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Abstract

A disruptive B limit (3 = plasma pressure/magnetic pressure) is observed in
high performance plasmas in TFTR. The MHD character of these disruptions differs
‘substantially from the disruptions in high density plasmas (density limit
disruptions) on TFTR. The high P disruptions can occur with less than a
milliseconds warning in the form of a fast growing precursor.  The precursor
appears to be an external kink or internal (m,n)=(1,1) kink strongly coupled
through finite B effects and toroidal terms to higher m components. It does not
have the 'cold bubble' structure found in density limit disruptions. There is also no
evidence for a change in the internal inductance, i.e., a major reconnection of the

flux, at the time of the thermal quench.
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Introeduction

The need to withstand major disruptions on ITER and other future tokamak
reactors imposes serious design constraints and contributes greatly to the cost of
building and operating a large tokamak. In this paper, detailed experimental
observations on the high B (B = plasma pressure/magnetic pressure), high
temperature disruptions observed on the Tokamak Fusion Test Reactor (TFTR) [1-4]
are presented and comparisons made to disruptions in high density plasmas. Since
they occur in plasmas with reactor relevant parameters, these observations are of
particular interest when discussing disruption control or avoidance in tokamak
reactors. The disruptions in high B plasmas, possibly because of the high electron
temperatures (with magnetic Reynolds number S > 109), differ considerably from
the disruptions in colder plasmas [5]. Unlike disruptions in high density plasmas,
the high B disruptions occur with virtually no warning (e.g., there is no change in
the equilibrium plasma equivalent to the collapse of the edge electron temperature
in high density plasmas). The growth rates for the precursor MHD activity, when it
exists, are sufficiently large that active feedback on MHD activity would not be
useful as a method of controlling such disruptions on TFTR and likely in tokamak
reactors as well. TFTR is a circular cross-section tokamak and it might be suspected
that the physics of the disruptions would differ in 'D' shaped or diverted tokamaks;
However similar studies on the noncircular cross-section PDX found many
similarities with the disruptions discussed below [6]. Likewise, the observations of
fast B collapses reported on JT-60U appear to be similar to those made on TFTR [7].

Most high B disruptions can be avoided by operating TFTR below roughly 90%
of the empirically determined B limit (which is in rough correspondence with the
n=1 ideal-MHD mode B limit [3]). The limits on By {=BT/[I(MA)/a(m)B(T)]} and 5pol (=
plasma pressure/poloidal magnetic field pressure) have been determined
empirically (and are in reasonable agreement with the theoretical calculations of
the high n ballooning or external kink limits). For q(a)<6-7, the limit is
approximately Bp=2; for q(a)>6-7, the increased peakedness of the profiles changes
the stability limit to Bp<2. The maximum attained confinement time in supershot
plasmas is found to be nearly independent of beam power and plasma current.
Thus, the expected stored energy or normalized beta, fp can be estimated a
priori[8,9] making it possible to avoid most B-limit disruptions. In the 1992 run
period there were only four major disruptions of high performance supershots out

of a total of 550 supershot plasmas.
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The high Bpol current rampdown experiments are an exception to the above
statements in that the disruption rates are relatively high and the empirical B limits
are considerably higher than those discussed above. In these experiments, the
current profile is strongly modified by the current ramp; this has a large impact on
the experimental (and theoretical) B limits. The disruption frequency in these
experiments is considerably higher than the frequency for 'normal’ supershot
operation. This is partly due to less experience in this operating regime resulting
in more uncertainty in predicting machine performance; hence the p limits are
more often exceeded and control of the very high B plasmas is more difficult.
Nevertheless, the disruptions in these plasmas are not significantly different from
the high B supershot disruptions discussed here.

A brief descriptive summary of high density plasma disruptions will be
given in Section I of this paper, followed by a detailed phenomenological
description of disruptions in high B, high temperature plasmas in Section II. It will
be shown that there is very little similarity between the two types of disruptions.
High B minor disruptions and their similarities to major disruptions will be
discussed in Section III. Finally in Section IV some speculations on possible
disruption mechanisms and the importance of these observations for future

reactors will be discussed.

1 High Density Disruptions

This section provides a phenomenological discussion of density limit
disruptions on TFTR. Additional details of studies of high density disruptions on
TFTR have already been published [5). The observations reported here are very
similar to those reported on for the JET high density disruptions[10]. Density limit
disruptions, for the purpose of this discussion, refer to disruptions which result
from the collapse of the electron temperature profile in the manner shown in
figure 1. The collapse may be due to radiation from too high a density, as in this
case, or it may be due to an influx of impurities or from very strong MHD activity
that destroys the flux surfaces and allows large radial transport of heat to the
limiter or divertor. These disruptions proceed in three phases. The first phase is
the collapse of the electron temperature from the edge, either due to radiation or
MHD activity. A sequence of electron temperature profiles leading up to a major
disruption is shown in figure 1. As the edge cools, the temperature gradient in the
confinement region remains nearly constant, suggesting that there is very little

enhancement in the transport co-efficients in this region. As the temperature
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profile is contracting, it is also usually the case that in the plasma core the electron
temperature becomes very flat (the core region is probably the region within the
g=1 surface). If this flatness of the electron temperature profile were ascribed to a
stochastic magnetic field geometry, this would tend to suggest that the magnetic
shear in this region was small, i.e., the current profile is very flat. Subsequent
events, as will be seen, support this conjecture. The collapse continues until the
temperature profile resembles a ‘tophat’ shape, and the cold mantle has extended in
to about the q=2 surface. This process typically occurs over a period of several
hundred msec. It is during this period that attempts at intervention are most likely
to succeed.

