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ABSTRACT

The behavior of non-linear tearing modes and the plasma flows around magnetic islands is studied numerically in a cylindrical geometry using
the method of reduced magneto-hydro-dynamic simulation. The results show that the single tearing mode (STM) becomes stable in a short
time. The magnetic islands of double tearing modes (DTMs) first develop to a sufficiently large scale and then couple together when entering
the non-linear phase. It is also shown that, before the non-linear growth stage, the perturbed kinetic energy and magnetic energy of both the
STM and DTM have a process from different signs to constant positive values. For the STM island and plasma flow, it is demonstrated that
the shear flow is formed on both sides of the islands and the poloidal flow velocity around the O-point is larger than that around the X-point.
For the DTM island and plasma flow, we found that the peak of the poloidal flow velocity is mainly distributed at the O-point edge and the
X-point of the magnetic island and the plasma flow velocities at the magnetic island edges are opposite. In addition, the process of plasma
flow accompanying the nonlinear evolution of tearing modes is also presented.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0013209

I. INTRODUCTION the interaction between the flow structure and the magnetic island
becomes an important issue in improving plasma confinement and

Advanced tokamak operations have been studied adequately transport.”"”

because of their higher bootstrap current fraction and the signifi-
cant transport improvement obtained with reversed magnetic shear.
The double tearing mode (DTM) instability induced by the negative
magnetic shear, s, is an important magneto-hydro-dynamic (MHD)
instability, which leads to energy loss through magnetic reconnec-
tion and even causes plasma disruption.'”” On the other hand, MHD
flow layers, which have an important effect on plasma confinement,
are demonstrated to merge in the development of the DTM." The
density profile peaking inside the magnetic island is observed in
some experiments, which suggests that the plasma electric potential
may have some structures inside the magnetic islands.” Therefore,

The experiments and correlation analyses about the temporal-
spatial behaviors of plasma flows and turbulence show that the flow
has similar structures as the magnetic island. Observations on a large
helical device show that the flattening of the ion temperature and
electric potential is observed inside the magnetic island when the
n/m = 1/1 perturbation field is applied. The sheared poloidal flows
and sheared radial electric field are also observed at the boundaries
of the magnetic island because of the missing poloidal flow inside
the static magnetic island.” Furthermore, Zhao et al. found that the
sign of the potential fluctuation for the flows inverses and the power
significantly reduces at the q = 3 surface. The flow structure depends
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on the locations of the magnetic island. Usually, the flows are con-
centrated on the boundary of the magnetic island with an elongated
structure, while the turbulence is concentrated near the X-point of
the magnetic island."’

Theoretically, the research on the tearing mode and the flows
near the magnetic islands during their formation has been an impor-
tant topic in recent years.'"'” In the study of tearing modes, in terms
of the linear and nonlinear behavior of the DTM under the cylin-
drical geometry, it is found that the distance between the two ratio-
nal planes has a great influence on the evolution of the magnetic
island."” In addition, early studies have shown that the shear flow,
which is usually strong enough to suppress the turbulent flow,” will
appear at the edge of the magnetic island in the quasi-linear stage of
the evolution of the tearing mode. The authors of Refs. 14-16 stud-
ied a MHD flow driven by the energy of the magnetic field released
during the evolution of the tearing mode. They mainly analyzed the
characteristics of the tearing mode under the influence of anomalous
electron viscosity and plasma resistance in the slab geometry'” and
gave the scaling relationship of the linear growth rate of the tearing
mode. Both in the linear and nonlinear phase, the stabilizing effect of
shear flow on the tearing mode has been verified by numerical simu-
lation.'®"? The authors of Ref. 20 applied a simplified magnetic fluid
model to study the evolution process and steady-state characteris-
tics of zonal magnetic islands under the influence of local flow. In
sum, there exists a study of nonlinear tearing modes and the plasma
flows around the islands based on the reduced MHD model. How-
ever, the preliminary results are in slab geometry, and a predictive
investigation of tearing mode interactions with plasma flow around
magnetic islands under a cylindrical geometry is essential for future
fusion experiments.

