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LOCALIZED MHD ACTIVITY NEAR TRANSPORT
BARRIERS IN JT-60U AND TFTR

Abstract

Localized MHD activity observed in JT-60U and TFTR near transport barriers with their
associated large pressure gradients is investigated. Stability analysis of equilibria modeling
the experiments supports an identification of this MHD as being due to an ideal MHD n = 1
instability. The appearance of the instability depends on the local pressure gradient, local
shear in the ¢ profile and the proximity of rational surfaces where ¢ ~ m/n and m and
n are the poloidal and toroidal mode numbers respectively. The mode width is shown to
depend on the local value of ¢, and is larger when ¢ is smaller. In addition the role of the
edge current density in coupling the internal mode to the plasma edge and of the energetic
particles which can drive fishbone like modes is investigated.

1 Experimental Observations

The reversed shear configuration in association with improved confinement through internal
transport barriers, (ITB), is considered an attractive candidate for tokamak fusion reactors.
Previous studies on JT-60U[1,2] and TFTR[3] have shown that the highest achievable 5 in this
configuration is generally determined by low-n ideal MHD instabilities which are global in nature.
At lower values of 8 a variety of other MHD events may also occur. These include double tearing
modes during the early phase of the discharge, neo-classical tearing modes during the high-power
heating phase as well as off-axis sawtooth-like crashes. Many of these observations have been
described in earlier works[4,5,6,7]. In addition, careful observations in both JT-60U and TFTR
reveal localized MHD activity often occurring in brief bursts in the vicinity of the transport
barrier, which may affect the discharge by inducing a momentary loss in local confinement,
or a minor “beta collapse”, and may also affect the maximum stored energy achieved in the
discharge[1]. In this report we concentrate on these burst-like modes and refer to them as
BLMs, as they are Barrier Localized Modes.

Figure 1 shows the complete time history of one of the highest achieving discharges in JT-
60U. The points to note are that the BLMs occur well below the maximum stored energy, and
are localized in the radial extent. Note that the T, trace at r/a= 0.11 is unaffected while the
traces corresponding to r/a= 0.29 and 0.49 show sharp jumps. The jumps in 7T, are coincidental
with MHD bursts observed on the Mirnov diagnostic. The mode is determined to have a toroidal
mode number of unity. The bursts are often seen to coincide with ¢, having an integer value,
in this case ¢min ~4. Although in this example there is no S -collapse, some discharges on
JT-60U display a collapse i.e. a momentary loss of a significant amount of stored energy. These
events are localized to the vicinity of the transport barrier, in this case approximately at r/a=
0.6, and the T.(r) profile is locally flattened within a time period of less than one millisecond.
Similar observations have been made on TFTR.

Figure 2 shows an expanded view of BLMs in TFTR and JT-60U. The first three panels of
this figure show time traces of the electron temperature at three selected radii, the Mirnov loop
measurement and its power spectrum. The last panel on each side shows a time-expanded view
of the Mirnov data for a single burst. The data shows that in a very brief period, less than a
millisecond the temperature drops on an inner surface and rises on the outside. The temperature
at even larger radii, (not shown), is unaffected. The bursts are temporally correlated on the
Mirnov and 7. traces and last for less than a millisecond.

While many features of BLMs are similar in the two devices there are some differences.
Compared to JT-60U BLMs were less frequently observed in TFTR. Further, the BLMs on
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Figure 1: Time evolution of the (a) plasma current, I,, neutral beam injection power Pyg, (b)
stored energy, Waia, and gmin on JT-60U for the length of the discharge. Panels (¢) and (d)
show an expanded view of a shorter time segment, where (¢) has the evolution of Te at three
radii, and (d) shows the data from a Mirnov lo op. Note the spatial localization and inversion
in the T, traces. The Mirnov activity c oincides with the T, bursts.
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Figure 2: Traces of T, and the Mirnov activity on TFTR and JT-60U showing the similar burst-
like features of BLMs in both devices. Note the spatial localization and inversion in theT, traces.
The Mirnov activity coincides with the T, bursts and the mode is seen to grow on a time scale
shorter that 100us.

TFTR sometimes had a v ery clear fishbone like structure and in some cases they were associated
with the observation of intense radial electric fields as seen in Fig. 3. This feature will be
discussed in Sec. 2.