When the cold mantle has extended into the region between the gq=2 and gq=Il
surfaces the second phase of the disruption begins, the thermal quench phase. At
this point an m=1, n=1 external kink becomes unstable [5]. The mode is classified as
an external kink since the 'edge’ of the plasma is now quite close to the g=l rational
surface and the plasma is strongly detached from the limiter. The mode mixes cold
plasma from the mantle region with the hotter plasma from the core, initiating the
second phase of the disruption, the thermal quench. It is at this time that the
internal inductance decreases, and a positive spike in the total current is seen. The
plasma usually recovers transiently following this event and may persist for of
order 10msec before the final thermal quench occurs.  Following this, the core
plasma temperature is probably below 100eV and the current quench phase begins.
No studies have been done on TFTR to address issues of whether impurity influx
during the current quench phase plays an important role in keeping the electron
temperature low or whether the plasma is stochastic enough at this point that
reheat is not possible.

The identification of the disruption precursor mode as having m=1 n=1 is
based on electron temperature profile data from two grating polychromators
(GPC's) toroidally separated by 126° and on a horizontally viewing soft x-ray camera
at the same toroidal location as one of the GPC's. The soft x-ray and electron
temperature profiles, along with a schematic of the inferred cold-bubble evolution,
are shown in Figure 2. The hollow temperature profile, together with the up-down
asymmetric soft x-ray emissivity profile at the same toroidal location is sufficient
information to deduce the m=1 cold bubble structure of the mode. The n number is
inferred from the assumption that the rotational transform must be of order unity
at this point; the mean free path of an electron is of order 50-100 toroidal transits,

so that the electron temperature must be nearly constant on a flux surface. The
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growth time of the mode is of order several hundred psec. The kink has the
topology of a 'cold bubble’ which implies very small magnetic shear in the core
[5,11,12]. Similar observations of a cold bubble structure were reported in
disruption studies on JET [13], but the limitations of two camera x-ray tomography
precluded unambiguous identification of the cold bubble [14]. The mode grows and
reconnects across the core of the plasma.

In summary, disruptions at high density on TFTR give a relatively early
warning during the phase I collapse of the electron temperature profile.  During
this time low m MHD activity may also play a role in the temperature profile
collapse. The actual current disruption precursor is an external (1,1) kink with a
cold bubble topology that grows on a millisecond time scale. The thermal quench
phase begins with a reconnection of the magnetic flux within the core region
resulting in a fast drop in the plasma internal inductance and concomitant voltage

and current spikes.

II_ Disruptions in high 3 plasmas

Disruptions at high B in TFTR also have several distinct phases, often
beginning with the growth of a precursor, followed by the thermal quench and
then the current quench. Unlike disruptions in high density, cold plasmas, there is
very little warning; the precursor can have a growth time of less than 50 psec (y =
2x104/sec) and may only be visible for less than 1 msec before the thermal quench.
In many cases there was no detectable precursor on the soft x-ray cameras, the
Mirnov coils or a single GPC (the operating experience with two GPC's is still rather
limited). The thermal quench takes from one to several hundred psec during which
time the electron temperature drops to less than 100eV which causes the
termination of the plasma. Following the thermal quench, the current decay
phase begins. There is no evidence for large scale internal redistribution of the
current as in high density disruptions.

Fast B collapses (herein referred to as minor disruptions) which resemble in
many ways the major disruptions are also observed. The phenomenology of the
precursor activity for major and minor disruptions is very similar suggesting a
common cause or mechanism is responsible for both; the only significant
difference between minor disruptions and major disruptions is that the minor
disruption did not have a severe enough impact on the plasma to result in a current
quench. The weakest minor disruptions may result in a drop in the central

electron temperature of < 5% on a time scale of a few msec or less and have little
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direct effect on the stored energy. However, minor disruptions are nearly always
followed by low m MHD activity which results in L-mode or lower levels of
performance.

Minor disruptions have some superficial resemblence to sawteeth. Both
sawteeth and minor disruptions result in a relatively fast drop in the central
electron temperature and density, both can affect the neutron rate and both can
cause bursts of Hy emission. However, when studied in detail they are clearly
different phenomena. The minor disruption precursor is an external kink, similar
to that seen for the high B major disruptions, the sawtooth precursor is a tearing-
type mode which results in an m=1, n=1 island. The sawtooth sawtooth leaves the
temperature profile flat or slightly hollow inside the reconnection radius (which is
somewhat larger than the q=1 radius), The electron temperature profile following
a minor disruption is still peaked. The electron temperature either drops over the
whole profile or has an inversion radius which is considerably larger than the g=1

radius. The burst of Hy emission occasionally seen following a sawtooth crash

occurs when the sawtooth induced heat pulse reaches the limiter, typically 10-20
msec later. The ‘'heat pulse' following the minor disruption (and the Hg burst)
reaches the limiter on a much faster timescale, typically in less than 100 psec. The
subsequent appearance of MHD instabilities suggests that there may have been
some modification of the current profile as well during the minor disruption. Some
examples of minor disruptions will be discussed in more detail in Section III.

