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INTRODUCTION

Disruptions are observed in the Microwave Tokamak Experiment, MTX (n6e Alcator
C), over a wide range of plasma parameters. Indeed, disruptions often occur far from
the boundaries of the operating space as defined by Hugill and li-q plots. [1] Despite

this, the general behavior during the disruptive process is generally similar whatever
the operating parameters. This report will describe one disruption in detail in order to
provide a detailed anatomy of the event.

Observation of many disrupting discharges has provided several general results:

• The MHD activity before disruptions has various forms. Disruptions are seen in
which: (A) No MHD activity is seen; (B) m=2 activity is seen; and (C) m=2 and
m=3 activities are seen. For the data to date, the toroidal mode numbers are

ambiguous, but consistent with 2/1 and 3/2 modes. Coils for locked modes were not
available during these measurements, but have been installed for future
experiments.

b

• The strongest MHD activity is seen at low q (<3.5), but disruptions without precurser
activity are seen at all q.

• The Hugill (density) limit is generally not disruptive, but rather behaves as if gas
penetration and/or particle confinement are reduced. [2]

' • Following an initial disruption, current channel usually reforms at reduced major'
radius, and the plasma reheats implying that the flux surfaces have closed. The new
configuration is unstable, however, and the channel disrupts at least once more as
the plasma is lost.

To see the detailed behavior we turn to a particular discharge.J
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GENERAL DESCRIPTION OF A DISRUPTIVE DISCHARGE

Discharge 8670 was chJ_en for this study as a disrupting and relatively well diagnosed
shot: Its behavior is characteristic of many of those disruptions in MTX resulting from
startup problems and which are not near the density or low q limits. (As noted above,
however, the disruption process itself does not appear sensitive to the triggering
events.) The MTX tokamak was operated with Ro - 0.64 m, a = 0.165 m, and Bt = 4.9 T.

The discharge current and line-averaged density are shown in Fig. 1. Note that the - '
discharge ended in a series of three disruptions just before 0.2 second.

A contour plot of the line-averaged soft-xray emission, Fig. 2a, shows several features of
note. We see that during the buildup stage the discharge shows evidence of minor
disruptions; operation at this low density is difficult in MTX, The strong drop in x-ray
intensity at 0.06 s, reflected in rapid changes in the discharge current and density',
probably resulted from MHD activity although loop data is not available for that time
interval for this discharge.

There was a burst of heavy impurity simultaneously with this first drop in xrays, as
seen in Fig. 2b. The level then apparently drops significantly while the electron
temperature rises; the grating in the spectrometer would not have seen higher
ionization states, however, and it is possible that the states shown in the figure burned
out. The light impurity density rose later in the shot as it headed towards disruption.

It is also noteworthy that sawteeth were never established in this discharge. The value
of q(0) calculated from the electron temperature (assuming the current to be in
equilibrium with Te) was slightly above one as shown in Fig. 3. However, from about

0.13 to 0.17 s, the discharge was well behaved. Electron temperature profiles show a
steepening of the profile after about 0.16 s, arising primarily from an increase in central
Te. We will examine the behavior after this in more detail below; however, we can see

from the contour plot, Fig. 2a, that there is precursor x-ray activity before the
disruption, and that following the disruption at 0.185 s the plasma channel reforms
twice at radii successively closer to the inner wall before being lost completely.

The discharge was far from the usual stability boundaries, as seen from the Hugill and
li-q plots shown in Fig. 4. From both viewpoints, the discharge was in the middle of

the normally stable operating space, consistent with the other indications that problems
leading to the disruption arose during the plasma formation and in the early time
behavior.

PREDISRUPTIVE BEHAVIOR

The electron temperature and soft x-ray emission are shown for the last 0.05 s of the
discharge in Fig. 5. Prior to the actual disruption, there were three drops in x-ray
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emission. No MHD (or other) modes were observed before or during these precurser
events. However, simultaneous with them was an incoherent magnetic burst, shown
in Fig. 6a. These event_; caused a rapid flattening of the electron temperature profile
during the burst, as shown in the two time traces of Figs. 6b and 6c and in the contour
plots of Fig. 5. We see from Fig. 6 that the maximum electron temperature changes
near the axis and edge were about 20% with an inversion radius at ab_mt 8 cre. We
estimate from the electron temperature profile that q(r=8) = 1.8, _o the event plausibly

' occurred at the q=2 surface. After each precurser event, the electron temperature
recovers and its profile becomes increasingly more peaked.

Note from Fig. 7 that the discharge current did not change during these three events; a
small negative voltage spike (-2 V) was seen on the loop voltage; during disruptions,
-20 to -50 V are typical. Thus, the presumed magnetic reconnection was not extensive
enough to disrupt the plasma. This observa_:ion supports the hypothesis that locked
modes were involved.

