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The growth of an ideal magnetohydrodynanidHD) instability in a high-temperature plasma is
calculated in the case where the plasphds driven slowly through its instability threshold. The
MHD perturbation grows faster than exponentially, approximately ag#x3'?]. Its characteristic
growth time 7~ (2)2%,25 v, Y3 is a hybrid of the ideal MHD incremental growth rajg,p and

the heating ratey,. This simple model agrees well with the observed growth of disruption
precursors in high3 DIII-D [J. L. Luxon and L. G. Davis, Fusion Technd, 441 (1985]
discharges having strongly peaked pressure profiles, where the observed growth i 6fs

are significantly slower than the typical ideal MHD time scalesof0 ° s. © 1999 American
Institute of Physicg.S1070-664X99)01508-4

Disruptions are of great concérin tokamak plasmas cerning the growth rates of these modes; specifically, the
and not well understootl.Here, by disruptions we mean typical growth rate is slowf;{1>1 ms and very sensitive
rapid decreases in plasma confinement, plasma pressure ctd-details of the rotation and pressure profiles. Also, diamag-
lapses, etc. While the instability boundaries for global idealnetic flow frequency effecty w, ~10*> yg) should reduce
magnetohydrodynami¢MHD) modes apparently demarcéte the growth rate even mor@o y~y3/w2~10 s3). In the
the limits of the achievable volume-average pres¢@eor instability code calculatiofisthe growth rate appears to in-
B=(P)/(B?12 ,) in tokamak plasmas, the origin of the pre- crease continually with increasing from a slow resistive
cursors toB limiting disruptions is not clear, although mod- double tearing-like ratey~ 7' to an ideal-like rate ag
els have been advanced for some precursds. increases up to the ideal limit. In some discharges, the ob-

The growing oscillations observetb precede major dis- served approaches the calculated idegllimit. We will
ruptions in DIII-D” L(low)-mode negative central magnetic assume the mode is essentially an ideal-like mode near the
shear(NC9) plasmas occur in well diagnosed plasmas andnarginal point and driven by the finite pressure gradient.
are of particular interest. The growth times of these precur-  Similarly, the precursors to minor disruptiofsawtooth
sors (~100-500 us) are much slower than the fews  crashesin present high-temperature tokamak plasmas seem
growth times typical of ideal MHD instabilities. Thus, sjow!® compared to typical ideal MHD instability growth
slower growing resistive modésvere proposetlas contrib-  times, although perhaps ideal MHD in charadfehut are
uting to at least the early development of the disruption premych faster than resistive MHD models would predfc?
cursors. These modes are resistive double tearing modgsys, precursors to both major and minor disruptions in to-
coupled externally to the ideal external kink and modified bykamak plasmas remain an important unresolved conundrum.
the presence of sheared plasma rotation and finite pressure Here we develop a simple theoretical model for the tem-
effects, especially at the inner rational surface where the '%oral evolution of a pressure-gradient-driven, interchange-
sistive instability criterion Dg>0) was satisfied. like, ideal MHD mode in a high temperature plasma. By

Although these resistive modes had many of the featureﬁlterchange-like we mean that the mode is global and not
expected for the observed precursors, questions remain Cogpminated by a large gradient near a rational surface that

would be subject to magnetic reconnection during its early
dElectronic mail: callen@engr.wisc.edu evolution. The basic hypothesis of our model is that the
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plasma pressure @8 is increased slowlyvia, for example, usual presumptions for exponential ideal MHD instability
energetic neutral beam heating and fueling, on the transpogrowth of the form expyt] in two important respects(1l)
time scalg through a global ideal MHD instability threshold, The temporal evolution is not a simple exponential in time,
and into instability. The key assumptions of the model arebut rather of the form exXjt/7*?]; and(2) the characteristic
that: (1) The plasma is near the marginal stability state for atime 7 for exponentiation is a geometric méaof the ideal
global ideal MHD instability;(2) the plasmag is increasing  MHD instability growth time @y,5~ few us) and the drive
approximately linearly with time according to or heating time §;, *=100 s of mg, and hence typically of

