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The major disruption in a cylindrical tokamak is investigated by using
the multi-helicity code, and the destabilization of the 3/2 mode by the mode
coupling with the Z/I-mode is confirmed. The evolution of the magnetic field
topology caused by the major disruption is studied in detail. The effect of
the intermal disruption om the 2/l magnetic island width is also studied. The
2/1 magnetic island is not enhanced by the flattening of the g-profile due to

the intermal disruption.
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1,Introduction

The major disruption of a tokamak is characterized by rapid release
of magnetic and plasma energies within an order of us followed by reduc-
tion of the plasma current with the decay time of several milliseconds,
and it is considered to be the main cause of limitation of the plasma
current and density. The disruption may bring about a more serious damage
to the device as the device becomes larger. It is, therefore, urgently
required to clarify the mechanism of the major disruption and to devise
methods to control or suppress it.

The m=2 téaring mode plays an important role in the major disruption.
The growth of the m=2 magnetic field perturbation is observed as a precur-
sor of the disruption. When the safty factor at plasma boundary, 9, is
less than 2, the major disruption seems to be suppressed. Waddell et al.
proposed that a nonlinear interaction between m/n=2/1 and m/n=3/2 tearing
modes causes the major disruptionl~4). The results of their simulation
seem to well recover the experimental data. They presented the scaling
law of the major disruption time on the basis of the WKB theory. The WKB
method, however, is not always applicable to the nonlinear stage of the
mode evolution. It is important to establish the theoretical model relia-
ble in this stage. It is also very important to know the mechanism to
change the current profile which makes the enhancement of the 2/1 island
width.

In this paper we first recover the results of the ORNL group. We
find a little disagreement with their results. We also investigate the
initiation process of the 2/l mode assuming that the current density
profile is flattened by the 1/1 mode, The 2/1 island obtained in the
simulation is compared with those calculated by the A' code.

In :the next section the basic equations of the present analysis are

described. 1In §3, the results of simulation are presented. Conclusion

and discussion are given in §4.
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2,Basic. Equations

The reduced set of the resistive magnetohydrodynamic equations of a low

£ torcidal plasma in the cylindrical coodinate system (R, ¢,z ) is given as

ay - 2 od -
ot +V'\7_LY = Boé—c-'-l-ﬂJ - Ew(t) (1)
U > g = z R .2 R .22 P = aJ
+ ;o= — —_— Vo oo v v —
e TV V.U =V . VP x ¥V, ( R 1T+ ( Rg) Vg -V, % V,J + Bg s (2)
% 4 F.T,p, =0
; Bt v o- v_ % - (3)
N S o
! B = BD (v: +VCX‘\7LQJ) (4)
N
Vo= (2 TxT,0 (5)
Ro =
- 2> % v >
I = (R, 5 ) Vg (6)
LR2
R .2z2, : :
U = (R_) vl;p (7)
X0 o : :
IR RNA
o= (g0 F | (8)
i . . . _ T o: 237 9 i
| where Ry is the major radius, C-—Rg@ ’-VL:: §EWJR + EE-uz . The quantities

U, ¥ and ® denote the vorticity, poloidal flux and stream function, respec-

F tively. The energy integral of this reduced set of equations is given by

d R (22,2 R 2 2,2 Py
dt(dr[(Ro) (T8 17 + (g 1V T+ oo ]
J
f P N 2
= - | (= © 9 -
JdTL(RO) ni®] + 27RoE () I . (9)

The first term in the 1.h.s. represents the kinetic energy, the second one
the magnetic energy, and the third one the internal energy. The first term

in the r.h.s. is the energy dissipation. The electric field at the wall,

Now we employ the coordinate system (r, 8, T), in which the magnetic

lines are straight. The radial coordinate r is defined by

r = (-%)zfg“ | (10)

Eg(t), is obtained from eq.(9) by setting the total plasma current I, constant.
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Wherejg is Jacobian. The variables ¥, J, ¢ and P, are Fourier expanded in
8 and 7 directions:

'\Pm/n(r) exp i(me - —=-7) (11)

Y(r,e,z) = Ro

<
m,n
where m and n denote the mode numbers in 6 and ¢ directions, respectively.

