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A numerical study of the diamagnetic drift effect on the nonlinear interaction between multi-helicity neoclassical
tearing modes (NTMs) is carried out using a set of four-field equations including two-fluid effects. The results show that, in
contrast to the single-fluid case, 5/3 NTM cannot be completely suppressed by 3/2 NTM with diamagnetic drift flow. Both
modes exhibit oscillation and coexist in the saturated phase. To better understand the effect of the diamagnetic drift flow on
multiple-helicity NTMs, the influence of typical relevant parameters is investigated. It is found that the average saturated
magnetic island width increases with increasing bootstrap current fraction f;, but decreases with the ion skin depth 8. In
addition, as the ratio of parallel to perpendicular transport coefficients ¥ /X increases, the average saturated magnetic
island widths of the 3/2 and 5/3 NTMs increase. The underlying mechanisms behind these observations are discussed in

detail.
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1. Introduction

Macro-scale magnetohydrodynamic (MHD) instabilities
are of great significance in the field of magnetic confinement
fusion.!'=3] The tearing mode (TM), one kind of the most dan-
gerous instabilities in this context, will occur in the presence of
finite resistivity.[*-8] Due to resistive dissipation effects, TMs
can alter the topology of the magnetic surfaces through mag-
netic reconnection, leading to the formation of magnetic is-
lands in the vicinity of rational surfaces. When seed islands
in the system reach a sufficient size, the flattening of pressure
gradients inside the magnetic islands induces a significant loss

(9101 which in turn widens the magnetic

of bootstrap current,
islands. This instability is known as the neoclassical tearing
mode (NTM) instability.!'!! In recent decades, many observa-
tions of NTMs have been reported in various experimental de-
vices, including the Tokamak Fusion Test Reactor (TFTR),!!!!
Joint European Torus (JET),['? ASDEX Upgrade,!'3! Japan
Tokamak Upgrade (JT-60U),'*! DIII-D,[!51 HL-2A 61 and
EAST.!7! In fact, the presence of NTMs poses a serious threat
to the operation of tokamak devices. It limits the ability to
sustain high-temperature and high-density states in tokamak
plasmas. In addition, it causes the expansion and merging of
magnetic islands, leading to a loss of energy and greatly re-
ducing the confinement of the device.!!>!3-2) In brief, NTMs
have detrimental effects on plasma stability and can even re-
sult in damage to the device. Therefore, effective control of

NTMs is essential to ensure the steady-state operation of toka-
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mak devices.[21-26]

The NTM with a poloidal mode number m = 3 and a
toroidal mode number n = 2 is frequently observed in AS-
DEX Upgrade, which can lead to energy loss of up to 25%
in tokamak plasmas. [’ It is noteworthy that the simultaneous
presence of NTMs with different helicities has been observed
in experiments conducted on certain tokamak devices.[?8-31]
These NTMs can coexist and exhibit strong coupling inter-
actions with one another. In addition, the intense interac-
tion among multi-helicity NTMs gives rise to magnetic field
stochasticity between two rational surfaces, resulting in se-
vere disruption of magnetic confinement.’?! Li er al. dis-
covered that through analytical modeling the nonlinear inter-
action of TMs with different helicities in cylindrical geom-
etry can happen.*¥ Yu ef al. concluded that the presence
of the more unstable magnetic island suppresses the less sta-
ble one, which is consistent with the observations in ASDEX
Upgrade.?* Building upon this, Yu e al. found that NTMs
can be stabilized under the influence of externally applied he-
lical fields with different helicities.!’>! Chandra et al. numer-
ically simulated the interaction of 3/1 and 2/1 NTMs and ob-
served coupling-induced geodesic acoustic mode (GAM)-like
oscillations. 3% Wei et al. investigated the coexistence of 3/2
and 2/1 NTMs under different types of plasma rotation and
found that they can coexist when plasma rotation is sufficiently
large.*”l Liu ef al. employed electron cyclotron current drive
for the control of NTMs and found that NTMs with different

helicities can influence each other in the control process.*%)

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

065202-1


https://doi.org/10.1088/1674-1056/ad24d3
mailto:liutong@dlut.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 33, 065202 (2024)

The previous studies were conducted based on single-
fluid theory, but in certain cases single-fluid theory is no longer
adequate to explain the physical phenomena observed in toka-

(39401 Hence, there has been an increasing

mak experiments.
focus on research related to two-fluid effects in recent years.
For example, studies have been carried out on the control of

5,[41431 on the sup-

NTMs by resonant magnetic perturbation
pression of the onset of neoclassical double tearing modes by
diamagnetic drift,**! on the systematic numerical simulation

193] on the influence of Hall

of the mode penetration in NTMs,
effect on TMs!“®47] and on the influence of diamagnetic drift
on MHD stability in DIII-D experiments.*® Despite great
progress having been made in two-fluid studies, further re-
search is still required to simulate multi-helicity NTMs based
on two-fluid theory.

