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The ideal MHD stability properties of ITER TAC-4 H-mode profiles are studied.
The effects of the current profile variation on the stability of high-n ballconing
modes and the n=1 mode are analyzed (n: toroidal mode number). The variation
of the current profile is characterized by the change of the safety factor on the
magnetic axis, qo, while the total plasma currert is fixed. The beta limit of the
high-n ballooning modes remains gr = 3.3 for such variations (g- :Troyon’s factor).
The unstable n=1 mode is strongly localized at the plasma edge (peeling mode) for
go = 1.0 and the beta limit of the n = { mode is g« =3.7. In case of go <C0.9, the
stability of the n =1 mode is determined by the internal kink mode and the beta
limit is reduced to gr = 2.4 for go = 0.8. Stability analysis predicts that the H—mode
profiles with g+ =3 can be realized when go is kept to be greater than 0.9 and the
current profile at the edge is fixed. This analysis also shows the stability of the

TAC4 H-mode profiles will be sensitive tc the edge current profile.

Keywords : Tokamak, MHD Stability, Beta Limit, High-n Ballooning Mode, Peeling
Mode, Internal Kink Mede, H-mode, ITER Physics R&D
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1. Introduction

Long pulse operation of ITER with the high confinement mode such as
H-mode plays a crucial role in assuring the performance of ITER as an
experimental reactor. There are many issues to be clarified in MHD stability
analyses of H-mode plasmas when compared with L-mode plasmas.
Besides the assessment of the attainable beta (beta limit) for the pressure
and current density profiles as in the case of the L-mode profiles, MHD
stability analysis is required to study the edge localized modes (ELMs)
which limit the edge density ‘and temperature [1]. The evaluation is also
desired for the influence of ELMs on the giobal beta limit. However,
difficulties arise in the analysis of the ELMs. They strongly depend on both
the edge safety factor, Qedge, and on the pressure and current density
profiles near the plasma edge. Experiments show that the plasma surface for
Jedge is different from the outermost equilibrium flux surface [2]. Such a
surface will be different among devices. Therefore, the ELMs analysis needs
the detailed information about the profiles and the edge g-values in
experiments or in a well established model.

In this paper we investigate the MHD stability properties of the ITER TAC4
H-mode profiles. We will restrict ourselves to the analyses on the effects of
the current profile variations on the stability of high-n ballooning modes and
the n = 1 mode (n: toroidal mode number) as in the analysis of the L-mode
profiles {3]. By these analyses we assess the beta limit of these modes for
the TAC4 H-mode profiles. We vary the current profile without changing the
total plasma current. Such a variation is characterized by the value of the
safety factor on the magnetic axis, qo. The Qedge value is determined only by
the beta value.

in Sec. 2 we numerically analyze the MHD equilibria with the given H-
mode profiles by using the MEUDAS equilibrium code which is adapted to
use the profile data. In Sec. 3 we investigate the stability of the high-n
ballooning modes and the n = 1 mode and consequently obtain the stability
diagram of the equilibria with TAC4 H-mode profiles. Conciusions are given
in Sec. 4.
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2. Adaptation of the MEUDAS Equilibrium Code

The MEUDAS code has been adapted to analyze the'equiiibria with aids
of profile data because it is difficult to make functional fittings which adjust
the H-mode profiles. In the present work it is convenient to construct the
MHD equilibria from the profiles of p' and surface averaged current density J
= <j-B>/(Rmaj<B-¢>), where Ry is the major radius, ¢ is the toroidal angle,
and <...> denotes the surface average, respectively. In the MEUDAS code,
p' and J are expressed as

p'(¥)=-¢cp Fp (), (1)
J (¥) = cy Fy (1)S(¥) , (2)

where ¥ is the normalized poloidal flux label and Fp (¥) and F (¥) are the
profile functions, as shown in Fig. 1. Coefficients ¢p and ¢y in Egs. (1) and
(2) are determined in such a way that the poloidal beta B; and total plasma
current Ip take the prescribed values. The function S(¥) is used for the
current profile variations and is chosen as

