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The characteristics of magnetohydrodynamics (MHD) stability of plasmas with the internal diffusion barrier
(IDB) are intensively studied in the Large Helical Device (LHD) experiment. These plasmas are produced by the
rapid fueling into the core region with pellet injection. As a result, a high electron pressure due to the large central
electron density (12.(0)~10*'[m™]) is attained. A steep pressure gradient appears within the core region and a gentle
gradient exists in the peripheral region. In spite of the steep gradient, ideal and resistive MHD modes in the core
region are stable. On the other hand, the resistive MHD mode which is investigated with the MHD turbulent
transport model becomes unstable in the peripheral region where the pressure gradient is gentle. The formation of
such pressure profile with a steep gradient is characterized by a time evolution of an electron density profile after
the pellet injection. The electron density within the core region decreases at a slower rate than that of the peripheral
region. These theoretical results and experimental observations suggest that the formation of the electron density
profile of the IDB plasma is influenced by the resistive MHD mode rather than the ideal MHD mode.
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1. Introduction

The characteristics of magnetohydrodynamics
(MHD) stability of plasmas with the internal diffusion
barrier (IDB) [1] are intensively studied in the Large
Helical Device (LHD) experiment. These plasmas are
realized by means of the rapid fueling into the core region
with pellet injection. The central electron density (r.(0))
reaches around n,(0) = 10*'[m™] just after the pellet
injection. After that, the electron density decreases and
the electron temperature 7, increases simultaneously. The
decreasing rate of n(0) is lower than that in the
peripheral region. Furthermore, the electron temperature
T. increases with time and the increasing rate of 7,(0)
overcomes the decreasing rate of n.(0). As the result, a
steep pressure gradient within the core region and a
gentle gradient in the peripheral region are established.
The IDB plasmas have been produced in outer-shifted
configurations with R, > ~3.7[m], whereas they have
not been produced in inner-shifted configurations with
R'4 < ~3.7[m]. Here, R",, is the major radius of the
pre-set magnetic axis of the vacuum configuration. In the
case with R",, <(>) 3.75[m], the magnetic axis is shifted
inwardly (outwardly) with respect to the geometric center
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of the last closed flux surface R'i i.e. R'y <(>) R'icis
when R",, <(>) 3.75[m].

This paper is organized as follows. The details of
equilibrium of IDB and non-IDB plasmas are explained
in the following section. In section 3, the MHD stability
R‘A\\T3A6[r:1] R‘M='3A7[r:1] . R‘MT3A7SEm] .

C C =

(@) @

[ Time evolution

~Q

AP P et |
11 1

B[%]

< S —m = Nbhoox
Mo o Looocoo

V2n

[}
S

Well depth

CIRNRE
[ STABLE 1

D
e
(9]

Fig.1 Profiles of B (a, e, i), V27 (b, f, j), well-depth (c, g, k),
and Dy (d, h, 1) in magnetic configurations with the
magnetic axis R',, = 3.6[m] (left column), 3.7[m]
(center column), 3.75[m] (right column) in the time
range from maximum 7,(0) (dotted) to maximum B(0)
(solid). The dashed lines indicate the time between the
maximum #,(0) and the maximum B(0).
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of IDB plasmas are shown by comparison with that of
non-IDB plasmas. We discuss the result in section 4, and
finally, summarize in section 5.

2. Equilibrium of IDB plasma

Figure 1 shows the time evolution of profiles of
equilibrium parameters. In these plasmas, the same size
pellets are injected at the same time interval in the
beginning phase of the discharge. The beta (B) is
calculated by measured 7. and T, which is converted into
the diamagnetic beta by using the averaged vacuum
toroidal magnetic field for the qualitative comparison of
the pressure gradient and the diamagnetic beta. The
rotational transform /27, magnetic well-depth {dV(0)/d®
- dV(p)/dd}/ dV(0)/dd (here, dV(0)/d® and dV(p)/dP are
the specific volume at magnetic axis and at p,
respectively), and Mercier index D are obtained from the
result of VMEC using the measured pressure profile and
the current free (/, = 0) assumption. Three kinds of lines
indicate the time when maximum #.(0) (dotted line),
maximum B(0) (solid line), and the intermediate between
them (dashed line). A clear IDB structure is produced in
the configuration with RY,, = 3.75[m] (Fig.1 right
column), in which a steep pressure gradient is maintained
in the core region as shown in Fig.1(i). On the other hand,
a clear IDB structure does not appear in the configuration
with R';, = 3.7[m] (Fig.1 middle column), in which a
steep pressure gradient does not appear as shown in
Fig.1(e).

