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B Limit Disruptions in Tokamaks
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Nonlinear magnetohydrodynamic simulations that reproduce and elucidate the salient features
observed during3 limit disruptions in tokamaks are presented. Confinement is destroyed by fingers of
hot plasma that jet out from the center of the discharge to the edge, while fingers of cold edge plasma are
injected into the center. The loss of confinement is extremely rapid; confinement is destroyed in just a
few tens of microseconds, in agreement with experimental observations. The magnetic field is virtually
unchanged during the rapid loss of energy confinement, which is also in agreement with experiment.
[S0031-9007(98)05730-5]
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The fusion of light nuclei in a hot plasma confined where the momentum densityy = p,,V. The MHD
by magnetic fields is a potentially unlimited source ofequations are solved in toroidal geometRy ¢, z), where
energy. The tokamak is a magnetic confinement devic®& is the major radial coordinate of the torug, is the
in which the hot plasma is confined by magnetic fieldtoroidal angle, and is the vertical distance along the axis
lines that spiral around in a torus. An important parameteof the torus, with a square conducting wall of half-width
characterizing tokamak operation is the rafoof the a in the poloidal plane. The equations are given in
plasma pressure to the pressure in the confining magnetimrmalized units [2] in which the timeis normalized to
field. To increase the fusion reaction rate while reducinghe Alfvén timer, = a/v4, with v, the Alfvén velocity,
the cost of the confining magnets, operation at Igggis  and the resistivityp = S~!, where the Lundquist number
very desirable. However, the amount of plasma energy = 7, /7,4 is the ratio of the resistive diffusion time to
that can be stably confined in tokamak discharges is limitethe Alfvén time. Axisymmetric equilibria, independent of
by disruptions. When a threshold in the plasifais the toroidal anglep, are obtained dynamically [2] by evo-
exceeded during a tokamak discharge, then there is lation of the two-dimensional MHD equations [(1)—(4)] in
sudden, unexplained, very rapid loss of energy. The timéhe poloidal planéRr, z), with » = 0 but with nonzerqu,
scale over which the energy is lost is very short, on theuntil the forces balancef X B = VP. The initial mag-
order of a few tens of microseconds [1], much shortemetic field is given byB = Vi X ¢ /R + B¢0(R0/R)€p,
than an electron-ion collision time. This loss of energywhere s is the flux, Ry is the major radius of the torus,
occurs with little or no warning [1]; in many cases there B is the initial magnitude of the toroidal magnetic field
is no precursor magnetohydrodynamic (MHD) activity. InatR = Ry, and¢ is a unit vector. The initial flux function
contrast to disruptions at high density, there is no negativgy = Cf(x)f(z), where f(x) = [ _ydy/(1 + ay®)'/!,
voltage spike associated with the thermal quench in high = R — Ry, @ =[(3/q0)' — 1]la™?, C = B4o/[q0f(0)],

B disruptions and there is no evidence of flux reconnectior, is the value of the safety factgrat the magnetic axis,
[1]. Thus, while thermal confinement is rapidly lost, theand g and / are parameters which describe the safety
magnetic field remains virtually unchanged. factor profile. The shapes of the initial flux surfaces

In this Letter we present numerical simulations thatadjust dynamically until force balance is obtained in
reproduce the salient features of the thermal quench in higlquiliorium. The shape of the safety factor profije
B disruptions in tokamaks, and which elucidate the physic$s characterized by the parameteras [ increases from
underlying the disruption. These simulations are based oonity, the g profile becomes flatter around the magnetic
the nonlinear resistive MHD equations for the presstire axis. The equilibrium pressure is given by a flux function
the magnetic fieldB, the mass velocity, and the mass P(y) = Po{l — [1 — (¢/ho)’ ]}, wherey = i at the
density p,,, including the effects of a plasma resistivity magnetic axis, andy = 0 at the wall. This pressure
7 in Ohm’s law and a viscosityx in the momentum profile is flat around the magnetic axis wittP /dy = 0
equation [2]: at the axis, and is relatively broad. The ratio of the

