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Abstract
A Toroidally Symmetric Plasma Simulation (TSPS) code has been developed for investigating the position and

shape control on tokamak plasmas. The analyses of three-dimensional eddy currents on the conducting components

around the plasma and the two-dimensional magneto-hydrodynamic (MHD) equilibrium are taken into account in this

code. The code can analyze the plasma position and shape control during the minor disruption in which the

deformation of plasma is not negligible. Using the ITER (International Thermonuclear Experimental Reactor)

parameters, some examples of calculations are shown in this paper.
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1. Introduction
A plasma with non-circular cross section has several advantages for achieving high performance plasmas in

tokamak devices. However, the plasma with non-circular cross section basically becomes unstable for vertical plasma

motion. In general, this instability is stabilized using the passive effects by the conducting components (the

conducting shell effect) in the case of the instability with short growth time and the active feedback control by the

magnetic field coils in the case of the instability with long growth time. In the case of present machines, the vertical

stability is not critical since the conducting components and the coils for the feedback control can be located near the

plasma.

On the other hand, in the case of the ITER (International Thermonuclear Experimental Reactor), some in-vessel

components without passive effects are located between the plasma and the conducting components for protecting the

conducting components from the neutron damage. As a result, the conducting components and the coils for the

feedback control must keep away from the plasma and there is a possibility that the electric power of feedback control

exceeds the permitted limit. Therefore, the vertical stability is one of the critical issues and it is necessary for the

engineering design to analyze the characteristics sufficiently.

In general, the modeling for analyzing the vertical stability consists of three parts: a) the conducting

components, b) the core plasma and c) the poloidal coils for the active feedback control. One of the essential parts for

the analysis is the modeling of the conducting components. The characteristics of the passive effects significantly

depend on the shape of the conducting components since the path of the eddy current in the conducting components

changes by the holes and the ports on the conducting components. That is, it is important to consider the three-
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dimensional structure of the conducting components. Furthermore, in the case of the minor disruption, it is also

important to treat the change of the plasma shape. Therefore, it is necessary for the modeling of plasma to treat the

deformation of plasma shape. At least, it is important for the plasma to consider the two-dimensional model.

In previous studies, there are some codes for the analysis of the vertical stability in the tokamak machine. For

example, some simulation codes are described by the linear model[l-3]. Although these codes include the three-

dimensional model for the conducting components, only the motion of plasma current center is considered and the

plasma shape is not essentially deformable by assuming the rigid model. Other simulation codes are described by the

non-linear model[4,5]. In these codes, although all parts of numerical model are assumed the axisymmetric model, the

three-dimensional conducting components are not taken into account.

The numerical model used in this study is similar to the linear model. This model adopts the three-dimensional

model for the conducting components. Regarding the model of plasma, the motion of the plasma is essentially based

on the rigid model. However, the non-linearity of plasma is considered by calculating the MHD equilibrium at each

20-30 time-steps typically and then by renewing the plasma parameters used in this code. Therefore, this model

corresponds to the intermediate model between the linear model and the non-linear model. Furthermore, for extending

from the rigid model to the non-rigid (deformable) model, the relation between the plasma surface position (gaps) and

the plasma parameters is taken into consideration. In addition, this model is suitable for the design that we must

calculate many cases since the reduction of the calculation time is expected comparing the non-linear model.

The development of the numerical simulation code for the analysis of vertical stability on the ITER is

described in this paper as follows: The numerical model and method are described in Section 2. Section 3 presents

some examples of numerical results. Summaries are given in the last section.

2. Numerical model

The simulation code consists of three modules: (1) a free-boundary MHD equilibrium calculation [6], (2) a

three-dimensional finite element analysis [7] and (3) calculation for the time evolution of the motion of plasma, the

eddy currents in the conducting components and the currents of the active feedback coils. The MHD equilibrium code

solves the Grad-Shafranov equation by the Green function method and estimates the deformation of the plasma shape.

The three-dimensional finite element analysis code solves the interaction between the plasma and the conducting

components by using the thin shell approximation and estimates the passive effects by the conducting components.

