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Vertical displacement events (VDEs), which are frequently observed in disruptive discharges of elongated 
tokamaks, are investigated using the Tokamak Simulation Code. We show that disruption events such as a 
sudden plasma pressure drop (bp collapse) and the subsequent plasma current quench (I2, quench) can accel-
erate VDEs due to the adverse destabilizing effect of the resistive shell, which has previously been thought to 
stabilize VDEs. In a tokamak with a surrounding shell which is asymmetric with respect to the geometric mid-
plane, the I, quench also causes an additional VDE acceleration due to the vertical imbalance of the attractive 
force. While the shell-geometry characterizes the VDE dynamics, the growth rate of VDEs depends strongly 
on the magnitude of the bp collapse, the speed of the Ip quench and the n-index of the plasma equilibrium 

just before the disruption. An amelioration of Ip quench-induced VDEs was experimentally established in the 
JT-60U tokamak by optimizing the vertical location of the plasma just prior to the disruption. The JT-60U 
vacuum vessel is shown to be suitable for preventing the bp collapse-induced VDE.

KEYWORDS: vertical displacement event, tokamak disruption, plasma pressure drop, 

plasma current quench, positional instability, tokamak simulation code, n-index, JT-60U 

tokamak, stabilizing shell, eddy currents, halo current

I . INTRODUCTION 

 In investigating tokamak disruptions we seek to im-

prove our understanding to the point where disruption-
free discharges are realizable, or at worst, soft land-
ing disruptions occasionally occur. Many experimental 
and theoretical works have sought this goal(1)-(4), how-
ever because of the device-dependent complexity of dis-
ruption processes no reliable control technique has yet 
been developed. Although experimentally observed ma-

jor disruptions can have different causes and involve a 
complex sequence of events, typical common features in-
clude a strong energy quench (bp collapse) followed by 
a rapid plasma current decay (Ip quench) and a coinci-
dent fast plasma displacement away from the horizontal 
midplanc a vertical displacement event (VDE)(2)(5)(6). 
A rapid Ip quench induces large eddy currents in the 

vacuum vessel which in turn lead to significant elec-

tromagnetic forces(7). A VDE can also cause serious 

wall damage since any active feedback system will be-

come incapable of maintaining position control during

the disruption, and hence the unstable plasma with high 
internal energy can contact plasma-facing components 
in the vacuum vessel(8). 

In recent years, several major experiments like 
JET(8), DIII-D(5), ASDEX-Upgrade(6) and JT-60U(3) 
have focused research on vertically elongated plasmas, 
because elongated plasmas have improved the confine-
ment properties and increased plasma beta limits(9). 
However, elongated plasmas have the drawback of po-
sitional instability(10)-(12), or VDEs. The experimental 

growth rates of VDEs during disruptions is measured 
to be three or more times higher than the values pre-
dicted by positional stability theory including the sta-
bilizing effect of the vacuum vessel(1)(3)(8). A close cor-
relation between the ./p quench rate and the VDE rate 
was shown experimentally in the JT-60U tokamak for 
low bp, ohmically heated plasmas; i. e . a rapid Ip quench 
was shown to enhance the VDE(3). It is also well known 
that large Halo currents with both toroidal and poloidal 
components can appear during disruptions in the open 
flux scrape-off layer (SOL) just outside the main plasma 

(Halo region)(2)(5)(6)(13)(14). Halo currents with up to 20 - 
30 % of the initial plasma current have been observed 
in DIII-D and JET disruptions(5)(14), and have resulted 
in substantial electromagnetic forces, that were larger 
in magnitude than forces caused by the Ip quench. It
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has also been pointed out that the Halo current can sig-

nificantly affect plasma dynamics in DIII-D disruptive 
discharges(2), that is, Halo currents are believed to sup-

press VDEs(2)(13). However, despite the progress in un-
derstanding what accelerates and decelerates VDEs, all 

VDE mechanisms during disruptions have still not been 

clearly identified and a general method for avoiding or 

controlling VDEs has not yet been proposed. In next-

generation tokamak fusion devices such as ITER(6)(12), 
successful operation requires a detailed understanding of 

VDE mechanisms and a development of techniques for 

softening the VDE. 

In this paper, we describe in detail the acceleration 

mechanisms of VDEs induced by a rapid I p quench, 

which is a typical event in major disruptions terminating 

a low bp plasma discharge, and by a strong bp collapse, 
which is typical in minor disruptions of high bp toka-

maks. Moreover, we intend to develop a practical con-

trol technique to prevent VDEs, and propose guide-lines 
for design criteria of the VDE-free tokamak. To clarify 

the VDE mechanism, self-consistent nonlinear simula-

tions of disruption dynamics are carried out numerically 

using the Tokamak Simulation Code (TSC)(15), which 

is capable of modelling the realistic VDE evolution in-

cluding the passive effect of resistive shells. Chapter II 

describes the numerical model used in the TSC simula-

tion and the fundamental characteristics of the JT-60U 

positional stability. In Chap.III, the acceleration mecha-
nisms of the Ip quench-induced VDE and the bp collapse-

induced VDE in the JT-60U tokamak are discussed. In 

Chap.IV, we present an amelioration technique for the 

Ip quench-induced VDE which has now been successfully 

demonstrated in JT-60U tokamak experiments. In addi-

tion, the effects of the shell-geometry on the b3p collapse-

induced VDE are discussed in detail. Finally, our con-

clusions are given in Chap.V. 