S(%) =1+ oxp(~ (3)2]. @

Here the coefficient o is adjusted so that qo takes a given value. The width w
is chosen as w = 0.2, for which p(g=1)/a ~ 0.6 in case of qp = 0.8, where
p(g=1) is the radius of the q = 1 surface and a is the plasma radius. Figure 2
ilustrates the flux contours w(r,z) (Fig. 2(a}) and the profile of safety factor g
(Fig. 2(b)} for By = 1.0 and Ip = 256MA (S(¥) = 1). As shown in Fig. 2(b), the
safety factor obtained from the MEUDAS code (solid line) is in good
agreement with the one given for the TAC4 H-mode profile (dotted line).

In the present work the effects of gg on the MHD stability are mainly
analyzed. Figure 3 shows the three different current profiles (Fig. 3(a}) given
by Eq. (2) and the corresponding q profiles for By = 1.0 (Fig. 3(b}). The total
plasma current lIp is fixed at the same value for these current profiles.
Consequently, the value of gedge changes little for the equilibria with the
different current profiles but with the same value of By. The pressure is
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raised by increasing ¢p in £q.(1) and the stability of the high-n bailooning
modes and the n=1 mode is analyzed. In the present work the 97.5 %
equilibrium flux surface is adopted as the "plasma surface” for the MHD
stability analysis because the safety factor on this surface is closer to the
"effective edge safety factor" [2] than one on the 85% surface. The value of
dedge changes with the increase in By and liesin arange 3 < qedge < 4 for
the values of By and qo of the equilibria studied here.

3. MHD Stability Properties of the H-mode Profiles

When the pressure increases with keeping the same pressure profile, the
high-n ballooning modes become unstable near the region of ¥ = 0.6. When
the pressure increases further, the edge region enters into the unstable
region. The beta limit of these modes is gt = 3.3, where gt is Troyon's factor
(normalized beta) defined by

g7 = Biow) AR

The beta limit of the high-n ballooning modes is not affected by go because
p' = 0 near the magnetic axis.

The stability of the n = 1 mode is studied by using the JAERI ERATO code
with a boundary condition of a wall iocated at infinity. Figure 4 shows the g1
dependence of the squared growth rate v of the n = 1 mode in cases of (a)
qo = 1.0 and 0.9, and (b) qo = 0.85 and 0.8. In Fig. 4(a) the growth rate does
not show monotonic increase with gr. On the other hand, there is a region
in gt where y2 remains small values of order 104 ~ 10-5 in Fig. 4(b}.

In Fig. 5(a) the poloidal harmonics Xm(s) of X(s, 8) = £eVy are shown,
where & is the displacement vector of the unstable n= 1 mode for qo = 1.0
and gr=4.1(s= \/_‘I: ), and in Fig. 5(b) the potential energy distribution of
the mode is shown. The green line with the symbol "+" denotes the kink term,
the blue line with the symbol "o" the ballooning term and the red line with the
symbol "+ " the total potential energy Wp. It is found that the current driven
external kink mode is strongly localized near the plasma edge (peeling
mode) {4,5] and that the m = 4 harmonic is dominant in the parameter range
of 3 < Qedge < 4. The growth rate of such a mode strongly depends on both
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raised by increasing ¢p in Eq.(1) and the stability of the high-n ballooning
modes and the n=1 mode is analyzed. In the present work the 97.5 %
equilibrium flux surface is adopted as the "plasma surface" for the MHD
stability analysis because the safety factor on this surface is closer to the
"offective edge safety factor" [2] than one on the 95% surface. The value of
Jedge changes with the increase in BJ and liesin a range 3 < Qedge < 4 for
the values of By and qo of the equilibria studied here.

3. MHD Stability Properties of the H-mode Profiles

When the pressure increases with keeping the same pressure profile, the
high-n ballooning modes become unstable near the region of ¥ = 0.6. When
the pressure increases further, the edge region enters into the unstable
region. The beta limit of these modes is gt = 3.3, where gr is Troyon's factor
(normalized beta) defined by

ar = B(%)i%()ﬁs%n

The beta limit of the high-n ballooning modes is not affected by qo because
p' = 0 near the magnetic axis.

