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ABSTRACT

19 Interactions between energetic particles (EPs) and neoclassical tearing mode (NTM) islands in the DIII-D tokamak are studied using the
20 global gyrokinetic toroidal code (GTC). GTC simulations find that the EP radial profile is partially flattened within the magnetic island
21 regions and that there are stochastic regions in the particle phase space. Radial particle flux is induced mainly around the magnetic island
22 regions and decreases with time to almost zero when the initial EP distribution achieves a new steady-state in the absence of EP sources.
23 Stochastic regions of magnetic field lines induced by the superposition of multiple islands have weak effects on the particle flux when the
24 width of stochastic regions is smaller than the EP drift orbit width. The perturbed parallel EP current induced by the magnetic islands has
25 weak stabilizing effects on the linear growth rate of the NTM instability in this DIII-D experiment.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126681

26 I. INTRODUCTION
27 In tokamak fusion experiments, neoclassical tearing mode
28 (NTM) is one of the most dangerous magnetohydrodynamic (MHD)
29 instabilities, which is mainly driven by bootstrap current induced by
30 plasma pressure gradients. The NTM can produce large magnetic
31 islands on q¼m/n rational surfaces, where q is the safety factor and
32 m and n are the poloidal and toroidal mode numbers. The NTM
33 islands can destroy the topology of magnetic flux surfaces, degrade
34 plasma confinement, and lead to disruption.1 For example, magnetic
35 islands can induce large energetic particle (EP) transport in toka-
36 maks.2–8 The EP loss not only degrades the fusion confinement but
37 can also be detrimental to the divertor and limiter due to the high
38 energy flux of EPs, which can cause material sputtering.9 Furthermore,
39 a reduction in neutral beam-driven current by the magnetic islands
40 has been observed in the DIII-D tokamak.10 The effects of magnetic
41 islands on the EP confinement in tokamaks have previously been stud-
42 ied theoretically. For example, it has been shown11 that the orbits of

43circulating EPs can become stochastic when the island width and the
44EP curvature drift exceed some thresholds. A fast method12 to deter-
45mine the broken Kolmogorov–Arnold–Moser (KAM) surface domain
46in the phase space has been used to predict the EP distribution in the
47presence of a spectrum of MHDmodes.
48Meanwhile, many fusion experiments have shown that EPs can
49have effects on the stability of tearing mode (TM) and NTM.3,13,14 In
50the EAST tokamak,14 it has been observed that the magnetic island
51width and rotation frequency oscillate due to the interaction between
52EPs and the magnetic islands. In the DIII-D tokamak,3 a modulation
53of various neutral beam sources has been used to study the interactions
54of EPs with the TM, which changes the island width by a few milli-
55meters. Theoretical work has also predicted that the growth rate of the
56NTM can be affected by the EP.15–19 Reference 16 shows that the
57counter-circulating EPs have destabilizing effects and co-circulating
58EPs have weakly stabilizing effects on the NTM. Reference 19 shows
59that when the EP density peaks outside the low-order rational surfaces,
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60 the growth of the magnetic island can be suppressed by the EP helical
61 current induced by the islands. Therefore, understanding the EP re-
62 distribution by the magnetic islands and the EP effects on the NTM
63 excitation is important for improving EP confinement in tokamak
64 plasmas. A predictive capability of the EP distribution function with
65 islands is also essential for the future fusion experiments in ITER.20

66 In this paper, the global gyrokinetic toroidal code (GTC) is used
67 to calculate the EP transport caused by static islands and the effects of
68 perturbed EP current on the linear growth rate of the NTM in the
69 DIII-D experiments. Our simulations find that the EP radial profile is
70 partially flattened within the magnetic island regions. Radial EP flux is
71 induced around the magnetic island regions due to stochasticity in the
72 EP phase space. For multiple magnetic islands, stochastic regions of
73 magnetic field lines in real space are smaller than the EP orbit width
74 and thus have weak effects on the EP flux. Finally, we use the resistive
75 MHD simulation model21 in the GTC to study the EP effects on the
76 linear growth rate of the NTM. The perturbed EP current induced by
77 the NTM islands has a weakly stabilizing effect on the linear growth
78 rate of the NTM for the DIII-D experiment used in the GTC
79 simulations.
80 This paper is organized as follows: Plasma equilibrium profiles
81 and simulation models are described in Sec. II. Section III describes
82 the implementation of static magnetic islands. The EP re-distribution
83 by the static islands is studied in Sec. IV. Section V presents resistive
84 MHD simulations of the EP effects on the NTM linear growth rates.
85 Summary is drawn in Sec. VI.

