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The influences of the temperature gradient and toroidal effects on drift-tearing modes have been studied using
the Gyrokinetic Toroidal code. After the thermal force term is introduced into the parallel electron force balance
equation, the equilibrium temperature gradient can cause a significant increase in the growth rate of the drift-
tearing mode and a broadening of the mode structure. The simulation results show that the toroidal effects
increase the growth rate of the drift-tearing mode, and the contours of the perturbation field “squeeze” toward
the stronger field side in the poloidal section. Finally, the hybrid model for fluid electrons and kinetic ions has
been studied briefly, and the dispersion relation of the drift-tearing mode under the influence of ion finite Larmor
radius effects is obtained. Compared with the dispersion relation under the fluid model, a stabilizing effect of the

ion finite Larmor radius is observed.

PACS: 52.35.Py, 52.65.Kj, 52.65.Tt, 52.55.Fa

Tearing modes!' ! are among the most dangerous
magnetohydrodynamic (MHD) instabilities in toka-
mak plasmas, which will lead to formation of a mag-
netic island through magnetic reconnection. Control
of the magnetic island is one of the key issues for
achieving high performance in fusion plasma. The
drift-tearing model*~ ") is one of the extensions of the
classical tearing model® ' including diamagnetic ef-
fect, when the diamagnetic frequency is comparable
to the growth rate of the resistive tearing mode. Its
significance lies in the self-consistent kinetic studies of
the neoclassical tearing mode (NTM),!''] including the
onset and the nonlinear phases of NTM, in particular.
The free energy in the equilibrium magnetic field is
the driving source of the classical tearing mode, while
a cross-field pressure gradient serves as an additional
energy source in exciting drift-tearing instabilities.

The influence of the equilibrium density gradient
was considered previously in our simulation study of
the drift-tearing mode.!'”] The results showed that the
coupling of drift modes to tearing modes led to a sub-
stantial reduction in the growth rate and the produc-
tion of a real frequency. Furthermore, many theoret-
ical and simulation results have shown that the equi-
librium temperature gradient plays an important role
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in the evolution of the drift-tearing mode.

The driving mechanism of the electron tem-
perature gradient was first predicted by Kkinetic
theories.["” Later, fluid theory!'”! also predicted this
result by including the collisional nature of the driven
mode, where the thermal force term and an extra par-
allel force term proportional to the time derivative of
the thermal force were included in the parallel electron
momentum equation. A comparison between kinetic
theories and fluid theories suggests that the neglect
of electron—electron collisions in tearing kinetic theo-
ries may lead to an overestimate of the temperature
gradient free energy in driving tearing mode. The ef-
fects of the temperature gradient have been taken into
account in many subsequent studies on drift-tearing
mode to study the effects of thermal transport!'! or
perturbed bootstrap current!'”'%! on the drift-tearing
mode.

Cylindrical approximation is usually adopted in
the theoretical study of tearing modes in tokamak
plasmas, with the assumption that the inverse aspect
ratio € = a/R is small. However, this assumption is
generally not well satisfied with realistic discharge pa-
rameters. The toroidal effects are significant!'” and
mainly reflected in the correction of the equilibrium
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magnetic field. The equilibrium toroidal magnetic
field becomes inhomogeneous in the radial direction,
which increases the free energy of the sheared mag-
netic field for driving the tearing mode when the safety
factor ¢ is fixed. In this letter, toroidal effects on the
mode structure and growth rate of the drift-tearing
mode are studied through numerical simulation. The
stabilizing effect of toroidal geometry is obtained, and
the plotted contour lines of perturbed fields show the
phenomenon of squeezing toward the stronger mag-
netic field side in the poloidal section.