The major disruptions (at high B) are always preceded by a non-thermal
burst of ECE emission. This burst may precede the thermal quench phase by up to
100 pusec and may signal the onset of global stochasticity, i.e., weakly stochastic
fields may allow the escape of energetic electrons before the thermal electron
confinement is seriously affected. The non-thermal ECE burst is sometimes
preceded by a small increase in the Hy or Dg emission levels. This rise may reflect
the initial flux of fast electrons leaking from the plasma and striking the walls, loss
of fast ions or possibly a helical distortion of the plasma edge. The thermal quench

phase lasts for 100-400 psec.

Precursor Activity

A relatively large percentage of TFTR disruptions are caught by the
disruption trigger system; however the disruption rate is low in supershot plasmas
(<1%) and there are only about 20 high B supershot type disruptions for which fast

electron temperature, Mirnov and soft x-ray camera data are available. Based on
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this limited sample, approximately one half of the high B major disruptions on TFTR
are preceded by an observable strong external kink-like mode. There is a tendency
for the lower q(a) plasmas [g(a)<5] to have weaker n=1 precursor activity. However,
even in the lowest current, high q(a) supershot disruptions, there are examples
with no detectable precursor activity. For a relatively few disruptions, particularly
those at higher current or lower edge q, a localized, fast growing moderate n
ballooning mode was observed before the disruption. This type of precursor
activity will be discussed in a later section.

An example of a disruption with a strong n=1 precursor is shown in Figures
3a and b. In Figure 3a the central electron temperature and the disruption
precursor as measured with a Mirnov coil are shown. The Mirnov signal has been
numerically integrated (to give the fluctuation amplitude in Gauss) and high-pass
filtered (to more clearly show the mode). The initial thermal quench is followed by
a brief period of reheating due to NBI injection. In Figure 3b the electron
temperature profiles are shown up to the non-thermal burst of ECE emission. The
precursor structure is easily visible on the temperature data. High B disruptions
with a very weak or undetectable precursor appear otherwise similar; an example
is shown in Figures 4a and b. The Mirnov data has been treated in the same manner
as that in Figure 3a and is displayed on the same vertical scale. ~No precursor
activity is visible either in the Mirnov data, or in the fast temperature data shown
in Figure 4b.

The type of precursor MHD activity seen before minor and major disruptions
is only observed before disruptions: sawtooth precursors are considerably
different. The most important difference between sawtooth and high B disruption
precursors is that the sawtooth precursor results in a poloidally and radially
localized flattening of the electron temperature, suggesting the presence of an
island (Fig. 5). In contrast, the disruption precursor only displaces the plasma, but
does not create flattened regions (Fig. 6). The implication is that the disruption
precursor is predominantly an ideal mode while the sawtooth precursor has more
of a resistive nature. The growth rates for the two instabilities can be similar,
however.

The disruption precursor is much more strongly coupled to higher m modes
than are .sawtooth precursors. This can be seen by comparing the radial
displacement of the flux surface, &(r) for a precursor to a major disruption (Fig. 7)
to the E(r) for a sawtooth precursor (Fig. 8). The E(r) is determined from contour
plots (such as is shown in Figure 9) with the assumption that Te is constant on a flux
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surface. The sawtooth precursor even in relatively high Bpol plasmas causes
comparatively little displacement of the flux surfaces beyond the =1 surface, and
only on the outboard side of the plasma. The disruption precursor has much
stronger poloidal coupling of the internal (1,1) mode to the higher m, n=l
components and the radial displacement is large out to the edge of the plasma.
Within the q=1 surface, the sawtooth precursor has a similar displacement on the
inboard and outboard sides. In contrast, the disruption precursor is asymmetric
within the q=1 surface, presumably reflecting the strong coupling of the even (2,1)
mode with the odd (1,1) mode. Since the relative phase is such as to add on the
outboard side, the modes will tend to cancel on the inboard side.

The phasing of the coupling of the different m components is such as to add
on the outboard side of the plasma. This can be seen from the lack of phase
inversions in the electron temperature fluctuation data, shown in the contour plot
of Figure 9. The Mirnov array data shows that near the plasma edge the dominant
mode structure is m=q(a), n=1 (Fig. 10a). It is not clear from the GPC data whether
the mode has a strong ballooning character; however the data from the Mirnov
system shows that the magnetic fluctuation level is roughly ten times larger on the
outboard midplane than on the inboard midplane (Fig. 10b). In contrast to low m
MHD activity such as tearing modes [15], the displacement of the flux surfaces is
quite large over most of the plasma minor radius.