II. SIMULATION MODEL 

Here, we describe the TSC code(15), which is capa-

ble of modelling the deformable plasma behavior of a 

free-boundary axisymmetric tokamak including plasma 

transport(16) and many realistic control functions, in-

cluding an active feedback system and passive stabiliza-

tion due to resistive shells. The detailed modelling of the 

JT-60U tokamak is also described and the fundamental 

characteristics of the positional instability are discussed.

1. TSC Code 

In the TSC code, modified magnetohydrodynamic 

equations are solved inside a computational domain that 

includes a plasma region, a vacuum region, a specified 

number of solid conductors and a resistive wall. Green's 

function techniques allow specification of the boundary 

conditions at infinity. The form of the modified momen-

tum equation used is:

(1) 

Here, mn, is the plasma momentum density Ant,. In-
stead of the convective derivative term, a specific form 
of the plasma viscosity operator: 

(2) 

is introduced in the left-hand side of Eq.(1). The mass 

A and viscosities, n1, n2, are chosen to achieve critical 
damping of the modified Alfven waves. This makes the 
time integration feasible while keeping the left side of 
Eq.(1) small compared with the terms on the right side. 
In order to obtain physically correct results, the TSC 
model must nearly satisfy the static equilibrium condi-
tion: JxB=Dp, with an integration time step that is 
much longer than the Alfven time scale. It must be ver-
ified a posteriori that the effects of the modified inertial 
terms are small and that the physical results are inde-

pendent of the fictitious mass and viscosity values. 
  The magnetic field is represented in the usual way 

for an axisymmetric system: B=Dp)xDP+gDp, where 
(/) is the symmetry angle. Faraday's law and Ohm's law: 
E +nxB = R yield evolution equations for the poloidal 
flux W and toroidal field function g. The inhomogeneous 
term R contains the effects of nonideal dissipations. The 
static form of Eq.(1) is exactly equivalent to the well 
known Grad-Shafranov equation(17): 

(3) 

Here,D*••=x2D(x-2D) is the standard toroidal elliptic 

operator and x the radius in cylindrical coordinates. 

 Although TSC has many capabilities for simulating 

realistic plasma behavior, we focus here on the axisym-

metric dynamics of toroidal plasmas interacting electro-

magnetically with resistive shells. This is because our 

interest mainly lies in the rapid process during disrup-

tions whose time scales are much faster than the L I R 

time of the resistive shell. During a VDE evolution, the 

coupling of the plasma with the poloidal field (PF) coil 

circuits can be neglected. Therefore, the PF coils are 

assumed to provide only a static magnetic field, i.e., we 

can neglect both the active feedback and the passive re-

sponse of the PF coil system. 

The inclusion of the detailed plasma transport in-

cluding impurity influx and degradation of energy con-

finement is beyond the scope of our computational 

work. Therefore, in order to introduce disruption dy-

namics, the plasma pressure is given a prescribed time-

dependence. The functional forms of the plasma pressure 

profile and plasma density profile are assumed to remain 

unchanged during the TSC simulation. These are given 

by p(P)=poP3/2 and n(P)=noP, respectively. Here, 

(=(P-P8)/(Paxis-P8))is the normalized poloidal flux. 

In this paper, we also neglect the effect of the Halo 

current on the VDE dynamics, because our main inter-
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est lies in the initial phase of the disruption where Halo 

currents are nearly absent according to measurements in 

JT-60U experiment(13), DIII-D(5), and JET(14). Another 

reason for neglecting the Halo currents in the present 

study is that we are interested in mechanisms that ac-

celerate the VDEs, whereas Halo currents are known to 

mitigate VDEs.

2. JT-60U Tokamak 

(1) TSC Modeling 
JT-60U(1) is a vertically elongated, bottom-diverted, 

single-null (SN) tokamak with an egg-shaped vacuum 
vessel that plays the role of the resistive shell. Figure 
1 illustrates the TSC configuration of a typical plasma 
equilibrium and the nominal conductors that model the 
JT-60U PF coil systems and the vacuum vessel, which 
is slightly up-down asymmetric with respect to the mid-

plane. The dominant up-down antisymmetric current 
mode of the vacuum vessel, which stabilizes vertical dis-

placement, has a decay time constant of about 8 ms. The 
computational domain is the square box spanning 1.5 to 
5.5 m in the major radius direction and -2.0 to 2.0 m 
in the vertical direction. This domain is divided into 

(80 x 80) grids with equal spacing of 5 cm. Major plasma 
parameters in Fig. 1 are the following: plasma current 

Ip=1.5 MA, toroidal magnetic field Bt=3.5T, poloidal 
beta ,bp=0.2, plasma internal inductance li=1.5, and the 
location of magnetic axis is R=3.33 m and Z=0.0 m. The 
shape of the plasma cross section is characterized by the 
elongation k=1.5 and the triangularity d=0.09. 

