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The ion-temperature-gradient (ITG) mode instability in sheared slab geometry in the presence of a meso-
scale magnetic island is investigated with a focus on the short-wavelength regime (kyp; > 1). We found that a
static magnetic island causes radial and poloidal modes to couple and therefore plays a stabilizing role by allowing
energy transfer from unstable modes to stable modes. However, for large island widths, the short-wavelength ITG
mode becomes strongly destabilized and tends to dominate over the standard ITG mode (kyp; =~ 0.5). A reduced
model is proposed in this paper to understand this destabilization mechanism.
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1. Introduction

The short-wavelength ion-temperature-gradient (sw-
ITG) mode was discovered by Smolyakov et al. [1] in
shearless slab geometry as a second destabilization of the
ITG mode for large poloidal mode numbers k,p; > 1. Fol-
low up investigation by Gao et al. confirmed that the sw-
ITG mode exists in sheared slab geometry [2], as well as
in toroidal geometry [3]. Gao et al. also found that a large
electron temperature gradient 7, has a destabilizing effect
on the sw-ITG mode, and that while a large magnetic shear
§ and plasma pressure 5 have a stabilizing effect, it still
cannot completely suppress the sw-ITG mode. Recently,
it was found that although the linear growth rate of the
sw-ITG mode is comparable to the usual long-wavelength
standard ITG (std-ITG) mode, its contribution to the heat
flux in the non-linear regime is negligible [4].

In this study, we are investigating the effect from
the equilibrium magnetic field perturbation arising from a
static magnetic island on an ITG drift wave in the linear
phase. This setup was also studied by Wang et al. [S], who
found that islands of size w < 10p; have a stabilizing role
arising from an induced poloidal mode coupling, which en-
ables the dissipation of energy by stable modes. On the
other hand, for larger magnetic islands widths (w > 10p;),
the destabilizing effect due to the appearance of additional
rational surfaces dominates. However, it should be noted
that these results were obtained using a gyrofluid simula-
tion model that overestimates the damping and does not
take the sw-ITG mode into account. It was therefore neces-
sary to reconfirm these findings using a more sophisticated
simulation model.

By performing gyrokinetic simulations, we found
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that, although poloidal coupling can transfer energy to sta-
ble modes which is then dissipated away through Lan-
dau damping and finite Larmor radius (FLR) effects, the
stabilization effect is reduced owing to the appearance of
the sw-ITG mode. In addition, for large magnetic island
widths, the sw-ITG mode is also more sensitive to the
modification of the equilibrium magnetic geometry, and
achieves a growth rate exceeding that of the std-ITG mode.
The global mode which is formed because of the poloidal
mode coupling is then dominated by the sw-ITG mode.

2. Basic Equations

We employ the gyrokinetic equations in a two-
dimensional sheared slab geometry using the local approx-
imation, where a constant temperature throughout the do-
main is assumed but with a finite temperature length scale
Ly and a density gradient L,. The distribution function is
split into a constant Maxwellian part f, = exp (—vﬁ - u)
and the perturbed part fi(x, ky; vy, ). Here, x is the radial
direction, whereas the poloidal direction y is decomposed
into Fourier harmonics k,. The variables v and u are the
parallel velocity and magnetic moment, respectively. The
linearized Vlasov equation is written as

o _ iky {1 +7; (v,2 + - %)} # fo

ot
+ ikvav) (fi + () fo)
—vavy [, fi + <) fol + Crs, (D

with ; = Ly/L, and the thermal velocity defined as
v, = V2T;/m;. Also, (A) denotes the gyroaveraging

and is defined as (A) = Jy(1)A with 4 = ,/2p,huki,
where Jj is the Bessel function of the first kind. The
physical quantities are normalized as xp; — x, k,/p; —
ky, w/va = vy, fovi/no —  fo, filuvm/pmno —  fi,
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Fig. 1 The magnetic flux eigenfunction ¢, and its derivative
Oy /0x of the tearing mode instability with m = 1 ob-
tained from a numerical simulation using a Harris sheet
profile.

Vi /Ly = t, geLn/viy = ¢, uB/mv3 — p, pm = vin/ Qi
and Q; = —eB/m;c. In standard sheared slab geometry
without a magnetic island, the parallel wavenumber is ex-
pressed as k; = 8xk,, where x = 0 is equivalent to the
position of the rational surface. The third term in Eq.(1)
is the geometrical effect which arises from a static mag-
netic perturbation i1, where [A, B] is the Poisson bracket,
defined as 0,A 6,B — 0,A 0B. A Lenard-Bernstein colli-
sional model C;, with a small collisionality B¢ = 1073 is
included,

Cus = Be (fi +vidu fi + 3, i), 2)

in order to reproduce the Landau damping of stable modes.
The Poisson equation is

e

_ f f (fiy dudy, 3)
vj=—co Ju=0

with I'y(b) = Iy(b)e™”, and I the modified Bessel func-
tion of the first kind, zeroth order, b = p’ki and Ap is
the Debye length. Debye length effects are neglected as
A3 /p? < 1. The electrons are assumed to be adiabatic
with a temperature of T, = T;.