Therefore, in this study, we numerically investigate the
nonlinear interactions between multi-helicity NTMs utilizing
the MHD @Dalian code (MD code). It is observed that, un-
like in the single-fluid case, the 3/2 NTM is unable to fully
suppress the 5/3 NTM and they can coexist during the satu-
ration phase. This phenomenon is attributed to the presence
of a sufficiently strong diamagnetic drift flow, which weakens
the competitive interaction between the 3/2 and 5/3 NTMs.
Moreover, we examined the relationship between the average
saturated magnetic island width of the 3/2 and 5/3 NTMs and
the bootstrap current fraction, ion skin depth, as well as the
parallel and perpendicular transport coefficients. Through de-
tailed discussion of these observed results, the fundamental
mechanisms underlying the complex interaction between the
diamagnetic drift flow and multi-helicity NTMs are revealed.

2. Model equations

In this paper, the nonlinear evolution of multi-helicity
NTMs is investigated by a set of four-field MHD equations
that include the two-fluid effect.[*”! In order to better simu-
late the nonlinear evolution of NTMs, it is crucial to include
parallel transport terms in the model. The huge difference
between the perpendicular and parallel transport coefficients
(more than 10® order) often leads to severe numerical instabil-
ity. Thus, fairly high temporal resolution and spatial resolution
are required to guarantee the stability of long-time nonlinear
evolution of NTMs.
improve numerical stability, cylindrical geometry is adopted

In order to limit calculation scale and

for simplicity.3*% It is worth noting that the main difference
for the TM between it being in cylindrical geometry and in
toroidal geometry is that the favorable curvature effect (so-
called GGJ effect)>!l exists in toroidal geometry but not in
cylindrical geometry. Curvature effect is indeed significant in
a real tokamak configuration. Liitjens et al. investigated the
influence of plasma curvature on the dynamics of the tearing

mode,3?! and their research significantly affects the nonlin-
ear stability threshold of the neoclassical tearing mode. The
GG@J effect provides a stabilizing effect on the TM but mainly
influences the TM in the linear regime.[53] However, this ef-
fect was usually neglected in neoclassical tearing mode dy-
namics. For large tearing island sizes, the stabilizing effect of
GG]J is usually a small quantity in comparison with the drive
of perturbed bootstrap current,*>! especially in the nonlin-
ear simulation of NTMs. Thus, cylindrical geometry is usu-
ally adequate for qualitatively describing nonlinear evolution
of NTMs. The modeling of NTMs in cylindrical geometry
is widely employed and, according to the significant research
conducted using this model, shows promising simulation re-
sults. For instance, the simulation results are adopted to ex-
plain experimental observations in ASDEX-UP*! and DIII-
D.5% In simulations related to two-fluid dynamics, cylindri-
cal geometry has also been extensively employed. [4244:43-57]
Simulation results have demonstrated the ability to elucidate
certain phenomena observed in experiments. Paz-Soldan et
al. found alignment between simulation results by TM1 code,
a nonlinear two-fluid MHD model with cylindrical geometry,
and experimental island healing.’® Nazikian et al., utilizing
a nonlinear MHD model in cylindrical geometry, reproduced
the experimental observations of pedestal collapse in DIII-
D.1 Hu e al. revealed that the simulation results from a non-
linear two-fluid MHD model in cylindrical geometry almost
perfectly match the experimental observations in the DIII-D
tokamak.[°® Moreover, numerical simulations have revealed
that in DIII-D, employing higher toroidal mode number RMPs
can achieve a broader window of ELM suppression at high
pedestal pressures. This finding provides a crucial reference
value for the DIII-D M-coil upgrade. Apparently, the cylindri-
cal geometry model continues to be an effective tool for ad-
dressing issues associated with two-fluid dynamics. Thus, it is
currently a robust tool that is capable of qualitatively dealing
with the NTM-related problems, as well as two-fluid dynam-
ics.