(2) Positional Stability 
According to the linear stability theory using a sim-

ple model of rigid shifts of circular-shaped plasmas, the 
linear growth rate -y of positional instabilities is given as 
a function of the magnetic field decay n-index and the

stability index ns('): 

 (4)  

 Here, ts is the effective skin time of the resistive shell. 

The decay n-index is a measure of the curvature of the 

vertical magnetic field Bz needed for equilibrium, de-

fined by 

(5) 

The stability index ns, which was first defined by 
Fukuyama et al.(11), is a measure of the positional stabil-
ity. It is a function of the shell-geometry and the plasma 

parameter L(=In(8Rp/a)+bp+li/2-3/2), i,i.e., 

(6)=—•P(1—— 
   b2b2

Here, Rp is the plasma major radius, a the minor radius, 
and b the mean minor radius of the resistive shell. Al-
though Eqs.(4) and (6) cannot express the detailed char-
acteristics of positional instabilities of highly elongated 
tokamaks with a non circular-shaped resistive shell like 
Fig. 1, they provide a useful guide to the essential char-
acter of positional instabilities. For instance, Eqs.(4) and 

(6) indicate that high bp plasmas are more unstable, and 
that the more the decay index decreases, the more the 

growth rate of the positional instability increases. 
Figure 2 shows the linear growth rate for the plasma 

with the same parameters in Fig. 1 as a function of the n-
index. The closed circles show the growth rates obtained 
by TSC, while the solid curve is the one estimated using 
Eq. (4) provided that the curve coincides with the respec-
tive closed circles of TSC growth rates. In evaluating the 
TSC simulation-growth rates, first an initial static equi-
librium was obtained consistent with plasma parameters 
of interest. Next, the plasma was given a small vertical 
displacement (Z~-1.0 cm) as an initial condition for the 
dynamic simulation. The TSC time-evolution of the ver-
tical displacement was then followed during the period 
of linear growth. The vertical growth without any signif-
icant changes of Ip,bp,li, and plasma deformation was

Fig. 1 TSC configuration of JT-60U plasma equilib-
rium with PF coil system (closed boxes) and 
vacuum vessel (open boxes)

Fig. 2 Linear growth rate of JT-60U positional insta-

bility as a function of the decay n-index
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carefully monitored. While the growth rate of the low 

bp, plasma with bp=0.2 is relatively small (g=128 s-1 at 
n=-1.6), the high bp plasma with bp=1.7 gives a larger 

growth rate (g=375 s-1 at n=-1.5). We note that the 
stabilizing effect of the vacuum vessel depends strongly 

on the decay n-index. For example, the growth rate as 

predicted by the linear stability theory(11) for bp=0.2 is 
g=46 s-1 at n=-0.9. This nonlinear dependence of the 

growth rate on the n-index has important consequences 
when investigating the acceleration mechanism of VDEs 

during disruptions, as is discussed in the next chapter. 

EL ACCELERATION MECHANISM 

IN JT-60U 

This chapter describes TSC simulations of accelera-

tion mechanisms of the Ip quench-induced VDE(18) and 

of the bp collapse-induced VDE(19).

1. VDE due to Plasma Current Quench 

(1) JT-60U Disruptive Discharges 
Figure 3 shows a typical time-evolution of the mag-

netic axis and the plasma current as experimentally 

observed in a JT-60U disruptive discharge (displayed 

by dotted lines)(20). The corresponding TSC simulated 

time-evolution is shown to agree well with the experi-

ment (bold lines) during the period of 11.347 s<t<11.359 

s. A loss of plasma stored energy (energy quench) oc-

curred at t=11.347 s and lasted for about 200ms. Prior to 

the energy quench, the plasma equilibrium was elongated 

(n=-1.6)*, with plasma parameters Ip=1.5 MA, li=1.5, 
and bp =0.2. In the TSC simulation, the electron temper-
ature after the energy quench was specified to be 100 eV 

as indicated by the JT-60U ECE measurementos), and 

this temperature reproduced the experimental Ip quench 

rate of 50 s-1. During the energy quench, a flattening 

of the plasma current profile resulted in a small increase

of the plasma current. In the final stage of current ter-
mination, after t=11.36 s, Halo current with up 30% of 
the total plasma current was induced, however, almost 
no net Halo current was observed during the period of 
t<11.357 s(18). We attribute the discrepancy of trajecto-
ries between the TSC simulation and the experiment at 
the final stage to the fact that this TSC simulation ne-

glects the Halo current effect. The discrepancy between 
the data and the simulation is consistent with the fact 
that Halo currents mitigate the fast VDE. 

 The VDE rate at the initial stage of t=11.348 - 11.356 
s was about 425 s-1, which is 3.4 times faster than the 
linear growth rate of the positional instability previ-
ously estimated as 128 s-1. It is well recognized that the 
shrinkage of the plasma current channel is a contributing 
mechanism for VDE enchancements(6). During the TSC 
simulation, we observed a peaking of the plasma cur-
rent profile by amount of Dli=0.5, while the elongation 
remains approximately constant. However, it was also 
shown that the shrinkage of the plasma current channel 
is not the prime effect which accelerates VDEs, because 
the VDE enhancement due to the observed increase of 

Dli=0.5 is only 50s-1(18). In what follows, we discuss 
another candidate for an acceleration mechanism of the 
Ip quench-induced VDE. 