B=Bc(1+ ypt), (1)  order a few hundregls—much longer thary,},, . The char-

such that the plasma is stablg< 3) for t<0, marginal at acteristic growth timer is Amuch longer than the incremental
t=0, and unstable far>0; and(3) the disruption precursors ideal MHD growth time yyip because in the time the
are linear phenomena, up to the instant of the disruptioPlasma only slightly exceeds the threshold condition and the
when a large-scale redistribution of thermal energy occurs.mode growth rate is only a small fraction f,yp . Taking,
The growth rate of a linear ideal MHD instability is ob- for example,yyup / vn~ 10°, which is typical(see below of
tained from the energy principfé global mode dispersion DIII-D NCS plasmag, within the time the plasma exceeds
relationw?= 6W/ 5K in which W is the change in Botentlal the threshold by only AB/Be= v~ (¥n! Yamp) >~ 4
energy of the plasma produced by a fluid perturbagipnt), X104

and sK is the concomitant change in plasma kinetic energy. -
. . YMHD -
both integrated over the entire volume of the plasma. The Before comparing this driven ideal MHD global instabil-

potential energy chang8W is composed of a destabilizing ity model for disruption precursors with experimental data,

(negative term that is linearly proportional to the plasma o ote that this model can be generalized by considering

phressur_e (_)r/i', pfllflf\\// anouds stab(ljhzmg te_rmsh thalt repﬁresentthe types of precursor growth that would be obtained from
the excitation o @ and sound waves in the plasnigor other instabilities driven slowlyat rate vy,) through their

this simple model, the magnetic field i_s assumed to eVOIV?hreshold conditions. The growth rates of resistive-
slowly compared tg8 and hence to be fixedThus, we pro- interchange modésand drift-wave instabilities scale as

pose that near the ideal MHD instability threshold the mOde(d,B/dr)Z’3 anddg/dr, respectively. Thus, we propose a ge-
dispersion relation can be written as neric model for Eq(3) of the form y(t) = yo(ynt)* with «
2= — Y20 (BlBe—1), (2) =3 (ideal MHD), § (resistive-interchanggor 1 (drift-wave

) T instabilitieg. Then, we obtain
in which yy,4p iS assumed to be nearly constant and repre-

sents the mcreme_ntal chan(jea_ence t_he hat oveyyp) in E=goexd (1)1 ] with 7~ (yyd) Y+, 7)

the square of the ideal MHD instability growth rate @ss

increased above the marginal stability val@g. Calcula-  which indicates faster than exponential growth for all types
tions that support this model will be shown below. Assumingof instabilities driven through their instability thresholds.

the linear increase oB with time indicated in Eq(1), the  Note that while the power dfin the exponential depends on

temporal evolution of the growth rate is given by the model chosen (£ a=3, 3, or 2), the characteristic time

and  y(7)~ Yumno(¥h/ Ymup) Y3~ 2X 10 2yyp

A 7 is always a geometric mean of the fast instability growth
¥(O=Huro vt 120, B © and slow)grivegtimes, and is always significantly Iogggr than
The growth of a linear fluid perturbatiofiis governed  y,*. Also, the type of instability whose threshold is being

by the equation exceeded could in principle be determined from the observed
dé/dt= y(t)E _ (4) temporal growth of the perturbatichin the plasma.

A minor complication is introduced in the model given
by Eqgs.(1)—(6) if we consider the effects of plasma resistiv-
ity and resistive modésin the vicinity of the instability

Assuming an initial perturbatiod, at t=0, the solution of
this equation for they(t) given in Eq.(3) is

~ t _ 3 threshold conditions for an ideal MHD global mode. Two
E=¢&pex fo dt y(t) | =& exd (t/7)%7], (3 modes are of concern here, the double tearing and resistive
) ) interchange modes. As we noted earlier, @rbelow the
in which ideal MHD instability threshold 8< 3., t<0), the double
7=(312) 2Py 23 v 1P . (6)  tearing mode has essentially a resistive double tearing char-

