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Resistive interchange modes can be driven unstable by large pressure gradients in the n
central magnetic shear (NCS) region of advanced tokamaks. Localized stability analysis revea
the resistive interchange stability criterionsDR # 0d is violated in this region, and unstablen  1
localized resistive magnetohydrodynamic (MHD) modes are computed using the resistive MHD
MARS. In DIII-D NCS plasmas, these instabilities appear as bursting MHD activities, constituting
first identification of resistive interchange in a high temperature tokamak experiment. These burs
appear to play a role in triggering disruptions. [S0031-9007(96)01253-7]
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tin
t

. I
im

es
he
th
m

le
on
s.
e
e

ve
hl
th
e
e]
s,
r

on
a
s
e

er

tiv
tt
u

g
t
un

ith
ute
ge

sis-
en-

D.
and

.

ied

ib-
ven

lo-
tly
-

ce,
y

Negative central magnetic shear (NCS) is an opera
regime [1–3] for advanced tokamaks which could lead
fusion reactors with higher performance and lower cost
the NCS region, the plasma is in the second stable reg
for ideal magnetohydrodynamic (MHD) ballooning mod
In Tokamak Fusion Test Reactor (TFTR) and DIII-D, t
plasma also develops an internal transport barrier [4,5]
provides good central confinement, high central ion te
peratures, and central peaking of the pressure profi
favorable for a high fusion rate [6,7]; record high neutr
yield has been obtained in peaked pressure operation
L-mode plasmas, i.e., no edge pressure pedestal, thes
charges typically terminated with hard disruptions. D
spite the favorable ballooning mode stability cited abo
localized MHD bursts are observed in plasmas with hig
peaked pressure profile in DIII-D. These bursts limit
pressure peaknessps0dykpl [ ps0d is the pressure at th
plasma center andkpl is the volume-averaged pressur
and occur prior to the final disruption. In what follow
these bursts will be identified as manifestations of the
sistive interchange instability.

Resistive instabilities in general toroidal plasma c
figurations were first analyzed by Glasser, Greene,
Johnson [8]. They predicted the existence of a clas
resistive MHD modes localized to resonant surfaces wh
magnetic lines are closed, orm  nq (herem, n are the
poloidal and toroidal mode numbers andq the safety fac-
tor or winding number) when the resistive localized int
change stability criterionDR # 0 is violated. Although
this criterion has been known for some time, the resis
interchange has not been observed to date. In this Le
we show that in NCS configurations with peaked press
profiles, not only can the localized criterionDR # 0 be
violated, but explicitn  1 modes can be identified usin
the resistive MHD codeMARS [9,10]. We also show tha
the parameter space in which these instabilities are fo
0031-9007y96y77(13)y2710(4)$10.00
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as well as the mode structure, agrees quantitatively w
that observed in the DIII-D experiment. These constit
the first positive identification of the resistive interchan
in a high temperature tokamak experiment.

To investigate the parametric dependence of the re
tive localized interchange in NCS configurations, we g
erated a set of equilibria by using theTOQ equilibrium
code [11] and corresponding to those obtained in DIII-
The aspect ratio is fixed at 2.7, the elongation is 1.8,
the triangularity is 0.7. Theq profile is specified by a
spline with the value ofqmin covering a range from 1.1
to 2.5. The value ofq0 2 qmin ranges from20.3 to 1 (a
negative value ofq0 2 qmin corresponds to normalq pro-
file with the minimum value ofq at the magnetic axis)
The pressure profile is given by the formp  p0s1 2

cdn. With increasing value of the exponentn, the pres-
sure profile becomes more peaked. The equilibria stud
cover a range ofbN  bsIpyaB0d21 (% MAymT) values
between 0.5 and 5.0 (hereb  2m0kplyB2

0 is the ratio of
plasma pressure to magnetic field pressure,Ip is plasma
current,a the plasma minor radius, andB0 the vacuum
magnetic field).

We first describe the localized stability of these equil
ria. They are always stable to the ideal interchange e
in the absence of magnetic shearsDI , 21y4d and also
stable to the ideal ballooning modes. However, the
calized resistive interchange is destabilized at sufficien
high bN . Note thatDR is connected to the ideal inter
change stability indexDI through the relationshipDR 
DI 1 sH 2 1y2d2. Explicit expressions ofDI , DR , and
H are given in Ref. [8]. For tokamaks,

H 
m0p0V 0f
s2pd2q0

∑ø
1

j $=cj2

¿
2

kB2yj $=cj2l
kB2l

∏
.