In both experiments these modes are associated with low#, typically n = 1, MHD activit y,
and the poloidal mode number according to the Mirno v data ism ~ gedge. In both experiments
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Figure 3: The BLM activity in TFTR sometimes ¢ oincides with intense negative radial electric
fields. The top trace shows the Mirnov signal, the middle p anel shows contours of the radial
electric field which changes with time. The radial profile of E, at times corresponding to the
BLMs is shown in the lowest panel. Note that while the field shown here has a maximum ne gative
value of 60kV /m; in some bursts, field strengths in excess of 100tV /m have been observed.

precursors and post-cursors are sometimes observed, although some shots have no oscillatory
precursor. This is analogous to the observation with sawteeth, with the difference that the
relaxation of T, is localized and does not extend to the core. In both experiments when an
oscillatory precursor is observed it has a growth-time in the range 50-100us suggesting that it
may be an ideal MHD instabilit y.

It is interesting to note that during the high-3, mode of operation in JT-60U, which is
characterized by a strong I'TB for ion transport in the region of weak positive shear, similar
BLMs were also observed[7], suggesting that it is the low shear that matters, regardless of the
sign.

2 Analysis

The experimental observations clearly indicate that the local value of the pressure gradient,
rather than the global 3, is a critical parameter, coupled with the low shear and the proximity
of low-n rational surfaces. We now present detailed analysis for specific discharges. W e discuss
the ideal MHD stability of two shots JT-60U:27969 and TFTR:96051. The theoretical analysis
starts with equilibria which characterize these discharges. Figure 4 shows the profiles at the
time when BLMs are observ ed in the experiment. Theg-profile is determined from the MSE
observations and the pressure profile is obtained from self-consistent transport calculations using
TOPICS[8] for JT-60U and TRANSP[9] for TFTR data. Ideal MHD stabilit y analysis using
the PEST[10] code shows that both the equilibria are unstable to an n =1 mode with gro wth-
times ranging from 50 to 300 us. The boundary conditions for this and subsequent analyses
correspond to having a wall at infinity. The growth-times should be treated with caution for t wo
reasons. First the modeling of the experimen t is subject to an inherent uncertainty arising from
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the data interpretation. Second small changes in profile parameters near marginal stabilit y will
cause large relative changes in the growth-times. The importan t point is that the growth-times
are in the ideal MHD range and correspond appro ximately to the experimen tal observations.
The radial structure of the instability is also shown in Fig. 4. The key aspects which agree

with the experimental observation are that the mode peaks at a radius which corresponds to
the maxim um pressure gradient, which lies just outside the transport barrier. This location also
coincides with the low shear region. The poloidal mode number varies depending on the local-q

value so that m ~ ¢ocal. The availability of ECE data on a fast time scale, 500 kHz, on TFTR

allows us to reconstruct the displacement vector from the T, fluctuations. The results are also

shown in Fig. 4, and compare very favorably with the theoretical mode structure.
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Figure 4: Plasma p and q profiles at the time of a¢ BLM in TFTR and JT-60U and the r adial
component of the displacement vector for ann = 1 pressure driven instability. The eigenvector

of the instability is composed from a sum of several poloidal mode numbers which have different
radial distributions. The mode number varies depending on the local-g value so thatm ~ giocal.

For example on JT-60U the mo de number near the peak ism = 4 and near the plasma edge is
m ~ 6 — 7. An estimate of the experimental displacement, from the ECFE data, is shown for
TFTR. The mazimum displac ement isb mm.

As indicated earlier the stability properties are sensitive to various aspects of the plasma
profiles. In order to explore this we now turn our attention to the analysis of model equilibria
with a ¢-profile which has a low shear region at a radius r/a ~ 0.5. W e select a pressure profile
which has a very localized gradient, located near the low shear region, see the inset in Fig.5.
W e determine the stability limits by examining several equilibria whic have a fixed g¢-profile
and the same functional form of the pressure profile with increasing 3 . Rather than report the
result in terms of a global measure of 3 we use the local pressure gradient and determine the
maxim um stable value, @|gcal, where o = —2532 j—f. This value varies with the local ¢-value,
(Guocal), here Giocal is measured at the location of the maxim um pressure gradient. By scaling
the toroidal field we can also determine the effect of varying giocal-

The composite stability threshold curve is shown in Fig. 5, which also includes a typical
eigenfunction for the localized n = 1 instability. Although it is not shown in the figure, we
note that the corresponding values of 3y are quite low ranging from 0.2 to 0.6. The extreme
localization of the pressure gradient is responsible for reducing the 3 threshold: when the
pressure gradient is distributed over a wider radius, then the stability threshold rises to gy
values between 1 and 2. The other notable feature of this figure is the strong sensitivity to the
proximity of integer-¢ to the minima in the maxim um allowable pressure gradient. This feature

mimics the more familiar plots of Sx Vs gmin [11], and indeed gives us a clue to the origin of
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Figure 5: The stability limit of the n = 1 mode expressed in terms of the local presswe gradient
and its dependence on the local-q value. An example of the mo del profiles used to determine this
curve is shown in the inset. The dependence on qiocal s determined by scaling the toroidal field.
The mode structure of the instability is shown on the right hand side. The dominant poloidal
mode number ism ~ ocal-

that variation. The results shown here were obtained in a geometry corresponding to JT-60U.
Similar analysis and results are obtained for the circular TFTR like case, the main difference is
that the stability thresholds are lower in the circular case.