Data collected from many JT-60U disruptive dis-
charges indicates a close correlation between the Ip 

quench rate and the VDE rate as shown in Fig. 4(18). 
Data points with relatively low Ip quench rates corre-
spond to density limit type disruptions, while those with 
relatively high Ip quench rates correspond to error field 
type disruptions. The predisruption values of plasma 
current ranged from 1 to 3 MA and both the elongated 

(n=-1.6) and the standard (n=-0.9) configurations are 
included in Fig. 4. It is clear that the VDE rate increases 
as the Ip quench rate increases. The explanation of these 
characteristic features of experimental results are the ob-

jects of the TSC studies described in the present paper. 
(2) VDE Mechanism 

 We carried out a series of TSC simulations for a va-
riety of plasma configurations to study the correlation

The JT-60U PF coil system is capable of producing two dif-
ferent plasma configurations, i.e., the standard , configura-
tion (n=-0.9) and the elongated configuration (n=-1.6)(18).

Fig

           

I !WU is ) 

. 3 Time-evolutions of magnetic axis (R, Z) and 

plasma current Ip in JT-60U disruption of the 
elongated plasma (n=-1.6) with Ip=1.5 MA 
and Op=0.2

Fig. 4 Experimental VDE rate as a 

function of Ip quench rate
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between VDE rates and Ip quench rates. The results are 
displayed in Fig. 5. The main plasma parameters used 
in this study were Ip=1.5 MA, b3=0.2, li=1.5, and elon-

gations k ranged from 1.1 to 1.6. Configurations with 
nearly circular plasmas (n=0.0) and highly elongated 

plasmas (n=-2.1, -2.6) were created by introducing ar-
tificial quadrupole magnetic field moments, which are 
constant in time. VDE rates at the zero Ip quench rate 
correspond to growth rates of positional instability that 
are consistent with Fig. 2. The remarkable features of 
Fig. 5 are summarized as follows: (1) VDE rates of all 
configurations increase as the I, quench rate increases 

(consistent with the JT-60U experiments shown in Fig. 
4). (2) An Ip quench causes a VDE-like vertical dis-

placement even for the circular plasma, which should be 
positionally stable. (3) For highly elongated configura-
tions (e.g., n= -2.6), an Ip quench substantially accel-
erates the VDEs compared with configurations with a 
small elongation. 

We monitored the decay n-index at the magnetic 
axis in the TSC simulation and found a n-index degra-
dation Dn from its equilibrium value. The rapid Ip 

quench induces a large eddy current on the vacuum ves-
sel. For highly elongated configurations, these eddy cur-
rents form in the top and bottom sections of the vac-
uum vessel. These eddy currents produce an additional 

quadrupole moment of the magnetic field and hence re-
sult in a degradation of the n-index. From the funda-
mental characteristics of the positional instability shown 
in Fig. 2, it is clear that the degradation of the n-index 
leads to a higher growth rate. In Table 1, the observed 
degradations Dn and the resultant enhancements of the 

positional instability Dg, which are estimated with help 
of Fig. 2, are listed for the case of an Ip quench rate of 
40 s-1. Table 1 implies that while the degradation An 
for the circular plasma is nearly absent, the magnitude 
of Dn increases as the n-index before an energy quench 
decreases, then the resultant n-index n+Dn provides a 
substantial enhancement of VDEs. For the case of the 

fictitious configuration with n=-2.6, whose growth rate

of pure positional instability g is 430 s-1, the degrada-

tion of Dn= -0.4 provides an enhancement of growth 

rate of Dg=450 s-1. Moreover, because of the strong de-

pendence of positional instabilities on the n-index, even 
if the degradations of Dn are the same, the growth rate 

for the plasma with a higher elongation is more enhanced 

than the plasma with less elongation. For example, the 

degradations of the elongated configuration of n=-1.6 

and the fictitious one of n=-2.1 are approximately the 

same, Dn=-0.3, however, the resultant destabilizations 

are Dg=70 s-1 for n=-1.6 and Dg=150 s-1 for n=-2.1, 

respectively. From these considerations, it follows that 

the observed degradation Dn is one of the acceleration 
mechanism of the Ip, quench-induced VDE. 

 Notice that in Table 1 the not yet identified part of 

VDE rate, that is, g*-(g+?g), still remains about 200 

s-1 for all configurations, which is comparable in size 

to the VDE rate g* of a circular configuration. Since 

the circular plasma should be marginally stable against 

both vertical displacement and radial expansion modes, 

we deduce that all VDE-like behavior of 200 s-1 is not 

due to an enhancement of positional instability but in-

stead caused by an imbalance of attractive forces arising 

from the asymmetric JT-60U vacuum vessel. 