In this work, we numerically investigate the nonlinear behav-
ior of single tearing modes (STMs), the DTM, and the plasma flows
around the magnetic islands based on the reduced MHD model in
a cylindrical geometry. The temporal-spatial behaviors of the non-
linear tearing modes are analyzed, focusing on the magnetic island
structure, plasma flows, perturbed kinetic energy, and perturbation
of magnetic energy. The growth rates of the STM and DTM have a
similar evolution process before entering the nonlinear phase. After
that, the STM reaches a static state, while the DTM still holds on
to a complicated evolution process. Furthermore, it is demonstrated
that the plasma flows, which are mainly concentrated on the bound-
ary of the magnetic island with an elongated structure, have similar
structures as the magnetic island. The spatial structures concen-
trated near the X-point and trapped inside the magnetic island are
also observed.

The rest of this paper is organized as follows. The physics model
is introduced in Sec. I1. In Sec. 111, we report the results of the numer-
ical study for single and double tearing modes and the plasma flow
around the corresponding magnetic islands. Brief conclusions are
given in Sec. I'V.

1. MODELING

We start from the generalized Ohm’s law and the equation of
motion,

1
E+EVxB=71j—i12ij, 1

scitation.org/journal/adv

14 1
p[%+(V—V)V]:—Vp+ ijB+,uV2V. (2)

For a tokamak with a large aspect-ratio, the magnetic field configu-
ration can be approximated by a cylinder coordinate system (r, z, 0).
Assuming an incompressible plasma, V-V = 0 and V- B = 0, then,
the magnetic field and plasma velocity can be expressed by the fol-
lowing two scalar potentials: the magnetic flux function ¥ and the
fluid velocity potential function ®. In addition, we have

B=BiZ+ V¥ x7Z, (3)

V=ViZ+VDxZ (4)

The electromagnetic field equations in the Gaussian unit system are

vxB=7; (5)
c
10B
E=--—. 6
v c ot (©)
From Eq. (5), we can get
L c -~ c(0 2
== ¥x7) = —(—v¥-2viv).
J 47TV><(V *%) 47:(82:V Wl) @

Substituting Eq. (6) into Eq. (1), we can get

oY oD 2

c 2 2/(2
o —Boa -[¥. @]+ E[Wvl\y = n2Vi(Vi¥)] + cBu. (8)
Here, Poisson’s bracket is defined as
1({0adb 0Obda -
(wb1= (5056~ 5 56) = (F4x 70 F
g.vx%:%’Z‘.vx(—vP+%ij+yvzv). 9

The left side of Eq. (9) is as follows:

. av d_,
Z.VXE__EVLQ

9]
=—[&vi®+(v-v)vi®]

:_[%viqunf-vwi@)} (10)

The first term on the right side of Eq. (9) is given as follows:
V x VP =0. (11)
The second term on the right side of Eq. (9) is given as follows:

1 , By 0 _» 1 . 2
7. B =——""—V/¥V- — Y, V¥|. 12
pic V x (j x B) dnp 52V 4ﬂp[vl 1 (12

The third term on the right side of Eq. (9) is given as follows:

b vxviv= —%vi(vi@). (13)
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where f is normalized to 7),t, r is normalized to ar, { = z/Roq(a),
v = Y/aBy, ¢ = ®/(a*/1,), and the magnetic Reynolds number
S = 1,/1y,, with 7, = 47a’/nc* being the magnetic diffusion time.
The electron viscosity magnetic Reynolds number is R = 7,/7,, with
7, = 4na*nle? [mep.c® being the electron viscosity induced current
diffusion time, and R, = 7,/7),, with 7, = pa’/u being the plasma
momentum diffusion time.
The form of the g distribution function used is as follows:

q(r) = qc{l + (r_ro)“}[l +Aexp{—(%)2}]. (17)

In the numerical simulation of the single tearing mode, the parame-
ters are fixed as follows: A =1, 79 =0.37,6 =0.34, 75 =0, A= 1.5, g,
= 0.7, and the position of the g = 2 surface r; = 0.34. For the simula-
tion of the double tearing mode, the parameters are fixed as follows:
A=1,7r=0412, 6 = 0273, r5 = 0, A = 3, g = 1.05, the positions
0.0 0.2 0.4 0.6 0.8 10 of g = 3 surfaces rs; = 0.31 and r,; = 0.53, and the distance between
the surfaces Dy, = 0.22. The nonlinear behavior of the STM, DTM,
and plasma flows around the islands is simulated. The character of
FIG. 1. The safety factor profile used for a single tearing mode calculation. the nonlinear evolution of both the STM and DTM is estimated by

perturbed total kinetic energy E*" = |V @|>.”

