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A stability analysis is made for the n=1 external kink mode (n:toroidal mode number)
to the predicted ITER L-mode profiles. The beta limit (gr ) for this kink mode is
sufficiently higher than the design vaiuve of gr =2.0~2. 4 for the L-mode profiles in
case of the assumed current profile even with a finite but small edge current. However,
in case of q. less than unity {g. :safety factor on the magnetic axis) the beta limit
for the kink mode is significantly reduced:gr is 1.0 for . =0. 8 without a conducting
wall. A conducting wall located near the mid-plane has a sironger stabilizing effect

than a wall located near the null point.
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1. Introduction

The L-mode profiles for ITER are predicted by the PRETOR 1-1/2
dimensional transport code which incorporates the Rebut-Lallia-Watkins
transport model {1]. The study of ideal MHD stability for these profiles are
necessary to specify the conservative beta value which can be realized in
long pulse operation by comfortable margins for the deviations from the
predicted profiles. This study invol-ves the sensitivity analysis of the stability
for deviations from such assumed profiles.

In the present paper, we investigate the stability of the n =1 external kink
mode for the predicted ITER L-mode profiles (n: toroidal mode number). The
stability of the n = 1 external kink mode strongly depends on the edge
current, the safety factor on the magnetic axis and the position of a
conducting wall. In the present work, we study the effects of them on the beta
limit of this mode by varying the predicted L-mode profiles.

In Sec. 2 we describe equilibria used in the present work. In Sec. 3 we
analyze the stability of the n = 1 external kink mode by using the up-down
asymmetric version of the ideal MHD stability code, JAERI-ERATO {2], and

we give summary in Sec. 4 .

2. Equilibria for the ITER L-mode profile
Equilibria in a single null configuration are numerically computed by the
MEUDAS code [3] with the following parameters:
Major radius Rg = 8.21 m,

Plasma radius a = 3.0 m,

Ellipticity at 95 % y-surface kg5 = 1.58,
Triangularity & = 0.31,

Toroidal Filed B;=5.89 T,

Total Plasma Current Ip = 25 MA.
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The current profile chosen in the study is
Jjpes {1—at) (1 -¥RLBZ 4, (1)

and pressure profile is

—(—;% o ol o2 4 g exp[-h (1 -¥)7], (2)
where W is the normalized poloidal flux function (0 < ¥ <1). Parameters o
and o give edge values of J; and p', respectively, and h gives the width of
the pressure profile near the edge. The parameters oy, oz, By and 3 are
adjusted to fit the PRETOR (L-mode) profile. Figure 1 shows an equilibrium
with g1 = 5.5, go = 1.05 and .oc =g =0 where gt is the Troyon coefficient
defined by gt = B (%) a(m) Bo(T)/ Ip(MA), and qp is the safety factor on the
magnetic axis. The design value of g7 is 2.0 ~ 2.4 for the L-mode profiles..

The ballooning modes are locally unstable in the region of the maximum

pressure gradient above gr of 2.7 for the present profife.
3. Stability Analysis of the n = 1 External Kink Mode

The beta values are increased for the fixed profiles expressed by Egs. (1)
and (2) and the stability of the n = 1 external kink mode is analyzed by the
JAERI-ERATO code. in computing eigenvalues (squared growth rates) we
use the equi-arc coordinate system where the poloidal angle x is defined by
dy/d! = const. on each flux surface (I: length of equi contour line of the flux).
The shape 61‘ a conducting wall is assumed to be given by

Rw () = Raxis + Rscl (Rs(x) ~ Raxis) (3.a)

Zw (1)} = Zaxis + Zsc! (£8(%) — Zaxis)- (3.b)
Here x = O corresponds to the outer point on the mid-plane of the torus.
When Rsg = Zsol , the shape of the conducting wall is similar to the plasma
surface and the ratio aw/a is characterized by the value of Rge in the present

work (ay: radius of the wall}.
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The current profile chosen in the study is
Jyree (1= 0} (1 = ¥RYBZ + 0, (1)

and pressure profile is

9Py -2 4+ g exp[-h (1~¥)?], (2)

dy
where V¥ is the normalized poloidal flux function (0 <¥ <1). Parameters
and o give edge values of J; and p', respectively, and h gives the width of
the pressure profile near the edge. The parameters «, o, By and Bz are
adjusted to fit the PRETOR (L-mode) profile. Figure 1 shows an equilibrium
with gt = 5.5, qo = 1.05 and a = o =0 where g7 is the Troyon coefficient
defined by gt = B (%) a(m) Bo(T)/ Ip(MA), and qp is the safety factor on the
magnetic axis. The design value of gt is 2.0 ~ 2.4 for the L.—mode profiles.