. 2 pressureP at the magnetic axis to the square of the mean
0B/9r =V X (VX B) + nV'B, 1) poloidal magnetic field is denoted by [2]. The
oU/at + V- (VU) =J X B — VP + uV?U, (2)  equilibrium mass density is uniform in space.
We consider a higl toroidal equilibrium withg,, =

aP/ot + V- (VP) =0, (3) 1 in a torus with aspect ratid = Ry/a = 3. The safety
factor at the magnetic axig, = 1.1 in this equilibrium,
dpm/ot +V-U =0, 4 g=45, andl =2. The nonlinear, three-dimensional
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time evolution of a perturbation applied to this equilibrium, The evolution of the magnetic field during this pe-
in a plasma withy = u = 3 X 1074, is shown in Fig. 1. riod of rapid loss of thermal confinement is shown in
This figure is a plot of the pressure in the poloidal planeFigs. 2(a) and 2(b). Figure 2(a) is a plot of the magni-
(R,z) at¢ = 0atfour different times during the evolution. tude of the poloidal magnetic field at= 0; the poloidal
The lightly shaded areas near the center of the poloiddleld is largest in the lighter areas. A corresponding plot
cross section in Fig. 1(a) are the regions of hotter, higtof the poloidal field at = 18074, when thermal confine-
pressure plasma, while the colder, low pressure plasma mment is destroyed, is shown in Fig. 2(b). These two plots
located in the darker regions. The equilibrium is unstableof the poloidal magnetic field are nearly identical, and they
to ballooning modes that grow on the pressure gradierdemonstrate that the magnetic field remains virtually un-
on the large major radius (bad magnetic curvature) side athanged even as thermal confinement is rapidly destroyed
the magnetic axis. At = 0 the perturbation is small, but in agreement with experimental observations of the ther-
it grows rapidly. Byt = 807, [Fig. 1(b)] fingers of hot mal quench durings limit disruptions [1].

plasma from the center of the column are jetting outwards The flow responsible for the rapid loss of confinement is
on the large major radius side of the discharge, while theshown in Fig. 2(c). This figure is a plot of the momentum
cold edge plasma is injected in towards the center. ItUg = p,,Vg in the direction of the major radius at=

the nonlinear phase the instability leads to the creation of807,. The more lightly shaded areas are regions of
steeper gradients in the pressure that accelerate the growdghtward flow inR, while the flow is inward inR in the

of the fingers. This process continues in time withoutdarker areas. The flow speed increases continuously in
saturating, and by = 18074 [Fig. 1(d)] confinement is time as confinement is destroyed. In the nonlinear phase
destroyed as the hot plasma jetting from the center neathe convection cells deepen and become extended as they
the wall at largeR, while the cold plasma that was formerly reach all the way from the magnetic axis at the center of
at the edge reaches into the center of the column. the column out to the wall.

The results in Fig. 1 demonstrate that thermal confine- In order to obtain adequate numerical resolution, the
ment is rapidly lost within 200 Alfvéntimes. To relate this magnitude ofy and w used in the nonlinear simulations
time scale to observed disruption times in the Tokamak Fuis much larger than that in higl tokamaks where the
sion Test Reactor (TFTR) [1] (major radid = 2.6 m,  peak value ofS ~ 10°. The effect of varyingn and u
minor radiusa = 80 cm, temperaturd’ = 8 keV, den- on the linear MHD stability of the8,, = 1 equilibrium
sity n = 5 X 10'* cm™3, toroidal magnetic fieldB, = is shown in Fig. 3. This figure is a spectral plot of the
40 kG), one Alfvén time in TFTR is approximately equal linear growth ratey of modes that vary ag~"¢, with
to 0.1 usec. Thus, in the simulation shown in Fig. 1 thetoroidal mode numbern, for three different values of
thermal energy is lost in less th@0 usec, a result that 7 = u. When » = u =3 X 1074, the growth rate
is consistent with the time scale for rapid energy loss ob-
served during higtB disruptions [1].
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FIG. 2. Temporal evolution of the magnitude of the poloidal
FIG. 1. Temporal evolution of the pressure in the poloidalmagnetic field in the poloidal plane & = 0, at¢/74 = 0 (a)
plane(R,z) at ¢ = 0 for a plasma withg,,; = 1.0 andn = and 180 (b). The momentum in the direction of the major
w=3X10"% att/t4 = 0 (a), 80 (b), 120 (c), and180 (d). radius atr = 1807, is plotted in (c).
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rises as increases beyond unity, peakingrat= 6. For

. 0.025[
largern > 6, the growth rate continuously decreases as

n increases. The effect op of lowering n = w varies 0.0201
depending on the toroidal mode number. Whernis - 0015
small, the growth rate decreases as= u decreases.