86 II. SIMULATION MODEL AND EXPERIMENTAL
87 EQUILIBRIUM
88 The GTC22 uses the particle-in-cell method to study kinetic
89 effects in low frequency (below ion cyclotron frequency) instabilities
90 in toroidal plasmas. The GTC has been extensively used to study
91 microturbulence, EP instabilities, MHDmodes, and the effects of mag-
92 netic islands on microturbulence23,24 and bootstrap current in toroidal
93 plasmas.25 The gyrokinetic simulation model26 of the GTC is utilized
94 to study the re-distribution of EPs by NTM and the effects of EPs on
95 the NTM excitation. The GTC uses Boozer coordinates (w; h; f),
96 where w is the poloidal flux, h is the poloidal angle, and f is the toroi-
97 dal angle. The magnetic field27 in the GTC can be expressed in the
98 covariant form as B0 ¼ Irhþ grf, where g and I are the poloidal
99 and toroidal currents (divided by 2p), respectively. The contravariant
100 representation is given by B0 ¼ qrw�rh�rw�rf, where q is
101 the safety factor. The collisionless gyrokinetic equation governing the
102 evolution of the EP distribution function in the guiding center coordi-
103 nates ðR;l; vjjÞ is28,29

d
dt

f R;l; vjj; tð Þ �
@

@t
þ _R � r þ _vjj

@

@vjj

 !
f ¼ 0; (1)

104 where R represents the spatial coordinates of the gyrocenter l and vjj
105 are the magnetic momentum and parallel velocity, respectively. The
106 equation of motion for the gyrocenter is

dR
dt
¼ vjj

B
B0
þ vE þ vd; (2)

107 where vd is the magnetic drift velocity vd ¼
v2jj
Xa
r� b0 þ l

maXa
b0

108 �rB0, and vE is the E� B drift velocity vE ¼ cb0�r/
B0

. B0 ¼ B0b0 is

109the equilibrium magnetic field, B ¼ B0 þ dB, and c and t denote the
110light speed and time, respectively. The parallel acceleration due to the
111mirror force and parallel electric fields is written as

dvjj
dt
¼ � 1

ma

B�

B0
� lrB0 þ Zar/ð Þ � Za

mac

@Ajj
@t

: (3)

112Here, index a ¼ e, i stands for the particle species (electron or ion),
113ma is the particle mass, Za is the particle charge, and Xa is the cyclo-

114tron frequency. B� ¼ B0 þ B0vjj
Xa
r� b0 þ dB, where dB denotes the

115perturbed magnetic field dB ¼ r� dAjjb0 and Ajj is the parallel
116vector potential. The electrostatic / and vector potential Ajj are gyro-
117averaged for EPs.
118To study the EP re-distribution by the magnetic islands, the GTC
119is used to follow EP trajectories in a realistic equilibrium of DIII-D
120shot #157402, where stationary magnetic islands have been measured
121by electron cyclotron emission (ECE). Experimentally, this shot was
122designed to study the effects of NTM on the re-distribution of EPs
123with a major radius of the magnetic axis R0 ¼ 1:78m and an on-axis
124equilibrium magnetic field of Ba ¼ 1:95 T. In our simulation, the EP
125birth population is obtained from TRANSP30 calculations as shown in
126Figs. 1(a) and 1(b). The distributions are obtained after integrating
127over all magnetic surfaces. Note that, in TRANSP modeling, the EP
128population is described in ðR;Z; k; EÞ coordinates, where R is the
129major radius, Z is the vertical coordinate, k is the pitch angle
130k ¼ vjj=v, and E is the kinetic energy. Therefore, we need to map from
131the Cartesian coordinates R;Zð Þ into Boozer coordinates ðw; hÞ.
132Because of the axis-symmetry, we set the value of the toroidal angle f
133as a random number between 0 and 2p for each EP particle. The coor-
134dinates ðk; EÞ are then converted to (vjj; l) used in the GTC.
135In Fig. 1, the energy distribution of EP birth population roughly
136satisfies the slowing-down distribution with a peak of energy at
137E ¼ 25 keV and a peak of pitch angle at k ¼ 0:6. There are both
138co- and counter-EPs in the birth population as shown in Fig. 1(a).

