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Beta-Limit of a Large Tokamak with a Circular Cross—-Section
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Ralf GRUBER and Francis TROYON

Division of Thermonuclear Fusion Research

Tokai Research Establishment, JAERI

(Recieved December 16, 1981)

The dependence of stablllzlng effect of a conducting shell on a poloidal
beta value (B ) is 1nvest1gated as to instabilities with low toroidal mode
numbers (n = 1 and 2) for a tokamak w1th a circular cross-section such as
JT—60.. The n = 1 mode is completely stabilized by the conducting shell
which is located at a practically possible position and the critical position
of the shell becomes closer to the plaSma surface with increasing Bp. The
stabilizing effect on the n = 2 mode is remarkable for higher BP when the
shell is placed sufficiently close to the plasma surface but the shell far
from the plasma surface has hardly an effect on the stability property of
a higher Bp plasma.

It is concluded that critical B of about 2 7 is attainable even in
a standard circular tokamak such as JT-60 and higher 8 value is also

expected by taking advantage of the closely located conducting shell,
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Circular Cross-section, ERATG Code

% On leave from Fujitsu Ltd.
%% Centre de Recherches en Physique des Plasmns,Ecole Polytechnique Fédérale

Lausanne, Switzerland.



JAERI-M 9890

Al A b he 7 DX —FRF

A A £ AR R AT R A TR
Bi BT ME KR -RM

%R £ - i %% - Ralf GRUBER |
Francis TROYON

(19814 12 B 16 H3Z )

W%%ﬁbﬁ77®n=lL2$yﬁ-%-Fﬁﬁ?%%@%@ﬁﬁm%%®£m4ﬁ

e — 4{E (Be) KB A ERATO 7 — FAff» TH~so, n=1% - Fii, B&KED

PEMT T X ERO L1 (Bo=180OH) 7ML L2H (B =100k BETE

Rl s A, D=2 % — FIHBEENTH T 7 X REICE CRVEREMS I

| uﬁ,%ﬁmﬁ%uﬁpﬁkéwﬁgbwciﬁ%gfﬁm:¥&ﬁ%Tmﬁ@mﬁﬁz

| %T%ﬁtﬁ,JT%O@Jﬁﬁgﬁﬁfifvﬁﬁﬂﬁm%éﬁﬁﬁyﬁ-%—Fﬂﬂ
LTREBIDVER -2 OFEENHHFTE S,

¥ ARMRE  ETE®

% A4 R, OD-—HFTZRIBKESIIIYRINREE Y —



JAERI-M 98890

Contents
1. Introduction +.ccvevnvasreeens e Ciresveseasaes
2. MHD equilibria .......... Cerarar e feeesasrrses et e aa s

3. Numerical results .....oiseivinnennssan fhesesnsreeresanurs ey

4. Conclusion and discussion .......c.... et s er e
Acknowledgements ....cesevreaservannans chser e anans

References ..eeeevcearsncnncen feesarereeseanr e

H R

P OBL AR B creoeeereeososne s PRI

B N e



JAERI-M 9890

1. Introduction

For a tokamak reactor, stable equilibria with rather high beta values
are required, where the beta value (B) is the ratio of a plasma pressure
p and a magnetic pressure le2uo (B = ZUOP/BZ). The beta value is approxi-
mately expressed by other equilibrium parameters under an assumption of a
uniform current distribution and a large aspect ratio, B = Bp(l+E2)/(252A2),
where Bp is a poloidal beta value defined by Bp = SWuop/Iz, and I, E and
A are the total current, the elongation ratio of a_cross-section and the
aspect ratio of a plasma and q (= ﬂROBT(1+E2)/(pOAZI), R,: the major
radius, BT: the toroidal magnetic field) is the safety factor defined for
2 uniform current plasma. To reach high beta states we may increase Bp
or E, or decrease A or a. Usually the parameters E and A are determined
by considering technological constraints through the process of designing
a device. In addition to the geometrical parameters such as A and E,
there are several parameters which should rather be determined in advance.
One of them is the value of safety factor at the magnetic axis (qo). The
lower limit of 4, is determined by a stability criterion for the sawteeth
instabilityl) and it should roughly be more than unity. Chbise of a class
of current profile among uniimited possibilities corresponds to the
determination of some other parameters in advance such as the value of
safety factor at a plasma surface (qa) and the poloidal beta value (Bp).
Therefore, it is very important for the attainment of higher value of
beta to find a lowest possible a, and an optimum Bp value for fixed
geometrical parameters and a fixed class of current distribution. The
reduction of q, causes a kink instability when a conducting shell is far
from the plasma surfacez). As a shell is placed closer to the plasma
surface, stable equilibria with smaller q, are expected to be attainable

and the upper limit of beta values of stable equilibria (the critical beta
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value, BC) becomes larger.