Here, the normalized equations in cylindrical geometry
(r,0,z) are as follows:

U
= =U.0+8pl+ V) j+vViU+8T[V.p.V.ig], (1)
d L

(TZ/ ==Vi9+B0Vip—n(j—Jjb), 2

a .
715 =[P, 0] +2B:8Vj = BV + 2 Vip+ 2. Vip, 3
v

1
5 :[v,¢]—§(1+T)V\\P+HViV, )

where y, ¢ and p are magnetic flux, stream function and
pressure, respectively. U = V?¢ and j = —V?y represent
the vorticity and plasma current density along the axial di-
rection, respectively. v is the parallel ion velocity. T = T;/T.
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is the ratio of ion temperature to electron temperature. 6 =
(2Qifa)_1 is the ion skin depth, where Q; = eBy/m; is the
ion gyrofrequency and 7, = \/Hopa/By is Alfvén time. The
equilibrium electron diamagnetic flow is determined to be
Vdiao = —0dpo/dr. v = 1,/7 and N = 1,/7; in Egs. (1)
and (2) denote the viscosity and resistivity, respectively. Here,
Ty = a*/fL and T, = @’/ are, respectively, the viscos-
ity diffusion time and resistive diffusion time ({1 and 1] are
the actual viscosity and resistance). The bootstrap current in
Eq. (2) is given by j, = —A\/€/Bgp'(r), where By repre-
sents the poloidal magnetic field, and € = r/Ry denotes the
inverse aspect-ratio. After normalizing r by a, the relationship
between ji, and € is jpeca (7)\/7a/Ry = o (#)Vi\/a/Ry =
A (F)+/€ where € = a/Ry. It is important to note that € in-
cludes radial information, with r incorporated into the func-
tion A (#), encompassing radial distribution in our model. A
is a constant that can be determined based on the given ex-
pression for bootstrap current fraction fy, = [y jordr/ [o jrdr.
The expression fe = 2uongTe/ Bé represents the ratio of ther-
mal pressure to magnetic pressure. X and y, normalized
by a?/7,, are denoted as parallel and perpendicular transport
coefficients, respectively. Time ¢, velocity v and the radial co-
ordinate r are scaled using Alfvén time 7,, Alfvén velocity
va = Bo/\/Hop, and the plasma minor radius a, respectively.
U is the diffusion coefficient of parallel ion velocity normal-
ized by a® /7,. The poloidal magnetic flux , electric potential
¢ and plasma pressure p are normalized by aBy, aBgva and the
pressure at the magnetic axis, respectively. The Poisson brack-
ets in Egs. (1)—(4) are defined as [f,g] = 2- Vf x Vg. The par-
allel gradient operator is defined as VS = [S, y] +dS/dz =
2-VSxVy+9S/dz.

Each variable f(r,0,z,¢) in Egs. (1)—(4) can be expressed
in the form f = fo + f(r,0,z,t) with fy and f being the time-
independent initial profile term and time-dependent perturba-
tion term, respectively. Through the application of the periodic
boundary conditions in both the poloidal and axial directions,
the perturbed fields can be subjected to Fourier transformation,
yielding
1

F(r0.z,t) = 5

me,n(r,t)exp(ime —inz/Ry), (5)
m,n

with Ry being the major radius of the tokamak. Utilizing the
initial value code, MD code, equations (1)—(4) can be solved
based on the provided initial profiles. The radial direction em-
ploys the finite difference method, while the angular direction
employs the pseudo-spectral method. For time advancement,
a two-step prediction—correction method is employed.

The radial boundary condition is considered with an ideal
conducting wall, specified as W, (r=1) = 0. The initial
safety factor g-profile chosen in this study is shown in Fig. 1.
The radial discretization is defined with N, = 1000 grid points.

Unless otherwise specified, other crucial parameters are set as
€=a/Ry=025 2 =10, x, =5x10% n=9x10",
v =5x107% and B, = 0.01. To ensure stability in the multi-
helicity nonlinear calculation for the static equilibrium with
vo (r) = 0, the dominant resonant modes with low mode num-
bers (0 <m < 10, 0 < n < 6) are specifically chosen.

6

Fig. 1. The initial monotonic safety factor g-profile.

