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It is suggested that, in a tokamak discharge, the initial rapid current penetration and
the disruptive instability may each be attributed to a type of nonlinear double-tearing in-
stability which causes growth and overlap of radially separated magnetic islands. The
ensuing reconnection and braiding of magnetic lines would enhance local radial heat and
particle transport and could permit rapid redistribution of plasma current, inducing pos-
itive or negative spikes in the loop-voltage signal,

Two curious characteristics of tokamak dis-
charges are the initial-phase current penetra-
tion,' which appears to proceed anomalously fast,
and the later-phase disruptive instability,? which
shows negative spikes on the loop-voltage signal
and is characteristically followed by rapid plas-
ma movement and loss, I suggest that the two
processes are related, namely, that both are in-
stances of growth and overlap of sets of magnetic
islands on adjacent rational surfaces. Such over-
lap would bring about relatively rapid reconnec-
tion of magnetic lines of force and could cause
sudden redistribution of the plasma current, The
associated rapid change of magnetic flux would
produce positive or negative voltage spikes and
the magnetic-line reconnection would enhance
radial heat and particle transport.®

Two models for island overlap are proposed.
The more tractable one involves the helically
symmetric double-tearing mode* in its nonlinear
evolution. In this mode, perturbations grow at
each of two singular (k- B=0) surfaces in the
plasma. The rotational transform must be the
same at the two surfaces, but this condition may
in fact arise during the skin phase of the tokamak
discharge when the plasma current at the core is
still low. If, in the nonlinear-growth phase of
this instability, the islands overlap, reconnec-
tion of the magnetic lines and a new magnetic to-
pology may be expected to appear. Because this
mode retains helical symmetry, the magnetic
surfaces are not destroyed but they may become
highly convoluted. Redistribution of plasma cur-
rent along the new surfaces would then appear as
fast radial current penetration,

In addition to its application to understanding
anomalous current penetration, the nonlinear dou-
ble-tearing mode is of interest for computer mod-
eling of the tokamak plasma.® The mode can be
studied in cylindrical geometry with helical sym-
metry and exact magnetic surfaces, and its evolu-
tion with reconnection of magnetic surfaces and

rapid current redistribution might also reproduce
the major characteristics of the disruptive in-
stability.

The second model for island overlap pertains
to the normal phase of the tokamak discharge,
when the rotational transform is a monotonically
decreasing function of the plasma minor radius.
Consider the presence of a primary set of islands
at a rational surface, slowly growing as a result
of instability of the ordinary tearing mode. In
the magnetostatic analysis, nonlinear mixing of
the primary perturbation mode [mode numbers
m, n; q(v)=m/n] with the toroidal geometric fac-
tor, R+vcosf (i.e.,, m=x1, n=0), produces as-
sociated perturbation magnetic fields® with he-
licity m +1, n. Satellite islands must therefore
appear at q(+) = (m + 1)/n with widths expected to
be of the order of (»/R)"? times the width of the
primary islands. A qualitative discussion indi-
cates that the same mechanism which leads to
nonlinear growth for the double-tearing mode
can enhance the growth of the outer satellites and
speed up the approach to overlap. I suggest that
the disruptive instability is due to the occurrence
of such accelerated growth and overlap.

From an analytical point of view, the interac-
tion between islands of incommensurate helicity
is very different from the case of the double-tear-
ing mode with helical symmetry. The approach
to island overlap in the asymmetric case pro-
duces local stochastic destruction of the magnet-
ic surfaces and braiding of the magnetic lines of
force in this region.”® Throughout the braided
region the current density (more accurately, j,/
B) and electron temperature must become uni-
form.,

To understand the generation of voltage spikes,
let us consider plasma currents, differing in
magnitude, flowing on adjacent magnetic sur-
faces. If the magnetic-field lines are somehow
suddenly braided, transient phenomena will poc-
cur, after which j,/B in this region, as just men-
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FIG. 1. Circuit analogy showing reconnection of cur-
rent paths following a disruption of the magnetic fields
in a plasma.

