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Resistive interchange modes can be driven unstable by large pressure gradients in the negative
central magnetic shear (NCS) region of advanced tokamaks. Localized stability analysis reveals that
the resistive interchange stability criterid®; =< 0) is violated in this region, and unstable= 1
localized resistive magnetohydrodynamic (MHD) modes are computed using the resistive MHD code
MARS. In DIII-D NCS plasmas, these instabilities appear as bursting MHD activities, constituting the
first identification of resistive interchange in a high temperature tokamak experiment. These bursts also
appear to play a role in triggering disruptions. [S0031-9007(96)01253-7]

PACS numbers: 52.50.Gj, 52.55.Fa

Negative central magnetic shear (NCS) is an operatings well as the mode structure, agrees quantitatively with
regime [1-3] for advanced tokamaks which could lead tahat observed in the DIII-D experiment. These constitute
fusion reactors with higher performance and lower cost. Inthe first positive identification of the resistive interchange
the NCS region, the plasma is in the second stable regimia a high temperature tokamak experiment.
for ideal magnetohydrodynamic (MHD) ballooning modes. To investigate the parametric dependence of the resis-
In Tokamak Fusion Test Reactor (TFTR) and DIII-D, thetive localized interchange in NCS configurations, we gen-
plasma also develops an internal transport barrier [4,5] thadrated a set of equilibria by using theqQ equilibrium
provides good central confinement, high central ion temeode [11] and corresponding to those obtained in DIII-D.
peratures, and central peaking of the pressure profile—Fhe aspect ratio is fixed at 2.7, the elongation is 1.8, and
favorable for a high fusion rate [6,7]; record high neutronthe triangularity is 0.7. They profile is specified by a
yield has been obtained in peaked pressure operations. $pline with the value ofmi, covering a range from 1.1
L-mode plasmas, i.e., no edge pressure pedestal, these diz-2.5. The value ofjy — gmin ranges from—0.3to 1 (a
charges typically terminated with hard disruptions. De-negative value ofjy — gmin COrresponds to normaj pro-
spite the favorable ballooning mode stability cited abovefile with the minimum value ofy at the magnetic axis).
localized MHD bursts are observed in plasmas with highlyThe pressure profile is given by the form= po(1 —
peaked pressure profile in DIlI-D. These bursts limit they)”. With increasing value of the exponemt the pres-
pressure peakness0)/(p) [ p(0) is the pressure at the sure profile becomes more peaked. The equilibria studied
plasma center an¢lp) is the volume-averaged pressure], cover a range 0By = B(I,/aBy)~! (% MA/mT) values
and occur prior to the final disruption. In what follows, between 0.5 and 5.0 (hefe = 2u0(p)/Bj is the ratio of
these bursts will be identified as manifestations of the replasma pressure to magnetic field pressieis plasma
sistive interchange instability. current,a the plasma minor radius, ang, the vacuum

Resistive instabilities in general toroidal plasma con-magnetic field).
figurations were first analyzed by Glasser, Greene, and We first describe the localized stability of these equilib-
Johnson [8]. They predicted the existence of a class ofia. They are always stable to the ideal interchange even
resistive MHD modes localized to resonant surfaces wherg the absence of magnetic sheéér, < —1/4) and also
magnetic lines are closed, or = ng (herem, n are the stable to the ideal ballooning modes. However, the lo-
poloidal and toroidal mode numbers andhe safety fac- calized resistive interchange is destabilized at sufficiently
tor or winding number) when the resistive localized inter-high 8y. Note thatD is connected to the ideal inter-
change stability criteriolD; = 0 is violated. Although change stability indexD; through the relationship, =
this criterion has been known for some time, the resistived; + (H — 1/2)%>. Explicit expressions oD;, Dg, and
interchange has not been observed to date. In this Lette are given in Ref. [8]. For tokamaks,

we show that in NCS configurations with peaked pressure Vo 2 NS 12
profiles, not only can the localized criteriddgy = 0 be H = KoP ‘Z//f [< *1 > - (B /|V2¢f| >]
violated, but explicitz = 1 modes can be identified using 27)%q" L\ |Vy|? (B2)