The effects of the conducting shell on the kink instability have
been investigated by many authors since the early stage of the studies
on mhd instabilities. Almoét all of these works were carried out by using
a sharp-boundary mode13) or cylindrical modela). These models are simple
and suitable for qualitative analysises but rather differ from a realistic
tokamak plasma. To obtain the critical beta value of a given device or
to search the stable equilibria with a higher beta value, analysises of
realistic (toroidal and diffuse-current) equilibria are required. For

this purpose two-dimensional stability code such as the ERATO5) and PEST6)

7

is a powerful and indispensable tool. Berger et al. studied the effects
of the conducting shell on the mhd behaviors of the Solov'ev equilibrium
(a uniform-current one) by using ERATO code. Their results show the
instability with the toroidal mode number n = 2 becomes dangerous when
the conducting shell is not sufficiently close to a plasma surface.

Berger also paid attention to the destabilizing tendency of the low
n mode observed by increasing Bps). In his article it is concluded that
the modes responsible for the deterioration of the stability property
near the marginal point have a ballooning nature and the equilibrium for
Bp = 2 is advantageous as compared with that for Bp = 1, from the viewpoint
of B-optimization. On the other hand, Bernard et ai. showed recently the
optimum Bp value is less than unity for the tokamak with a small aspect
ratio and noncircular crdss—sectiong). This difference may be attributed
to the difference of the adopted classes of equilibria and the plasma
shape. In any case, however, the stability property is sharply deteriorated
by increasing BP and the critical safety factor is raised considerably.

From the above point of view it is very interesting question whether

the stabilizing effect of a conducting shell is weakend or not by increasing
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B . It is an important problem in the JT-60 program at JAERI because a
conducting shell of the JT-60 is placed rather closely to the plasma sur-
face and the stabilizing.effect of the shell is expected. Moreover,
dependence of the stability on expected Bp has not been checked yet
quantitatively.

Tn this paper we investigate the relation between the stabilizing
effect on the low n (n=1,2) modes and the values of Bp in the various
range of current prefiles (from a flat one to a peaky one) for a circular
cross—section plasma such as JT-60 by using the ERATO code. The high n
ballooning mode is analyzed by using BOREAS codelo). In section 2 the mhd
equilibria and parameters used in our investigations are shown and in

gsection 3 the computational results are shown. The results are summarized

and discussed in the last section.
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2. MHD equilibria
In an axisymmetric toroidal plasma, mhd equilibria are expressed by

the Grad-Shafranov equation in a cylindrical coordinate system (r,z,¢),

A = - T () . (1)

. _ . dp  1.dT

I r av + - T av s (2)

A*: a_.la_.|..§..2__. (3)
=Y %c T or 922 ?

where Y, p and T are a poloidal flux functionm, a plasma pressure, and a
toroidal field fumction respectively. The function p and T depends only
on Y. These functions are not determined in the framework of the equi-
librium theories and are determined by considering transport processesll).
When we are concerned with mhd equilibria or mhd stabilities, we usually
prepare the functional form of p and T a priori. Many classeé of functions
have been proposed especially for the studies on high beta equilibria and

their stabilitieslz_la). We choose the following forms of functionslz),

p =B, b, {W-¥) -5 [W-0* - 97

L+1 L+1
o L - )T L24 (4)
Y= - I+ e )1 (5)
ar Rz
T3 " (1/B; = 1 Ry gy » (6)

where o is related directly to the half width of the current profile, BJ

is the approximate value of Bp, and Eq.(5) denotes that there is no skin
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current, i.e. %%-= 0 at a plasma surface, ¥ = wb' In our calculation P,

is automatically determined by the condition that the safety factor at the

magnetic axis is fixed. The position r = R, is the one of the magnetic
axis.

We adopt the circular poloidal cross-section of a plasma with the
minor radius ap and the conducting shell is placed on a concentric circle
(radius : aw) with the plasma surface, and the ratio A (= aw/ap) is used

as the parameter which represents the position of the conducting shell.