Our previous simulation research on the drift-
tearing mode was based on a fluid model. However,
many kinetic theories!"?'% 19 and simulations!*~ 2%
have shown that kinetic effects have an important in-
fluence on the evolution of tearing modes. The kinetic
effects of ions are mainly reflected in the finite Larmor
radius effect,””) Landau damping,['?! the coupling of
ion-acoustic waves,!'®! the influence of energetic pass-
ing or trapping ions in the toroidal geometry,!”?! etc.
It is known that the ion-acoustic wave and ion Landau
damping have a stabilizing effect on the drift-tearing
mode. As a preliminary attempt, we briefly analyze
the hybrid model for fluid electrons and kinetic ions
and obtain the dispersion relation of the drift-tearing
mode under the influence of the ion finite Larmor ra-
dius (FLR) effects. Then, the numerical solution to
the dispersion equation is derived. Compared with
the dispersion relation under the fluid model, we can
see that the FLR effects of ions also have a stabilizing
effect on the drift-tearing mode.
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Fig. 1. Radial profile of the equilibrium temperature.

The simulations are carried out with the gyroki-
netic toroidal code (GTC), and starting from a pre-
vious electromagnetic gyrokinetic model in a toroidal
geometry,**? a parallel electron force balance equa-
tion was introduced for the simulation of resistive tear-
ing modesl’®?" and drift-tearing modes.['”) In this
study, the selected mode numbers are (m,n) = (2,1)
to eliminate the effects of kink coupling. A safety fac-
tor profile of ¢ = 1.5 + 1.2t /1by, + 0.7(1) /1),,)? is used
to contain the ¢ = 2 rational surface in the simulation
region, where 9 is the poloidal flux, with ¢» = 0 at
the magnetic axis and ¢ = 1, at the plasma bound-
ary. In order to simulate the drift-tearing mode, a
non-uniform equilibrium density distribution of ng =
nael~%/%v) is introduced, where ng = nge = noi,

and n, is the equilibrium on-axis density. Addition-
ally, a nonuniform equilibrium temperature distribu-
tion of Ty = T,e=%/¥») is introduced to contain
the influence of the temperature gradient. Similarly,
To = Toe = Top;, and T, is the equilibrium on-axis
temperature. The radial profiles of equilibrium tem-
perature are plotted in Fig. 1. The equilibrium on-axis
density and temperature are n, = 1.0 x 102 m~2 and
T, = 3keV, respectively. The plasma resistivity is
set to a constant value of n = 1.8 x 107 Q-m, and
the magnetic field is By = 2T, resulting in 8, = 3%,
where 3, = 8mn,T,/B2 is the plasma on-axis beta for
electrons. The inverse aspect ratio is € = a/R = 0.3,
where a and R are the minor and major radii of the
tokamak device, respectively. The on-axis major ra-
dius is set to Rg = 1 m.

The temperature gradient can also drive tearing
modes as the free energy source, and under the pa-
rameters of the present magnetic confinement fusion
device, the free energy provided by the equilibrium
temperature gradient can be even higher than the free
energy contained in the magnetic field shear. Accord-
ing to the previous fluid model,l'?) the influence of the
temperature gradient on the mode structure and dis-
persion relation of the drift-tearing mode is studied by
adding the equilibrium temperature gradient term to
the parallel electron force balance equation,
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The last term on the right-hand side is the first-order
perturbation term of the temperature gradient in the
parallel direction, where o = 0.71,!'>%%] which repre-
sents the correction of thermal force to the tempera-
ture gradient term caused by collisions. It should be
noted that the energy equation is not included in our
fluid model, so the evolution of perturbation tempera-
ture is unable to be calculated under this model frame.
Therefore, the term related to perturbation tempera-
ture is ignored in the electron force balance equation.
This will lead to differences in the dispersion relation
from other theoretical and simulation results, espe-
cially in the real frequency.

The mode structure of the (2,1) drift-tearing mode
with the equilibrium temperature gradient by simula-
tion is shown in Fig.2, with the contours of §¢ and
dA) on the poloidal cross section and the correspond-
ing radial profile at 8 = 0. All the curves are nor-
malized to their maximum absolute values. In the
simulations, only mode numbers of m =2 and n =1
are retained; other modes are filtered out via Fourier
transformation. The shape of the mode structure is
similar to the simulation results without the temper-
ature gradient,['”) but the width of the radial profile
is wider.
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Fig. 2. Mode structure of the (m,n) = (2, 1) drift-tearing
mode on the poloidal plane and in the radial direction.
(a) and (c) The contours of the perturbed electrostatic
potential ¢ and the perturbed vector potential §A4) on
the poloidal cross-section, respectively. (b) and (d) The
radial profile of 6¢ and § A, respectively. The red dashed
lines in panels (b) and (d) indicate the position of the
q = 2 rational surface.