. . S . . . ., acter near the resistive mode threshold, but becomes ideal-
This model is a simplified version of that in Ref. 4 in wlnch like as 8 is increased up to the ideal limit. The resistive-
the ideal MHD instability eigenmode equatiorf interchange instabilities, on the other hand, are not global
—(%AHD%){%:O was solved in terms of Airy functiofis modes. Rather, they are resistive I&femodes concentrated
which asymptotically  (for t=1) scale as near a low order rational surface, and, as indicated above,
exf (t/D%2)/(t/ 7)Y4 The extra {/7)¥*factor is negligible in ~ should have their growth rate diminished by diamagnetic
the fitting to experimental data, and the simplified modelflow frequency effectsfor high temperature plasmas such as
used here is more readily adaptable for exploring possibléghe DIII-D NCS plasma$. At precisely the ideal MHD
resistivity and nonlinear evolution effects. threshold condition 8=, t=0), Coppt* has shown that

Our model for disruption precursors differs from the the growth rate of a resistive mode using the ideal MHD
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global marginal stability eigenmode is a factor 6f’3 r— @ ®
smaller tharnyyyp ; hence, the resistive growth rate at mar- | ———

ginaﬂl ideal MHD instability is smaller than(7) as long as g il grom— . 110 E
S> yuup ! vn- Here, S=1r/7a= [@%/(n/ o) 1/[Ro/Cal is N5,

the Lundquist or magnetic Reynolds number—the ratio of

the resistive diffusion time #g) to the Alfven time (7).
Thus, while the “initial condition” perturbatior, might be

growing on a slower resistive mode time scafeshould
grow temporally as indicated in E¢p) for all timest =7 as

long asS> &MHD/yh, which is well satisfied for strongly
beam heated DIII-D plasmésvhere yyup/vn~10° and S

~3x10". In view of these points, in fitting experimental 013 14 15 1|.6 17 1.8(10

data from disruption precursors to E§) we should neglect Time(s)
the early growth {=7) where a transition from resistive to
ideal MHD instability occurs and Ec(.2) might not be a FIG. 1. Time evolution of DIII-D discharge 8700&Ref. 6 showing (a)

. . p . plasma current, and neutral beam powe?\g, and(b) normalized beta
good model[in Eq. (7) a effectively varies withg therd, Bu— B(aB/1) and D-D fusion neutron ratt,

and instead concentrate on the temporal evolution within the

last few characteristic times before the disruption where rozharge 87009, as measured by an external Mirnov loop and a
bust, global ideal MHD mode growth occurs and, hence, OUgentral (~0.3) soft x-ray(SXR) chord, is shown in Fig.
model becomes most applicable. o 2(a). A semilog plot of the amplitudes of these two signals is

~ The possible nonlinear evolution of driven ideal MHD shown in Fig. 2b), along with fitted curves based on simple
modes 'ndl_JCGd by current-gradle_nt free energy ter!d to bgiven by Eq.(5). The specific(nonlineay fit function used
highly localized near low order rational surfaces, partlcularlyfor the envelope of the disruption precursdr=A, expll(t

near marginal stability_. As they grow, they quickly form cur- —to)/7* %, is based on Eq(5) and has four parameters:
rent sheets and nonlinearly saturate at small ampllti'ﬁjes;mitiaI amplitudeA, and timet,, temporal growth powe,

.then,.they are convert:d Into tearing modes tth gI‘O\(;V _SlOWI%md characteristic time. The fitting procedure used in Fig. 2
n tlrr]ne (IN'kyR)'d : OWEVer, dpressgrel—grla 'ﬁnt' rlt\)/en, fixes 1+ « at 3/2 and determine,, t,, andr for the best
interchange-like ideal MHD modetparticularly those be- fit to the data. More general fits varying all four parameters

yond marginal sta}bility copditior)scan grow Iin.early. to give similar chi-squared values, and hence are no more de-
much larger amplitudesuntil the flux surface distortions finitive in determiningr and a. The solid curve shown in

they induce would break the nested flux surface topologyi:ig_ 2b) is obtained from a fit to data from an array of six

7 16 i i i

d¢, /dr=—1") before inducing current sheets that nonlin- \jirmov loops around the midplane of the torus, but also pro-
early modify their growth. Thus, the driven interchange-likejges a good fit to the individual Mirnov loop and SXR

ideal MHD instabilities of interest here can be expected toneasurements shown in Fig. 2. The data are fitted over the
grow linearly according to Eq5) from an initial perturba-

tion level (perhaps~ p;~ a few millimeters for applicability 3000
of MHD) to a macroscopic scale siggerhaps~10% of the
plasma radius Thereafter, current sheets and topology ef-
fects would develop and lead to dramatic macroscopic
plasma redistributions that we associate with the observed
“fast crashes” of the plasma pressure—i.e., plasma disrup-
tions.