2. VDE due to bp Collapse 

(1) TSC Simulation 
In order to cause a bp collapse in the high bp plasma 

with b3=1.7, 4=1.5 MA, li=1.5 and the plasma shape 
of k=1.5, d=0.14 and n=-1.5, we introduced a rapid 

plasma pressure drop, which triggers the bp collapse-
induced VDE. The electron temperature Te after the bp 

collapses was still sufficiently high (>3 keV) to prevent 
the Ip quench-induced VDE. Three bp collapses lasting 

for 200 ms were chosen: Dbp-=-0.5, -1.0 and -1.5. That 
is, the bp values just after bp collapses were decreased 
to 1.2, 0.7, and 0.2, respectively. Figure 6 shows TSC 
time-traces of the magnetic axis on a poloidal plane dur-
ing the period of 5.0 ms from the onset of the 13, col-

Fig. 5 VDE rate as a function of I„ quench 

rate by TSC simulation

Table 1 Degradation of n-index due to I, quench and 

resultant destabilization of positional insta-

bility obtained from TSC simulation
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lapse. The plasma location before the bp collapse was 

positioned at (3.33 m, 0.0 m). All the plasmas moved 
downward to around Z=-50 cm at 5 ms after the bp 

collapse, that is, the VDE dynamics after bp collapses 

are similar each other. The plasma current remained 

constant in time, although the radial shift due to the bp 

collapse led to a small increment of DIp<0.1 MA at 200 

ms. Although the triangularity d decreased largely co-

inciding with the bp collapse, the vertical displacement 

after the bp collapse did not accompany both the plasma 

deformation and the relaxation of current profile until 4 

ms, that is, the displacement during the VDE is nearly 

rigid. 

During the initial period of 200ms, the bp collapse 
leads to coincident radial shifts DR of the magnetic axis, 

which were nearly proportional to Dbp:i.e., DR=-5.5 

cm for Dbp=-0.5, DR=-12.0cm for Dbp=-1.0, and 

DR=-18.0 cm for Dbp=-1.5. In every case, the bp col-

lapse provides a small amount of coincident downward 

displacement. The mechanism of the downward pertur-

bation initiating the VDE in bottom-diverted SN toka-

maks has been discussed in detail elsewhere(5). 

The bp collapse is observed to produce an instanta-

neous n-index degradation Dn of the vertical field at the 

magnetic axis. Figure 7 shows TSC time-histories of 

the n-index and the VDE evolution. A radial shift of the 

plasma induces a restoring eddy current on the resistive 
shell. The eddy current on the inboard resistive shell 

flows in the opposite direction to the plasma current, 

whereas the eddy current on the outboard shell flows 

in the same direction. Consequently, the vertical mag-

netic field at the plasma decreases and the radial shift 

can be suppressed. Such distribution of eddy currents 

provides an additional quadrupole moment of the mag-
netic field in the plasma region, causing the n-index to 

degrade. The n-index degradation remained nearly con-

stant in time for the period of TSC simulations, because 

the induced eddy current persists during the L/R time

of the resistive shell (~8 ms). The magnitudes of ,An 
are -0.2 for Dbp=-0.5, -0.4 for Dbp=-1.0, and -0.6 
for bbp=-1.5, respectively. The observed VDE rates 
were estimated to be 345s-1 for Dbp =-0.5, 316 s-1 
for Dbp=-1.0, and 274 s-1 for Dbp=-1.5, all of which 
are slower than the usual positional instability (375 s-1). 
Therefore, in the JT-60U tokamak, the bp collapse does 

not accelerate the vertical instability, although the sig-

nificant degradations of the n-index were observed. The 

TSC result and the simple stability theory(m apparently

Fig. 6 TSC time-traces of plasma magnetic axis on 

poloidal plane during 5 ms evolution of Op 
collapse-induced VDE in JT-60U tokamak

Fig. 7 TSC time-evolutions of measured n-index Dn 

at plasma magnetic axis and VDE dynamics in 

JT-60U tokamak
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contradict each other. Next, we give a more detailed 
discussion of the bp collapse-induced VDE. 

(2) VDE Mechanism 
Figure 8 shows the linear growth rate of positional 

instabilities as a function of the decay n-index. Major 

plasma parameters are Ip=1.5 MA and li=1.5. We con-
sidered plasmas with b=1.7, 1.2, 0.7 and 0.2. The lo-
cation R of the magnetic axis for bp=1.7 was 3.33 m, 
which corresponds to the radial location prior to the 

bp collapse. The R for bp=1.2 was 3.28 m, the R for 
bp=0.7 was 3.21 m, and the R for bp=0.2 was 3.15 m, 

corresponding to the radial locations just after the col-
lapses of Dbp=-0.5, -1.0 and -1.5, respectively. All 
the vertical locations Z were positioned on the midplane 

(Z=0.0 m). 
Figure 8 indicated clearly both that the n-index 

degradation leads to higher growth rates of positional 
instabilities and that the high bp plasma is more un-
stable than the low bp plasma. In Fig. 7(c), we have 
observed the n-index degradation of Dn=-0.6 caused 
by the collapse of Dbp=-1.5. The resultant n-index 
was -2.1, and the VDE rate was 274 s-1. Here, we at-
tempt to understand the acceleration mechanism of the 

bp collapse-induced VDE using Fig. 8. First, follow the 
path (1) along the vertical line of n=-1.5, and next, 
follow the path (2) along the curve of the growth rate 
for bp=0.2. The path (1) corresponds to the collapse 
of b=-1.5, and results in an improvement of the po-
sitional instability due to the loss of the plasma pres-
sure. The second path (2) corresponds to the enhance-
ment of positional instability due to the degradation of 