a(r)

r/a

Substituting Egs. (10)-(13) into Eq. (9), then, we get I1l. NUMERICAL RESULTS

b By, O In this part, we will report our simulation results of non-linear
20 0 2 20 @
EVL T T 8_VL -[Vi®, o] behaviors of tearing modes, the plasma flows around the magnetic
pc oz . . .
) islands, and the interactions between them.
ro (VIR Y] L2 (Vo). (14)
p P A. Single tearing modes and plasmas flows around

Equations (8) and (14) can be normalized into magnetic islands

For the q distribution function Eq. (12), we gave the parameters
oy _ 99 _ (¥, 0] +S ' Viy - R'V2(Ty) + Euss (15) for the STM, as mentioned before. The corresponding monotonic q

ot o distribution is shown in Fig. 1. The position of the rational surface r,
is located at 0.34.
9 s 9 -, Figure 2 shows the contours of magnetic flux (a) and elec-

avlﬁb == a(vl‘ﬂ - [Vig. 6]+ [Vipy]+ R;llv\i(ﬁiﬁb): (16) trostatic potential (b) of the single tearing mode at t = 420.
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FIG. 2. Contours of magnetic flux (a) and electrostatic potential (b) of the single tearing mode at t = 420, R = 108, and S = 108,
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FIG. 3. Contour of the poloidal velocity distribution of single tearing modes at
t=420,R=10% and S=10".

It shows that the evolution process of the single tearing mode
is relatively simple. In the stage of steady growth of the single
tearing mode, two magnetic islands grow at the rational surface
and form a flow field distribution.

Figure 3 shows the contour of poloidal velocity flow of sin-
gle tearing modes at t = 420. From Fig. 3, we can see that in
the process of generating the magnetic island, the acceleration of
the plasma by the bending of the magnetic lines of force leads
to a certain degree of poloidal flow velocity distribution. Shear
flow is formed on both sides of the magnetic island, and the
poloidal flow velocity is larger around the O-point than around
the X-point of the magnetic island. There is also a small peak in
the poloidal flow velocity at the X-point, while the amplitude of
the poloidal flow velocity is weaker at other locations.

(a)

0.3 Ykin

0.24

=0. 1+
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t
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a(r)

x/a

FIG. 5. The safety factor profile used for double tearing mode calculations, for
which the parameters are fixed as A = 1, ro = 0.412, § = 0.273, rs =0, A= 3,
gc = 1.05, the positions of gs = 3 resonant flux surfaces ry = 0.3107 and
r, = 0.5345, and the distance between the two resonant flux surfaces D;, = 0.22.

Figure 4 shows the evolution of the growth rate (a) and per-
turbed kinetic energy (b) of single tearing modes. From Fig. 4(a),
we can see that from about t = 100, the growth rate becomes
a positive value and gradually increases. When it reaches about
t = 140, it tends to be stable and the stable growth rate y is 0.012.
Figure 4(b) shows that the initial perturbed magnetic energy
decreases rapidly and then enters a rapid rise phase. At the same
time, the perturbed kinetic energy line increases rapidly and then
decreases and the changes in them are opposite. After a period of
oscillating, they came into a steady stage after t = 140 when the
growth rate is close to zero.
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FIG. 4. The evolution of the growth rate (a) and perturbed kinetic energy (b) of single tearing modes.
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FIG. 6. Contours of magnetic flux (a)
and electrostatic potential (b) at different
times with [(a1) and (b1)] t = 420, [(a2)
and (b2)] t = 480, [(a3) and (b3)] t = 540,
[(a4) and (b4)] t = 600, and Dy, = 0.22,
R=10% and S=10%,
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B. Double tearing modes and plasmas flows around
maghnetic islands

For the DTM, the distance between the two rational surfaces
depends on g, which is set to be 1.05 here so that the two g =3 and 1
rational surfaces are located at 751 = 0.3107 and r,, = 0.5345, respec-
tively, and the distance between them is 0.2238. The safety factor
profile is shown in Fig. 5.

Figure 6 shows the contours of magnetic flux (a) and electro-
static potential (b) at different times. It gives the evolution of mag-
netic islands and magnetic field lines against time. We could see that
in the initial period, at t = 250, the magnetic islands appeared on
the two rational surfaces and the positions were staggered. Divided
by the central equilibrium magnetic field lines, the two magnetic
islands evolve on their own rational surfaces. When the scale of
the magnetic island grows to a certain degree (t = 420), it can be
seen that the radial positions of the two groups of magnetic islands
coincide; from t = 440 to 480, when the inner magnetic island
connects the equilibrium magnetic field lines in the middle, the
width of the inner magnetic island begins to decrease, the mag-
netic island deforms, and then it moves outward. At the same time,
the width of the outer magnetic island continues to increase and
moves inward.

