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the entire minor circumference, it should be pos-
sible to use a limiter on only one-half of this
circumference —in that part of the torus where
the ion VB-drift direction is outward. Then most
atoms removed from the limiter (by charge-ex-
change neutrals, runaway electrons, bulk plasma
contact, etc. ) should drift out, making no signifi-
cant penetration. Bulk plasma interaction with
the wall in the other half of the torus would re-
main negligible, since field lines near the wall
there would still intersect the limiter at some
point. Alternatively, even with a complete lim-
iter, the plasma might be positioned above or
below the midplane of the vacuum vessel by the
programming of the external horizontal field
coils. In this way, bulk plasma contact with the
limiter in the appropriate portion of the torus
would be minimized.

In conclusion, this Letter reports the first di-
rect observation of the effects of VB-drift trans-
port of impurity ions in tokamak geometries. The
very general nature of the effect has been dis-
cussed. Finally, we stress its most important
consequence —that in regimes of very high col-
lisionality, impurity transport in tokamaks can
no longer be considered one dimensional, but
must be given a full two-dimensional treatment.
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It is known that an internal tokamak disruption leads to a current profile which is flat-
tened inside the surface when the safety factor equals unity. It is shown that such a pro-
file can lead to m =2 magnetic islands which grow to fill a substantial part of the tokamak
cross section in a time consistent with the observation of a major disruption.

The involvement of the tearing mode in the ma-
jor tokamak disruption has been suspected for
some time. ' We have developed a numerical
method for examining the full nonlinear behavior
of tearing modes of a single helicity. ' The essen-
tial approximation in this analysis is the use of
the tokamak ordering B,»B8 to expand the mag-
netohydrodynamic fluid equations to lowest order
in the inverse aspect ratio. In this approximation
modes of different helicities are uncoupled and

the full nonlinear development of an initial per-
turbation consisting of a single helicity can be
described in two dimensions.

Derivation of the reduced set of magnetohydro-
dynamic fluid equations is carried out in Ref. 2.
Eliminating the unknown pressure by operating
on the equation of motion with SoVx, and keeping
only lowest order in inverse aspect ratio, but in-
cluding finite conductivity in Ohm's law, we find
a closed set of equations. The resulting two-di-
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Dp/Dt= 0,
Z= —v'(-2,
v= —. Z &VA,

(3)

(4)

(5)

where g is the helical flux, D/Dt is the convective
derivative, J is the toroidal current density, g is
the resistivity, E is the electric field at the toka-
mak wall, p is the plasma density, and n is the
plasma, velocity. The pa, rameter S equals r~/r~
where ~„and ~„are the resistive and poloidal
Alfvdn times, respectively. In present tokamak
discharges S =10' at the plasma center and de-
creases as g 'p ' '.

Analysis of the results of a numerical code'
which directly advanced Eqs. (1)-(5)has led us
to the construction of an analytical model for the
observed saturation of the mode at a relatively
narrow island width. 4 When this saturation oc-
curs, it can be understood quite simply. The
tearing mode is driven by the difference in mag-
netic field energy between the initial state (no is-
land) and the final state (an island of width ze).
This transition requires the tearing and reconnec-
tion of magnetic lines of force in a resistive layer
near the mode rational surface and the growth
rate is thus a hybrid between the magnetohydro-
dynamic and the resistive time scales. The es-
sential feature of the saturation is that this mag-
netic driving energy decreases to zero as the
island width increases; the way in which it does
so is dependent on the amount of shear present
in the equilibrium. Physically, an increased
shear inhibits large island formation by making
the island configuration less energetically favor-
able. In this Letter we use these analytic and
code results to interpret experimental data con-
cerning major tokamak disruptions.

Recent experimental measurements' of plasma
x-ray emission during major disruptions ob-
served in PLT have given some indication of the
radial profiles of the plasma during these events.
In particular, it was noted that the q =2 surface
was at a radius larger than observed for stable
discharges, and the temperature profile was ab-
normally flat. The disruptions were preceded by
m= 1 sawtoothing, possibly responsible for this
flattening, ' which abruptly ceased approximately
10 msec before the major disruption with the dis-

mensional equations are, using the scaled vari-
ables of Ref. 2,

Dg/Df = —q~/S+ E,
(D/Dt)V (pV+) =2 (Vq && VJ) —Vp && V(v'/2), (2)