The stability of the n = 1 mode is studied by using the JAERI ERATO code
with a boundary condition of a wall located at infinity. Figure 4 shows the gt
dependence of the squared growth rate v of the n = 1 mode in cases of (a)
qo = 1.0 and 0.9, and (b) go = 0.85 and 0.8. In Fig. 4(a) the growth rate does
not show monotonic increase with gt. On the other hand, there is a region
in gt where 12 remains small values of order 10-4 ~ 10-3 in Fig. 4(b).

In Fig. 5(a) the poloidal harmonics Xm(s) of X('s, 8) = EeVy are shown,
where £ is the displacement vector of the unstable n= 1 mode for qg = 1.0
andgr=4.1(s= \f—‘; ), and in Fig. 5(b) the potential energy distribution of
the mode is shown. The green line with the symbol "+" denotes the kink term,
the blue line with the symbol "o the ballocning term and the red line with the
symbol "« " the total potential energy Wp. It is found that the current driven
external kink mode is strongly localized near the plasma edge (peeling
mode) {4,5] and that the m = 4 harmonic is dominant in the parameter range
of 3 < Qedge < 4. The growth rate of such a mode strongly depends on both
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Jedge and the magnetic shear at the edge, which are varied with the values
of g7 in the present case. This result yields the g dependence of the growth
rate as shown in Fig. 4(a).

On the other hand, the n = 1 mode structures for qg < 1 are quite different
in high and low beta cases. Figure 6 and 7 show the radial structures of
Xm(s) and the potential energy distributions of the unstabie modes for gp =
0.8 in cases of gt = 4.5 and gt = 3.1, respectively. The mode with gt = 4.5
shows a peeling mode with a subdominant m = 1 harmonic which has the
feature of the internal kink mode. As gt decreases, the peeling mode is
stabilized and the n = 1 mode becomes the internal kink mode with the
dominant m = 1 harmonic, as shown in Fig.7, where the growth rates are
smaller than those of the peeling mode. This transition from the peeling
mode to the internal kink mode affects the gt dependence of the growth rate
in Fig. 4(b). The beta limits for qo < 0.9 are determined by the internal kink
mode.

Figure 8 is the stability .diagram for the H—mode profiles. The biue line
with the symbol "o" denotes the beta limit of the high-n ballooning modes
and the red line with the symbol "+ " denotes that of the n = 1 mode. When qo
> 0.9, for which the n = 1 mode has the feature of the peeling mode, the beta
limit of this mode is gt = 3.7 which is higher than that of the high-n
ballooning modes . While qo < 0.9, the n = 1 mode close to the marginal
stability has the feature of the internal kink mode and the beta limit drops to

gr =2.4forqp=0.8.
4. Conclusions

In the present work the ideal MHD stability properties of the ITER H-
mode profiles have been studied. Equilibria were numericaily obtained by
the MEUDAS code adapted so as to compute them for given profiles of p’
and J = <j-B>/(Rmaj<B-Vo>). To understand the stability of the plasmas with
H-mode profiles, we analyzed the effects of the current profile variations on
the MHD stability. In this study the total plasma current was fixed at the same
value and thereby the change of the edge safety factor comes from the

change of beta.
We obtained the stability diagram for the high-n ballooning modes and

the n = 1 mode. The beta limit of the high-n ballooning modes is g1 = 3.3 for
the current profile variations. The beta limit of the n = 1 mode for qg > 0.9, for
which this mode has the feature of the peeling mode, is gt = 3.7 which is

i4_
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dedge and the magnetic shear at the edge, which are varied with the values
of g7 in the present case. This result yields the gT dependence of the growth
rate as shown in Fig. 4(a).