3. Numerical results

To begin with, the effect of the diamagnetic drift on the
nonlinear evolution of island width, for single-helicity simu-
lations, is investigated. Different magnitudes of diamagnetic
drift flow can be obtained by varying the value of 5. As shown
in Fig. 2(a), the width of a saturated magnetic island decreases
with increasing 0, indicating that the diamagnetic drift flow
has a stabilizing effect on the magnetic island. Notably, for
8=2x107*, oscillation is observed in the magnetic island.
The occurrence of oscillation results from the negative feed-
back regulation between .6V p in Eq. (2) and the magnetic
island width.[*! Figure 2(b) gives the dependence of average
saturated magnetic island width on §. In this context, “aver-
age” refers to the mean value of the magnetic island width dur-
ing the saturation phase, considering the periodic oscillations
observed in the magnetic island width. The average island
width decreases with the increase in §. Due to the stabilizing
effect of the diamagnetic drift flow, the larger the value of §,
the smaller the average island width. However, it is found that
when ¢ is sufficiently large, the average saturated magnetic is-
land width remains almost unchanged as 0 increases, showing
a flat average saturated magnetic island width region of §. The
evolution of the saturated magnetic island width with different
0 values within the flat region is given in Fig. 3(a), clearly
demonstrating that the oscillation amplitude of the magnetic
island decreases in response to increasing 6. When 0 exceeds
a threshold, the suppressing effect of 5.8 V| p decouples from
the magnetic island width and the oscillation disappears. Fig-
ure 3(b) illustrates that the oscillation frequency is kept nearly
constant for changing 8, which indicates that  has no effect
on the oscillation frequency of the magnetic island.
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Fig. 2. (a) The temporal evolution of island width of 5/3 NTMs in single-helicity simulations with various & cases under f, = 0.5. (b) The

average saturated magnetic island width versus 6.
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Fig. 3. (a) The temporal evolution of island width of 5/3 NTMs in single-helicity simulations for different § cases under f, = 0.5. (b) The

oscillation frequency versus &.

Here, simulations of multi-helicity NTMs both in single-
fluid and two-fluid models are discussed separately. Based on
the single-fluid theory, it is found that the 5/3 NTM is com-
pletely suppressed when the magnetic island width of the 3/2
NTM exceeds that of the 5/3 NTM. The presence of the 3/2
NTM strengthens the radial magnetic field, thereby enhanc-
ing the perpendicular transport across the 5/3 rational surface.
This, in turn, weakens the influence of the bootstrap current
on the 5/3 NTM and ultimately leads to the suppression of
the 5/3 NTM. Similar findings have been reported in previous
3437381 1 contrast, the effects of diamagnetic drift
flow on simulations of multi-helicity NTMs are examined in
Fig. 4(a). Unlike the previous case, the 5/3 NTM in this case is
not fully suppressed by the presence of 3/2 NTM. Instead, both
modes oscillate together and almost reach an equal magnetic
island width after a period of time. When diamagnetic drift
flow is sufficiently strong, the competitive effect between the
3/2 and 5/3 NTMs is weakened, allowing for their coexistence
during the saturation phase.’’! Furthermore, Figs. 4(b)—4(d)
present the nonlinear evolution of kinetic energy, magnetic en-
ergy and island width for NTMs with different poloidal mode
numbers, including m/n=3/2,5/3, 6/4, 8/5,9/6 and 10/6.
It is observed that as the poloidal mode number increases, the
amplitudes of kinetic energy, magnetic energy and magnetic
island width decrease for NTMs with the same helicity. The
fundamental harmonic mode is found to be the most unstable,
while higher-order harmonic modes are relatively less unsta-
ble. The figures also demonstrate the nonlinear evolution of

studies.!

the 8/5 NTM.

Figure 5 describes the mode structure of the flux pertur-
bation at typical moments. During the early stage, only the 5/3
NTM is present in the system, as shown in Fig. 5(a). After in-
troducing 3/2 NTM, the 5/3 NTM is suppressed on some level.
At this point, the width of the 3/2 NTM is larger than that of
the 5/3 NTM shown in Fig. 5(b), indicating that the 3/2 mode
plays the dominant role. In the saturation phase (t = 72800
and t = 83400), the widths of the 3/2 NTM and 5/3 NTM
are comparable, and thus the nonlinear dynamic of the sys-
tem is determined by the strong interaction between the 3/2
and 5/3 NTMs. To better understand the mechanism behind
the interaction of the multi-helicity NTMs, Poincaré plots of
magnetic field lines are given in Fig. 6, which also present the
four specific moments depicted in Fig. 5. These plots visually
illustrate the spatial distribution and behavior of the magnetic
field lines, directly exhibiting the evolution of the magnetic
topology during the nonlinear interactions of the multi-helicity
NTMs. Figure 6(a) shows that there are five magnetic islands
evenly located at the 5/3 rational surface. After introducing
the 3/2 NTM, a chain of magnetic islands appears at the 3/2
rational surface, as depicted in Fig. 6(b). Moreover, as shown
in Figs. 6(c) and 6(d), the chains of magnetic islands for both
the 3/2 and 5/3 NTMs are observable, and their sizes are com-
parable. The intense coupling between the 5/3 mode and the
3/2 mode results in the emergence of strong magnetic stochas-
ticity.
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Jb = 0.5. Time evolutions of (b) kinetic energy, (c) magnetic energy and (d) island width of m/n =3/2,5/3,6/4,8/5,9/6, 10/6 NTMs.
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Fig. 5. Typical mode structure of the flux perturbation of m/n = 3/2, 5/3, 6/5, 8/5, 9/6, 10/6 NTMs at (a) r = 20000, (b) ¢ = 40000,
(c) t =72800 and (d) t = 83400 in Fig. 4(a).