1.0 (a) —L/L,' =0
L7/ L, =0.6
0.84 —Li/Ly' =1
0 —Ly/L,' =14
b=
g 0.6
5
e}
p
& 0.44
<
w
0.2
0.0
1.0 (b) i —Ly/Ly' =0
i L7/L;' =0.6
— 08 E —LyL,) =1
= ! —L7/Ly' =14
=i I
= 0.6
4
p
E 0.4
3
0.2
1
i
i
0.0 !
0.05 0.10 0.15 0.20
r/Ro

Fig. 3. Radial distribution of (a) perturbed electrostatic
potentials ¢ and (b) perturbed vector potentials dA) with

four different L5' /Ly, " values (0, 0.6, 1.0 and 1.4). The
black dashed lines indicate the position of the ¢ = 2 ratio-
nal surface.

To study the influence of different equilibrium tem-
perature gradients on the mode width, we scanned
four different values of the temperature gradient with
a fixed equilibrium density gradient, L;'/L;' =
0,0.6,1.0,1.4, and the radial profiles of these groups
of perturbed electrostatic potentials d¢ and perturbed
parallel vector potentials A are plotted in one fig-
ure for intuitive comparison, as shown in Fig.3. The
radial mode width of the perturbed electrostatic po-
tential increases with the increase in the temperature
gradient. The radial mode width of the perturbed

vector potential does not change significantly with the
temperature gradient, but their overall profiles move
to the left slightly compared with the case of uni-
form temperature, corresponding to the variation of
the perturbed current near the rational surface.

Table 1. The relationship between the growth rate and real

frequency of the (2,1) drift-tearing mode with the equilibrium
temperature gradient.

L7t /Lyt 06 08 1.0 12 14 1.6
Growth rate (10*s~1) 0.76 1.07 1.44 1.97 2.68 3.45

Frequency (104 Hz) 6.72 6.34 5.61 4.73 3.82 2.90
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Fig. 4. The relationship between (a) the growth rate and
(b) real frequency of the (2,1) drift-tearing mode with val-
ues of L' /Ly,' =0.6,0.8,1.0,1.2,1.4,1.6.

Then, the influence of different temperature gra-
dient values on the dispersion relation of the drift-
tearing mode is studied. We scan six different values
of temperature gradient with a fixed density gradi-
ent, L7'/L;' = 0.6,0.8,1.0,1.2,1.4,1.6. The growth
rate and real frequency obtained from the simulation
are listed in Table 1, and the relationship curves are
plotted according to the data in the table, as shown
in Fig.4. It can be seen that the growth rate of the
drift-tearing mode increases with the increase in the
temperature gradient. In contrast to the stabilizing
effects of the density gradient, the temperature gra-
dient can be an additional driving source of tearing
modes. On the other hand, the real frequency de-
creases with the increase in the temperature gradient,
which is different from the theoretical prediction'”
considering the evolution of perturbed temperature.
The reason is that the related term of the perturbed
temperature is ignored in our GTC fluid model, which
results in the loss of the correction of the tempera-
ture diamagnetic frequency w? to the real frequency
of the tearing mode. At the same time, to eliminate
other physical processes that are significantly affected
by the temperature magnitude during the scanning of
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temperature gradient, it is necessary to keep a fixed
equilibrium temperature at the magnetic axis. Thus,
the temperature gradient corresponds to a drop in the
local equilibrium temperature at the position of the
rational surface, and the local diamagnetic frequency
decreases accordingly. The simulated frequency of the
drift-tearing mode generally corresponds to the dia-
magnetic frequency at the position of the rational sur-
face, which is the reason for the decrease in frequency.
The effects of the toroidal geometry are reflected
in the geometric modification of the equilibrium mag-
netic field. The second-order correction term of the
magnetic field in the toroidal geometry is retained:

2
B.=|1- RLO cos 0 + (RLO) cos? 0} By,  (2)
where 7 is the coordinate in the direction of the minor
radius, and Ry is the major radius on-axis. The modi-
fication of the toroidal effect increases the radial shear
of the toroidal magnetic field B¢. Since the safety fac-
tor g is kept constant in our simulation, the radial
shear of the poloidal magnetic field By, that is, the
free energy for driving the tearing mode, is also in-
creased.
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Fig.5. The distributions of the perturbed potentials

d¢ and the perturbed vector potentials §A| of the drift-
tearing mode on the poloidal plane at different aspect ra-
tios (e = 0.30,0.53,0.68).

To study the influence of toroidal effects on the
mode structure and growth rate of the drift-tearing
mode with different inverse aspect ratios, we scanned

five different values of inverse aspect ratios (e =
0.30,0.43,0.53,0.61,0.68), and the simulation is car-
ried out with a constant equilibrium temperature gra-
dient. The profiles of the perturbed electrostatic po-
tentials ¢ and the perturbed parallel vector poten-
tials §A| on the poloidal plane are obtained, as shown
in Fig.5. The mode structures in the poloidal plane
change significantly compared with the simulation re-
sult of the cylindrical geometry. The contour lines of
both the perturbed electrostatic potentials d¢ and the
perturbed parallel vector potentials § A show the phe-
nomenon of “squeezing” toward the side of the stronger
magnetic field (left side) and the breaking of symme-
try. The squeezing phenomenon becomes more serious
with the increase in the value of the inverse aspect ra-
tio, indicating that the toroidal effects become more
pronounced.
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7
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Fig. 6. The relationship between the growth rate of the
(2,1) drift-tearing mode with the values of the inverse as-

pect ratio (e = 0.30,0.43,0.53,0.61,0.68) in both cylindri-
cal geometry and toroidal geometry.

The growth rates of the drift-tearing mode are cal-
culated from simulation results under five different val-
ues of inverse aspect ratios, as shown in Table 2. The
relationship curves in the cylindrical geometry and the
toroidal geometry are plotted according to the data in
the table, as shown in Fig.6. From the figure, the
following conclusions can be made: (i) For the same
value of the inverse aspect ratio, the growth rate of the
drift-tearing mode in the toroidal geometry is larger
than that in the cylindrical geometry, which is due to
the increase in the radial shear of the magnetic field,
that is, the increase in the free energy of the magnetic
field caused by the toroidal modification of the equi-
librium magnetic field. (ii) For the same magnetic ge-
ometry, when the equilibrium pressure gradient is kept
constant, the growth rate of the drift-tearing mode de-
creases with the increase in the inverse aspect ratio.
This is because the major radius of the torus is fixed,
and a larger inverse aspect ratio means a larger minor
radius. This corresponds to the widening of the radial
profile of the safety factor, which leads to a smaller
radial shear of the magnetic field. That is to say, the
free energy for driving the resistive tearing mode is
reduced. (iii) The influence of toroidal effects on the
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growth rate of the drift-tearing mode increases with
the increase in the inverse aspect ratio, and the reason
is that the toroidal effects become more pronounced
when the inverse aspect ratio is larger.

Table 2. The relationship between the growth rate of the (2,1)

drift-tearing mode with the values of the aspect ratio in both
cylindrical geometry and toroidal geometry.

€ 0.30 043 0.53 0.61 0.68
Yeylindrical (103s71) 4.21 354 3.10 280 2.64
Ytoroidal (103s71)  4.23 366 3.30 3.04 291
Variance 0.5% 3.4% 6.4% 8.6% 10.3%

Ton FLR effects on the dispersion relation of the
drift-tearing mode are studied through a simplified
analysis of the hybrid model of fluid electrons and ki-
netic ions in GTC. The details of the hybrid model
for drift-tearing mode have been described in Ref. [12].
Assume that the perturbed parallel current is mainly
contributed by electrons, i.e., §Jo > 6J;; ~ 0. The
cylindrical geometry (VBy = 0) is adopted and then
the electron continuity equation and Ampére’s law be-
come:

00N, N0e0U|| Noe
ot +Bob0'V(7BO >+B()’UE'V(BO)
nOeuHOe
+6B-V|——
(*5")
V x B
+ S5 (< Vapg + 0. VE6) =0, (3)
0
4
V25A, = 77”&1”5. (4)

Referring to Drake and Lee’s article,l”! only the radial
ion polarization drift and F x B drift with the cor-
rection of finite Larmor radius effect are considered.
Then, the ion perturbed density is obtained as follows:

0n; = 0N pol + 0N sEx B

02

1 wy é

= S Vi 1V 9
where kp; is the ion Debye length, and wj is the ion
diamagnetic frequency. Equations (3)—(5) combine
the quasi-neutral condition dn; = dn. and the gen-
eralized Ohm’s law!'” to form a closed system. The
dispersion relation for drift-tearing mode can be ob-
tained after some derivations:

w(w +wi)(w —wp)® =i, (6)

where 7. is the growth rate of the resistive tearing
mode, ignoring the pressure gradient. The w} factor
in brackets reflects the ion FLR effects on the drift-
tearing mode.

Assume w* = w} = w}. The dispersion equations
are solved numerically by scanning the values of 7. and
w*. Then, the calculation results of growth rates are
compared with the corresponding fluid results. The
scanning results in Fig. 7 show that the ion FLR effects

have a stabilizing effect on the drift-tearing mode. The
physical explanation is that the correction of the finite
Larmor radius effect to the ion perturbed E x B drift
causes ions to generate additional radial perturbed ve-
locity, promotes radial energy transport, and eventu-
ally leads to the reduction of free energy for driving
the drift-tearing mode.

2.001 ° Yo =1.40X10% s~
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Diamagnetic frequency w* (10%rad/s)

Fig. 7. Numerical solutions of the growth rates of drift-
tearing mode under the hybrid model (a), and the results
comparison between hybrid model and fluid model (b).

In summary, the effects of the equilibrium temper-
ature gradient, toroidal geometry and ion finite Lar-
mor radius (FLR) on the drift-tearing mode are stud-
ied. After introducing the thermal force term into the
parallel electron force balance equation, the equilib-
rium temperature gradient can cause a significant in-
crease in the growth rate of the drift-tearing mode and
a broadening of the mode structure. The relation be-
tween the real frequency of the drift-tearing mode and
the value of the temperature gradient is different from
the theoretical prediction that considered the evolu-
tion of perturbed temperature. This is due to the
neglect of the evolution of perturbation temperature
in our model. In the future, we intend to add the en-
ergy equation to the system to study the effects of the
perturbed temperature on the dispersion relation of
the drift-tearing mode.

Toroidal effects on the drift-tearing mode are stud-
ied by modifying the toroidal equilibrium magnetic
field to the form of toroidal geometry, which increases
the radial shear of the magnetic field, i.e., the free en-
ergy for driving the drift-tearing mode. Simulation re-
sults show that the toroidal effects increase the growth
rate of the drift-tearing mode, and the contours of the
perturbation field “squeeze” toward the stronger field
side in the poloidal section.

Finally, the ion finite Larmor radius (FLR) effects
on the dispersion relation of the drift-tearing mode are
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briefly studied by analyzing the hybrid model for fluid
electrons and kinetic ions, and the corresponding dis-
persion relation of the drift-tearing mode is obtained.
The difference between our dispersion equation and
previous kinetic theory!*”! comes from the neglect of
various collision processes in our model, which will be
among our future research interests. Then, the numer-
ical solution of the dispersion equation is derived. The
numerical solutions are compared between the hybrid
model and fluid model, and the results show that the
ion FLR effects have a stabilizing effect on the drift-
tearing mode.

This research used resources of the National Su-
percomputer Center in Tianjin (NSCC-TJ), the Oak
Ridge Leadership Computing Facility at Oak Ridge
National Laboratory (OLCF) and the National En-
ergy Research Scientific Computing Center (NERSC).
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