, 1SS 0915-633%

NATIONAL INSTITUTE FOR FUSION SCIENCE

Analysis of Current Diffusive Ballooning Mode
in Tokamaks -

M. Uchida, A. Fukuyama, K. Itch, S.-1. Itoh and M. Yagi

(Received - Nov. 19, 1999 )
NIES-615 Dec. 1999

This report was prepared as a preprint of work performed as a collaboration
reserch of the National Institute for Fusion Science (NIFS) of Japan. This document is

intended for infomation only and for future publication in a journal after some rearrange-

't ments of its contents.

Inquiries about copyright and reproduction should be addressed to the Research

d| Information Center, National Institute for Fusion Science, Oroshi-cho, Toki-shi,
Gifu-ken 509-02 Japan.

RESEARCH REPORT
- NIFS Senes i

NAGOYA, JAPAN



Analysis of Current Diffusive Ballooning Mode in Tokamaks

M. Uchida*, A. Fukuyvama®, K. Itoh**, 5.-1. Itoh*** and M. Yagi*™*

*Department of Nuclear Engineering, Kyvoto University.
** National Institute for Fusion Science,
*** Research Institute for Applied Mechanics, Kyvushu University

Abstract

The effect of finite gyroradius on the current diffusive ballooning mode is examined. Starting from the
reduced MHD equations including turbulent transports, coupling with drift motion and finite gyroradius effect of
ions, we derive a ballooning mode equation with complex transport coefficients. The eigenfrequency, saturation
level and thermal diffusivity are evaluated numerically from the marginal stability condition. Preliminary resuits

of their parameter dependence is presented.
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1 Introduction

The seif-sustained turbulence model [1] of the current
diffesive ballooning mode (CDBM) is one of the most
promising candidates to explain the particle and en-
ergy transport in tokamaks. This transport model
has successfully described the L mode transport and
improved confinement associated with the formation
of the internal transport barriers [2]. Since the pre-
vious analysis [3] based on the reduced MHD equa-
tions [4] neglected the finite ion gyroradius effect. we
could not separate the transport coefficients of ions
and electrons. In this paper, we describe the formula-
tion and the results of numerical analysis of the bal-
looning mode equation which includes the coupling
with the drift motion and the finite gyro radius ef-
fect.

2 Ballooning mode equation

We start from a set of reduced MHD equations, ie.
the equation of perpendicular motion of ions, the ex-
tended Ohm’s law, the energy equations of electrons
and ions [3],

8 .
(ﬁ + iwng — uivi) Vié

= \_/'“j“—{»—(bXﬁ)'v(ﬁi-E-ﬁe) (1)

g - .
—A-Ve=—
ot 1® Wer TA

Vﬂﬁe — )\\—/ijh (2)

a _ B -
Epe - Xev?j_pe +b (vi¢ x vJ.i'%()) =0 (3}

a . 3 _
b xiVig+b-(VigxVipo)=0 (4)

vid=J (5)

where 14 = gR/ua. w the ion viscosity, x, and x. the
ion and electron thermal diffusivities, A the current
diffusivity due to the electron viscosity p. and other
notations are standard. The streaming function for
ions ¢ is reduced from the electrostatic potential ¢ by
a factor of Ay{b) = Iy(b)e™® where Iy is the modified
Bessel function of the first kind and b = k2 p?. Length
and time are normalized by the minor radius r and
the poloidal Alfvén time 74, respectively. Using the
ballooning transformation [6], we obtain
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where o = —¢?R({d3/dr) is the normalized pres-

sure gradient, s = {r/q}(dg/dr) the magnetic shear
and n the ballooning coordinates. Taking account of
the Shafrancv shift of the magnetic surface, we take
F=1+{sy—asiny)? and H(n) = & + cosn + {87 —
asing)sinng where & = (r/R)(1 — 1/¢%) is the aver-
age magnetic curvature. The first term in eq.(6) has



a stabilizing effect due to the bending of the mag-
netic field and is reduced by the current diffusivity
A. The second term coming from the pressure gradi-
ent destabilizes the mode in the bad curvature region
and is reduced by the thermal diffusivity. The last
term represents the stabilizing effect of w,; and the
ion viscosity.

The transport coefficients are determined by the
relation for the nonlinear transfer rate v, eg. xe =
(¢%)/7 and ¥ = —iw + k% xe, Where the bracket ()
denotes the average over the wave number and the n
dependence of {¢?) is neglected in the present anal-
ysis [1]. Since mode frequency has a real part, the
transport coeflicients are written as
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where n is the toroidal mode number and ¢ =
w2r?/c®. When (¢?) is smaller than critical values,
we take that the square roots have negative imag-
inary values so that the turbulent transport coeffi-
cients vanish for (¢%) = 0. A pure imaginary value
for small {¢?) implies nonlinear frequency shift rather
than diffusion. We should note that the electron ther-
mal diffusivity x. is less than x; by a factor of Ay for
large (¢?). With the increase of the perpendicular
wave number k; ~ ng, the finite gyroradius effect
reduces yx;.