The R',, = 3.6[m] equilibrium case is characterized
by monotonically increasing /2w (Fig.1(b)), almost
magnetic hill (Fig.1(c)) at all times and everywhere, and
Mercier unstable (Fig.1(d)). The equilibrium of RY,, =
3.7[m] case is characterized by almost zero shear in the
core region (Fig.1(f)), magnetic well (Fig.1(g)), and
Mercier unstable around maximum #.(0) and Mercier
stable around maximum B(0) (Fig.1(h)). In the R"; =
3.75[m] case, reversed magnetic shear (di/dp < 0 in
Fig.1(j)) and wide (0 < p < 0.7) magnetic well region
with deep (~ 0.2) magnetic well depth exist (Fig.1(k)).
The Mercier index indicates stability as shown in Fig.1(1).
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Fig.2 Time trajectories of the magnetic axis positions with
symbols of square (R',, = 3.6[m]), circle (R*, = 3.7
[m]) and triangle (R",, = 3.75[m]). The time evolutions
reaching maximum [B(0) (closed symbols) from
maximum electron density are plotted.

As shown in Fig.1(e) and Fig.1(i), the difference of
pressure gradient is remarkable though the difference
between R',, = 3.7 and 3.75[m] is only five centimeters
and each <Bg,> are almost same (<Bg> = 1.16[%]
(3.7[m]), <Bg> = 1.13[%] (3.75[m]). However, the
difference of the positions of magnetic axis becomes
0.13[m] when the B(0) is maximum, namely, the axis
positions shift to the R, = 4.04[m] (R'; = 3.7) and
4.17[m] (R': = 3.75), as shown by closed symbols in
Fig.2. Figure 3 shows the relationship between central
diamagnetic beta B(0) and averaged diamagnetic beta
<PBgie> within the time range from maximum ne(0) to
maximum {(0). In all configurations, the maximum [(0)
is achieved in the decreasing phase of <Bg.>. The
peakedness (B(0)/<Bg>) shows the tendency to increase
with R,,. The peakedness attains B(0)/<Bg;> = 6.1 in the
IDB plasma obtained in the configuration with R, =
3.75[m].

3. MHD stability of IDB plasma

Since the steep pressure gradient is realized around
the core region where the rational surface of /2w = 0.5 is
located in the IDB plasma, we pay attention to the local
ideal MHD mode at that surface (D; at /2w = 0.5) and the
global ideal MHD mode with m/n = 2/1 (here, m/n means
the poloidal/toroidal Fourier mode number). From the
result of the 3-D low-n ideal MHD analysis [2], the
global mode with m/n = 2/1 appears only in the
configuration of R',, = 3.6[m] at <Bg,> = 1.2 ~ 1.3[%]
(B(0) =2.1 ~ 2.8[%]) indicated by closed squares in Fig.3.
Its growth rate (y/w,) and the normalized full width at
half maximum (FWHM) of the mode width (8/a) are Y/,
= 1.1 ~ 1.9x107 and &/a = 0.08 ~ 0.11, respectively. The
maximum Y/®, and &/a appear in the equilibrium with
maximum B(0) of 2.8[%].

Figure 4 shows the relationship between the pressure
gradient dB/dp at V2w = 0.5 surface and the B(0). The
experimental data are indicated by some symbols with
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Fig.3 Time trajectories of relationship between central beta
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Baia(0) and averaged diamagnetic beta <Bg,> with
symbols of square (R',, = 3.6[m]), circle (R", = 3.7
[m]) and triangle (R",, = 3.75[m]). The time evolutions
reaching maximum B(0) from maximum electron
density are plotted. Closed squares indicate the global
mode with m/n = 2/1 unstable.
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circle (at normal magnetic shear dv/dp > 0) and square (at
reversed magnetic shear di/dp < 0). Solid lines indicate
the Mercier indexes obtained from equilibrium reference
with some kinds of modeled pressure profiles. The
Mercier unstable region decreases with R, and
eventually disappears for R",, = 3.75[m]. In the case of
R';« = 3.6[m], experimental data exist in the Mercier
unstable region. The global mode with m/n = 2/1 appears
around (B(0), df/dp) = (2.0 ~ 3.2[%], 0.9 ~ 3.8[%])
indicated by closed circles in Fig.4(a). In the case of R",
= 3.7[m], the maximum value of the Mercier index is less
than D; = 0.13. The experimental data seem to move
temporally along the line of D; = 0 as shown in Fig.4 (b).
In the case of R",, = 3.75[m] (Fig.4 (c)), the local MHD
mode becomes stable. The pressure gradient increases
with B(0) and the maximum pressure gradient attains to
dp/dp = 14.3[%]. In configurations of R',, = 3.6 and
3.7[m] cases, the pressure gradient might suppress the
development of the local ideal MHD mode (Fig.4(a)(b)).
In these configurations, the IDB plasmas have not been
produced. In the IDB plasma, on the other hand, the
pressure gradient seems to increase without restriction
with respect to the local ideal MHD mode (Fig.4 (c)).