The Fourier expanded equations are written as follows;

“m/n [ ¥,9] L - E, (12)
ot i m/n Ry m/n m/n /n
aUm/n RU
—_— = -_ — b
o [U,® ]m/n + 03,9100 g, " om/n t [F.P3n (13)
BP:':III/H
—oe - [BPan )
where [ ¥,® ]5/n is defined by
m' d d .
1 - ' —_— ! —_— - & — Y . )
[I};CD ]m/n mz’m'+m” r ( \‘er/n! dr cpmu/nn -m!l/nl dr ?mn/nn ) (l }
n=n'+n"
Variables J and U take the form;
m/n m/n
_ L 4 grd Coed re
Yo/ T T mgmn+mu [dr (Gm dr mn'/n ) ar Gy m“/n)
B o d _ n ~B88 W
IrlGm' drwg”/n mm Gm"m”/n } (16)
_ 1 rr d_ T _re
) r8 d " 99 :
S e =L IR LA N ] . (17)
Quantities Fm, G;J and H;j are defined by
R .2 , .
(RD) = % Fm(r) exp imf (18)
rglj = 3 6.3(r) expimd (19)
m m
R\2 4F o i . S
r ( RO) g~ = % H_ (r) exp im8 . | (20)
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In this calculation the equation (14) for pressure is neglected because
the pressure driven mode is not important in a low B plasma. Morever we
neglect the toroidal effects. Even by this simplification, the essential
mechanism of the major disruption can be described. We assume the resistivity
is constant in time and set it to be

n(r) = E_(£=0)/J(r,t=0) . (21)
The multi helicity calculation is carried out with up to 29 Fourier
components and 200 equal-spacing radial meshes. The equations are solved by
both the full-explicit and implicit-explicit predictor-corrector time
integration schemes, and a good agreement between both cases is obtained.
The time step for the former scheme, however, is restricted to be much small

compared with that for the latter scheme.

3, Computational Results

3.1 Nonlinear Destabilization of 3/2 mode

We choose the g-profile as in Ref.l, q(r)=l.38[1+(r/0.6)8]1/” and
the magnetic Reynolds number $S=2x10" at q=2 surface. Almost the same behavior
of the plasma as that of the ORNL calculation is recoverd, which is presented
in the following figures (fig.1-7). Figure 1 (a and b) show the time
evolution of magnetic island width obtained by the single-helicity and multi-
helicity calculations, respectively. The single helicity calculation shows
that the 2/1 and 3/2 modes are both unstable and the widths of the saturated
islands are about 0.4 and 0.1, respectively. In contrast with the single-
helicity calculation, the multi-helicity calclulation shows the rapid
destabilization of 3/2 mode after the island of the 2/1 and 3/2 mode touch
each other at t = 300, due to the nonlinear interaction between modes with
different helicities. The phase of the 5/3 and 7/4 modes are inverted
several times at final stage of the disruption. The evolution of the kinetic
and magnetic energies are shown in Fig.2 (a and b}, respectively. Both the
energies rapidly increase from the island-overlapping time (t = 300).
The time evolution of the growth rate of the magnetic energy is shown in
Fig.3. The growth rate of the 2/1 mode is slowly Secreasing function of time
when the growth rates of the 3/2 and 5/3 modes begin to increase,which means
that the 2/1 mode is in the Rutherford regime even after the time of the
island overlapping. Figure 4 shows the time evolution of the one turn veoltage,

V=] g¥ { Ek + EM Yy - Q]/Ip, where Ip is total plasma current, Ek and EM are
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In this calculation the equation (14) for pressure 1s neglected because
the pressure driven mode is not important in a low B plasma. Morever we
neglect the toroidal effects. Even by this simplification, the essential
mechanism of the major disruption can be described. We assume the resistivity
is constant in time and set it to be

n{r) = Ew(t=0)/J(r,t=O) . (21)
The multi helicity calculation is carried out with up to 29 Fourier
components and 200 equal-spacing radial meshes. The equations are solved by
both the full-explicit and implicit-explicit predictor-corrector time
integration schemes, and a good agreement between both cases is obtained.
The time step for the former scheme, however, is restricted to be much small

compared with that for the latter scheme.

3, Computational Results

3.1 Nonlinear Destabilization of 3/2 mode

1/ u

We choose the g-profile as in Ref.l, q(r):1.38[l+(r/0.6)8] and

the magnetic Reynolds number S=2%x10" at q=2 surface. Almost the same hehavior
of the plasma as that of the ORNL caleulation is recoverd, which is presented
in the following figures (fig.1-7). Figure 1 {a and b») show the time
evolution of magnetic island width obtained by the single-helicity and multi-
helicity calculations, respectively. The single helicity calculation shows
that the 2/1 and 3/2 modes are both unstable and the widths of the saturated
i{slands are about 0.4 and 0.1, respectively. In contrast with the single-
helicity calculation, the multi—heliéity calclulation shows the rapid
destabilization of 3/2 mode after the island of the 2/1 and 3/2 mode touch
each other at t = 300, due to the nonlinear interaction between modes with
different helicities. The phase of the 3/3 and 7/4 modes are inverted

several times at final stage of the disruption. The evolution of the kinetic
and magnetic energies are shown in Fig.2 {a and b}, respectively. Both the
energies rapidly increase from the island-overlapping time (t = 300).