0
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FIG. 1. Selected current profiles with q =2 surfaces
at r =0.7. Also shown are the corresponding safety-
factor profiles. The q =1 surface are at r=0.2 (sub-
script a), nonexistent (subscript 5), and &=0.5 (sub-
script c). The current profiles Q,J are the flat cur-
rent profile of Ref. 7 with ro= 0.6, 0.45. q~ is obtained
by modifying q~ for r& r&.

ruption itself initiating at the q = 2 surface and
propagating inward at a constant rate. During
the final 10 msec preceding the onset of the dis-
ruption, there appeared growing m = 2 precursor
oscillations, sometimes accompanied by a weaker
m= 1 mode. The m= 1 x-ray traces' do not pos-
sess a radial node, indicating the absence of a q
=1 surface. The frequency of the precursor de-
creases as the perturbation grows.

Much of the experimental data can be under-
stood in terms of our analytic and numerical re-
sults. In Fig. 1 are shown sample current pro-
files and safety-factor profiles for which we have
analyzed the nonlinear behavior of m= 2 tearing
modes. The q =2 surfaces are located at x=0.7,
the experimentally observed location, and the q
= 1 surfaces at r=0. 2 (subscript a), nonexistent
(subscript b), and x=0.5 (subscript c). J, and 8,
are the so-called flat current profiles, ' q(r) = c[1.(./. ) ] ".

In Fig. 2 are shown the predictions from the
saturation theory for these cases. Although for
large widths this theory is only of qualitative use,
note that as x„a measure of the current profile
thickness, increases, the m = 2 mode passes
from linearly stable (curve to,) to a. small saturat-
ed island (curve w, ) to a. large island (curve zo,).
(Subscripts are as for Fig. 1.) As the m= 1 saw-
toothing has the effect of increasing the width of
the current channel without changing the location
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FIG. 2 Predicted satuaration widths for th
of Fig. 1. The m = 2

s or e profiles
e m =2 mode for the q=1 surface at r=0.5

is linearly stable (curve ~ ) and t =0.2gy, a r= . it saturates
at a fairly narrow island width.

of the q=2 surface, it would tend to produce this
progression of states.

With ththe onset of the precursor oscillations the
m = 1 sawtoothing ceases and the q = 1 surface
vanishes; the experimental evidence for this be-
ing the vanishing of the nodal point in the m= 1
mode. Th'This is consistent with an increase of q(0)
to a value greater than 1, as shown by curve m

Numericall wy we observe, using a version of the
y curve ze ~.

code which also advances plasma temperature,
that the presence of a m = 2 islandi an can increase
radial thermal conductivity enough to cool the
plasma and lower the central current density,

'

hence increasing q(0). Hence, we associate the
onset of the precursor oscillations with the ex-
istence of a m= 2 island of some critical size
As this thermal balance must include effects of
Ohmic heating and radiation a t, an exae estimate
of the width necessary is difficult to make, but
we observe that an island of width =0.w = . 1 increas-
es q(0) by approximately ten percent. This m=2
island would also drive a m= 1 m d thm = mo e through to-
roidal coupling, and experimentally when the m
= 1 mode is observed it is in phase with the larger
m=2 mode. We have examined mode rotation
with a version of the code wh h 1 dinc u es finite-

g e a ition of theLarmor-radius effects throu h th dd
Hall term to Ohn's law and including gyroviscous
terms in the equation of motion. We find that the
saturation results are not affected, but there is
a nonlinear decrease in the frequency of the mode.
This effect cannot be quantitativel
with the ex crim

i a ive y correlated
wi the experimentally observed decrease in the
frequency of the reprecursor at present because of

t = 91 p =Const

FIG. 3. Helical flux contours and density contours
during the growth of a m= 2 mode using th e current pro-
i e ~ o Fig. &. Here the resistivity is modeled as q
1/J, S= 10 at r=r The units of time are the central~ ~

Alfven time 7A.

iI' = Const

the absence of measurements of island width
~ ~ ~

At this point in the history of the discharge, the
m= 2 island would commence to grow rapidly,
since a feedback mechanism exists whereby the
island, through increasing radial conductivity,
increases q(0) and thus leads to a larger satura-
tion width.