In the case of outer-shifted configurations, a core
density collapse (CDC) after the formation of the IDB has
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Fig.4 B(0) vs. dB/dp space at magnetic axis positions of (a)
3.6[m], (b) 3.75[m] and (c) 3.75[m], respectively. The
Mercier index of D; = 0, 0.2, and 0.4 are shown by
black, gray, and dotted lines, respectively. Symbols of
circle (at di/dp > 0) and square (at di/dp < 0) indicate
experimental data. Thin line connecting symbols
indicates time trajectory of one shot.
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been observed [3]. Typical profiles of n. and B are plotted
in Fig.5 in the case of R',x = 3.85[m]. The 7, in the core
(R =3.7 ~4.3[m]) suddenly drops (Fig.5(a)) whereas the
T. is sustained during the CDC. Consequently, the B in
the core region also decreases as shown in Fig.5(b). The
equilibrium just before the CDC shows a steep pressure
gradient (Fig.6(a)), reversed 1/2mn (Fig.6(b)), deep
magnetic well depth (Fig.6(c)), and Mercier stable
(Fig.6(d)). Profiles of 5 shots are plotted in same style
without distinction to show reproducibility. The global
ideal MHD mode is also stable to the » = 1 mode family
with m < 31. Therefore, it is thought that the ideal MHD
cannot explain the CDC phenomena and the other
mechanisms may cause the CDC.

4 Discussion

The ideal MHD stability of IDB Plasma was
analyzed. These results show that the IDB plasma is
stable to the ideal mode in the whole plasma region. In
the IDB plasma, the pressure gradient seems to increase
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without restriction imposed by the local ideal MHD mode.
It is thought that the establishment of the steep pressure
gradient in the core region of the IDB plasma is not
affected by the ideal MHD mode. The possibility of the
effect of the resistive MHD on the formation of the IDB
plasma is discussed here. The time evolution of the
electron density profile after the pellet injection is
examined closely. The time evolution of the electron
density profile is shown in Fig.7. The remarkable
decrease is seen in the peripheral region. The profile of
the decreasing rate of the electron density v, (=
-(dn./df)/n.) is shown in Fig.8. The v, is less than 1[1/s]
in the core region (p < 0.5) and v,,. = 4[1/s] at peripheral
region (p = 0.7).

Next, the effect of the resistive MHD instability
mode is discussed. Here, the transport via the resistive
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Fig.7 The electron density profile in the case of R', =
3.75[m]. The symbol colors indicate the time
evolution from black to white at intervals of 100[ms].
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pressure gradient driven turbulence is discussed as the
effect of the resistive MHD instability. We pay attention
to the time evolution after the time when the density
reaches the maximum value. The characteristic time is
few-hundreds milliseconds, and it is greatly different
from the characteristic MHD time of few microseconds.
Here, we investigate not the direct effect of MHD but the
influence of MHD through the diffusion process. The
coefficient of the particle diffusion driven by the
turbulence D, is defined by the differential of the specific
volume (V"), Reynolds number (S), and the pressure
gradient (dB/dp) as follows [4-5].
v’ a)’
n Sl
Here, the differential of the specific volume V" is used
instead of K, to estimate the coefficient of the particle
diffusion D,. The profile of D, in the IDB plasma at
maximum #.(0) is shown in Fig.9. The D, is negative
within the core region of p < 0.6 and finite in the
peripheral region of p > 0.6. This suggests that the
peripheral region becomes resistive MHD unstable
whereas the core region is stable to both ideal and
resistive MHD modes. That is, the IDB plasma is
produced via the process that the electron density within
the core region decreases at a slower rate than that of the
peripheral region. It is suggested that the formation of the
IDB plasma is affected by the resistive MHD mode
correlated with the transport via the pressure gradient
driven turbulence in the peripheral region. The result of
the study about resistive MHD mode is shown as the
collateral evidence. The resistive MHD study is being
continued to clarify physics of formation of IDB plasmas.

(M

5. Summary

The MHD stability of IDB Plasma is analyzed. The
IDB plasmas have been produced in outer-shifted
configurations with R, > ~3.7[m], whereas they have
not been produced in inner-shifted configurations with
R'»x < ~3.7[m]. The IDB plasma is not affected by the
ideal MHD stability whereas the pressure gradient seems
to be suppressed by the ideal local MHD mode in the case
of non-IDB plasma. In the case of R';, = 3.85[m], the
CDC after the formation of the IDB has been observed, in
which the ideal MHD mode is stable. It is thought that the
ideal MHD cannot explain the CDC phenomena and the
other mechanisms may cause the CDC. The formation of
the IDB plasma with a steep pressure gradient is
characterized by a time evolution of the electron density
profile in the time range from #n(0) maximum to
maximum. The remarkable decrease is seen in the
peripheral region. The coefficient of the particle diffusion
by the resistive pressure gradient driven turbulence is
positive in the peripheral region. These theoretical results
and experimental observations suggest that the formation
of the electron density profile of the IDB plasma is
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influenced by the resistive MHD mode rather than the
ideal MHD mode in the peripheral region.
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