The ballooning modes are locally unstable in the region of the maximum

pressure gradient above gt of 2.7 for the present profile.
3. Stability Analysis of the n = 1 External Kink Mode

The beta values are increased for the fixed profiles expressed by Egs. (1)
and (2) and the stability of the n = 1 external kink mode is analyzed by the
JAERI-ERATO code. in computing eigenvalues (squared growth rates) we
use the equi-arc coordinate system where the poloidal angle y is defined by
dy/d! = const. on each flux surface (/: length of equi contour line of the flux).
The shape df a conducting wall is assumed to be given by

Rw () = Raxis + Rsc1 (Rs(x) — Raxis), (3.a)

Zw () = Zaxis + Zsct (Z8(X) — Zaxis)- (3.b})
Here % = 0 corresponds to the outer point on the mid-plane of the torus.
When Rsg = Zsol » the shape of the conducting wall is similar to the plasma
surface and the ratio ay/a is characterized by the value of Rg¢y in the present

work (aw: radius of the wall}.
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In Fig. 2 the convergence of the growth rate against radial mesh number N
is shown for equilibria with gg = 1.05 and aw = =. The following calculations

use 140 radial and 180 poloidal mesh numbers.

3.1  Effect of Edge Profile

We first analyzed the effect of the edge current on the n = 1 external kink
mode. In this study a and o in Egs. (1) and (2} are limited to small amounts
of value because the L-mode préfiles are considered to have small edge
current and pressure gradient. The value of h in Eq. (2) is set fo 10 so that
the edge pressure profile does not affect the global pressure profile. We also
fix go to 1.05 and assume no conducting walls (aw = ). Figure 3 shows the
dependence of the squared growth rate v2 of the mode on the Troyon
coefficient gt for different values of the parameter o and ¢ = 0. We obtain the
beta fimit gt = 5.0 for = 0 (no edge current), which corresponds to the
predicted L-mode profile in our present analysis, and g7 = 4.6 foroa=0.2
(Fig. 3). We also examined the effect of the pressure gradient p' (= dp/dy) at
the edge on the stability of the mode. Figure 4(a) shows the dependence of
v2 on gt for =02, 6=0and a=0.2 c=01.The profiles of pressure
gradient dp/dy for these cases are shown in Figs. 4(b) and 4(c). The results
indicates that the effect of edge p' on gr is weak for the present L-mode
profiles. |

We next examined the mode structure and the driving terms of the mode
for the predicted L-mode profiles. Figure 5 illustrates the radial structure of

poloidal Fourier harmonics Xm(s) of the displacement for a=c=0 and g7 =

6.1. Here Xm(s) is defined by

X (s, 8) = Y Xm (s) exp (im6 - ing) . (4)
m

In Eq. (4) X = EeVy (£: displacement vector) and 8 is the poloidal angle in

the straight field line coordinate system, ¢ the toroidal angle around the axis

_3_
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of torus and s = \/—‘}—’ We also show in Fig. 6 the radial distribution of the
potential energy W (red line) together with the contributions from the kink
(green line) and ballooning (blue line) terms. Harmonics of m > 2 localizing
near the surface are dominant. We also see both kink and ballooning terms

near the surface contribute to destabilize the mode.

3.2  qo Dependence of Beta Limit

To study the qp dependence of the stability we make a sequence of
equilibria by using the scaling [4], ynew (R.Z) = GscaleVold (R.Z), Pold =
OscaleP new » @nd (FFYnew = Oscale(FF')old with the fixed F(¥ = 0) where Gscale
= qgp,olg/q0, new (F: torcidal field function). The coefficient gt is approximately
calculated by gT new = Oscale 9T,0ld- The shape of a conducting wall is given
by Eq. (3) with Rgci = Zsci. The squared growth rates of the mode are plotted
in Fig. 7 for aw/a = =, 2.0 and 1.5, with qp = 0.95, g7 =2.7 in Fig. 7(a) and qo
= 0.8, g7 = 3.1 in Fig. 7(b), respectively. The mode structure of the unstable
mode for go = 0.8, as illustrated in Fig. 8(a), is quite different from that for qo
= 1.05 (Fig. 5). The m = 1 harmonic is the most dominant and m = 3
harmonic is also excited near the surface. By wall stabilization, such
harmonics are suppressed as shown in Figure 8(b}. When qg is less than
unity the mode is destabilized mainly by the kink term in the inner region as
shown in Figs. 9 (a) and 9 (b), and it has a global structure implying a strong
effect on the plasma.

Figure 10 summarizes the present stability analyses. The beta limit of the
n = 1 external kink mode for the predicted L-mode profiles with qp = 1 is
sufficiently high compared with the beta limit of the high n ballooning modes
and with the design value for gr. However, when gg becomes to be less
than unity, the beta limit of the n = 1 mode decreases to g7 = 1.0 for ay/a =

and g7 = 1.7 for aw/a = 1.5, both of which are less than the design value.
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3.3 Shape Effect of a Conducting Wall

In Subsection 3.2 the ratio ayw/a was changed with keeping the shape of
the conducting wall similar to the plasma surface. However, from a practical
point of view, it is sometimes difficult to locate the wall near null points.
Therefore, it is important to clarify the shape effect of the wall on the stability.
For this study we compute the growth rate of the n = 1 mode for various
values of Rsg and Zsg in Eq.(3) which characterize the values of aw/a and
the distance between the null poin.t and the wall, respectively.