The internal poloidal structure of the precursor cannot be determined with
present diagnostics due to limited resolution in the poloidal direction. The
vertically viewing soft x-ray camera has chords tangent at the same radial (and
toroidal) locations as the horizontally viewing grating polychromator (GPC).
Typically the fluctuations in the chord integrated soft x-ray emission are dominated
by the local fluctuations at the hottest, densest part of the chord integral due to the
strong peaking of the soft x-ray emissivity. However, for some high Bpol
disruptions the local temperature fluctuations measured with the GPC and the
vertical chord integrated soft x-ray emission are out-of-phase on the outboard side
of the plasma. These observations suggest strong coupling of an m=1 to higher m's
resulting in strong distortions of the flux surface to the edge of the plasma.

Figure 11 shows the relative phase of the local electron temperature
fluctations versus minor radius and the relative phase of the chord integrated soft
x-ray fluctuations versus the minor radius of the tangency point. In this case the
chord integrated soft x-ray emissivity fluctuations are 180° out of phase with the

local electron temperature fluctuations. The dominant component of the soft x-ray
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fluctuations comes from changes in the chord integral due to distortions of the flux
surfaces, rather than from changes in the emissivity at the hottest, densest part of
the chord. This explanation is also consistent with the relatively small chord
integral soft x-ray fluctuation level compared to the local temperature fluctuation
level at minor radii around r/a = 0.5. In Figure 12 are shown the fluctuation
amplitudes for the vertically viewing soft x-ray camera and the local temperature
fluctuation measurements. The amplitude of the soft x-ray fluctuations peaks at a
much smaller tangency radius (r/a = 0.1) than the local electron temperature
fluctuations (r/a = 0.5). For both signals the phase is relatively constant on the
outboard side of the plasma and there is a jump of about 180° across the center of
the plasma where the m=1 component is dominant. On the inboard side there is an
additional phase jump corresponding to the point where the m=2 component
becomes dominant.

The coupling of the (1,1) mode to higher m modes is weaker in higher
current, lower Bpo] plasmas. In Figure 13 is shown the flux surface displacement
for a high B disruption at 2.5MA (to be compared to the displacement from a 1 MA
disruption precursor shown in figure 7). In this case the quickly growing
precursor does not show as strong of an ‘external' character as is present in the
more slowly growing precursor and the displacement is roughly half of that in the
lower current case. Although the coupling is weaker, this mode is still far more
‘external’ than the typical sawtooth precursors. Part of the difference here might
be attributed to the lower edge g in the case with the weaker precursor.

The characteristics of the disruptions which lack detectable precursors
appear similar in other respects to those of disruptions with precursors. This
suggests that the lack of detectable precursors of the type seen in Figure 3 on some
disruptions suggest that the growth rate for the disruption precursor is in some
cases very large. The growth time for the disruption precursors were studied for a
wide variety of shots and were found to vary from less than 50 psec to greater than
10 msec. The disruption precursor may also show the non-linear growth that has
previously been seen for sawtooth precursors, i.e., a relatively long phase of slow
growth followed by a short period of much more rapid growth. In Figure 14 is
shown the mode amplitude as measured with a Mirnov coil vs time before the
disruption.  Fitted to the data is a curve representing an early exponential growth
rate of 400 Hz followed by a growth rate of 2 kHz in the final 1 msec prior to the
‘thermal quench. It is quite possible that growth rates in excess of 2x10%4/sec would

not be detectable due to the digitizing rates of typically 100kHz and the plasma
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rotation rates which may be less than 1kHz. Thus cases where no precursor activity

was observed may have had precursors with growth rates in excess of 2x104/sec.
This growth rate is much faster than the Sweet-Parker [t5.p = (‘CR’tAlfvén)”2=

8msec] or tearing mode growth rates (’C[earing=TR3/5'CA1fvén2/5 = 60msec), but slower
than an ideal growth rate (TAlfvén = R/VAlfvén = 0.3 psec, TR = 4ra2/mc? = 200sec).
However, for very hot (collisionless) plasmas, the inertia of the plasma plays a

more important role than the resistivity. In this case the layer width is

N

approximately c/®pe(wpe=4nne?/me, c/ope = 7 X 10-4 m), and the growth rate is
given approximately by YTAlfvén = qQ'Ps/q or vl =30 usec [16-18].

The radial structure of the major disruption precursors suggests that the
precursor is at least partially an external kink. However, there is no experimental
evidence to suggest that wall stabilization has affected either the precursor growth
rate or the observed disruptive B limit. Experiments at high B have been carried out
in TFTR at major radii ranging from 2.45m to 2.62m. For the smaller major radius,
the average radius of the vacuum vessel, ryac, is approximately 1.4ap where ap is
the plasma minor radius. However, the plasma is not centered in the vacuum
vessel, being much closer to the wall on the inboard side. Thus, the effective radius
of the vacuum vessel with respect to stabilization of modes with a ballooning
structure is probably closer to 1.6ap. For the larger major radius the vacuum vessel
forms a rather close fitting, nearly concentric shell with ryac=1.2ap. Typical
rotation rates are much faster than the resistive skin time of the vacuum vessel,
thus the vacuum vessel can be considered to be an ideal conducting shell. There is
no observed difference in the growth rates or thermal quench times between
disruptions at small or large radii, i.e., between disruptions with ‘close’ or with
'loose' fitting conducting shells. This is consistent, however, with PEST calculations
which suggest that the conducting wall does not strongly affect stability in the case

of peaked pressure profiles{19].