Here k· · ·l represents the average over the flux surfa
and $B  f $=f 1 $=f 3 $=c, V is the volume enclosed b
© 1996 The American Physical Society
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the flux surface, and0 is differentiation with respect toc.
H is a quantity inversely proportional to magnetic sh
and directly proportional to the local pressure gradi
of the particular surface. For tokamaks with a norm
(positive) shear profile and small pressure gradient,H is
small and positive, andDR is slightly less thanDI 1 1y4.
In regions of NCS,H is always negative. AlthoughDI 1

1y4 remains negative,DR gradually becomes positiv
as the b value is increased. In Fig. 1 is shown (
the typical q profile, (b) the dependence ofDR on the
degree of reversalfqs0d 2 qming, and (c) the dependenc
of DR on bN . We note that these trends shown in th

FIG. 1. (a) shows a typical reversedq profile. In here
qmin  1.5 located atr  0.5. The resistive interchange i
destabilized by increasingq0 (shear reversal) shown in (b) wit
bN fixed at 2.0. It is also destabilized by increasingbN shown
in (c) with q0 fixed at 2.5.
ar
nt
al

)

is

numerical evaluation ofDR are in agreement with the larg
aspect ratio analytic results for tokamaks with circu
[12] and noncircular [9] cross sections. Thus the resist
interchange is the only localized MHD instability that ca
exist in the NCS region of a finite beta plasma, and t
instability occurs only beyond a thresholdbN value.

Next we describe the mode structure and stabi
threshold of these instabilities using the resistive MH
stability code MARS [9]. MARS solves the full set of
linearized resistive MHD equations including the effe
of a subsonic toroidal plasma flow [10] (although t
equilibria does not include rotation). In these calculatio
the toroidal mode numbern has been taken to ben 
1. A set of unstable MHD modes localized aroundq
rational surface in the reverse shear region (satisfy
m  nq with m being an integer) is clearly identifiabl
whenDR . 0 over a region around this singular surfac
The perturbed radial velocitydyr on the mode resonan
surface is nearly constant along field lines. The magn
perturbationdbr, however, has its amplitude dominate
by the residual variation of the radial displacement. (W
note that interchange modes are even indyr and odd
in dbr across the resonant surface.) A typical plot
the amplitudes for an equilibrium withqmin  1.5 and
bN  3.3 is given in Fig. 2 fordyr. Note thatdyr is
quite localized to the mode resonant surface. This fea
is especially noticeable whenbN increases so that anothe
more global mode is also excited. Then  1 localized
mode is also found to be destabilized beyond a certainbN

valuebNc, indicating that these modes are pressure dri
interchanges. ThebNc found from MARS is higher than
that given by the localized criterionDR $ 0, due to the
fact that then  1 mode first appears only if the localize
criterion is violated over a range of the flux surfac
around the mode rational surface. The dependence o
growth rateg on the value of the plasma resistivityh

FIG. 2. Typical computed mode structure of the perturb
radial velocity dyr. The poloidal mode number is based o
an equal arc grid.
2711
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is further evidence for the identification of these mod
we find at smallh, g decreases ash1y3 as predicted
by Glasser, Greene, and Johnson [8]. The growth
is also found to be independent of the plasma rotat
With increasing plasma rotation, the mode rotates w
the rotation speed of the singular surface in the reve
shear region with no change in its growth rate. Both
growth rate and the mode structure are insensitive to
location of the external conducting wall.

The dependence ofbNc on some of the key equilibrium
parameters was also studied. The localized mode is
found when theq0 2 qmin is small or negative, due to th
fact theDR is not sufficiently positive over the region ne
the singular surface. On the other hand, withq0 2 qmin

fixed (at 1),bNc has been found to be insensitive to t
value of qmin. The computed value of this is shown
the solid line in Fig. 3. Varying the pressure peakedn
parameterps0dykpl while keepingq0 2 qmin fixed (at
1), we found thatbNc decreases strongly with increasin
ps0dykpl. This dependence is shown as the solid l
in Fig. 4.

The calculated resistive interchange instability (in th
NCS equilibria) agrees well with the MHD activit
observed in high beta DIII-D discharges with negat
central shear and strongly peaked pressure profiles
these discharges, an internal transport barrier lead
large pressure gradients in the NCS region [6,7]. T
central pressure and volume-average beta rise ste
until a disruption occurs [Fig. 5(a)]. The disruption
often preceded by one or more bursts of MHD activ
which we here identify as the resistive interchange mo
The bursts of MHD activity usually observed in the la
50 ms before the disruption are shown in Fig. 5(b). Th
bursts have a mode numbern  1 and a growth time 0.1

FIG. 3. Instability threshold inbN versusqmin. The solid line
is results calculated for the resistive interchange mode u
the set of simulated equilibria. The dots are experiment
observed values in DIII-D discharges with peaked press
profiles.
2712
;

te
n.
h
se
e
he

ot

ss

e

e

e
In
to
e
ily

e.
t
e

ng
ly
re

to 0.5 ms, one to two orders of magnitude faster than
typical growth of resistive instabilities near the ideal be
limit but an order of magnitude slower than that observ
for ideal kink modes at the beta limit. The mode satura
at a relatively low amplitude.