The calculation for the time evolution of the motion of plasma, the plasma current, the eddy currents and the

currents of the active feedback coils is described as below. Regarding the motion of plasma, it is assumed the rigid

model, which the shape of the plasma does not change. Furthermore, the toroidal symmetry is assumed, and the

equations of the motion in the vertical (Z) and the horizontal (R) directions are given as follows:

Mp — f = -2n\RdRdZJPBR,
dt J (1)

dt2 2
l n f e j + ft. + 1 ( / | - 3)1 + 2n\RdRdZJpBz, (2)
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where Mp, t, Jp, JXQ, Ip,a.p, fip and li are the mass of plasma, the time, the plasma current density, the vacuum

dielectric constant, the plasma current, the plasma minor radius, the poloidal beta, and the internal inductance of the

plasma, respectively. BR and Bz are the magnetic fields with respect to the horizontal and the vertical directions,

respectively. Jp, BR and Bz are obtained from the two-dimensional MHD equilibrium analysis. The integration is

carried out over the whole area of the plasma. Here, by assuming the adiabatic compression and the conservation of

the toroidal flux in the plasma and by expanding the Eqs.(6) with respect to the small displacements of the plasma

position, SZp and 8Rp, the following equations are obtained.

- 2nBvok8RP

Ao

Y + IPY + spp+ 5i
Z? dRp IP

 P^ dRP IP 2 {Hp 2 'J
•"Zi

where MPj, Mn, /(., Ik, BRd and Bzd are the mutual inductance between the plasma and the /-th feedback control

coil, the mutual inductance between the plasma and the £-th eddy current mode, the current of the /-th feedback control

coil, the current of the £-th eddy current mode, the radial and the vertical disturbance fields, respectively. Bv0, n, k

and A o are defined as follows:

Bvo=±-jdRdZBzJp,
*p

IpByO

(5)

(6)

~^Jp - (7)

(8)

Furthermore, for extending from the rigid model to the non-rigid (deformable) model, several gaps between the

plasma surface and the wall are defined as Figure 1 and the relation between the gaps and the parameters (the plasma,
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the coils...) is previously estimated by calculating some MHD equilibrium states.

(9)

where

y =

82
83
8A

85

x =

SZP

SRP

SIP/IP

(10)

and C is obtained from some results of the MEDD equilibrium analysis with respect to the small changes of the

poloidal beta and the internal inductance, numerically. That is, C = Ay/Ax, and six gaps in Eq. (10) are defined as

shown in Fig. 1.

The time evolution of the plasma current, the eddy currents of the conducting components and the currents of

the active feedback coils is described by the circuit equations as follows:

(11)

Ui dt dt
Pl ij dt dt

(12)

^ +d_, v y MJIL +

t dtK ' *" dt
+

dt dt
dt

(13)

where Lp, rjp, Lt, M{., T\{, Ij and Tk are the plasma self-inductance, the plasma one-turn resistance, the self-

inductance of the i-th coil, the mutual inductance between the i-th coil and the y-th coil, the resistance of the j-th coil,

the y-th coil current and the time constant of the k-th eddy current mode, respectively. Tk, MPk and Mik are obtained

from the three-dimensional finite element analysis. Vi is the voltage of the control coil and is applied by the PD

decoupled controller in this paper.

By assuming the toroidal flux conservation, Eq.(l 1) is expanded as follows:

/ P = 0 . (14)

Furthermore, in Eqs.(12) and (13), the following approximation is applied:
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dMPi _ dMPld8ZP dMPi d8RP

dt dZp dt dRp dt
(15)

By neglecting the mass of the plasma, Eqs.(3), (4), (12), (13) and (14) are summarized as follows:

Ax + Rx = b. (16)

where A, R and b are

A =

2nBvon, ~27rBvok,

-2nBvok, a^,

0,

P dZp

dZP '

OT?,,

o,

Lplp,

IPMPi,

IPMn,

dz,
1 , •••, / dMpk

0

dZp

?P ' ' P dRP

0

(17)

R =

0
0

0

b =

0

6

(18)

where an is

• - n \ -
4RP 6

(19)
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The calculation sequence is carried out as in Figure 2. After giving the results of the initial equilibrium analysis

and the eddy current analysis, Eq.(16) combined with Eq.(9) can be solved by the Fehlberg formula and the Adams-

Moulton method with the 8-th order, numerically. If the displacement of the plasma current center or the number of

iteration exceeds a certain value, then the MHD equilibrium calculation is carried out and the coefficients required for

Eq.(16) are renewed, and the Eq.(16) is solved again.

3. Application results
To show some examples of the plasma position and shape control analyses by this simulation (TSPS) code,

the ITER design parameters in the Final Design Report (ITER-FDR) were used[8] in this paper. The main parameters

used are the plasma major radius 8.14m, the plasma minor radius 2.8m, the elongation 1.6, the triangularity 0.24, the

plasma current 2IMA,, the toroidal magnetic field at the plasma center 5.68 T, respectively.

