 10 kHz and Fig. 8 shows the oscillations at this
frequency range for two different time intervals (correspond-
ing to disruption stage 9—17 ms in the no bias case and to an
extended interval 17-21 ms only present with the bias volt-
age). We point out that the signal amplitude does not change
much up to the end of the plasma discharge, which indicates
that there are no growing modes. The mode number is
clearly identified as m =2, based on the analysis of Fig. 8
that gives the poloidal phase differences as before. The mode
is present in both time intervals until the plasma discharge
termination. Therefore, this mode does not grow and the
other modes observed in the case with no bias are not
excited, probably due to the current profile modification.
This would prevent the mode coupling that led to the disrup-
tion when no bias was present.

The same profile modeling as before can be made for
this case, fitting Eq. (1) to the experimental profile using the
frequency 9.5 kHz for m=2, giving p=3.16 with radial
position 7, = 0.6a. This corresponds to a narrower current
profile compared with no biasing, in agreement with the
observed current profile modification reported in Ref. 12.
This is shown by the solid line in Fig. 6, which qualitatively
agrees with the edge profile shape presented in Fig. 6(a) of
Ref. 12, namely, steeper slope inside the electrode position.
It is clear that this profile modeling does not prove the exis-
tence of the global current profile modification adduced
above, but it provides a consistency check.

DISCUSSION

The analysis of the experimental results indicates that
MHD modes get stabilized when electrode biasing is applied,
which in turn avoids a plasma disruption. Specifically, with-
out bias modes m =2 and 3 are unstable (although a coupling
between them in the disruption phase makes 7 =2 mode im-
perceptible) and with bias m = 3 is stable (is not excited) and
m =2 is not growing (marginally stable). Based on previous
results,'*'* which show that electrode biasing produces cur-
rent profile modification, it is proposed that the stabilization
of tearing modes is due to changes in the current distribution.
This hypothesis could be tested by computing the stability of
the modes for a given current profile. One should bear in
mind that the stability properties of tearing modes are very
sensitive to the detailed profile shape and that experimental
measurements of the current profile are not available, except
for the edge region. Thus, reliable stability analysis cannot
be done, but some insight can be gained if the model profiles
from Eq. (1) are used. Following standard tearing mode sta-
bility analysis in cylindrical geometry,'® the usual stability
parameter A’ has been computed by solving the mode equa-
tions for the model current profiles. The criterion for instabil-
ity of mode m is that A’ > 0 at the position of the resonant
surface ¢ =m. The results give that, in general, mode m =2,
which is located deeply inside the plasma column
(r/a < 0.6), is unstable while mode m = 3, which is closer to
the edge (r/a =~ 0.76), is stable, for the profile parameters
derived in last section (2.3 < p < 3.2), although m =3 mode
for profiles with no bias is close to marginal stability
(A" = 0). Considering the approximate nature of the profiles,
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one could say that m =3 is unstable without bias, which is
consistent with the observations indicating that both m =2
and m = 3 modes are unstable. In the case with bias, the pro-
file change (which one should note from Fig. 6 that is not so
large) produces a completely stable m =3 mode (now A’ is
convincingly negative) as the observations indicate; how-
ever, m =2 mode is still unstable. Clearly, the simple model
profiles cannot account for the observed marginally stable
mode, but it is likely that current gradients around the ¢ =2
surface are different from those of the model profile.

To have an idea of how much the profile has to be
changed to stabilize the modes, a scan of the profile parame-
ter p was made. It was found that, for the range 1 < p < 4.6
the mode m =2 was unstable and m =3 mode was stable.
When p > 4.6, both modes are stable. Thus, the current gra-
dient corresponding to p =4.6 at ¢ =2 should be locally pro-
duced by non-ideal effects; the smooth continuous line of
Fig. 6 cannot account for a stable m =2 mode. But the model
profiles were only intended to test the consistency of the
observed frequencies. A more detailed stability analysis can-
not be made with the available experimental information.
Nevertheless, it is quite possible that the disruption is
avoided because the current profile changes globally with
biasing, which in turn prevents the development, growth,
and coupling of tearing modes.

Another mechanism frequently mentioned for mode sta-
bilization is the presence of poloidal plasma rotation due to
the radial electric field at the electrode position. It is known
that plasma rotation stops island growth due to the velocity
shear, which produces a stabilizing perturbed polarization
current which has an effect similar to mode locking.'®
However, we believe that this mechanism is not so important
for SINP plasmas since the radial electric field is not present
at all times in these discharges. In Fig. 7 of Ref. 12, it is
shown that the radial electric field duration is short and it
begins to decay just as mode formation begins, after 5 ms
into the discharge.

The reason for the cancellation of the radial electric field
while the toroidal current is modified is not completely clear
but it may be due to the fact that the electrode intersects a
magnetic island near the edge. Then, the negative electrode
draws a parallel current which can bring charges from a dif-
ferent radial position in order to neutralize the ions collected
at the electrode surface. This prevents the formation of a
radial electric field while the parallel current has a radial
component. As pointed out in Ref. 13, the parallel current
can modify the toroidal current profile through nonlinear
effects, as observed in the experiments.

CONCLUSIONS

The analysis presented here provides evidence that
plasma disruption is avoided when negative electrode bias-
ing is applied at the edge of the SINP-Tokamak, together
with a drastic reduction of MHD activity. When no bias volt-
age is present, the detected modes that can be identified are
m/n="2/1 and m/n=3/1, which apparently couple to leave
only a large amplitude m/n =3/1 mode that leads to the dis-
ruption. These modes are stabilized by effect of negative
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biasing potential and only a steady m/n=2/1 mode is
observed which is too far away from the plasma edge to pro-
duce a disruption. Based on previous analyses that indicate
that the edge current density profile is modified when fast
electrode bias is applied,'> we hypothesize that the most
likely cause of MHD modes’ stabilization is the current pro-
file modification. Calculation of global current profiles based
on the observed frequencies also indicates that the profile is
narrower with bias, which supports the assertion. Stability
calculations of tearing modes for these model current profiles
are consistent with the observed stabilization of the m=3
mode, but steeper profiles locally would be necessary to sta-
bilize m =2 mode. The stabilized MHD modes allow to have
a prolonged discharge relative to the case without bias.
Disruption avoidance related to electrode bias has been, to
our knowledge, first observed in SINP-Tokamak.
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