On the other hand, the n = 1 mode structures for qg < 1 are quite different
in high and low beta cases. Figure 6 and 7 show the radial structures of
Xm(s) and the potential energy distributions of the unstable modes for qo =
0.8 in cases of gt = 4.5 and g7 = 3.1, respectively. The mode with gt = 4.5
shows a peeling mode with a subdominant m = 1 harmonic which has the
feature of the internal kink mode. As gt decreases, the peeling mode is
stabilized and the n = 1 mode becomes the internal kink mode with the
dominant m = 1 harmonic, as shown in Fig.7, where the growth rates are
smaller than those of the peeling mode. This transition from the peeling
mode to the internai kink mode affects the gt dependence of the growth rate
in Fig. 4(b). The beta limits for go < 0.9 are determined by the internal kink
mode.

Figure 8 is the stability diagram for the H~mode profiles. The blue line
with the symbol "o" denotes the beta limit of the high-n baliooning modes
and the red line with the symbol "« " denotes that of the n = 1 mode. When qg
> 0.9, for which the n = 1 mode has the feature of the peeling mode, the beta
limit of this mode is gt = 3.7 which is higher than that of the high-n
ballooning modes . While gg < 0.9, the n = 1 mode close to the marginal
stability has the feature of the internal kink mode and the beta limit drops to
gr=24forqp=0.28.

4. Conclusions

In the present work the ideal MHD stability properties of the ITER H-
mode profiles have been studied. Equilibria were numerically obtained by

the MEUDAS code adapted so as to compute them for given profiles of p'
and J = <j-B>/(Rmaj<B-V>). To understand the stability of the plasmas with

H-mode profiles, we analyzed the effects of the current profile variations on
the MHD stability. In this study the total plasma current was fixed at the same
value and thereby the change of the edge safety factor comes from the

change of beta.
We obtained the stability diagram for the high-n ballooning modes and

the n = 1 mode. The beta limit of the high-n ballooning modes is g = 3.3 for
the current profile variations. The beta limit of the n = 1 mode for qo > 0.9, for
which this mode has the feature of the peeling mode, is g1 = 3.7 which is

— 4 —
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higher than that of the high-n ballooning modes. When go < 0.9, the n =1
mode shows the feature of the internal kink mode. The beta limit of this mode
becomes smaller than that of the high-n ballooning modes and reduces to
gT=2.4forqp=0.8.

in the present work, we mainly studied the effects of go on the MHD
stability for the H-mode profiles and did not investigate ELMs. We restricted
the current profile variations so that they do not yield change of qedge and
set the plasma surface for MHD stability analysis at 87.5 % of the outermost
equilibrium surface. However, our calculations indicates that the stability of
the TAC4 H-mode profile is sensitive to the edge current profile and that the
MHD stability of ELMs is to be analyzed with aids of experimental results or
a well established model.
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higher than that of the high-n ballooning modes. When qo < 0.9, the n =1
mode shows the feature of the internal kink mode. The beta limit of this mode
becomes smaller than that of the high-n ballooning modes and reduces to
gt =2.4forqp=0.8.

in the present work, we mainly studied the effects of gg on the MHD
stability for the H-mode profiles and did not investigate ELMs. We restricted
the current profile variations so that they do not yield change of qedge and
set the plasma surface for MHD stability analysis at 97.5 % of the cutermost
equilibrium surface. However, our calculations indicates that the stability of
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the current profile variations so that they do not yield change of Qedge and
set the plasma surface for MHD stability analysis at 97.5 % of the outermost
equilibrium surface. However, our calculations indicates that the stability of
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Profiles of p'(solid line with the symbol * ") and the surface
averaged current density J (solid line with the symbol “o") used
as input data to construct eguilibria with TACH H-mode profiles.
T is the normalized poloidal flux label.
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Fig.8 Stability diagram of the high-n ballooning medes and the n=1
mode for the equilibria with TACH H-mode prefiles. The blue
line with the symbol "¢" indicates the high-n ballooning
modes and the red line with the symbol * « " the n=1 mode.
The beta limit for gp>>0.9 is determined by the high-n
ballconing modes which becomes unstable in the middle plasma
region around U=0.6, and the internal kink mode is dominant

for go>0.9.