tioned, is uniform, Simplifying the model to the
interaction of just two sheet currents, an elec-
tric-circuit analogy, Fig. 1, is helpful, particu-
larly in view of the difficulties cited in the litera-
ture? in accounting for the polarity of the spikes.
Initially, current 7, flows on the inner of two ad-
jacent toroidal magnetic surfaces, and current
i, i,%* %,, on the outer. The energy of the poloid-
al magnetic field stored between the two sur-
faces is represented by L;i,2/2, L; symbolizing
the “ leakage inductance.” Similarly, the mag-
netic energy stored outside the outer surface is
represented by 3(Li,?+ 2Mi, i, + Li,?). Braiding in-
termixes the field lines, effectively creating the
series electrical connection illustrated in the
bottom diagram in Fig. 1. At first, the current
through the inductive inductive elements is still
i, and i, %,#%, and V -fﬁO requires that the dif-
ference current, i,-¢,, flow radially between the
former surfaces. The likely physical process for
this transient radial flow is polarization current,
producing poloidal plasma motion which would be
quickly dissipated, primarily in ion heat.®!°® The
radial current path is represented electrically by
some (high) impedance Z, bridging the inductive
elements, Circuit analysis with perfect coupling,
L =M, and with a resistive impedance for Z
shows a net change, AZ, in the total loop cur-
rent, Ai=2ig. . — (i, +i,)=~ (L;/4L)(i, - i,) and also
shows that an energy approximately L;(i, — i,)?/8
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is dissipated in the bridging resistance. Thus, if
the outer sheet current (i,) were initially greater
than the inner sheet current (,), as in the skin
phase for a tokamak discharge, current penetra-
tion by braiding would result in a slightly small-
er total loop current and would be accompanied
by a sudden reduction of the external poloidal
magnetic field, giving rise to a positive voltage
spike on the loop-voltage signal.!' On the other
hand, for i, >i, initially, as in the configuration
preceding a normal disruption, the voltage spike
would be negative,

Let us turn now to the consideration of the dou-
ble-tearing mode, under which tearing of magnet-
ic lines occurs in the vicinity of each of two near-
by magnetm surfaces which have the same value
of k +B or rotational transform. Now it is, in
fact, simpler to offer an example of a multiple-
tearing mode. Consider the force-free equilibri-
um,

ﬁo(x) = 2(B%+J2 % sin®Ax) /2 + HJ ! cosax,

and follow the classic analysis'? of the tearing in-
stability with perturbations of the form f, (%, )

= f,(x) exp(iky +yt). Away from the singular (k- B
=0) surfaces, the perturbation y=B,"/B closely
follows the infinite-conductivity relation, Eq. (20)
of Ref. 12, namely V?y=yF 'd*F/dx®, with F
=B,(0/B. With By(x) as given, the simple solu-
tion ¢ ~cos[(A2 - k?)'/2x] exp(iky +yt) satisfies the
infinite-conductivity perturbation equation, and
Fig. 2 shows how the y solutions may be chosen
in successive outer regions. The jump in dzp/zpdx
at each singular surface is

Afa=dy, /. dx~dy_ /P dx
=2(\% - k%) /2tan[(\% - k) /21 /2x ]

which is matched to the inner-region resistive so-
lutions (dotted lines in Fig., 2) and is related to the
instability growth rate via Egs. (34), (36), and
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FIG. 2. Linear multiple-tearing mode, showing am-
plitudes of zero- and first-order magnetic fields.
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(49) of Ref. 12,
_(szz 1/5<A'>4/5 n 3/5

v 81Trp> a <Z;) '
The mode is unstable for |kl <Al (and probably un-
stable for all |k|=lk,%+k,>2'/? choosing k, such
that singular surfaces occur at ax=2ln+¢, [ inte-
gral, with € sufficiently small; cf. Sect. V, Ref.
4), showing growth at all singular surfaces and
showing the same sign for =B,")/B for y=const,
all x. The new magnetic surfaces, including now
the first-order perturbations, display thin islands
around the former singular surfaces (\x=In+ 7/
2). Because the sign of the magnetic shear chang-
es with x(Ax) =7, adjacent island chains show a
180° shift of spatial phase.