FIG. 1. EP distribution function in the pitch angle k ¼ vjj=v space (a) and energy
E space (b) and radial profile of the EP density (c).
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139 The radial density profile of EPs is shown in Fig. 1(c). The density
140 peaks on the magnetic axis and decreases toward the boundary. The
141 percentage of trapped particles is about 28%. We consider lBm > E
142 as the condition for trapped particles, where Bm is the maximal mag-
143 netic field on the flux-surface.

144 III. IMPLEMENTATION OF STATIC ISLANDS FROM
145 EXPERIMENTAL DATA
146 In our simulation, the static island width is calculated from the
147 experimental data of the electron temperature Te for the DIII-D shot
148 #157402. The 2-dimensional structure (location and width) of the
149 magnetic islands is estimated by a helical reconstruction of Te, which
150 is probed using a DIII-D electron cyclotron (ECE) radiometer.31 This
151 system provides Te from measurements using optically thick, second
152 harmonic (X-mode) electron cyclotron emission in 40 radial locations
153 with a sampling rate of 480 kHz in the tokamak mid-plane. The ECE
154 channel locations are shown by black circles in Fig. 2(a). Te is trans-
155 formed from the laboratory frame to the island frame by mapping
156 from time t to helical angle n ¼ mh� nf via phase-locking analysis as
157 described in Ref. 32 [see Fig. 2(a)]. These islands are close to the q¼ 2
158 rational surface (R¼ 201 cm), and the poloidal and toroidal structures
159 of magnetic fluctuations are consistent with m/n¼ 2/1 mode numbers.
160 Figure 2(b) shows Te profiles through the X-point at (n¼ 0) and
161 O-point at (n¼ p). Note that the Te O-point profile is nearly flat as

162expected. A small Te peaking is observed, which can be caused by heat
163sources within the island.
164Figure 3(a) shows the radial profiles of the electron temperature
165without NTM (Te0) and the temperature with the magnetic island
166O-point (Te). From the experimental data Te and Te0, we can obtain
167the perturbed poloidal flux dw by the following expression:

dTe ¼
@Te0

@w
� dw; (4)

168where dTe¼Te-Te0, and both Te0 and Te only depend on the poloidal
169flux function. The profile of the perturbed poloidal flux dw obtained
170from Eq. (4) is plotted in Fig. 3(b). The tearing mode activity is also
171detected by toroidal and poloidal arrays of magnetic probes. The mag-
172netic frequency spectrum only shows power at 10.75 kHz and higher
173harmonics such as 21.5 kHz and 32 kHz. The analysis of the toroidal
174data indicates that the 10.75 kHz mode has toroidal mode number
175n¼ 1; the ratio of amplitudes at the probe for the 21.5 kHz mode rela-
176tive to the 10.75 kHz mode is 0:126 0:02. The analysis of the poloidal
177array indicates that the 10.75 kHz mode is predominately m¼ 2, but
178there is also a large m¼ 4 component of comparable magnitude. In

FIG. 2. (a) Contour of electron temperature measured by a horizontal ECE radi-
ometer vs major radius R. The horizontal axis is the helical angle n. Here, the
phase locked Te(n, R) data are plotted twice for visualization purposes, and the
expected separatrices are over-plotted with black solid lines. (b) Temperature
profiles when the X-point and O-point are aligned with the radiometer toroidal
angle in the mid-plane.