For the magnetic perturbation ¢ the magnetic flux
eigenfunction of a single tearing mode is used, which is
calculated using a reduced MHD model, (see e.g. Strauss
[6]). A Harris current sheet y.q = tanh(§x) is chosen as
the initial equilibrium for the MHD simulation. For this
setup, a tearing mode instability with poloidal mode num-
ber m = 1 is unstable with a magnetic flux eigenfunction
Y1, as shown in Fig. 1. We note that the evolution of the
magnetic island can be considered slow compared to the
gyrokinetic drift wave timescale and thus the assumptions
for keeping the temperature and density gradient are justi-
fied. Assuming that | contributes only through the m = 1
component of the magnetic island structure, i is given by

1 1
{Ai)ki + g (L= o) + ;}gb

b = g [ — eIt @)

The Poisson bracket is directly calculated using the triad
mode coupling condition

~, —
N, ~\., \\
—0.255G \, .
Tl N\ N
=035 N N\ .
-

04k N\ N\ :
K N \\ I Wil \\ LT

1071 10" 10t

01 " stdITG sw-ITG

107! 10° 10!

Fig. 2 Dispersion relation for § = 0.2 and ; = 5 and adiabatic
electrons. Each line corresponds to a branch of the ITG
mode. Two unstable std-ITG branches exist for k, < 1, as
well as one unstable sw-ITG branch for k, > 1.5.
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where /, =8, and k' =27m/L,. The Poisson bracket
term also includes contributions from the neighboring
poloidal modes, and thus poloidal modes are coupled once
w > 0. For the negative k, modes, the corresponding com-
plex conjugate value of the positive mode is used.

3. The Short-Wavelength ITG Mode

The dispersion relation of the ITG instability with
Y1 = 0 is calculated as a non-linear integral eigenvalue
equation. A detailed overview of the solution procedure is
given by Idomura [7]. Thus we will only present the results
here. We use § = 0.2, ; = 5 to calculate the dispersion re-
lation as shown in Fig. 2. We find multiple eigenmodes in
the system with most of them being stable. For the std-ITG
region with k, < 1, we can identify two unstable modes
with similar growth rates, whereas for k, > 1, both these
modes are stable. However, for k, > 1.5, a further ITG
mode becomes unstable with a narrow radial eigenstruc-
ture. We refer to this mode as the sw-ITG mode. The
peak growth rate of the sw-ITG mode is reached around
ky = 2.5 with approximately half the growth rate of the
std-ITG mode. We note that the sw-ITG mode also exists
for kinetic electrons, although a finite electron temperature
gradient is required in order to destabilize the mode.

4. ITG Instability with a Static Mag-
netic Island Structure
We solved the gyrokinetic equation system Eq. (1) as

2403040-2



Plasma and Fusion Research: Regular Articles

Volume 8, 2403040 (2013)

. . ——— . —
—e 0 — 6 - 12 v—y 18
0.10 &= =
F\
0.05 ]
0.00 “oooood
I |
107! 10°
kZ/

Fig. 3 Growth rates of poloidal modes for w = 0,6, 12, 18. For
w > 0 all modes have an equal growth rates owing to
the formation of a global mode. The gray line shows the
theoretical growth rate for w = 0.
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Fig. 4 Growth rate y and real frequency w, of the global mode
depending on the magnetic island width w for § = 0.2 and
n; = 5. Strong destabilization is observed for w > 15.

an initial value problem using the gkc++ code [8] and the
parameters § = 0.2 and 17; = 5. Once a finite magnetic
island width is included (w > 0), a global mode is estab-
lished through poloidal mode coupling, where all poloidal
modes have equivalent growth rates (and real frequencies),
as shown in Fig.3. Coupling enables unstable modes to
transfer energy to stable modes, where it is then dissipated
away through finite Larmor radius effects and/or Landau
damping [5]. This is observed as the reduction of the
growth rate of the global mode. As a larger island size
enhances the coupling between the modes, this stabiliza-
tion mechanism increases for larger island sizes until a
width of w =~ 15, as shown in Fig.4. However, the sta-
bilization mechanism is weak compared to that reported
by Wang et al. [5]. This can be attributed to the appear-
ance of the sw-ITG mode, which reduces the energy dis-
sipation by providing a free-energy source, as can be seen
by the contribution to the energy spectra in Fig. 6. Here,
for small magnetic islands w < 15, the ITG global mode
structure is broadened, and mainly determined by the most
unstable mode, see Figs. 5 (a)-(c). For large island widths
(w > 15), a strong destabilization of the global mode is
observed, together with a change in the global mode struc-
ture, which changes to a very localized and narrow struc-
ture as is shown in Fig.5(d). The origin of this destabi-
lization can be attributed to the sw-ITG mode, which then
drives the global mode as can be seen in the energy spectra