At t = 500, the migration process of the inside and outside
magnetic islands is basically completed. Afterward, the outer mag-
netic islands begin to reconnect with the outer equilibrium mag-
netic field lines and the inner magnetic islands begin to reconnect
with the inner equilibrium magnetic field lines. The outer magnetic
reconnection process is tremendously faster than that of the inner
side. As the magnetic reconnection process progressed, the magnetic
islands gradually disappeared and new magnetic field lines were gen-
erated. As can be seen from t = 520 and 540, during the disappear-
ance of the first batch of magnetic islands, a new batch of magnetic
islands is produced. However, the scales of the new ones are signifi-
cantly smaller than those of the first batch. Some of them disappear
after a period of evolution at the generating position, and some
of them disappear after moving to a certain position in the radial
direction. Generally, their behavior is similar to the first batch of

0.00014

0.00012

0.00010

0. 00008 -

0. 00006 -

0. 00004

0. 00002

0. 00000

ARTICLE scitation.org/journall/adv

magnetic islands. After that, the process of magnetic island genera-
tion and disappearance was repeated for many times, but the scale
was much smaller than that of the first two, and eventually, the
magnetic islands disappeared.

The evolution process of the magnetic field lines corresponds
to Fig. 6. Here, we analyze this process from the perspective of per-
turbed magnetic energy and kinetic energy. Figure 7 represents the
evolution of perturbed magnetic energy (a) and kinetic energy (b) of
the DTM with different modes. From Fig. 7, it can be seen that the
two modes, namely, m/n = 0/0 and 3/1, play a major role. During
the time from t = 0 to t = 250, there is no obvious change in mag-
netic energy in this initial stage. During the period from t = 250 to t
= 400, the width of the magnetic island is in the slowly increasing
growth period and the corresponding perturbed magnetic energy
also begins to increase slowly. From t = 400 to t = 500, the mag-
netic islands in the inner and outer layers exchange positions and
the perturbed magnetic energy increases rapidly. After t = 500, the
initial magnetic islands disappear and some weaker magnetic islands
repeatedly disappear, and basically, they stabilize after t = 700, as
can be seen from the fluctuation phase of the perturbed magnetic
energy shown in Fig. 7. We do some quantitative analysis of the
results in Fig. 7. It can be seen that the stage is the linear stage of
the DTM before t = 200 and the DTM enters a nonlinear period
around t = 300. The perturbed magnetic energy is dominated by
m/n = 3/1 and 0/0, both of which are of the same magnitude and
more than three orders of magnitude higher than the other modes.
In the linear stage, the growth rate of perturbed magnetic energy
is 0.03 and 0.01 for m/n = 3/1 and 0/0 modes, respectively. Subse-
quently, in the process of entering the nonlinear phase, the growth
rate of the m/n = 3/1 mode decreases, while that of the m/n = 0/0
mode increases rapidly and becomes significantly higher than that of
the other modes. At the same time, the perturbed magnetic energy
of the high m mode has also developed rapidly. The modes of m/n
= 0/0, 3/1, 6/2, and 9/3 are all taken into account in the analysis.
Their ratio of their peaks is about 55:5.5:5:1. The value is approxi-
mately equal to 43:8:1 when reaching equilibrium. It should be noted
that the value of m/n = 0/0 is too large here, so only the last three
are considered.
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FIG. 7. Evolution of perturbation magnetic energy (a) and kinetic energy (b) corresponding to the double tearing mode with different modes with R = 108 and S = 108,
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FIG. 8. The evolution of the growth rate of the double tearing mode with R = 108
and S=10"8,

We now study the evolution of the magnetic field line with
the change in the growth rate. Figure 8 shows the evolution of the
growth rate of the double tearing mode. As can be seen from Fig. 8,
att=200-250 (linear development stage), the growth rate is basically
constant and the value is about 0.03. At this time, the DTM increases
exponentially with a constant growth rate. During the period from
t = 250 to t = 350 (non-linear driving phase), the first batch of
magnetic islands grew and the radial positions coincided. Nonlinear
coupling occurred between different modes, and the magnetic field
line began to enter a period of nonlinear evolution. From t = 350 to
t = 450 (rapid growth phase), the growth rate increases rapidly and
the increase in the perturbed kinetic energy is more obvious. This
process can be described as follows. The inner and outer magnetic
islands exchange radial positions and are connected to the magnetic
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field lines, which lead to the disappearance of magnetic islands. At t
= 450-500 (decay phase), the growth rate quickly drops to negative
and large-scale magnetic islands disappear. However, after t = 500,
the amplitude of the perturbation begins to become weak. This cor-
responds to the process of the generation and disappearance of small
magnetic islands.