Dn=-0.6. In following the path (1), the effect of co-
incident n-index degradation is neglected. The n-index 
degradation is taken into account only in the second path 

(2). Therefore, the growth rate of positional instability 
of the plasma with bp=0.2, and n-=-2.1 is obtained to 

be g~290 s-1 at the radial location of R=3.15 m, that 
is nearly same as the bp collapse-induced VDE of 274

s-1. For the cases of ,6,3p=-0.5, and -1.0, a similar 

procedure provides also almost the same enhancements 
of positional instabilities as are shown in Figs. 7(a) and 

(b), respectively. 
 As a consequence of these considerations, we can con-

clude the mechanism of the bp collapse-induced VDE in 
the JT-60U tokamak as follows: Although the n-index 
degradation owing to the eddy current induced in the 
resistive shell can accelerate the positional instabilities, 
the loss of plasma pressure improves the positional insta-
bility. In the JT-60U tokamak, the improvement offsets 
the destabilization. The n-index degradation caused by 
the bp collapse depends strongly on the shell-geometry. 
Therefore, the acceleration mechanism of bp collapse-
induced VDEs depends strongly on the specifics of the 
shell-geometry, and a variety of VDE characteristics will 
be seen in high bp tokamaks with a variety of resistive 
shells. IV

. AMELIORATION AND DETERIORA-

TION OF VDEs 

1. VDE Amelioration in JT-60U Tokamak 

 In the preceding section, it was clarified that in a 
mildly elongated low bp tokamak the important accel-
eration mechanism of Ip quench-induced VDEs is the 
imbalance of attractive forces arising from the up-down 
asymmetry of the shell-geometry, and that the n-index 
degradation during the Ip quench has only a minor effect 
on the VDE acceleration. Therefore, if the imbalance 
attractive force can be removed, then the Ip quench-
induced VDE would not be expected to occur in a mildly 
elongated tokamak. 

  (1) Neutral Position 
  Figure 9 shows the vertical displacement of the mag-

netic axis at 1.0 ms after energy quench followed by the 
I, quench of 50 s-1, as obtained by the TSC simula-
tions. Major plasma parameters of the initial equilibria 
are as follows: plasma current Ip=700kA, poloidal beta 

bp=0.2, and plasma internal inductance li=1.5. The 
initial vertical location Z of the magnetic axis is po-
sitioned between -50 cm and 30 cm. The n-index is

Fig. 8 Linear growth rates of JT-60U positional insta-

bilities as a function of n-index

Fig. 9 Vertical displacement of plasma magnetic axis 
at 1.0 ms after energy quench followed by I, 

quench of 50s-1 (Ip=700kA, bp=0.2, li=1.5)
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about —1.0, therefore the up-down imbalance of attrac-

tive forces dominates the VDE dynamics. It is seen that 

the VDE always evolves along a predictable direction, 

i.e., upward or downward. Especially significant is that 

there is a neutral equilibrium location about 15 cm above 

the JT-60U midplane. When the plasma is positioned at 

the neutral location before an energy quench, the effec-

tive VDE rate can be zero. Above this neutral location, 

the plasma is always attracted upward, while below this 

location the plasma is always attracted downward. The 
speed of the vertical shift becomes faster as the distance 

of the magnetic axis from the neutral location increases. 

These results reflect the typical characteristics of VDE 

dynamics caused by the imbalance of attractive forces. 

As was mentioned, the lower part of the cross section of 

the JT-60U vacuum vessel is slightly deformed on the 

inside, therefore the neutral equilibrium location of 15 

cm indicated in Fig. 9 is reasonable. 

(2) Amelioration Performance of Ip Quench-
Induced VDE 

In the JT-60U tokamak, it has been experimentally 

demonstrated that the optimization of the vertical loca-
tion of the predisruption equilibria is quite effective in 

suppressing the onset of VDEs(20). Figure 10 presents 

a VDE amelioration demonstration during a disruption 

without any active feedback control. During the rapid 

(15 ms) Ip quench, the vertical excursion of the magnetic 
axis was kept small, within ±2 cm of the initial position 

of 15 cm above the midplane, consistent with the TSC 

result. Notice that in a mildly elongated tokamak there 

should always be a neutral equilibrium location, and that 

one can soften Ip quench-induced VDEs by optimizing 

the vertical location of the predisruption equilibria. In 

an up-down symmetric tokamak, the neutral equilibrium 

location lies on the midplane. 

2. Numerical Evidence of VDE Deterioration 
In Chap.III, we pointed out that the dynamics of the 

bp collapse-induced VDE is characterized by the com-
petitive mechanisms of the destabilization of positional

instability due to the n-index degradation and the self-
recovery of positional stability due to the loss of the 

plasma pressure. It was also shown that the destabiliza-
tion depends strongly on the geometry of the resistive 
shell. In the JT-60U tokamak, we have never observed 
any enhancement of VDEs caused by the bp collapse, 
therefore the vacuum vessel is considered to have a favor-
able stabilizing effect on the bp collapse-induced VDE. In 
the following, we discuss the effect of the shell-geometry 
on the VDE dynamics. 