However, for largern the opposite is true; the growth 0010
rate increases ag = u decreases. Overall, ag = u 0.005
decreases there is an increase in the peak growth rate in 0.000

the spectrum and a shift to largerof the fastest growing 0 5 10 15 20 25
mode. Thus, the rapid loss of confinement seen in the n
nonlinear simulation in Fig. 1 is not caused by the use of|G. 3. Linear stability. The growth ratg, normalized to
a relatively largen = u. To the contrary, from Fig. 3 the ,g\lfvenf tlmhe Ta» dl‘?f plotted Ifor m?dr?s with toroidal mode
one would expect that, ag = u decreases, confinement ey ((gotttéze ”r']ee)“;r %n;\’?ouﬁs ?d;sﬁggs'nsrﬁg’)'%" < 1o
would be destroyed even a little more rapidly. We haveyojid line).
demonstrated this by repeating the nonlinear simulation
with a reduced value of = u = 2 X 10~*. The result
is shown in Fig. 4. This figure is a plot of the pressuremation, acts both to transport energy from the hot fingers
in the poloidal plane at = 1807, after the application to the cold fingers and to diffuse the hot plasma from
of the perturbation whem = u =2 X 1074, and is to  the bad curvature (outside) region to the good curvature
be compared with Fig. 1(d) whene = u is 50% larger. (inside) region, thereby reducing the drive for the insta-
The results in the two cases are nearly the same. Thaility. In order to ascertain the impact of parallel trans-
maximum value of the poloidal velocity, denotedtay,,,  port on the growth of the fingers, we have included the
is a measure of the rate at which confinement is destroyephysics of parallel heat transport in our MHD simulations.
by the cross field convection of energy. During the simu-For the TFTR disruption parameters discussed previously,
lation shown in Fig. 1y, increases continuously intime the electron-ion collision time; =~ 250 usec while the
from a small perturbation to a large value as confinemenipn-ion collision timer;; is longer still by the square root
is lost. At r = 18074, Umax/va = 7.1 X 1073, when of the ratio of the ion mas#/; to the electron masa,.
n=p=2X10"% while wvpn/va =66 X 1073,  Thus, the collision time is much longer than the time scale
when n = u =3 X 1074, Thus, there is actually a over which energy is lost during limit disruptions. As
small 8% increase in the rate at which confinement isa consequence, during the short disruption time scale the
destroyed (not a decrease) for a 33% decreasgin u.  plasma is collisionless, and energy is transported along the
The viscosity tends to damp the convective motion of thdield lines by free-streaming particles. Since the plasma
plasma across the magnetic field. Wheis reduced, the is collisionless, the only coupling between electrons and
growth rate of the extended convective vortices increase$ons occurs because of electric fields created by charge
Alteration of the current profile has no appreciableseparation, and the electrons are forced to follow the ions
effect on the loss of thermal confinement in the nonlineabecause the ions are much more massive. The rate of free-
simulation. When the central safety factgy is reduced streaming transport of ion energy along the magnetic field
from 1.1 to 0.9, confinement is destroyed in exactly thdines is unaffected by the much less massive electrons. To
same manner as shown in Fig. 1, and at the same rataodel the free-streaming ion transport in our simulations,
Thus, the presence of @ = 1 surface, or lack thereof, we include a term—V«()V,T in the equation for the
in the plasma has no effect on the loss of confinementime rate of change of the pressutewhere the tempera-
When the parameterr is lowered from/ =2 to/ =1, tureT = P/p,, andV) is the parallel gradient along the
the shear in the magnetic field around the magnetic axis igiagnetic field. With a time-dependent parallel thermal
increased. But confinement is still destroyed by fingers otoefficientkj = v}z, wherew; is the ion thermal speed,
hot and cold plasma whose growth does not saturate on thbe time scaler for the transport of energy a distance
same time scale as in the lower central shlear 2 case. down a magnetic field line is given by the free-streaming
The pressure profile used in the simulation shown in Fig. Yesultr = s/v;. For timest longer than a collision time
is flat around the magnetic axis, with? /dy = 0 at the 7y, x)(t) — «|(7ii) = v,~27'ii, the collisional result. The
axis. Confinementin #,, = 1 equilibrium with a more  effect of collisionless parallel energy transport on the MHD
peaked pressure profile given Byy) = Po(¢/10)*, with  stability of the 8,01 = 1 equilibrium is shown in Fig. 5.
dP/dy # 0 at the magnetic axis, is destroyed in anThis figure is a plot of the pressurerat= 21074 after the
analogous manner on the same time scale. application of the perturbation shown in Fig. 1(a). Con-
The results in Figs. 1 and 2 demonstrate that fingers dinement has been destroyed in the same manner as that
hot and cold plasma rapidly jet across magnetic field lineshown in Fig. 1. This simulation demonstrates that col-
during the nonlinear evolution of MHD instabilities in high lisionless parallel transport is not rapid enough to pre-
B tokamaks. The rapid motion of particles along the magvent the loss of thermal confinement. The reason for
netic field lines, physics not included in the MHD approxi- the ineffectiveness of parallel transport can be seen by
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FIG. 5. Parallel thermal transport. The pressure in the
poloidal plane at/74 = 210 is plotted for a plasma with the
same parameters as those in Fig. 1, but with a parallel energy
transport coefficienk = v?r.
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FIG. 4. Pressure in the poloidal plang,z) at ¢ =0
for a plasma withB, = 1.0 and n = u =2 X 107%, at
[/’TA = 180.