the resistive MHD cod@1ARS [9,10]. We also show that  ere(.. ) represents the average over the flux surface,
the parameter space in which these instabilities are foun%\’ndé _ fﬁﬁ i §¢ v §¢ Vis the volume enclosed by
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the flux surface, andlis differentiation with respect t¢¢.  numerical evaluation aby are in agreement with the large
H is a quantity inversely proportional to magnetic shearaspect ratio analytic results for tokamaks with circular
and directly proportional to the local pressure gradien{12] and noncircular [9] cross sections. Thus the resistive
of the particular surface. For tokamaks with a normalinterchange is the only localized MHD instability that can
(positive) shear profile and small pressure gradiehts  exist in the NCS region of a finite beta plasma, and this
small and positive, anfd; is slightly less tharD; + 1/4.  instability occurs only beyond a threshqiy, value.

In regions of NCSH is always negative. Although; + Next we describe the mode structure and stability
1/4 remains negativeDr gradually becomes positive threshold of these instabilities using the resistive MHD
as the B value is increased. In Fig. 1 is shown (a) stability code MARS [9]. MARS solves the full set of
the typical q profile, (b) the dependence @, on the linearized resistive MHD equations including the effect
degree of reversdly(0) — gmin], and (c) the dependence of a subsonic toroidal plasma flow [10] (although the
of Dr on By. We note that these trends shown in thisequilibria does not include rotation). In these calculations,

the toroidal mode numbem has been taken to be =

< 1. A set of unstable MHD modes localized arougd
@) rational surface in the reverse shear region (satisfying
S A m = ng with m being an integer) is clearly identifiable
q whenDy > 0 over a region around this singular surface.
o J The perturbed radial velocitgv, on the mode resonant
h surface is nearly constant along field lines. The magnetic
perturbationéb,, however, has its amplitude dominated
S by the residual variation of the radial displacement. (We
note that interchange modes are evendin. and odd
= . " T . in 8b, across the resonant surface.) A typical plot of
00 02 04 06 08 10 the amplitudes for an equilibrium witgm, = 1.5 and
By = 3.3 is given in Fig. 2 forév,. Note thatév, is
) By= 2.0 quite localized to the mode resonant surface. This feature
] ' L b i is especially noticeable whesy increases so that another
1S5E (b) 3 more global mode is also excited. The= 1 localized
1 3 mode is also found to be destabilized beyond a cegain
0sE 3 value B¢, indicating that these modes are pressure driven
- of 3 interchanges. Thg@x. found from MARS is higher than
e ; 3 that given by the localized criterioPgz = 0, due to the
05 F E fact that then = 1 mode first appears only if the localized
1F 3 criterion is violated over a range of the flux surfaces
ask E around the mode rational surface. The dependence of the
Y P e T growth ratey on the value of the plasma resistivity
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FIG. 1. (a) shows a typical reverseg profile. In here p

gmin = 1.5 located atp = 0.5. The resistive interchange is

destabilized by increasing, (shear reversal) shown in (b) with FIG. 2. Typical computed mode structure of the perturbed
Bn fixed at 2.0. It is also destabilized by increasjfg shown  radial velocity dv,. The poloidal mode number is based on
in (c) with g, fixed at 2.5. an equal arc grid.
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is further evidence for the identification of these modesto 0.5 ms, one to two orders of magnitude faster than the
we find at smally, y decreases ag!/® as predicted typical growth of resistive instabilities near the ideal beta
by Glasser, Greene, and Johnson [8]. The growth ratémit but an order of magnitude slower than that observed
is also found to be independent of the plasma rotationfor ideal kink modes at the beta limit. The mode saturates
With increasing plasma rotation, the mode rotates withat a relatively low amplitude.

the rotation speed of the singular surface in the reverse The evidence that the bursting instability is the pre-
shear region with no change in its growth rate. Both thedicted resistive instability is as follows: Motional Stark
growth rate and the mode structure are insensitive to theffect measurements of the profile of the loBashow a
location of the external conducting wall. decrease at small minor radius and an increase at large