The model profiles used in producing Fig. 3 are extreme examples in the sense that the
pressure gradient is very localized and is located at the point of lowest shear. They were used
to illustrate the critical dependence of the stability on the characteristics of the plasma p and
g profiles. Usually the experimental profiles have pressure gradients which are more distributed
and are not located exactly at the point of lowest shear. To understand this dependence we have
examined a large range of profiles which are better representations of the experimental data.
Based on this analysis a theoretical model for the observed MHD activit y can be constructed.

The main features of the model are as follo ws; (@) A large pressure gradient in a low shear
region drives a localized mode, this implies that if the pressure gradien t is shifted away from the
low shear region the mode can be stabilized. (b) The position of rational surfaces relative to the
peak in the pressure gradient is important. (c¢) The radial extent of the internal mode depends
on the gradients in the p and ¢ profiles, and also depends on the value of ¢y, , the mode width
increases as ¢min decreases. (d) The internally driven mode can couple to the plasma edge, the
strength of the coupling depends on geqge , being strongest when geqge has a value slightly less
than an integer, e.g. 6.8, and also depends on the current density near the plasma edge. (e) The
internal mode can couple to energetic particles in the vicinity resulting in a modified growth-rate
for the instability. Depending on the precession velocity of the fast particles, the effect may be
stabilizing or destabilizing, local radial electric fields can also play a role in determining the role
of energetic particles.

The first two points of this model have been discussed in the context of Fig. 5, we now
address point (c). The effects of the edge current density, gedge and ¢min are illustrated in Fig.
(6a), which shows the effect of modifying Jedge and gedge on the growth-rate. In this study the
pressure profile is kept constant, Sy =1.1, and as before the ¢-profile is varied by scaling the
toroidal field. The inset in Fig. (6a) shows the radial profile of < J - B > for the base case
(solid curve). Note the finite current density at the plasma edge. A modified profile with zero
edge current is also shown as a broken curve. The growth-rate of the ideal n=1 instability for
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Figure 6: a. Dependence of the growth-rate on plasma current density near the edge. Note that
when the edge current density is reduced to zero, at 8y = 1.1 the mode is completely stable.
It is destabilized when 3 is increased to B =1.34, and the sharp peak of the growth-rate near
Gedge = 6.8 1s eliminated as the coupling to the external kink is reduced. b. The radial structure
of the instability for qmin = 4 and qumin =2, in each case By = 1.1 and the pressure profile shape
was held constant. Note that as qmin is reduced the width of the mode increases and becomes

comparable to the plasma radius.

the base case shows a sharp onset and rise as geqge is reduced below an integer value. A further

reduction of ¢egge reduces the growth-rate but does not stabilize the mode. W e attribute the
peak in the growth-rate at geqge ~6.8 to a strong coupling to the current driven external kink.

Analysis of the modified equilibrium with zero curren t at the edge shows that it is stable when
Oy = 1.1. However increasing the 3 so that Gy = 1.34 destabilizes the internal mode and the

resulting growth-rate dependence on geqqe is shown as a broken curve in Fig. 5a. W e note that
the additional peak geqge ~6.8 due to coupling to the external kink is absent. The dependence

of 7 on the geqge however suggests that there is still some residual contribution from the current
drive term.

In Fig. 6b we show the effect of lowering ¢umi, on the mode structure. The g-profiles are
shown in an inset, the profile with ¢, =4 is the same one used in Fig. 4 for the JT-60U
analysis. The pressure profile is also that of Fig. 4. We now generate a distinct new equilibrium
with the same pressure profile shape and a modified g-profile with ¢min = 2, (broken curve in
inset), with Sy = 1.1. The mode structure of the instabilities in the t wo equilibria are shown
as solid and broken curves in Fig. 5b. The mode structure is composed of a sum of sev eral
poloidal mode numbers, the dominant ones arem = 4 when ¢uj, =4 and m = 2 when ¢unin =2.
This is consistent with the expectation that m = nqg plays an important role in determining
stability. However the dramatic change in the mode width as ¢y, is reduced suggests that if
such an equilibrium were obtained in the experiment, the instability would have a larger effect
on the discharge than the brief localized bursts observed when gu;, = 4.