 (1) Extremely Fast bp Collapse-Induced VDE 
 Figure 11 illustrates the TSC conductors that model 

the PF coil system (represented by open boxes) and the 
resistive shell (closed boxes). The PF coil system is iden-
tical with that of the JT-60U. Therefore, the plasma 
configurations are also same as the high bp plasma 
used in Chap.III, i.e., the vertically elongated (n=-1.5), 
bottom-diverted, SN plasma with Ip=1.5 MA, bp=1.7, 

li=1.5 with a plasma shape of k=1.5 and d=0.14. The 

location of the magnetic axis before the bp collapse is 

positioned at (3.33 m, 0.0 m). The resistive shell with a 
decay time constant of about 18 ms is up-down symmet-
ric with respect to the midplane. The shell-geometry is 
typical of those commonly used in computational studies 
on controlling the positional instability(21). The growth 
rate of positional instability including the shell effect is 
calculated to be 149 s-1 using TSC. 

 Figure 12 shows the TSC time-traces of the mag-
netic axis on a poloidal plane during the period of 5.0 
ms from the onset of the bp collapse. Three bp col-
lapses were studied with Sbp=-0.5, -1.0 and -1.5 
each occurring on a time scale of 200 is. The coin-
cident radial shifts DR of the magnetic axis at 200 

ps were nearly proportional to the severity of the bp 
collapse, i.e., DR=-7.5 cm for Dbp=-0.5, DR,-13.8

Fig. 10 VDE amelioration performance in JT-60U 

disruptive discharge after optimizing the 

plasma vertical location at Z=+15 cm Fig.11 TSC configuration of model tokamak
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cm for Dbp=-1.0, and DR=-21.5 cm for Dbp=-1.5. 
Extremely fast VDEs were observed in the cases of 

Dbp=-1.5 and -1.0. For bbp=-1.5, a large vertical 

displacement of Z=-1.06 m was obtained 5.0 ms after 
the bp collapse. For Dbp= -1.0, the plasma moved 
downward to Z=-26.2 cm at 5 ms. For Dbp= -0.5, the 
vertical position remained close to the initial location 

(Z=-5.0 cm at 5.0 ms). Figure 12 shows clearly that 
a strong bp collapse can induce an extremely fast VDE 
without an Ip quench, and that the VDE becomes much 
faster as the severity of the bp collapse increases. 

 The bp collapse is observed to produce an instan-
taneous degradation Dn of the n-index at the magnetic 
axis. Figure 13 shows TSC time-histories of the n-index 
and the VDE evolution. At 200ms, the magnitudes of 

Dn are -0.3 for Dbp=-0.5, -0.6 for Dbp=-1.0, and 
-1 .1, for Dbp=-1.5, respectively. The observed VDE 
rates were estimated to be 237 s-1 for Dbp=-0.5, 426 
s-1 for Dbp=-1.0, and 655 s-1 for Dbp=-1.5, which 
is almost five times faster than the positional instabil-
ity (149 s-1). In what follows, we discuss in detail the 
acceleration mechanism of the bp collapse-induced VDE 
observed in the model tokamak of Fig. 11. 

(2) Effect of Shell-Geometry 
Figure 14 shows the linear growth rate of positional 

instabilities of the model tokamak as a function of the T1- 
index. Major plasma parameters are Ip=1.5 MA, li=1.5 

and a variety of b=1.7, 1.2, 0.7 and 0.2. The radial lo-
cation R of the magnetic axis for bp=1.7 is 3.33 m, which 
corresponds to the location prior to the bp collapse. The 
R for b=-1.2 is 3.26m, the R for bp=0.7 is 3.19 m, and 
the R for bp=0.2 is 3.11 m, corresponding to the radial 
locations just after the collapses of Dbp=-0.5, -1.0 and 
-1 .5, respectively. All the vertical locations Z are po-

sitioned on the midplane (Z=0.0 m). Using Fig. 14, we 
can obtain a growth rate consistent with the VDE en-
hancement for Dbp=-1.5 seen in Fig. 13(c), where the 
resultant n-index due to the degradation .671 of -1.1 was 
-2 .6, and the enhanced VDE rate was 655 s-1. By fol-
lowing the sequence of the path (1) and the path (2) in 
Fig. 14 as well as the procedure used in Chap.III, we ob-
tain the growth rate of the Op collapse-induced VDE as 

g-670 s-1 at the radial location R=3.11 m. In the cases 

of Dbp=-0.5 and -1.0, a similar procedure provides

Fig. 12 TSC time-traces of plasma magnetic axis on 

poloidal plane during 5 ms evolution of Pp 
collapse-induced VDE in model tokamak

Fig. 13 TSC time-evolutions of measured n-index zn 

 at plasma magnetic axis and VDE dynamics 

in model tokamak
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almost the same enhancement of the positional instabil-
ity as is shown in Figs. 13(a) and (b), respectively. 