The dependence @y. on some of the key equilibrium minor radius following the burst, implying a flattening of
parameters was also studied. The localized mode is nahe q profile in the negative shear region. Charge ex-
found when theyy — gmin is small or negative, due to the change recombination data show a similar flattening of
fact theDy, is not sufficiently positive over the region near the rotation and pressure profile. These profile measure-
the singular surface. On the other hand, wjth— gmin  Ments, as well as the mode rotation frequency, indicate a
fixed (at 1), Bne has been found to be insensitive to theradial location near the magnetic axis. Detailed modeling
value of gmin. The computed value of this is shown as of soft x-ray data in different discharges is consistent with
the solid line in Fig. 3. Varying the pressure peakednesanm = 3 mode near the magnetic axis, at the location of
parameterp(0)/{p) while keepingqo — gmin fixed (at theg = 3 surface in the strong negative shear region. For
1), we found tha{Bn. decreases strongly with increasing strongly peaked pressure profiles, the disruptions occur at
p(0)/{p). This dependence is shown as the solid linerelatively low values of8y, between 1.8 and 2.3. The
in Fig. 4. disruption threshold is constant for3 < gn,in = 3, sug-

The calculated resistive interchange instability (in thesaesting that the beta limit is not related to the low shear
NCS equilibria) agrees well with the MHD activity region neagmi,. Although the disruption itself appears to
observed in high beta DIII-D discharges with negativebe the result of a different, more global instability, quanti-
central shear and strongly peaked pressure profiles. lative threshold of3y and its independence ap.i, agree
these discharges, an internal transport barrier leads teery well with predictions for the resistive interchange
large pressure gradients in the NCS region [6,7]. Thenode. For comparison, the experimental valueg pfat
central pressure and volume-average beta rise steaditlisruption are shown as heavy dots in Fig. 3. We also
until a disruption occurs [Fig. 5(a)]. The disruption is note that these bursts are not observed in weakly reversed
often preceded by one or more bursts of MHD activityshear discharges, in agreement with predictions of theory.
which we here identify as the resistive interchange modef-urthermore, disruptions can be avoided at much higher
The bursts of MHD activity usually observed in the last 8y by broadening the pressure profile, again consistent
50 ms before the disruption are shown in Fig. 5(b). Thesevith predictions for the resistive interchange mode. Dis-
bursts have a mode number= 1 and a growth time 0.1 charge time histories of several discharges are shown as

dotted lines in Fig. 4 and compared with the predicted

" stability boundary of the resistive interchange mode. It

® experiment is seen that irH-mode discharges with the edge pressure
— theory
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FIG. 3. Instability threshold iBy versusgmin. The solid line P(0)/(P)

is results calculated for the resistive interchange mode using

the set of simulated equilibria. The dots are experimentallyFIG. 4. Calculated threshold igy versusp(0)/(p) for the
observed values in DIII-D discharges with peaked pressureesistive interchange mode, with trajectories of stable and
profiles. unstable experimental discharges.
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@ 4 10 is also possible that the experimental observation is in a
- | nonlinear regime in which nonlinear effects enhance the
RPLES . growth rate. Without further complicating the issues, we
Roo (10%se) 105 limit our present discussion based on the linear resistive
- MHD model and defer further discussion of this discrep-
ancy until the issue of rotation and nonlinear effect has
o E—— been systematically investigated.
o0 - (f%d') We conclude from the above comparison that the burst-
- ing MHD activity observed near the disruption boundary
of NCS discharges in DIII-D is caused by the resistive
interchange modes. These modes give rise to local relaxa-
tion of the pressure, rotation, amgprofiles. The stabil-
[ h Bo ity boundary of this mode closely resembles that for the
| L et observed disruptions. Calculations wittaRs show in-
A T e T creased cogpllng of the resistive mterch.ange mode to a
double tearing mode at high beta, providing a possible
Ei'Gh- géarﬁimgvf/rearceiz;);:hgcﬁgigg' bgaa)rlimgv\fg?cise?au”r?guf[t‘gneans for destabilizing a more global mode. This mode
ra?e, ands B ICzilmplitu%le; (t;) time exgansion ng sig'nal dljring Hlay be avoided by employ_lng. brc_)ader pressure profiles
a burst. and weaker shear reversal, indicating possible avenues for
the optimization of NCS operation.
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