calculating the distance a thermal ion travels down a fieldnodel the transport of energy along magnetic field lines as
line in a short MHD growth time. The peak ion ther- a wave propagation at the electron thermal velocity. But

mal velocity in theB,,1 = 1 equilibrium iSv; max/va = free-streaming ions transport their energy down the mag-
8 X 1072. From Fig. 3, the growth timeryyp of the netic field lines at the much slower ion thermal velocity.
fastest growingn = 6 mode isTyyp = 4774. There- In summary, our MHD simulations demonstrate that

fore, the distance = v; . 7mup traveled by an ion in  confinement in high8 tokamaks is destroyed by fingers of
a growth timervyp is s/27Ry = 0.2, only about one- hot plasma which jet out from the center of the discharge
fifth of the way around the torus. The cross field loss ofto the edge, while fingers of cold edge plasma are injected
confinement in higtB plasmas is so rapid that even colli- into the center. This loss of confinement is extremely fast;
sionless, free-streaming ion motion along the undisturbedonfinement is destroyed in just a few tens of microsec-
magnetic field lines is not fast enough to counteract it. onds, in agreement with experimental observations. The
The results in this Letter contradict the conclusionsmagnetic field is virtually unchanged during the rapid loss
drawn in Ref. [3]. There it is claimed that the thermal of thermal confinement, which is also in agreement with
quench is caused by transport along stochastic magnetéxperimental observations. The cross field loss of energy
field lines, resulting from the destruction of magnetic fluxis so fast that even the free-streaming motion of ions along
surfaces. Butthe diffusion of energy along stochastic magthe undisturbed magnetic field lines is not rapid enough to
netic field lines is much too slow a process to account focounteract it. The stabilizing effect of parallel transport
the rapid loss of confinement in highdisruptions, unless on more slowly growing MHD modes at lowgt will be
the magnitude of the stochastic magnetic field is extremelgiscussed in a future publication. The impact of electron
large, much larger than is observed experimentally. Wénertia (nonideal MHD) on these rapidly growing modes is
can estimate the magnitude of the stochastic magnetic field subject for future research.
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