Since the m/n = 0/0 and 3/1 modes play an important role,
we specifically analyze their growth rates here. Figure 9 shows the
evolution of the growth rate of m/n = 0/0 and 3/1 modes and the
kinetic energy corresponding to the DTM with different modes. In
Fig. 9, it is shown that in the whole evolution process, m/n = 3/1
perturbed kinetic energy always dominates, but in the process of
entering the nonlinear stage, the higher m modes and the m/n
= 0/0 mode rapidly increase to the magnitude that is similar to the
m/n = 3/1 mode. The growth rate y = 0.03 for m/n = 3/1 and m/n
= 0/0 has no growth in the linear stage. However, the m/n = 0/0
mode increases rapidly during the nonlinear stage. We consider sev-
eral high m modes in the period when the perturbed kinetic energy
increases most rapidly around t = 500, that is, m/n = 3/1, 6/2, and
9/3, and the ratio of their peak values of the perturbed kinetic energy
is about 5:1.67:1. When finally reaching the saturation stage, the
value of the disturbance kinetic energy of m/n = 3/1 and 0/0 tends be
to the same value, the m/n = 6/2 mode tends to a value, and the rest
high m modes tend to another value. The ratio of the three values is
about 6:4:1.

In the early stage of magnetic islands (t = 250), the plasma is
accelerated due to the bending of the magnetic field lines, resulting
in a distribution of plasma flow. Figure 10 shows the contour of the
poloidal velocity flow of double tearing modes at different times. It
is shown that at the O-point of the magnetic island, the poloidal flow
velocity of the plasma is relatively small and the poloidal flow veloc-
ity around the X-point and O-point edge is large. A vortex is formed
on both sides of the two rational surfaces. The two vortices in the
middle are coupled into one, and the intensity of the vortex on the
outside is greater than that on the inside. At the moment of t = 440,
the radial positions of the inner and outer magnetic islands coincide
and are strongly coupled together. At this time, as the magnetic field

0. 000005
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FIG. 9. The evolution of the growth rate (a) and kinetic energy (b) corresponding to the double tearing mode with different modes.
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lines bend more, the plasma flow field amplitude increases signif-
icantly and the distribution range expands. The intensity of shear
flow is still large near the rational surface. At t = 480, the inner
and outer magnetic islands have completed the position exchange
and the intensity of the vortex between the two rational surfaces
increased.

IV. CONCLUSIONS

The behaviors of nonlinear tearing modes and plasma flows
around magnetic islands are studied numerically in a cylindrical
geometry, using the method of reduced MHD simulation. It is
shown that the single tearing mode reaches a steady state in a rel-
atively short time. The magnetic islands of the double tearing mode
on the inner and outer rational surfaces develop to a sufficiently large
scale, and their radial positions move and couple with each other
when they enter the non-linear phase. It is also shown that the per-
turbed kinetic energy and magnetic energy of both the single and
double tearing modes have a process from oscillation to constant
positive values before reaching the linear growth stage.

Concerning the distribution of plasma flow velocity, we find
that for the STM island, the shear flow is formed on both sides of the
magnetic island and the poloidal flow velocity is larger around the O-
point than around the X-point of the magnetic island. There is also
a small peak in the poloidal flow velocity at the X-point, while the
amplitude of the poloidal flow velocity is weaker at other locations.
For the DTM, we found that the peak of the poloidal flow velocity
was mainly distributed at the O-point edge and the X-point of the
magnetic island, and the plasma flow velocities at the two magnetic
island edges are opposite. A vortex is formed on each side of the two
rational surfaces. The two vortices in the middle are coupled into
one, and the intensity of the vortex on the outside is greater. At the
end of the evolution, the inner and outer magnetic islands have com-
pleted the position exchange and the intensity of the vortex between
the two rational surfaces increased.

A future study may include the implementation of the neoclas-
sical effect in the MHD code, as well as the investigation of kinetic
effects of fast ions on the double tearing mode.
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