 In Fig. 14, we have presented supplementary TSC 
results on the linear growth rate of the positional insta-
bility of a plasma with bp=0.2 and li=1.5. The radial 
location R is 3.33 m, which corresponds to the location 

prior to the bp collapse. The difference of the growth 
rates between plasmas with the same plasma parame-

ters but with the different radial positions of R=3.33 
m and R=3.11 m can be seen. Notice that the plasma 

positioned on an inward side is more unstable than the 
plasma positioned on an outward side. Utilizing Eq.(6), 
the stability index ns of the plasma at R=3.11 m is esti-
mated to be 14% less than the one at R=3.33 m. We can 
obtain a similar reduction of the stability index ns eval-
uated from Fig. 14 by means of the least squares fitting 
with the form of Eq.(4), that is, the stability index ns of 
the plasma at R=3.11 m was estimated to be 12% less 
than the one at R=3.33 m. Therefore, it follows that 
the inward radial shift due to the loss of plasma pres-
sure leads to the reduction of the stability index ns and 
results in a significant destabilization of the positional 
instability. 

 The underlying mechanisms, which characterize the 

bp collapse-induced VDE, are summarized as follows: (a) 
The loss of plasma pressure improves the positional in-
stability. (b) The inward radial shift of the magnetic axis 
due to a bp collapse results in a destabilization owing to 
the reduction of the stability index n5. (c) The eddy cur-
rent on a resistive shell induced by the strong bp collapse 
degrades the n-index and leads to a significant desta-

bilization. The mechanisms (b) and (c) depend on the 
specifics of the shell-geometry, and compete with the im-

provement (a) during disruptions. Consequently, it fol-
lows that the optimization of the shell-geometry is quite 
important in order to avoid a bp collapse-induced VDE. 
For the shell-geometry of the JT-60U, which completely 
encloses the plasma, the inward radial shift due to a bp

collapse was kept to be -18 cm (-22 cm in the model 
tokamak) and the n-index degradation was ameliorated 
to be -0.6 (-1.1 in the model tokamak). Consequently, 
the JT-60U vacuum vessel plays a superior role of stabi-
lizing the bp collapse-induced VDE. 

V. CONCLUSIONS 

 Mechanisms that govern VDEs during disruptions 
have been investigated using the TSC code in order to 
add to our understanding of tokamak disruption dynam-
ics. The goal is to learn to operate disruption-free dis-
charges, or at least to avoid hard disruptions by soft 
landing. 

 Typical disruption events such as the bp collapse and 

the subsequent Ip quench accelerate VDEs due to the 
destabilizing effect of the resistive shell, which has pre-
viously been thought to stabilize VDEs. The adverse 
effect is due to two different effects. The first is the sig-
nificant destabilization of the positional instability aris-
ing from a large and sudden degradation of the decay 
n-index in addition to a reduction of the stability in-
dex n5. The second is the intense acceleration arising 
from an up-down imbalance of attractive forces owing 
to the asymmetry of the shell-geometry. In highly elon-

gated plasmas, the destabilization of the positional in-
stability is a dominant acceleration mechanism both of 
the bp collapse-induced VDE and the Ip quench-induced 
VDE. In a tokamak with a mild elongation, an Ip quench-
induced VDE is mainly dominated by the imbalance of 
the attractive force. 

 The shell-geometry significantly affects the VDE dy-
namics. In JT-60U, it has been demonstrated that po-
sitioning the plasma at a neutral location can success-
fully avoid the I„ quench-induced VDE. Moreover, the 
JT-60U vacuum vessel was shown to be well suited to 

prevent the bp collapse-induced VDE. Therefore, even 
for the worst case in which a rapid Ip quench occurs 
immediately after a strong bp collapse, the Ip quench-
induced VDE enhanced by the bp collapse will not be 
dangerous in the JT-60U plasma at a neutral position. 
For example, if a collapse of Tbp=-1.5 provides the n-
index degradation of Dn=-0.6, and an immediate Ip 

quench of 40 s-1 provides the additional degradation of 
Dn=-0.3, then the resultant VDE rate is estimated as 
g=550 s-1 at the total n-index of n=-2.4. This is only 

1.5 times larger than the pure positional instability (375 
s-1). However, in the model tokamak, such a major dis-
ruption leads to a despairing VDE, whose growth rate 
can be predicted about 20 times larger than the pure 

positional instability. 
 The newly identified VDE mechanisms have signifi-

cant implications for designing a next-generation toka-
mak reactor like ITER, in which the active feedback sys-
tem is incapable of preventing the VDE, and a large 
Halo current will be induced. We propose the follow-
ing design strategy: First, careful optimization of the

Fig. 14 Linear growth rates of positional instabilities 

vs. n-index in model tokamak
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allowable plasma elongation is a crucial issue, i.e., con-

sidering the impact of disruptions, a mildly elongated 

tokamak is always more benign than a highly elongated 

tokamak. Therefore, the allowable plasma elongation 

guide-lines must be conservative, even at the expense of 
better confinements and improved beta limits. Second, 

in order to minimize the force imbalance due to the I, 

quench, optimization of the vertical position of plasma 
equilibrium is required. Maintaining up-down symme-

try of the resistive shell with respect to the midplane 

is preferred, otherwise further effort is necessary to seek 

the neutral location. Third, in order to mitigate a bp 
collapse-induced VDE, the shell-geometry must be opti-

mized to keep the inward radial shift of the magnetic axis 

small and to ameliorate the n-index degradation. Hav-

ing the resistive shell completely enclosing the plasma 

like the JT-60U vacuum vessel is desirable. 
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