Furthermore, both the line-averaged density, Fig. 7b, and the density contour plot, Fig.
8, show that the pre-disruptive events had only a small effect on the density profile.
The events were thus predominantly internal rearrangements of electron temperature
(and probably current density) which were not extensive enough to cause global plasma
losses. They thus differ (in strength, at least) from the usual minor disruptions and
appear more like sawteeth in nature.

The three precursor events and the first disruption occur with time spacings of 0.0060,
0.0050, and 0.0050 s. This time is comparable to both the energy confinement and
resistive diffusion times. Just before the disruption the plasma kinetic energy is about

3.9 kJ and the ohmic heating about 600 kW, yielding an energy confinement time, re =

6.5 ms. The resistive diffusion time is TR - ]doa2 / 77= 0.7 (r/a)2 T3/2 / Zef f s for a radius r; at

0.5 keV, 1/2 the peak electron temperature of 1 keV, Zeff <-2 (c.f. Fig. 3), and a radius of
order 1/4 the minor radius, this is 5-10 ms. Thus, the observed time between MHD

events of 5-6 ms is consistent with the recovery time of I_he plasma.

The electron temperature profiles steepen after about 0.16 s; however, this ?s due to
central heating. There is no evidence that impurity radiation near the plasma edge is
narrowing the current channel as sometimes triggers disruptions. [3] The bolometers
(not shown) also do not show an increase before the disruption.

THE DISRUPTION

The fourth MHD event, occuring at 0.185 s, caused the discharge to disrupt. As can be
seen from the soft x-ray and temperature contours, Fig. 5, the current channel reformed
at a smaller major radius, R = 0.60 m, disrupted a second time and reformed at R = 0.56
m, and then was lost completely. This process can be seen more clearly in Fig. 9 which
shows the x-ray, electron temperature, and density profiles. Note that for both the
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temperature and density data some channels were not working well, so the details are
not as complete as for the xrays.

The current profile becomes less peaked relative to the reduced minor radius when the
plasma moves nearer the inner wall. The force balance requires a vertical field,

Bv=4u---G /JP+2 2" "

The change in the discharge current, 1, following each of the first two disruptions is
about 25%, and the vertical field, By, remains unchanged. At constant vertical field,

aI=ARo a(_p+li/2)+aRo/Ro-aa/a
I Ro _p+li/2-3/2+ln{8Ro/a)

We estimate from Fig. 4b that just before the first disruption, _p + li/2 = 0.65.' (Beta only
contributes a small correction.) Thus, a reduction in a and corresponding inward

movement in Ro of 4 cm can only account for about half of the change in current. The

new force balance will require an increase in ,Op+ li/2 -- 0.3 and thus a relative
narrowing of the current channel. This will drive the plasma toward and probably
above the maximum value of li at which a stable MHD equilibrium can be established;
c.f. Fig. 4.

The collapse of the temperature during the disruption was very fast: Fig. 10 shows the
temperature change on axis measured by the ECE. The instrument had a 100 kHz filter
in the electronics; the measured time-of-change of about 20 bis is therefore only an
upper limit and the actual time maybe faster. The fast (JAERI) soft xrays, Fig. 11, show
the collapse time averaged over the entire plasma. The full (x-ray decay) time for the
first disruption was about 150 }.ts; for the final event in which the plasma was lost, the
time was only 50 Its.

Temperature profiles just before (0.185 ms) and just after (0.186 ms) are shown in Fig.
12. lt is not certain that the peak (at r =- 3.7 cm) before the disruption is real as the
right-hand 3 points were limited by bit noise and thus have a low accuracy. In any
event, the temperature dropped across the entire profile, including the plasma edge.

DISCUSSION

The electron temperature will collapse during the disruption due to rapid diffusion in

the (putative) stochastic magnetic field. If the electron step size (islands) is 8, the

diffusion time [4] is rX = (q R/vte) (a/6) 2, with Vte the electron thermal velocity. The

temperature drops to about 0.2 keV across the entire plasma (Fig. 6b), so if a 6= 10, rx =

7x10 -6 Te-1/2 = 1.5x10 -5 s, roughly as observed in Fig. 10.
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In these discharges, the electrons and ions are closely coupled. The equilibration time is

_eq = 10-2 T3e/2/ n20 ; at Te = 0.2 keV and rr20= 1, _eq ._ 9x10 '4 s. Thus, the ions provide a

heat reservoir which can help reheat the electrons when the current channe,t reforms.
In addition, of course, a full thermal model would also include ohmic heating and
impurity radiation.

The series of disruptions with the plasma reforming but not maintaining stability are
characteristic of events in MTX both with and without observed MHD activity. There is
apparently a competition between the loss of current to the wall and the reformation of

' closed flux surfaces in the plasma. If well understood, the reforming of the current
channel may offer an opportunity for recovering from the initial disruption: a fast coil
on the inside major radius could be fired to drive the plasma back to the center of the
vacuum vessel where it might be possible to form a new stable discharge.
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