Growth of the multiple-tearing mode may be ex-
pected to continue through its nonlinear phase,

To develop a physical picture of this nonlinear
growth, I first note that for the force-free plas-
ma, j(¥)= y(F)ﬁ(F), and v-j =0 implies B.-vy=0;
i.e., j,/B, is constant along each of the y = const
magnetic surfaces, Now in this multiple-mode
equilibrium, (47/c¢)j,®=dB,® /dx=~J simx and
7.9 would be alternately positive and negative on
magnetic surfaces of adjacent island chains, Dif-
fusion tends to smooth out such differences by
normal resistive (eddy-current) processes.
Adopting for the moment a viscous model of re-
sistive dissipation, intuition would picture cur-
rent diffusing across the magnetic surfaces at
rates.proportional to the local gradients, but si-
multaneously spreading out along each surface to
maintain constancy of j,/B,. Now as current dif-
fuses away from the positive-j,(®) islands, the
current deficit appears mainly in the region of
the x-stagnation points just because the magnetic
surfaces are spread apart most widely there, It
is easy to verify that the perturbation magnetic
field due to this deficit is properly phased in
space to enlarge the islands, Similarly, the cur-
rent accumulations at the x points of the negative-
j,®) chains are seen also to contribute to island
enlargement as one recalls that the magnetic
shear is reversed in adjacent layers. Hopefully,
computer analysis will provide quantitative sup-
port for this intuitive description of island
growth,

Looking now at the nonlinear growth of the dou-
ble-tearing mode, the sketches in Fig. 3 repre-
sent bald guesses at the possible evolution of the
magnetic surfaces for this instability, and are
modeled with the simple function ¥ = (x%/3) - xx,?

FIG. 3. Conjectured evolution of magnetic surfaces
in nonlinear double-tearing instability.

+€(t) cosky, the perturbation-size parameter, e,
increasing from the top to the bottom sketch, Of
particular interest is the reconnection of the flux
surfaces that occurs atintermediate €, If such re-
connection were to take place in the double-tear-
ing mode, it would be accompanied by a rapid re-
distribution of the current and electron heat along
the new convoluted and extended magnetic sur-
faces,

For normal-phase tokamak operation, the rota-
tional transform is a monotonically decreasing
function of radius, and the equilibrium configura-
tion is not appropriate to the two-dimensional
double-tearing instability. On the other hand, to-
roidal effects will cause satellite islands to be as-
sociated with any set of primary islands. The
reason is qualitatively clear—the primary islands
are produced by a helical radial perturbation
magnetic field. This perturbation field is, in
turn, induced by a perturbation current, and it is
this current which must have the same helicity as
the local magnetic field (e.g., B+Vy =0), Solving
then for the induced perturbation B field, the
magnetostatic equations introduce nonlinear mix-
ing of the primary perturbation field, B,*)~b(r)
Xcos(m6 —ng), with the toroidal geometry factor,
1+ (’V/R)COSG, so that secondary fields of order
AB, ™M ~(r/R)b(r) cos|(m +1)0 —n¢), etc,, appear
as necessary components of the complete self-
consistent solution, Associated with primary ¢
=2 islands will therefore be ¢=3 satellite islands
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with width ~ (#/R)'/? times as large as the prima-
ry island. Second-harmonic current components
in the primary island (e.g., m =4, n=2) can sim-
ilarly lead to satellites at ¢=3 and ¢=%. ¢=% sat-
ellites would also be induced by second-harmonic
components (m =2, »=2) in a primary ¢=1 plas-
ma-current distortion.

One suggestion might then be that plasma dis-
ruption occurs when primary islands due, say, to
a single tearing mode, grow sufficiently to over-
lap with their own satellite islands or, perhaps,
with the g=3 satellites of a ¢=1 core distortion,
But under certain conditions we could also expect
growth of the satellite islands themselves, Spe-
cifically, in a geometry with both radially de-
creasing j, and transform, diffusion toward and
accumulation of j, near the x-point regions of out-
er satellite islands would produce perturbation B
fields with proper spatial phase to enhance the
width, ~ (B,V)!/2, of these islands (at some minor
cost to the width of the larger primary island).
We could expect the combined system to be unsta-
ble with characteristic growth rates for the outer
satellites typical of the nonlinear tearing mode, '3
and this instability of the combined system, with
satellite growth and island overlap speeded up by
x-point current accumulation, suggests a quite in-
teresting mechanism for sudden plasma disrup-
tion,

It is a pleasure to acknowledge helpful discus-
sions with Dr, A, Rechester and with Dr, K, Bol,
Dr. P, H. Rutherford, Dr., J. D. Strachan, and
Dr. S. von Goeler,
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