FIG. 3. (a) Time average electron temperature profiles without NTM ðTe0Þ and with
NTM ðTeÞ measured by ECE. The purple line is the q¼ 2 surface, and the black
lines are separatrices of the 2/1 island. (b) Profile of perturbed poloidal flux function
dw. Both w and dw are normalized by BaR2

0. Separatrices for the three islands are
marked by vertical lines with different colors. (c) Profiles of safety factor q and three
island amplitudes am=n(m).
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179 addition, fitting to the poloidal data finds that the ratio of them¼ 3 to
180 m¼ 2 amplitude is 0:3360:13.
181 Although the magnetic data suggest that there could be mode-
182 locked islands at the q¼ 3/2 and q¼ 3/1 surfaces, the ECE data indi-
183 cate that, if these islands exist at all, they are quite small. As shown in
184 Fig. 3, the ECE data show clear evidence of island formation at the
185 q¼ 2 surface. It is also clear that this island nonlinearly produces
186 the (4,2) harmonic found in the magnetic data; in the ECE data, the
187 21.5 kHz harmonic peaks at the same location and has a phase flip at
188 the same radii as the fundamental 10.75 kHz mode. In contrast,
189 although the magnetic data suggest the presence of frequency-locked
190 3/1 and 3/2 modes, evidence for their existence is absent in the ECE
191 data. Accordingly, in the subsequent analysis, we consider cases with
192 and without accompanying 3/2 and 3/1 harmonics.
193 The vector potential of a magnetic island is represented by
194 Ajj ¼ aB0 in the GTC. Here, a ¼ amncosðmh� nfÞ represents the
195 amplitude and helicity of the magnetic island. It produces a magnetic
196 island at the rational surface with a width27 of dw0 ¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffi
amn=s

p
, where

197 s ¼ q0=q is the local shear and primes denote derivatives with respect
198 to the poloidal flux w. Therefore, we need to get the island amplitude
199 amn from dw in Fig. 3(b). By definition, dw0 corresponds to the pertur-
200 bation value at the island separatrices and dw ¼ 0 at the island center.
201 Since NTM can flatten the electron temperature, the width of the
202 flattened region can be used to estimate the width of the island. In
203 Figs. 3(a) and 3(b), the separatrices of the 2/1 island are shown by the
204 two vertical black lines. We determine the black lines by using the
205 width of the Te flattened region and by assuming that the island is
206 symmetrical about the resonant surface qs ¼ 2 (the purple line). The
207 above method to identify the island separatrices is somewhat subjec-
208 tive. In Fig. 3(b), dwinner and dwouter correspond to the perturbation
209 values of the inner and outer separatrices of the magnetic island,
210 respectively. We calculate dw0 from 2dw0 ¼ dwinner � dwouterj j. Then,
211 we calculate the island amplitude amn by using dw0 ¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffi
amn=s

p
. This

212 method does not take into account the kink, interchange, and toroidic-
213 ity effects on the island structure.
214 Since the magnetic 2/1 island is the dominant mode, it is rela-
215 tively straightforward to determine the separatrices of the magnetic
216 island. However, for the 3/2 island or the 3/1 island, the island width is
217 so small that we can no longer determine the width of the magnetic
218 island based on the width of the flattened region of the electron tem-
219 perature. Therefore, we adopt another way to calculate the widths of
220 the 3/1 and 3/2 islands. Since the width of the 3/2 island is too small,
221 we consider the two nearest extremal points of @T2

e =@
2w on the left

222 and right sides of the resonant surface qs ¼ 3=2 as the inner (dwinner)
223 and outer (dwouter) separatrices. We can use the same method
224 to get the amplitude of the 3/1 island. The 3/2 island separatrices and
225 3/1 island separatrices are labeled by purple and green dotted lines in
226 Fig. 3(b), respectively. The island width depends sensitively on the
227 magnetic shear and the amplitude of the helical function a on the
228 rational surface. It is not very sensitive to the exact functional form of
229 the a function. So, we adopt a Gaussian function for amn, which
230 peaks at the resonant surface. The width of the Gaussian function
231 we used is approximately equal to the width of the magnetic island.
232 The radial profiles of the scalar function amn and safety factor q are
233 shown in Fig. 3(c), indicating the amplitude of a21 ¼ 1:9� 10�4,
234 for the 2/1 island, a32 ¼ 2:97� 10�6 for the 3/2 island, and
235 a31 ¼ 9:87� 10�6 for the 3/1 island. To include multiple islands in

236a GTC simulation, multiple m and n harmonics can be added up,
237i.e., a ¼

P
m; n amncos mh� nfð Þ.