To better understand the two-fluid effects on multi-  perturbed bootstrap current on multi-helicity NTMs leads to
helicity NTMs, the impact of critical plasma parameters on  larger magnetic island width. It is observed that the magnetic
multi-helicity NTMs is investigated. Figure 7(a) demonstrates  island widths of 5/3 NTM and 3/2 NTM always remain com-
that the average saturation island width of 3/2 and 5/3 NTMs  parable while changing f;, in the investigated region in this
increases with the increase in bootstrap current fraction fi,. study. The dependence of the average saturated magnetic is-
For higher values of f;, the stronger destabilizing effect of  land width of 3/2 and 5/3 NTMs on parameter 0 is displayed in
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Fig. 7(b). Different from the single-helicity simulations shown
in Fig. 2(b), the flat region of saturated width does not exist in
multi-helicity cases. Due to the profile effect, the diamagnetic
drift flow has different influence on different helicity NTMs.
The existence of multi-helicity NTM islands will in turn af-
fect the nonlinear evolution of diamagnetic drift flow. Thus,
the flat region observed in single-helicity simulation is hard to
find when the multi-helicity coupling effect is considered. In
Figs. 8(a) and 8(b), the influence of the parallel transport and
perpendicular transport coefficients on the island width are re-
spectively investigated. Other parameters are set as fi, = 0.6,
N=19%x10°%v=5%x10"% B, =0.01 and § =3 x 107*.
The parallel transport coefficient ¥ and perpendicular trans-
port coefficient ), have opposite effects on the stability of
multi-helicity NTMs. An increased ratio of % /XL can en-
hance the transport along the magnetic field lines, reinforcing
the loss of the bootstrap current and further destabilizing the
magnetic island. Consequently, it can be seen that a larger
(smaller) perpendicular (parallel) transport coefficient results
in a larger island width.
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Fig. 6. From the first row to the fourth row, Poincaré plots of mag-
netic field lines in a poloidal cross section (r,0,& = 0) are displayed
at the corresponding moments shown in Fig. 5: (a)—(d) rectangular
plan (r,8) — (x,y); (e)—(h) circular plan (r,6) — (R — Ry,Z) with
R=Rp+rcos6 and Z = rsin 6.
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Fig. 7. Average saturated magnetic island width for the 3/2 and 5/3
NTMs as a function of (a) bootstrap current fraction f, with § =
2 x 10™* and (b) ion skin depth § with f, = 0.5.
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Fig. 8. Average saturated magnetic island width for the 3/2 and 5/3
NTMs as a function of (a) parallel transport coefficient ¥ and (b)
perpendicular transport coefficient ;. Other parameters are set as
f=06,1=19x10"°0v=5%x10"% B =0.01 and § =3 x 10~*.

4. Conclusion

In this study, we have conducted a numerical investiga-
tion into the impact of diamagnetic drift effect on the non-
linear interaction between multi-helicity NTMs. The study is
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based on a set of four-field equations that include two-fluid
effects. Our findings reveal that the presence of diamagnetic
drift flow weakens the nonlinear interaction between multi-
helicity NTMs. Specifically, the stabilizing effect of the 3/2
NTM on the 5/3 NTM is reduced compared to the single-fluid
results, so that the 5/3 NTM is not completely suppressed. The
average saturated magnetic island width of the multi-helicity
NTMs increases with an increase in the bootstrap current frac-
tion f;,, which has a destabilizing effect. In contrast, the aver-
age saturated magnetic island width decreases with an increase
in the ion skin depth & (which represents the magnitude of the
diamagnetic drift flow), indicating a stabilizing effect. In addi-
tion, a higher ratio of parallel to perpendicular transport coef-
ficients x| /x. leads to an increased magnetic island width by
enhancing pressure transport along the magnetic field lines.

In this study, numerical investigation reveals the basic
process of nonlinear interaction between multi-helicity NTMs
with diamagnetic drift flow. However, it is important to note
that, for simplicity, the effect of EZ x B shear flow has not been
considered in this study. E x B shear flow also has a stabiliz-
ing effect on NTMs, and further research may investigate the
synergistic effects of both diamagnetic drift flow and E x B
shear flow on NTMs in the future.
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