With the marginal stability condition (Imw = 0),
we numerically solve the ballooning mode equation
(6) to find the eigen modes and evaluate the real part
of the mode frequency w, and the average amplitude
of the fluctuation {¢?). Figure 1 shows an example of
the CDBM eigenmode for s — 0.4, a = 0.4, ¢ = 20,
pi/r = 0.01 and ng = 134. It has a small negative
real frequency (w; = —0.05) and propagates in the
direction of ion drift motion. The saturation level of
the fluctuation is (#?) = 6 x 10~ and this mode is
unstable for smaller (¢?). The eigen mode structure
indicates that the dominant real part localizes in the
outer region (r = 0), while the out-of-phase imagi-
nary part in the inner region {n = %x).

Xi

The saturation level of the average fluctuation am-
plitude depends or the mode number ng. Figure 2
iflustrates the ng dependence of the electron ther-
mal diffusivity x. derived from the saturation fHuc-
tuation amplitude {¢?). The maximum value of ye
near ng = 134 gives the thermal diffusivity necessary
for stabilizing the ballooning modes for all ng.

3 Parameter dependence

In order to study the parameter dependence of the
mode frequency and the thermal diffusivity, we look
for the maximum value of y. by numerically solving
the ballooning mode equation (6) for wide range of ng
and for various values of s and a. We have been much
benefitted by parallel processing on a PC cluster of 8
CPUs with a numerical code using the Message Pass-
ing Interface (MPI) library.

The (s, ) dependence of the electron thermal dif-
fusivity is shown in Figs. 3 and 4 for £ = 10* and
g = 10%. Figure 3 depicts the case of small gyro-
radius, pi/r = 1073, while Fig.4 the case of larger
gyroradius, pi/r = 1072, The (s,«) dependence in
Fig. 3 is almost same as that of p;/r = 0 [2]. For
larger p;, xe is enhanced, typically, by a factor of 3
and the shear dependence is slightly reduced.

For small o {a < 0.4), x. is a strongly increasing
function of @ (xe x a3/?) and decreases for small and
negative values of 5. For larger value of a {a > 0.4),
Xe is enhanced in the stronger shear region (s > 0.5)
where the ideal ballooning mode is unstable. The re-
duction of x. in the weak and negative shear region
is more prominent for larger o (larger pressure gra-
dient). These behavior is similar to the result of the
previous analyses without coupling to the drift mo-
tion, w. = wse = 0. One of the reasons is the large ¢
value in the present calculation (g = 103). For realis-
tic values of g, the effect of finite w,; and w,, affects
the mode structure, but conclusive results have not
been obtained yet.

The mode frequency is usually negative except in
the region, x. > 107%, where the ideal mode is unsta-
ble. The mode number nq decreases with the increase
of xe. Typical value of ng is 300 for y. = 105 and
100 for xe = 10™% As the mode number increases,
the finite gyroradius effect enhances x. and reduces
Xi- Figure 4 indicates the contour of the ratio xi/xe
on the {s,a) plane. In the region where a > 0.4 and
s > 0.5, x; approaches to x., otherwise x;/x. is less
than about 0.4.



4 Conclusion

Taking account of the gyroradius effects. we found
that y. of the CDBM transport model is enhanced
by a factor of 3 for p,/r = 1072 and that the ratio
X./xe 18 considerably reduced for low o (L-mode) re-
gion. In the present calculation, the safety factor g is
limited to a rather large value. The calculation with
realistic values of ¢ as well as the effect of the £ x B
rotation shear will be reported in future.

This work is partly supported by the Granz-in-Aid
for Scientific Research of the Ministry of Education,
Science. Sports and Culture Japan, by the collabo-
ration programme of the Advanced Fusion Research
Center of Kyushu Untversity, and by the Collabora-
tion programme of National Institute for Fusion Sci-
ence.

References

[1] K. Itoh, et al., Plasma Phys. Control. Fusion.
36, 279 (1994).

[2] A. Fukuyama, et al., Plasma Phys. Control. Fu-
sion. 37, 611 (1996).

[3] M. Yagi, et al., Phys. Fluids. B 5, 3702 (1993).

] H Stiauss. Phvs Fluids 200 1334 (1977)

[5] A Fukuvama. et al., 17th [AEA Conf. on Fusion
Energy IAEA-CN-69/TH1/6 (1998).

[6] J. W. Connor and J. B. Taylor, Nucl, Fusion 17.
1047 (19%7).

[7] K Itoh. et al., Plasma Phys. Control. Fusion.
36, 279 (1991)

Figure captions

Fig. 1 Spatial structure of the eigen mode for the pa-
rameters s = 0.4, a = 04, g = 20. p/r = 0.01
and ng = 134

Fig. 2 ng dependence of the thermal diffusivity ye
derived from the marginal stability condition
for the parameters s = 0.4, @ = 04, ¢ = 20
and p/r = 0.01.

Fig. 3 Contour of the electron thermal diffusivity x.
on the (s — a) plane for p/r = 1073

Fig. 4 Contour of the electron thermal diffusivity ye
on the (s — ) plane for p/r = 0.01.

Fig. 5 Contour of the ratio xi/x. on the (s—a) plane
for p/r = 0.01.
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