Non-thermal ECE emission

All major high B disruptions have a burst of non-thermal ECE less than 100
pusec before the thermal quench. The emission is broad-band and can have an
effective temperature greater than 50keV. The burst of non-thermal ECE emission
almost certainly reflects the presence of a very energetic, non-thermal electron
population, possibly in the plasma edge, similar to the explanation given for the
non-thermal bursts often observed during ELM's [20,21]. The origin of this

population is not clear. This population may have been generated near the time of

10
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the disruption, possibly as a result of local tearing of the flux surfaces driven by
the kink instability, or was a population well confined in the plasma core, then
released at the time of the disruption or possibly represents a velocity space
instability where many fast tail electrons are scattered perpendicular. Either
explanation has difficulties, however. While there were very likely runaways
present during the ohmic target phase of the discharge, during NBI the plasma
density rises and the loop voltage drops nearly to zero due to beam and bootstrap
driven currents, thus it does not seem likely that a runaway population could exist
for more than 100-200 msec [22]. On the other hand, there is no evidence to support
the existence of a strong reconnection of the flux at the time of the disruption, thus

there are no strong electric fields which might generate the runaways.

Thermal quench

The thermal quench phase generally starts less than lmsec after the non-
thermal ECE burst. In many cases there is a period of several hundred
microseconds during which the electron temperature profile looks very normal,
but slightly reduced in amplitude from the time before the non-thermal burst [Fig.
15a and the profiles labled (a) and (b) in Fig. 15b.]. The transition to the thermal
quench phase can then be very abrupt. During the thermal quench no evidence
has been found to suggest that the quench begins at the plasma edge (for instance,
as if a cold wave of impurities were moving into the plasma'), nor that there is
flattening near rational surfaces (e.g., as if 2/1 and 3/2 tearing modes were
creating a growing stochastic region in the plasma). There is no evidence that
islands or stochastic regions form first near low order rational surfaces. The
electron temperature profile remains peaked and relatively featureless during the
thermal quench (Fig. 15b). Following the thermal quench, the electron
temperature is probably less than 50-100 eV and the current quench phase begins.
In contrast to disruptions at high density, it does not appear that there is a flux
reconnection, with the concomitant changes in /i and the negative voltage spike,
preceding the current quench. R

There are no direct measurements of the ion temperature on a relevant
timescale for disruption studies. However, neutron scintillators provide a
measurement of the neutron flux on a fast timescale. These detectors typically
show a drop in the neutron emission of about 25% in 100 psec at the time of the
non-thermal ECE burst (Fig. 16). In this figure there is a relatively slow drop in the

neutron emission rate over a period of about 0.5 msec before the non-thermal ECE

11
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burst, coupled with a slow rise in the Hg emission. This may represent a small loss

of the fast ion population. The neutron rate then remains roughly constant for 1 -
2 msec followed by a fairly rapid drop. It is not clear at this time which of the
neutron rate drops reflects a change in the thermal ion temperature and which is
related to the fast ion population. However, as the thermal neutron rate is typically
less than about 30% of the total rate, it would be reasonable to ascribe the initial
25% drop to a rapid decrease in the ion temperature and the later drop to a loss of

the fast ion tail.

Current quench

Unlike disruptions in colder, lower B plasmas, there is no clear evidence for a
reconnection of the magnetic flux in high B disruptions. However, interpretation
of the magnetics data on a submillisecond timescale during high B disruptions is
difficult. There appears to be a rapid loss of stored energy in a period of a few
hundred psec. As the vertical feedback system responds on a much slower
timescale, the energy loss results in a large, fast inward shift of the plasma, making
the determination of B and l; very difficult. The positive current spike observed in
high B disruptions is much weaker than in high density disruptions. The current
spike is most probably due to the inward shift of the plasma following the thermal

quench.

I11__ _Minor Disruptions

Minor disruptions have many of the same features as the high B major
disruptions, suggesting that they are a less severe manifestation of the MHD
instability responsible for the high B major disruption. The minor disruptions
initially cause a drop in the central electron temperature of similar magnitude to
that of a sawtooth; however the electron temperature is generally still peaked
afterward and there is usually no inversion. The most notable difference between
the minor and major disruptions is that the minor disruptions often lack the very
strong non-thermal burst of ECE. In the cases where this burst is present, it is
typically limited to frequencies which map to the outer edge of the plasma. The
range of precursor activity seen before the minor disruptions is very similar to
that observed before major disruptions, i.e., anything from large kink-like modes to
very weak or undetectable precursors.

In figures 17 and 18, the electron temperature profile before and after a

minor disruption are shown. The two minor disruptions discussed here were

12
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chosen in that their effect on the electron temperature was similar and relatively
small; in both cases the drop in the central electron temperature is about 0.5keV or
comparable to that of a sawtooth. However, the precursor was much stronger in the
first case than in the second and these two minor disruptions had a considerably
different effect on the total stored energy and on the neutron rate, suggesting that
either the thermal or the fast ion population was affected differently in the two
cases. In the first case the neutron rate dropped by about 20% over a period of 4
msec, the diamagnetic B dropped by about 10% and the plasma column shifted
inwards in major radius by about 4 cm (Figs. 17 and 19), all indicating that there
was a substantial loss of kinetic emergy in the plasma. In the second case the drop
in the neutron rate was of order 5%, the change in the stored energy was smaller
and there was very little shift in the plasma position, evidenced by magnetics
measurements, the electron temperature profile and by the lack of a strong burst of
Hq (Figs. 18 and 20).