The time evolution of the growth rate of the magnetic energy 1is shown in
Fig.3. The growth rate of the 2/1 mode is slowly decreasing function of time
when the growth rates of the 3/2 and 5/3 modes begin to increase,which means
that the 2/1 mode is in the Rutherford regime even after the time of the
island overlapping. Figure 4 shows the time evolution of the one turn veoltage,

d .
v=] at { Ek + EM ) - Q]/Ip, where Ip is total plasma current, Ek and EM are
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the kinetic¢ and magnetic energies, and Q is the change in the rate of

energy dissipation due to Joule heating. In this figure, V is normalized

by nBt/UO" The negative voltage spike 1s observed is the figure. The order
of magnitude of the voltage spike is in good agreement with experimental
value. The helical flux contours for several modes with different helicities
at the end of the calculation are shown in figure 5. The magnetic islands

of the higher harmonics, such as the 8/5 or 13/7 modes, have also fairly
large amplitude, Tn Fig.6, intersections of a single magnetic field line near
the separatrix of the 2/1 island at the =0 poloidal plane are plotted.

This figure shows that the stochastic region develops during the interval(t=
300v400) and covers almost the plasma column at the final stage. The
stochasticity can be investigated quantitatively by calculating the K-S
entropyS), which is shown in Fig.7. The evolution of the K-8 entropy confirms
the above result, The stochastic magnetic field in the plasma column

enharces the heat loss and causes the rapid cooling of the plasma, which

is observed in the soft X ray signals from the plasma center.

3.2 Effect of the Internal Disruption

Next, we calculate the nonlinear evolution of the 2/1 tearing mode in
the presence of the 1/1 mode. The purpose of this calculation is to simulate
destabilization of the 2/]1 mode by the internal disruption through the
flattening of the g-profile inside the g=l surface. The initial g-profile
in this case is q(r)=0.9[l+(r/0.5)2h]l/{ where A=2+2r2, and S=2><lO4 at the g=1
surface (solid line in Fig.8). In this profile the islands of the 2/1 and 3/2
modes are saturated at relatively narrow width. The saturation width of the
2/1 gnd 3/2 islands (W and W, ,.) estimated by using a A" code is W2/1=O,109

. 2/1 3/2
and W, ,,=0.005 for the initial q-profile, and W2/l=0.204, w3/2=0.062 for the

flattzéid g-profile (dashed line in Fig.8), respectively. There is no island
overlapping betﬁeen the 2/1 and 3/2 modes for the initial g-profile, while the
island overlapping is expected for the flattened g-profile after the internal
disruption. In order to investigate this possible enhancement of the 2/1 island
width by the flattening of the current profile due to the internal disruption,
the calculation is started with only the 2/1 mode, and the 1/1 mode is initia-
ted af t=520 after the 2/1 island is saturated (Fig.9). The saturation width

aof the the 2/1 island at t=520 is W2/1=0.07 which is a little smaller than the
expected value. With the growth of the 1/1 mode, the 3/2 mode is produced by

the coupling of the 1/1 and 2/1 modes, and the internal disruption occurs at
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2700, Aiter the internal disruption.the g-profile inside of the q=1

surface | flzitened and that outside of it is unchauged, (dotted line in
W ~.ce of the change of the s-profile, however, the island
evoiurion of rie 2/1 and 3/7? modes seems unchanged, even a long while

af ter the internal disruption, i.e., W2/1=0.07 and w3/2=0.014 at t£=970.
These values are about L/3 ~ 174 of those obtained by using the A’

code and there is no assurance of island overlapping even if the calcula-
tien continues. There are other possibilities to initiate the major dis-
ruption. In Ref.6, we have shown that the size of the 2/% island is
strougiy enhanced by tihe internal disvuption due to the toroidal coupliing.
This result suggests thot the majcr disrunticn is irdured by the dinternal’

disruption in a toreidal plasma.