The evidence that the bursting instability is the pr
dicted resistive instability is as follows: Motional Star
effect measurements of the profile of the localB show a
decrease at small minor radius and an increase at la
minor radius following the burst, implying a flattening o
the q profile in the negative shear region. Charge e
change recombination data show a similar flattening
the rotation and pressure profile. These profile meas
ments, as well as the mode rotation frequency, indicat
radial location near the magnetic axis. Detailed model
of soft x-ray data in different discharges is consistent w
an m  3 mode near the magnetic axis, at the location
theq  3 surface in the strong negative shear region. F
strongly peaked pressure profiles, the disruptions occu
relatively low values ofbN , between 1.8 and 2.3. Th
disruption threshold is constant for1.3 # qmin # 3, sug-
gesting that the beta limit is not related to the low she
region nearqmin. Although the disruption itself appears t
be the result of a different, more global instability, quan
tative threshold ofbN and its independence onqmin agree
very well with predictions for the resistive interchang
mode. For comparison, the experimental values ofbN at
disruption are shown as heavy dots in Fig. 3. We a
note that these bursts are not observed in weakly reve
shear discharges, in agreement with predictions of the
Furthermore, disruptions can be avoided at much hig
bN by broadening the pressure profile, again consist
with predictions for the resistive interchange mode. D
charge time histories of several discharges are shown
dotted lines in Fig. 4 and compared with the predict
stability boundary of the resistive interchange mode.
is seen that inH-mode discharges with the edge pressu

FIG. 4. Calculated threshold inbN versusps0dykpl for the
resistive interchange mode, with trajectories of stable a
unstable experimental discharges.
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FIG. 5. Time traces of shot 87009. (a) Time traces during
high beam power phase, including beam power, beta, neu
rate, anddB amplitude; (b) time expansion ofdB signal during
a burst.

pedestal, where the plasma develops a broader pe
pressure profile, the discharge history lies within
stability boundary. InL-mode discharges, when th
plasma develops a peaked pressure profile, its trajec
in the stability space encroaches into the unstable re
and the plasma disrupts. The experimental equili
in this case have been reconstructed by using theEFIT

[13] equilibrium code. The resistive interchange is fou
for the equilibrium as its trajectory crosses the expec
stability boundary; both resistive interchange and ano
global mode are found for the equilibrium at the later ti
of disruption. We see that the DIII-D experiment is
a parameter space where these two modes are exp
to interact strongly with each other. The localized mo
regulates the pressure profile whereas the global m
leads to disruption.

Although the computed growth rate based on exp
mental magnetic Reynolds number is too low to acco
for the measured experimental growth rate, it is diffic
to identify the mode not as a resistive interchange
as a resistive or kinetic (highn) ballooning mode [14]
because only lown s 1d magnetic perturbations hav
been observed. We note that there is substantial rota
present in the experiment. This might affect the equi
rium and provide some additional driving force to enha
the growth rate. n  2 or higher resistive interchange
have also been computed byMARS but only occasionally
observed in the experiment. They could also have b
stabilized by kinetic effects not taken into account in
fluid theory. Furthermore, there is substantial uncerta
in the equilibrium reconstruction that could affect the co
pling of the resistive interchange with the global mode.
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is also possible that the experimental observation is i
nonlinear regime in which nonlinear effects enhance
growth rate. Without further complicating the issues,
limit our present discussion based on the linear resis
MHD model and defer further discussion of this discre
ancy until the issue of rotation and nonlinear effect h
been systematically investigated.

We conclude from the above comparison that the bu
ing MHD activity observed near the disruption bounda
of NCS discharges in DIII-D is caused by the resisti
interchange modes. These modes give rise to local rel
tion of the pressure, rotation, andq profiles. The stabil-
ity boundary of this mode closely resembles that for
observed disruptions. Calculations withMARS show in-
creased coupling of the resistive interchange mode t
double tearing mode at high beta, providing a poss
means for destabilizing a more global mode. This mo
may be avoided by employing broader pressure profi
and weaker shear reversal, indicating possible avenue
the optimization of NCS operation.
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