Once q(0) has become larger than unity, the sat-
uration theory suggests that large islands are pos-
sible, and we have investigated this case with our

flux
numerical code. In Fig. 3 are shown th h l' le e ica

ux contours and density contours for the ease
with subscript 5 of Figs. 1 and 2, a flattened pro-
file with r, = 0.6, r, = 0.7, and q(0) = 1.37. The fi-
nal saturated width is se = 0.7; this value being

= 1.1 saturating at zv =0.4. Since the amount of
computing time for a run is proportional to S,
we have used a value of 8= 104 at the q = 2 sur-
face, which is lower than the experimental value.
The resistivity is modeled as q-1/J. The time
is given in units of ~p, at the plasma center,
which is less than 1 p.see for typical discharges.
The mode is observed to continue exponential
growth with no slowing down up to the final width
shown, at which point it abruptly stops. We have
also run a case with S = 10' out to a width of zo

= 0.4 to examine the scaling with temperature.
In this case dw/dt becomes constant as described
by Furth, Rutherford and Selberg' with dw/dt
=30/'7 for zv )0..04, where 7~ is to be evaluated
at the q = 2 surface. In the PLT disruptions,
at q = 2 is.approximately 0. 1 sec, and thus the
Rutherford r
the r

growth of the island is eonsiste t 'thn wi
e growth of the precursor oscillations in a time

of a few milliseconds agreeing with the experi-
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ments. The same sequence of events which we
have sketched above also is observed in disrup-
tions of TFR, ' and the time of 1 to 2 msec for
the growth of the precursor oscillations is again
in agreement with the Rutherford growth time for
a m= 2 mode.

We have taken the plasma density to be a Gauss-
ian function of r with p(0)/p(r, ) = 10, but the re-
sults are insensitive to the density profile. In
Fig. 3 one notes, however, as the island reaches
maximum size, the onset of a vacuum" bubble,
modified in shape from the results of Ref. 2 by
the presence of shear and the imperfect vacuum-
plasma boundary. This is consistent with an ex-
perimentally observed increase in the plasma ra-
dius in the last stages of the disruption, and could
cause the plasma to make contact with the limiter.

The plasma disruption itself consists of a rapid
loss of energy, perhaps due to both radiation and
losses to the wall. An experimentally observed
sudden increase in the density of tungsten through-
out the plasma can be understood in terms of an
island such as that shown in Fig. 3 making con-
tact with the limiter. The experimentally ob-
served 500- psec time scale for the subsequent
loss of energy and plasma is beyond the scope of
the present model.

The boundary condition of constant electric field
at the tokamak wall which we impose does not al-
low us to examine the question of the negative
voltage spike observed toward the end of a major
disruption. Moreover, as has been previously
suggested, " this effect may be the result of the
expanding plasma making contact with the limiter
or wall.

We have repeated the same case with a version
of the code which advances the plasma tempera-
ture and includes a more realistic model for the
resistivity through g= T ' '. Again we find es-
sentia1. ly the same growth and final width.

A number of effects may contribute to the ma-
jor disruptions seen in tokamaks in addition to
those which we are able to treat in our code,
which is limited to a single helicity. Nonlinear
coupling between modes may be important and
can lead to large regions of ergodic field lines,
as can toroidal effects acting on a single large
island. The nonlinear coupling could possibly
produce the 500- p, sec time scale.

In this Letter, we show that when the current
profile internal to q= 1 is very flat and is conse-
quently very steep in the neighborhood of q = 2,
the q = 2 island evolves to a very large size. This
is a more general phenomenon in the sense that

a profile with large flattening at q = 1 and q = 2
would be violently unstable at q = -'„etc. Hence,
one might expect that in the final stages of shrink-
ing, flattening, and disruption many modes would
be involved.

Nonetheless, we have shown that, for a flat-
tened profile similar to the one observed before
the onset of the precursor oscillations, a relative-
ly small evolution of the zeroth-order profile is
enough to change the m= 2 mode from a condition
of small amplitude saturation to the "disruptive"
case. Furthermore, the necessary zeroth-order
change in the profile is understood qualitatively
as being due to increased radial conductivity.
Such a large island would almost certainly initiate
a drastic loss of confinement were such factors
as ergodicity and interaction with the limiter tak-
en into account. Although the model we propose
is incomplete and probably not universal (a flat
current profile possibly can be obtained through
other means than sawtoothing, and there may be
several types of major disruption) it appears to
be a sufficient disruptive mechanism consistent
with present experimental evidence.
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