The shape of the conducting wall in Fig. 11(a) is similar to the plasma
surface and éw/a = 2.5. The shape of the conducting wall in Fig. 11(b) has
the same value of aw/a as in Fig. 11(a) but the different distance between
the null point and the wall, which is characterized by different Zgc) with the
same Rgcl. On the other hand, the shape of the wall in Fig. 11{c) has the
smaller value of aw/a =1.5 but the same distance between the null point and
the wall compared with those in Fig. 11(a).

The results are shown in Fig. 12 (a) for qo = 1.05, g1 = 6.1 and in Fig. 12
(b) for qo = 0.8, g7 = 3.1. These results imply that a conducting wall located
near the mid-plane is more effective than a wall near the null point to
stabilize the n = 1 external kink mode, and that only the ratio aw/a adopted in
the present work gives a good measure in the study of stabilization by a wall
even with different distance between the null point and the wall. The detailed

analysis on the shape effect will be reported in the near future.

4. Summary

We have investigated the stability of the n = 1 external kink mode for the
predicted ITER L-mode profiles and performed the sensitivity analysis of
the beta limit for such profiles. The design value of gt is set in the range of
2.0 ~ 2.4. We have calculated beta limits for the equilibria obtained by

varying the L—mode profile. The results are as follows.

— 5 —
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surface and aw/a = 2.5. The shape of the conducting wall in Fig. 11(b) has
the same value of ay/a as in Fig. 11(a) but the different distance between
the null point and the wall, which is characterized by different Zscl with the
same Rscl. On the other hand, the shape of the wall in Fig. 11(c) has the
smaller value of ay/a =1.5 but the same distance between the null point and
the wall compared with those in Fig. 11(a).

The results are shown in Fig. 12 (a) for qg = 1.05, g1 = 6.1 and in Fig. 12
(b) for qg = 0.8, gT = 3.1. These results imply that a conducting wall located
near the mid-plane is more effective than a wall near the null point to
stabilize the n = 1 external kink mode, and that only the ratio aw/a adopted in
the present work gives a good measure in the study of stabilization by a wall
even with different distance between the null peint and the wall. The detailed

analysis on the shape effect will be reported in the near future.

4, Summary |

We have investigated the stability of the n = 1 external kink mode for the
predicted ITER L-mode profiles and performed the sensitivity analysis of
the beta limit for such profiles. The design value of g7 is set in the range of
2.0 ~ 2.4. We have calculated beta limits for the equilibria obtained by

varying the L—-mode profile. The results are as follows.
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(1) The Troyon coefficient gt = 5.0 is obtained for the n = 1 external kink
mode with the predicted L-mode profiles. The beta limit gives g1 = 4.5
in the case of Jy/ edge///o =20 % with g of 1.05. The effect of edge
p' on the beta limit of this mode is weaker than that of edge J;/ for the
present L—mode profiles.

(2)  When gp becomes less than unity, on the other hand, the beta limit
for the n = 1 external kink mode significantly decreases, resulting in
gt = 1.0 in case of no conducting wall. The conducting wall with aw/a
= 1.5 can stabilize the mode, restoring gt = 1.7. However, both values
are less than the design value of g7 .

(3)  The unstable mode has a localized structure near the plasma surface
for the case of qp = 1.05, while the mode structure is a global one
with the dominant m = 1 harmonic for the case of gg = 0.8.

Our calculations predict that it is necessary to maintain the PRETOR L-
mode profile with small variations in order to assure the design valu of gr.

We also studied the shape effect of a conducting wall on the stability of the
n = 1 external kink mode. We found that a wall located near the mid-plane of

the torus is more effective for stabilization than the wall near the null point .
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(a) Dependence of squared growth rate v*% on gr in cases of
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modes.
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Fig. 5 Radia! structure of poloidal Fourier harmonics Xm (s} of the

Fig. 6

displacement fora=¢=0 and gr=6.1. Harmonics of m=2

localizing near the surface are dominant.
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Radial distribution of the potential energy W (red line) of the
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are the kink and balleoning contributions, respectively.
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Fig. 8 Radial structure of the unstable mode in the case of gr=3.1
and g,=0.8. (a) is for aw=c°, and (b) is for as.a=1.5. In both
cases the most dominant harmonic is the m= harmomic, and the

mode has a global structure in the plasma.
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Fig. 9 Radial distribution of the potential energy W (red line) of the mode
in the case of gr=3.1 and q.=0,8. (a) is for as =o°, and {b) is for
3w a3=1.5. The mode is destabilized mainly by the kink term
(green line) in the inner region of the plasma. The biue line

denotes the ballooning term
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Fig. 10 Beta limit of the n=1 external kink mode for aw=cc (b]ﬁck line) and

aw,3-1.5 (red line). The solid circle ( +) denotes the beta limit of
high-n ballooning modes for q.=1.05. The blue line shows the design

value of gr
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Fig. 12 Dependence of the squared growthy® on the parameters Rs.1 and
Zaet for {a) q.=1.05 and gr=6.1 and for (b) q,=0.8 and gr=3. l.