Ion temperature measurements are not fast enough to resolve the question of
" whether the neutron drop is due to ion cooling or loss of fast ions[23]. On a 100
msec timescale, the effect of the minor disruption on the thermal ions was very
similar in both cases; the central ion temperature dropped from about 25 keV to
about 15 keV. An explanation is that fast ions (responsible for typically 30-50% of
the neutron production) are lost from the plasma during the disruption in the first
case.

The TFTR minor disruptions have many of the same features as the JET X-
events, i.e., a rapid drop in stored energy, central electron temperature and
neutron rate coupled with a spike in the edge Hy emission[24]. Unlike the x-events
in JET which were often attributed to impurity influxes, the minor disruptions in
TETR are clearly an MHD event which then reduces the plasma [, resulting in the
vertical field transiently moving the plasma into the inboard limiter, heating the

limiter and leading to an increase in recycling.

IV__ Discussion

While the disruption precursor appears to be an ideal, pressure driven kink
mode, the trigger mechanism for the mode is not understood. Typically, in
supershot plasmas similar to these that have disrupted, the q on axis is measured 10
be below unity[25] and most stability codes predict that the n=1 ideal mode is
unstable[26,27]. It remains an unanswered question as to what mechanism is

stabilizing the ideal mode under normal operational conditions and why it suddenly
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becomes unstable in the cases which disrupt. Curiously, while fishbone-like (1,1)
bursting modes (or other low m,n modes) are commonly observed in supershots[28],
they are not usually observed in plasmas that disrupt. A second problem is in
developing a model by which an apparently ideal mode can cause a sudden,
catastrophic loss of confinement. The disruption precursor shows no evidence for
the formation of islands; it appears to be predominantly an ideal instability. If the
thermal quench were due to global stochastization of the magnetic field, extensive
tearing of the field lines must occur in a very hot (5-10 keV) plasma in a very short

(100usec) time.

The thermal quench is not apparently accompanied by a reconnection of the
helical flux, which in the case of density limit disruptions leads to a positive
current spike and a drop in /j. The evolution of the electron temperature profile is
also not consistent with a global reconnection of the magnetic flux, remaining
peaked at all times. Given the lack of global reconnection, the enhancement in
transport during major and minor disruptions must be attributed to local
stochasticity. The amount of enhancement required may be estimated from the
ratio of the thermal confinement time to the thermal quench time and is about
three orders of magnitude. This may be due to fine scale reconnection of the field
lines near rational surfaces driven by micro-tearing or ballooning modes. This
might superficially explain the non-thermal burst of ECE observed at major and
sometimes during minor disruptions. As the run-aways would be more sensitive to
weakly stochastic magnetic fields, it might be expected that they would be lost first,

consistent with the ECE burst being observed prior to the thermal quench.

Ballooning assisted tearing

New experimental evidence suggests an intriguing model that the presence
of an ideal (or resistive) mode, at or near the ballooning stability threshold might
provide the trigger for the disruption. In this case, the distortions to the plasma
caused by a large ideal mode might locally push the plasma over the ballooning
mode stability boundary. A ballooning mode would then form locally, possibly
eventually breaking the flux surfaces and resulting in large enhancements in
transport[29-31]. Ballooning modes of this type are often observed in non-
disruptive TFTR supershot plasmas at high B and in high B plasmas created with
current rampdowns[32]. As the structure of the ballooning mode in the model

proposed above is both toroidally and poloidally localized, it is very difficult to rule

14



8/19/94

this model out based on observations at one toroidal location. Several examples
have been found, however which suggest that this type of disruption may be
relatively common, particularly at higher currents. In Figure 21 a ballooning
precursor to the disruption was captured in the fast window on two grating
polychromators separated toroidally by 126 degrees. The suspected ballooning mode
is marked and appears first on GPC2 at 3.95146 sec and later on GPC1 at 3.95152 sec
with larger amplitude. From this data it is possible to deduce that the ballooning
mode is localized within a toroidal angle of about 45° on the outboard midplane. As
the ballooning mode is localized to the region where the n=1 mode displaces the
plasma outwards on the outboard midplane, it is reasonable to assume that it has no
real frequency in the plasma frame and the toroidal mode number n of the
ballooning mode is just the ratio of the frequency of the ballooning mode to the n=1
"mode, thus, n=10. The magnitude of the displacement approximately triples in 80
wsec, giving a growth rate of ¥y = 1.2 x 10%/sec.

A second example of a ballooning precursor to a disruption is shown in
Figure 22. In the previous example, both the ballooning mode and the n=1 mode
were present prior to the disruption, in this case there was no visible n=1 mode.
There was an (m,n) = (4,3) mode present, a mode which does not have a previous
association with disruptions. It is interesting to note that the ballooning bursts
only occur on every third (4,3) oscillation, as would be expected for a strongly
toroidally localized mode. This example provides some evidence that the ballooning

mode alone could be responsible for the high B disruptions.