Figure 3 shows an example of the three-dimensional finite element mesh models used in the eddy current

analysis. This mesh model includes the blanket modules, the backplate and the vacuum vessel with the double layers.

The backplate and the vacuum vessel are electrically connected in the toroidal direction. The material used for all

conducting components is the stainless steel and the value of the electric resistivity is 0.9 ui2m.

Figure 4 shows the frequency response of the stabilization index ng obtained by the three-dimensional finite

element analysis (the eddy current analysis). In Fig.4, n is the n-index, which is the strength of the vertical

instability. The criterion with respect to the vertical stability is represented by n+n$=0, and in the case of the ITER,

Start Of Burning (SOB) plasma, the growth rate is 0.98 s"1. The feedback control by the poloidal coils is applied to

the instability that has slower time constant comparing the growth rate.

Figure 5 shows the time evolution of (a) the poloidal beta pp, the internal inductance t\, the ratio of the

volume averaged thermal energy, (b) the plasma current, (c) the total active power of the poloidal coils and (d) the six

gaps between the plasma surface and the wall in the case of minor disruption of the SOB plasma (p\j=0.9 and ^=0.9)

by the PD decoupled feedback control, respectively. In this case, the poloidal coils are used for the equilibrium and the

control. The minor disruption at SOB is defined as instantaneous step-like reduction of the poloidal beta by 0.2

simultaneous with instantaneous step-like reduction of the internal inductance by 0.1. As shown in Fig.5, the

maximum total active power is about 180MW and the maximum gap is about 0.12m, and these results satisfy the

request of the ITER design sufficiently.

4. Summaries
The Toroidally Symmetric Plasma Simulation (TSPS) code has been developed for investigating the position

and shape control on tokamak plasmas. The analyses of three-dimensional eddy currents on the conducting

components around the plasma and the two-dimensional magneto-hydrodynamic (MHD) equilibrium are considered in

this code. Regarding the model of plasma, the motion of the plasma is essentially based on the rigid model. However,

the deformation of plasma shape is considered by calculating the MHD equilibrium at each 20~30 time-steps

typically, and then the plasma parameters used in this code are renewed. Furthermore, for extending from the rigid

model to the non-rigid (deformable) model, the relation between the gaps and the parameters (the plasma, the coils...)

is previously estimated by calculating some MHD equilibrium states. Therefore, this code can analyse the plasma
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position and shape control during the minor disruption in which the deformation of plasma is not negligible. In

addition, this model is suitable for the design that must calculate many cases since the reduction of the calculation

time is expected comparing the non-linear model.

TSPS code is useful for designing fusion reactors and, actually, using the ITER (International Thermonuclear

Experimental Reactor) parameters, some examples of calculations were shown in this paper.

References
[1] KASAI, M , KAMEARI, A., MATSUOKA, R, SHINYA, K., IIDA, H., FUJISAWA, N., Fusion Eng. Des., 5

(1988) 343.

[2] NISHIO, S., SUGIHARA, M., SHIMOMURA, Y., Fusion Eng. Des., 23 (1993) 17.

[3] ALBANESE, R., COCCORESE, E., RUBINACCI, G., Nucl. Fusion, 29 (1989) 1913.

[4] JARDIN, S.C., POMPHERY, N., DELUCIA, J.,.J. Comput. Phys. 66 (1986) 481.

[5] SAYER, R.O., PENG, Y.K.M., JARDIN, S.C., KELLMAN, A.G., WESLEY, J.C., Nucl. Fusion, 33 (1993)

969.

[6] NINOMIYA, H., KAMEARI, A., SHINYA, K., JAERI-M 9127 (1980).

[7] KAMEARI, A., J. Comput. Phys. 42 (1981) 124.

[8] Technical Basis for the Final Design Report, Cost Review and Safety Analysis, ITER EDA Documentation

Series, IAEA, Vienna (1998).

- 1 5 2 -



Figure Captions

Fig.l Six reference gaps between plasma surface and wall

Fig.2 Sequence of calculation

Fig.3 example of three-dimensional finite element mesh model

Fig.4 Frequency response of vertical stabilization index

Fig.5 Time evolution of (a) poloidal beta, internal inductance, ratio of volume averaged thermal energy, (b) plasma

current, (c) total active power of poloidal coils and (d) gaps between plasma surface and wall.
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(a)
Evolution of the poloidal beta value, internal inductance li(3)

and the ratio of the volume averaged thermal energy
Disturbance : 5(ip = -0.2 &8li(3) = -0.1 in 10 msec
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