4. Conclusion and Discussion

We have studied the norlinear evolution of tearing modes with differ-
ent helicity in a cylindrical plasms =nd comfirmed that the major disrup-
tion is caused by the nonlinear destabilization QZ the 3/2 mode through
the mode coupling with the 2/1 mode. And the evolution of the magnetic
field topology has been precisely investigated. All these results support
the mechanism of the major disruption, proposed By Waddel et al. The
details of our results, however, are different from their results.
Especially, in our simulation, the 2/1 modé is deeply in the Rutherford
regime and ité instantaneous grthH rate is not affected even after the
3/2 mode is nonlinearly destabilized. This behavior of the 2/1 mode
contradicts with the WKB theory. Therfore, the mechanism of the destabi-
lization of the 3/2 mode remains unsolved '

As for the effect of the internmal mode on the major disfuption, the
flattening of the g-profile due to the internal disruption did not cause
the enhancement of the 2/1 island width, in spite of the prediction of
the ﬁajor disruption by the A' caleulation. The flattening occurs only
inside of the =1 surface and the g-profile is not affected near the 2/1
and 3/2 surfaces. Therefore, in order to expect the major disruption by

the internal disruption, we have to take into account other effects, such

as the toroidicity.
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2700, Aicer the internal disruption the g-profile inside of the g=1
surtfaca .. filzitened and that outside of it is unchanged, (dotted line in
EERE v owooke of the change of the o-profile., however, the island
evolution of the 2/1 and 3/? modes seems unchanged, even a long while
after the internal disrubtion, i.e., W2/1=0.07 and W3/2=0.014 at t=970.
These values are about 1/3 - 1/4 of those obtained by using the A

code and there is no assurance of island overlapping even if the calcula-

tion contfnues. There are other possibilities to initiate the major dis-

ruption. In Ref.6, we have shown that the size of the 2/ island is
strongly enbounced by the internal disrvuption ane to the tforoidal coupling.
This result suggests thet the majer disventics is induccd by the internal’

disruption in a torcidal plasma.

4. Conclusion and Discussion

We have studied the nonlinear evolution of teéring modes with differ-
ent helicity in a cylindrical plasma rnd comfirmed that the major disrup-
tion is caused by the nonlinear destabilization of che 3/2 mode through
the mode coupling with the 2/1 mode. And the evolution of the magnetic
field topology has been precisely investigated. A1l these results support
the mechanism «f the major disruption, proposed hy Waddel et al.  The
details of our results, however, are different from their results.
Especially, in our simulation, the Z/i moderis deeply in the Rutherford
regime and its instantaneous groﬁth fate‘is not affécted even after the
3/2 mode is nonlinearly destabilized. This behavior of the 2/1 mode
contradicts with the WKB theory. Therfore, the mechanism of the destabi-
lization of the 3/2 mode remains unsolved

As for the effect of the internal mode on the major disruption, the
flattening of the g-profile due to the internal disruption did not cause
the enhancement of the 2/1 island width, in spite of the prediction of
the major disruption by the A' calculation. The flattening occurs only
inside of the g=1 surface and the q—profile is not affected near the 2/1
and 3/2 surfaces. Therefore, in order to expect the major disruption by

the internal disruption, we have to take into account other effects, such

as the toroildicity.’
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Fig.l Time evolutions of the m/n mode magnetic island width for the case of

(a) singl-helicity calculation and (b) multi-helicity calculation. The
widths for both cases are the same before the island-overlapping time (

i £=300) .
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Fig.2(a) Time evolution of the kinetic energy in the case of

multi~helicity calculation. Result for the single heli-

city calculation is shown by the dotted line.
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Fig.2(b)

200 300 400 t

Time evolution of the magnetic energy in the case of

multi-helicity caleculation. Result for the single heli-

city calculation is shown by the dotted line,
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Fig.4 Time eveolution of the one-turn voltage at the limiter.
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Fig.6 Trajectory of a magnetic field line, starting from a poiant on the
separatrix of the 2/1 island. The cross-section at the poloidal plane
z=0 is shown. Distinct structure of the 2/1 island is seen at the island-

overlapping time t=300, while the trajectory is almost stochastic at t=

440.



’ JAERI—M 9788

1074 =

Fig.7 Space distributions of the K-S entropy of a magnetic field line at t=
300, 340, 380 and 420. The K-S entropy S is defined by |

1 N
§ =ljim = Z 1n &
Ko N=n n

where n stands for an iteration serial number and 2 is the distance
n

between two field lines starting from neighbouring positions

~15-—
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Fig.8 Profile of the safety factor q. The solid line denotes the initial gq-

profile ( qo=0.9 and qa=3.6). The dotted line is the g-profile changed
by the internal disruption. The model g-profile after the intermal

disruption for the A' calculation is shown by the dashed line.
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6F 3/ D e =

O 1 1 1 i L t

Fig.9 Time evolution of the magnetric island width. The result from t=0 to
t=520 is obtained by the single-helicity calculation of the 2/1 mode.
The 1/1 perturbation is added at t=520, and the evolution is simulated
by the multi-helicity code. The internal disruption, which cccurs at t=

690, does not influence the 2/1 mode.