Stochastic ion orbits

The rather large deformations of the plasma caused by the ideal mode may
result in stochastic orbits for the fast ioms, even before the magnetic field geometry
becomes stochastic, resulting in loss of some fraction of the fast ion population.
This could occur as the fast ions do not exactly follow the field lines, but that they
deviate from the flux surfaces due to various drifts. In Figure 7 are shown the very
approximate stochastic thresholds for 100 keV deuterium ions (the beam injection
energy is about 100 keV) compared to the experimentally measured displacement of
the flux surface. The stochastic threshold for an n=1 perturbation for passing fast
jons used here is given approximately by[33]

Er > r/(4pfast 9'a%)
and for the trapped fast ions is [34,35]

& > R/[Prast '(mq/e)3/2].
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Both the passing and trapped thresholds are shown in figure 7. While these
estimates are uncertain, they suggest that even an ideal kink mode with amplitudes
similar to that which are measured could result in significant fast ion losses
through stochastization of their orbits. This could explain the early, slow drop in
neutron rate seen in major and minor disruptions with strong precursors and may
also be partially responsible for the drop in stored energy and early rise in the Ha
recycling light. The loss of fast ions would tend to charge the plasma, and in this
example, drop the rotation rate and mode frequency. This may explain the
measured change in the mode frequency (c.f. Fig. 19). Of the drop in neutron rate
seen in figure 19 of about 20%, one half or 10% can be ascribed to the effect the
drop in central density of about 20% would have on beam-target reactions leaving
10% unexplained. If the remaining 10% were due to stochastic losses of fast ioms, it
would be necessary to lose all of the fast ions outside r=0.45m. As most of the beam
ijons within r=0.55m are passing, the stochastic threshold for passing ions would
have to be about one half of the estimate shown in figure 7.

The implications of this model for the design of ITER or other reactors are
ominous. ITER will have a relatively large fast ion component. In the expressions
for the stochastic thresholds, scaling to ITER is in the dimensionless parameter
Pfast /a which is very similar for the TFTR beam ions and the ITER alphas. If a
significant fraction of the fast ion (alpha) population in ITER is lost on a time scale
of msec by this process, the energy will probably not go to the divertor as is

presently expected for disruptions, but could end up on the first wall.

mmar

The most commonly observed precursor activity to high B disruptions on
TETR is an m=1, n=1 internal kink strongly coupled to higher m kink modes. The
precursor can have a growth rate greater than 103/sec. The precursor appears Lo
be ideal in that there is no evidence for island formation or the growth of
stochastic regions. The actual transport mechanism responsible for the thermal
quench during the disruption is not clear at this point. The destruction of the flux
surfaces may be due to the growth of local ballooning modes. Some of the heat
transport may also occur through loss of energetic ions through a stochastic orbit
mechanism. There is no evidence that decreasing the plasma wall separation (to as
low as ryac=1.2ap) affects the mode growth rate, achievable B, or rate of thermal

gquench.
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The high B disruptions in high temperature plasmas (S>109) studied on TFTR
will present more challenging problems for future tokamak reactors than high
density disruptions. The high B disruptions can occur with very weak or mno
identifiable precursors that will make direct feedback on MHD instabilities
unfeasible. The high B disruptions occur without warning in the form of edge
temperature collapses, increases in radiation, etc., making disruption avoidance
based on global plasma parameters very difficult. On the basis of TFTR experience,
the best disruption avoidance approach would be to refine the understanding
(empirically and theoretically) of the disruptive B limit.  However, given the
uncertainty in this limit, based on global parameters, it may be necessary to
operate a machine like ITER at less than 80% of the limit to achieve an acceptably
low disruption rate. This would reduce the maximum performance of ITER in terms

of power generation by up to 40%.
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Figure Captions

Figure

1

Figure 2

Figure

Figure

Figure

Figure

Figure

3a

3b

4a

4b

Profiles of the electron temperature shown at 40 msec intervals leading
up. to a major disruption. The temperature becomes very flat within the
inferred q=1 surface. The profile at 4.66s is approximately 2msec before

the thermal quench.

Profiles of the electron temperature at 50 psec intervals during the
growth of the (1,1) external kink. The hollow Te profiles clearly
demonstrate the existence of the cold bubble topology as indicated in the
cartoon sketches. The up-down asymetry is inferred from a

horizontally viewing soft x-ray camera.

The central electron temperature and the integrated signal from a
Mirnov coil over the 5msec of a major disruption. The 15MW of neutral
beam heating remained on until 4.115s, and are probably responsible
for the brief reheat following the initial thermal quench from 4.1121 to
4.1125sec. The burst of non-thermal emission from 4.112 to 4.1121sec is
arbitrarily clipped in this figure. The Mirnov data is numerically

integrated. The mode frequency is dropping before the disruption.

Profiles of the electron temperature across the midplane up to the non-
thermal burst of electron cyclotron emission. The very strong
perturbations to the flux surfaces are clearly visible on the outboard
side of the plasma. The apparent ballooning nature may be misleading

due to lack of measurements on the inboard side.