(dw=16

Fig. 5 Contours of electric potential ¢ of the ITG global struc-
ture for island widths of w = 0, 6, 12, 16.
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Fig. 6 Normalized energy spectra for island sizes of w =
4,8,12,16.

in Fig. 6. In addition, by artificially damping the sw-ITG
mode in the simulations, we could confirm that the std-ITG
mode is also destabilized, however for much larger mag-
netic island widths (i.e. w = 20). The physical mechanism
of this destabilization is elucidated using a reduced model
in the next section.

5. Reduced Model

In order to understand the destabilization of the sw-
ITG mode observed in Fig.4 and Fig. 6, a reduced model
is proposed in order to help analyze the response of the
ITG mode to the static magnetic island. For simplicity, we
fix the poloidal direction at y = 0 and y = L,/2, which
corresponds to the X-point and O-point of the island, re-
spectively. This excludes the poloidal mode coupling from
the island which arises from the islands poloidal struc-
ture in Eq.(4). The islands magnetic flux ¢ is now related
only to the Landau damping and parallel advection term,
as kj = ky (§x + Jx) = k,B,. The modified magnetic field
B, with contributions from the magnetic island and the
equilibrium at the X- and O-point is shown in Fig.7. At
the X-point, the island structure increases the local shear
close to the rational surface. However, at the O-point, the
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Fig. 7 Perturbation of the equilibrium field due to the magnetic
island of size w = 20 at the X- and O-point.
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Fig. 8 ITG growth rates at the island’s X- and O- point for k, =
0.5 and k, = 2.5 modes versus the island width w.

island leads to a separation of the rational surfaces, the dis-
tance of which increases with the size of the island. For the
perturbed magnetic field at the X- and O-point, we evolve
only a single poloidal mode, with a wavenumber which
corresponds to the peak growth rate of the std-ITG mode
at k, ~ 0.5 and of the sw-ITG mode at k, ~ 2.5. The
growth rate’s dependence on the island width is shown in
Fig. 8. For the X-point equilibrium, the std-ITG mode is
slightly destabilized, which agrees well with the general
behavior of destabilization for weak magnetic shear and
the stabilization for stronger shearing rates. The sw-ITG
mode however is very sensitive to the increase in mag-
netic shear and quickly stabilizes. For the O-point equi-
librium, the std-ITG mode is stabilized for small island
widths on account of the reduction of local shear, how-
ever it is destabilized again for large island widths because
of the separation of rational surfaces. As the island width
increases and crosses a critical value, the std-ITG mode
and also the sw-ITG mode are first destabilized, and then
stabilized again, as shown in Fig.8. However, the criti-
cal island width for the sw-ITG mode is smaller than that
of the std-ITG. We can understand this underlying mech-
anism through the response of the ITG eigenmode struc-
tures to the island size. As shown in Fig. 7, for large is-
lands, the rational surface is separated into two, so that a
so-called double ITG mode with an increased growth rate
is excited [9]. The corresponding eigenfunctions of the
std-ITG and sw-ITG modes are shown in Fig.9. As the
island width increases further, the double ITG modes are
destabilized first with the increase in the rational surface
separation. Finally, when the separation is large enough,
the double ITG mode structure also separates, so that the

(a) std-ITG

(b) sw-ITG

Fig. 9 Eigenfunctions (absolute value) of the std-ITG mode for
k, = 0.5 and sw-ITG mode for k, = 2.5 for different
island width.

mode structures reduce back to the eigenstructure with a
single rational surface, as shown in Fig.9, which is why
the growth rate decreases. As for the difference of the crit-
ical island widths for the destabilization of the std-ITG and
sw-ITG modes, this phenomenon may result from the nar-
row mode width of the sw-ITG mode, which matches the
small separation of the rational surface. Hence, the critical
island widths for the destabilization and even stabilization
of the sw-ITG mode are reasonably smaller than those for
the std-ITG mode as shown in Fig. 8.

6. Conclusion

We have studied the effect of equilibrium field pertur-
bation arising from a static magnetic island. We have found
that a small magnetic island has a stabilizing effect on the
ITG mode, because it enables unstable poloidal modes to
couple to stable modes and dissipate energy. However, for
large islands the separation of the rational surfaces caused
by the island destabilizes the ITG mode. In this case, the
destabilization of the sw-ITG mode is dominant on account
of its smaller radial mode structure, and is therefore more
sensitive to rational surface separation compared to the std-
ITG mode.
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