Parameters used in our calculation and relating parameters of JT-60

are summarized in Tables 1 and 2, respectively.
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3., Numerical Results

Using equilibria shown in §2, we calculated the growth rates of
unstable modes versus q for various values of A by fixing q  to unity
(Figs.1-4). The frequency & is normalized by the toroidal Alfvén frequency

at the magnetic axis. Comparing Figs.l and 3 with Figs.2 and 4 in the

respective order, we find that bothn = 1 and n = 2 modes for Bp 1.8 are

2

more uristable than those for Bp = 1.in the case of A = ®, The n
internal mode, however, is more stable for Bp = 1.8, that is, both the
growth rate and the critical q of the n = 2 internal mode are smaller

than those for Bp = 1. This behavior is quite different from that for

For more detailed understanding of the stabilizing effect of a con-

ducting shell, we show the growth rates of n =1 and n = 2 modes versus

A in Figs.5-8. Figs.5 and 6 show that the n 1 kink modes for both
Bp = 1 and Bp = 1.8 are completely stabilized by the shell and the critical
A is smaller for BP =1.8 (A, = 1.1) than for Bp =1 (A, = 1.2). On the
other hand, Figs.7 and 8 show that the n = 2 internal modes remain
unstable, and the stabilizing effect of the shell is stronger for Bp =1.8
when the shell is placed near the plasma surface, |

As for the high n ballooning mode, we calculated the minimum eigen-
values defined by Egs.(4)-(6) in the reference 15 by using BOREAS codelo).
Results are presented in Fig.9. This figure shows our equilibria with
Bp=l.8 are unstable against the high n ballooning mode for all qa's.

ABove results are summatrized as a relation between BC and n in Fig.10.
This relation shows that the n = 1 kink mode is the most dangerous one in

the case of A » 1, and the high n ballooning mode is the most dangerous in

the case of A1l irrespective of'BP values.
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4. Conclusions and Discussions

The n=1 kink mode is strongly stabilized by a conducting shell, but
the stabilizing effect on the n=2 mode ig weak except for a nearly fixed
boundary (A 2 1) in both Bp=l and Bp=l.8 cases. For A > 1 the stabilizing
effect on n=2 mode is more remarkable for higher BP than for lower Bp and
the critical q, is smaller for higher Bp. It presumably results from the
fact that high mode number components due to the deformation of magnetic
surfaces which localize near the plasma surface appear more remarkably in
the case of Bp=1.8 than Bp=1.0. Stabilizing effect on n=2 mode for A 2 1
is quite different from that for iarge A, The critical qaﬂfor large A
increases as Bp increases, as shown by Bergers) and also by our results,
but it is not the case for A=1.0. Therefore, the critical B value relating
the low n modes can be increased by increasing Bp value and locating the
conducting shell very close to the plasma surface.

In our results the high n ballooning mode is more unstable for higher
8 . This is because that the pressure gradient is larger for higher Bp
notwithstanding the difference of g-profile is very slight (Figs.1ll and 12).

In summary we can expect to attain a plasma with Bc22% in JT-60 for
small Bp(Ble). Moreover, as a conducting wall is located very close to the
plasma surface in this device and the finite-n effect is also expected to
stabilize the high-n ballooning instability, higher critical 8 will be attained

for higher Bp plasma with a different current profile.
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Table i

Parameters for the calculations

Aspect ratio

Poloidal cross—-section

Shell positions

A= Ro/ap_= 3
Circular

q. =1

1.9 - 6.

jo i=]
|
=

(B;

o
2

1.8 (BJ

0

1)

1.65)

Table 2

Parameters of the JT-60 tokamak

Major radius
Minor radius
Poloidal cross-section
Toroidal field strength
Plasma current
Wall position

Mo liner

Vacuum vessel

R =3.03m
o]

a =0.95m
P

Circular

Bt = 4,57
I =2.6 MA
P

al = 0.97 m

a =1.00m
v

mvlo,f
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Fig. 1 : The square of the growth rate for n = 1 and Bp =1.0.
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Fig. 2 : The square of the growth rate for n = 1 and Bp = 1.8,
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Fig.1l1l : The pressure gradients versus ¥ for Bp

Bp = 1.8 (dashed line).
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Bp = 1.8 (dashed line).
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