We now discuss (d), the role of energetic particles. In a different discharge on TFTR,
(TFTR:104977), the BLMs were also observed, however stability analysis of this equilibrium
shows that the ideal MHD mode is stable. Unlik e TFTR:96051 this discharge has strong electric
fields, (Fig. 3), at the time of the BLMs. The electric field is determined directly from the
MSE data, as well as from a force balance equation using the measured toroidal and poloidal
flows[12,13]. In order to account for the electric field we examine the role of the energetic
particles. W e start from the dispersion relation for them = 1 fishbone,
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Here €, represents the ion diamagnetic frequency, v is the growth-rate of the ideal MHD
mode in the single fluid limit, note that v = \/( — WMHD)Z and 6Wy represents the contribution
of the fast particles interacting with the MHD eigenfunction. The main poin t to note is that
even though this relation was derived specifically for the m = 1 mode, the question of stability
is determined primarily by the value of Re(6Wy), while the imaginary part determines the
frequency shift. However, it should be noted that unlike the case of the m = 1 fishbone, both
passing and trapped particles contribute to the kinetic interaction in this case. The expression
for this term is

dEdr

W — Wprec — QE><B

R@(&Wk) X ﬁhot/

Here (ot represent the number of fast particles, dF is the increment of energy due to the
particle’s interaction with the MHD mode structure, w is the mode frequency, wprec represents
the precession frequency in the absence of an electric field and Q5 « g represents the modification
to the precession frequency due to the radial electric field, F.
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Figure 7: A strong negative electric field can kinetically destabilize an m > 1 internal mode.

Using the profiles and mode structure from TFTR:96051 and assuming that w ~ wprec,
(12 kHz), we examine the effect of the electric field. In TFTR fhot ~ 1% which is about 20% of
the total 8 near the core, consequently we expect that this interaction could be significant. Fig.
7 shows the dependence of Wi on the electric field through the frequency shift in the resonant
denominator of the expression for dWi. We see that, as the electric field becomes large and
negative, the contribution of the fast particles to the growth-rate of the instability increases.
In the figure we have normalized the growth-rate to that of an ideal MHD instabilit y with
v = 12msec.™!, the growth-rate observed in the analysis of TFTR:96051. The interpretation of
this figure is that when the additional rotation due to the electric field is such that flg < -1
the mode is stabilized. If it is greater than unity, then the kinetic effects are dominant and
destabilizing. Figure 7 shows that a radial electric field of about 50 £V /m, corresponding to
Qpyp = —.1x10°ad™" (16 kHz) will cause a strong destabilization of the mode. It is in teresting
to note that in the first case, where the single fluid ideal MHD model predicts instabilit y, there
is no indication of a large electric field from the MSE data, while in the case where the ideal
model predicts stability, a strong radial electric field capable of destabilizing the instability is
observed. We have also examined the JT-60U case for the role of fast particles, however since
Bhot ~ 0.1% we do not find any significant change in the ideal MHD gro wth-rate.
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3 Discussion

The model presented here is based on linear theory and is limited to identifying the conditions
for the onset of the instabilities. The nonlinear consequences of these instabilities lie beyond
the scope of this report, but based on the mode structure, growth-rate and sensitivity to profile
details we offer some general remarks on the possible consequences of these instabilities. The
discharges studied here are not in steady state but are continually evolving as the current is
continuing to be ramped up, the local transport properties are changing and external heating is
applied. It is therefore necessary to consider a range of scenarios to understand the discharge.
In the early phases of the discharge, when guin is close to an integer and has a value greater than
two, the mode would tend to be more localized. This allows for the possibility of a relaxation
and recovery phenomenon, where the local pressure gradient is redistributed by the instability.
In the case of JT-60U the large radius for shear reversal also permits a strong coupling to the
edge. This suggests that when ¢pi, is close to integer and geqge is slightly smaller than an
integer then the mode may cause af collapse as the internal drive couples to the external drive.
However if only one of the conditions is met then the instability has less of an effect on the
plasma stored energy. In the latter case the main consequence migh t be to temporarily reduce
the local pressure gradient which may permit safe transition through this region until the next
rational surface appears at either ¢min or geqge - However such a conjunction when ¢y is low
€.9. ¢min ~ 2, would be more devastating as the growth-rate is greatly increased and the mode
width becomes comparable to the plasma radius. In TFTR at high ¢, , the mode does not
cause a (3 collapse because of the smaller I'TB radius, however because of the relatively large
contribution of the fast particle g, there is a coupling to the mode which results in a fishbone
like time evolution. Local radial electric fields are an additional destabilizing feature in this
regime.

In summary, we have examined the ideal MHD stabilit y of JT-60U and TFTR and deter-
mined that the BLMs observ ed in these two devices are due to ann = 1 ideal MHD mode driv en
primarily by the local features of the pressure and g-profiles. The proximity of rational surfaces
plays an important role in determining the threshold of the instability.
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