Data similar to that in Fig. 3a, but illustrating the absence of a detectable

precursor.

Data similar to that in Fig. 3b. There is no evidence for precursor

activity in the electron temperature profile.
Profiles of the electron temperature vs. major radius at two phases of

the sawtooth precursor. The profiles were chosen at times to show the

‘island' flat spot on the inboard and the outboard sides of the plasma.
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Figure 6

Figure 7

Figure 8§

Figure 9

Figure 10

Figure 11

8/19/94

The structure of the precursor is seen to be well confined to be within

the q=1 surface.

Profiles of the electron temperature vs. major radius at two phases of a
disruption precursor. The strong external character of the precursor is
evident, as is the lack of a flat region in the temperature profile. This

suggests that there is no island, but that the mode is ideal.

The radial displacement of the flux surfaces caused by the precursor 200
psec before the major disruption as determined from the data shown in
Fig. 5. Shown for comparison are the approximate theoretical mode
amplitude thresholds for stochastic passing and trapped 100 keV

Deuterium ions.

The radial displacement of the flux surfaces caused by a sawtooth
precursor in a high Bpol plasma. The perturbations from the sawtooth
precursor are to first order localized within the g=1 surface, but toroidal
and finite b effects result in measurable displacements on the outboard
side of the plasma. The magnetic fluctuation level for the sawtooth
precursor was approximately 0.1 Gauss at the plasma edge for the

sawtooth precursor and >10 Gauss for the disruption precursor.

A contour plot of the temperature data shown in Fig. 3a. The

displacement of the flux surfaces, &;, can be measured directly in this

plot.

Phase and amplitude analysis of the Mirnov data showing the
(m,n)=(6,1) structure of the mode at the plasma edge and the strong
ballooning nature of the mode. The data from the Mirnov coils has been
corrected to compensate for varying separation of the coils from the

plasma edge.

The relative phase of the fast electron temperature and chord
integrated soft x-ray emission disruption precursor fluctuations vs.
minor radius as seen on the measurement. The soft x-ray and local

temperature fluctuations are approximately out-of-phase. The relative
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Figure

Figure

Figure

Figure

Figure

Figure

Figure

12

13

14

15a

15b

16

17
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phase changes by approximately 1809 across the plasma center,

showing that internally the mode has odd m.

The amplitude of the chord integrated soft x-ray emission from a
vertically viewing soft x-ray camera and local electron temperature
fluctuations shown vs. minor radius. The amplitude of the temperature
fluctuations peaks at about r/a=0.5 and at r/a=0.1 for the chord

integrated soft x-ray fluctuations.

Comparison of the flux surface displacement 100 psec prior to a
disruption with a weak precursor to the flux surface displacement for
the precursor shown in Figure 6, but about 3 msec before the disruption
at a time when the amplitude was comparable. The scale is chosen to be

the same as for figures 6 and 8.

The amplitude in Gauss of the precursor as seen with a Mirnov coil in
the final milliseconds before the major disruption. Note the suggestion

of a final growth rate much larger than the initial growth rate.

Profiles of the electron temperature during the thermal quench phase
of a high B disruption. As the quench proceeds, the plasma loses energy
and the vertical field pushes the plasma inward. The profile does not
collapse from the edge as in the high density disruptions, nor is there

evidence for local flattening near rational surfaces.

Trace of the central electron temperature for the disruption in figure
18a. Following the non-thermal burst of ECE, the plasma is actually

stationary for several hundred psecs before the thermal quench begins.
The central electron temperature, edge poloidal magnetic field
fluctuations, fast measurement of the neutron emissivity and the Hg

emissivity through the high B major disruption shown in figure 3.

Profiles of the electron temperature 10 msec apart before and after a

minor disruption with a strong precursor.
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Figure 18

Figure 19

Figure 20

Figure 21

Figure 22

8/22/94

Profiles of the electron temperature 1 msec apart before and after a

minor disruption with a very weak precursor.

The diamagnetic Bpol and the major radius as determined from magnetic
measurements through the disruption shown in Figure 17. On a faster

timescale are shown the central electron temperature, the neutron
source rate and the edge Hgy ~emission during the minor disruption

shown in Figure 17. Notice the large increase in Hg emission, and the

30% drop in neutron emission.

The diamagnetic Bpol and the major radius as determined from magnetic
measurements through the disruption shown in Figure 18. On a faster
timescale are shown the central electron temperature, the poloidal

magnetic fluctuation level at the plasma edge, the neutron source rate
and the edge Hy emission during the minor disruption shown in Figure

16. Notice that there is no measureable change in Hy emission and the

neutron source strength drops by only 10%.

Experimental measurements of a toroidally and poloidally localized
ballooning mode. The lower frequency n=1 mode breaks the toroidal

symetry and allows the toroidal localization.
Experimental measurements of a toroidally and poloidally localized

ballooning mode. The lower frequency (4,3) mode breaks the toroidal

symetry and allows the toroidal localization.
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Figure 7
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Figure 9
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Figure 14
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Figure 20
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Figure 21
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