We now compare the model developed in E{3—(6)
with experimental data from disruption precursors in DIII-D
NCS plasma$.In these tokamak plasmas a combination of
time-dependent programming of the poloidal magnetic field
system and energetic neutral beam heating induces an inter-

(a)

nal transport barrier to develdp.The barrier provides very sobdee % ° .
good (ion neoclassical levglcentral plasma confinemetit. 1681 16815 1682 16825 1683
Continued neutral beam heating induces a central peaking of Time (ms)

the plasma prgssure me”e apd_cause; the pldﬁm?.ln-. FIG. 2. Time development and growth of=1 disruption precursor in

crease approximately linearly in time. This is shown in Fig. 1piii-D discharge 87009 observed via extertiiimov coil) magnetic field

for discharge 87009. For this casg,*~650 ms at=1.6'S.  perturbationdB, /dt and core p~0.3) SXR chord. The oscillating compo-
The increase in plasma pressure ghid terminated by a  nent of the SXR signal is scaled to match the Mirnov coil amplitude.

; ; ; —~ ; ; Raw data from Mirnov coilsolid curvg and SXR signalgbroken curve
major disruption att=1.683 s which is preceded by the (b) Instantaneous amplitude of Mirnov cdsolid circles and SXR(open

grOWth of ann=1 precursor OSCi_”ation. in the plasrﬁ:ihe _ circles signals, with a curve fitted to the model of E§&) (solid curve and
temporal development of the disruption precursor for dis-a representative exponential growth cutixeoken curve
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time interval 1681.69-1682.69 ms; the initial timg ' '

= 1581.59 obtained frpm the fit is consistent with this choice ool  Dil-DDischarge ]
of time interval. The fit ignores the early phase, before clear #87009

growth occurs, where the oscillations are either due to noise o 2;15- ]
or to an early resistive transition phase not represented by the =9

model, as discussed above. Also, the model is inherently T10f 1

linear and cannot describe the final nonlinear phase of the

disruption. In the intermediate range where the model should 05¢ ]
apply the fit is extremely good. In particular, the driven ideal 00 .

MHD instability model developed above fits the data signifi- 00 05 10 15
cantly better than the simple exponential also shown in Fig. ﬁp{ﬁﬁ"p

2(b). For this case, we infer a characteristic tine 490 us.
Note the strong similarity in the phases and temporaF'G- 3. Growth rate of a global ideal MHD instability in discharge 87 009 as

: : _ a function of the normalize@ calculated using the GATO cod&ef. 1§
development of the eXtemawmov |00p) and mtema(cen for the standard reconstructidpluses and the reconstruction with a steep-

tral SXR chord measurements of the disruption precursorsgneq pressure profilgiamonds. The 8P is 2.03 and 2.18 in these cases,
(Fig. 2). These central and edge measurements maintain thespectively. The slope of the line negf=0 determines the MHD insta-
same ratio as their amplitudes increase by more than an ordeifity growth parameter. This givegy.p~2X 10° s™* for the standard re-

of magnitude, indicating that the mode structure remainsonstruction andyyp~3%10° s for the equilibrium with a steepened
constant throughout the growth. This observation coupledressure profile.

with the fact that the signals from all the other SXR chords o ) )

through the plasma exhibit similar in-phase signals show{0r the first time a plasma pressure-driven global ideal MHD
that these disruption precursors are robust global modes. IRStability and described its earlgssentially lineargrowth

particular, they are not localized to small regions of theby the model embodied in Eqgl)—(6).
plasma as resistive-layer modes would be. The authors gratefully acknowledge: J. M. Greene and

M. S. Chu, R. L. Miller, and T. S. Taylor for useful discus-
sions. This is a report of research sponsored by the U.S.
Department of Energy under Contracts DE-ACO03-
89ER51114 and W-7405-ENG-48, and Grant No. DE-FG02-
92ER54139.
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