238The poloidal structure of the 2/1 island expressed by helical flux

239function whe ¼ w� wt
qs
� ag is shown in Fig. 4, which satisfies the con-

240dition B0 þ dBIð Þ � rwhe ¼ 0. The width of the 2/1 island is about
24110 cm, and the minor radius is about 49.7 cm. We assume that the
242island rotation is caused by a radial electric field, which also causes the
243EP guiding center E� B drift. So, we transform to the rotating frame,
244where the island is static. The phases of islands in our simulation are
245then set to be zero. The width of the 3/2 island is about 0.8 cm, and the
246width of the 3/1 island is about 1.5 cm. The island width inferred from
247the ECE data has been compared with that from magnetics for a simi-
248lar shot in Ref. 3, and the two measurements are consistent within
249experimental uncertainties. Note that, by changing the amplitude of
250amn, we can scan the effects of different island widths on the EP distri-
251bution function.

252IV. RE-DISTRIBUTION OF EPS BY STATIC MAGNETIC
253ISLANDS
254We first focus on the re-distribution of EPs by the 2/1 magnetic
255island along the radial direction. GTC simulations find that the radial
256profile of EPs is partially flattened within the island regions. The
257change of the density ðN2 � N1Þ=N0 in the ðw; hÞ plane in the low
258field side (h ¼ 0) can be clearly seen in Fig. 5, whereN2 is the distribu-
259tion modified by the 2/1 island, N1 is the distribution without an
260island, and N0 is the average number of particles on the grid. This den-
261sity in the poloidal cross section is averaged over a small range of the
262toroidal angle f ¼ 06 0:02, and the black dots are the structure of the
2632/1 island. Furthermore, the coupling between the island perturbation

FIG. 4. Poloidal structure of the 2/1 island. The color of lines indicates the value of
helical flux whe. The black lines highlight the island structure inside the separatrices.
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264 and the background magnetic field produces higher-order islands in
265 the particle phase space. Therefore, there are multiple islands in the
266 particle phase space. It is possible for the two adjacent phase space
267 islands to overlap when they are large enough, and the corresponding
268 particle trajectories become stochastic. The stochasticity threshold is
269 given by the condition that the widths of two adjacent phase space
270 islands exceed the Chirikov criterion w2 þ w1 > r2 � r1, where w2
271 and w1 are the half widths of the two adjacent phase space islands and

272r2 and r1 are the radial locations of the two adjacent phase space
273islands, respectively.
274We assess the effects of the magnetic island on the EP distribu-
275tion function by making a Poincare plot for the particle drift surface,
276which we refer to as a kinetic Poincare plot to differentiate it from the
277Poincare plot of the magnetic field lines. We select an EP with an
278energy E¼ 40 keV and a pitch angle k ¼ vjj

v ¼ 1. The points of particle
279trajectories are plotted in the poloidal cross section ðw; hÞ at f ¼ 0 in
280Fig. 6, where the color of lines represents the value of w. Although we
281only load the magnetic island perturbation a21, there exist m¼ 2 and
282m¼ 3 harmonics in the particle phase space, and they can couple with
283each other to create other harmonics and even stochastic regions.
284Particles with high energy and a low pitch angle are more likely to
285become stochastic because the curvature drifts and grad-B drifts are
286much larger.33 In this 2/1 island, E ¼ 15 keV is the stochasticity
287threshold for an EP with k ¼ 1, which is useful to predict the stochas-
288ticity of EPs in the experiment. Since particles with different energies
289and pitch angles have different stochastic regions in the phase space,
290we can use different island perturbations for ash removal and impurity
291control.33 These island perturbations should be small to avoid signifi-
292cant effects on the global confinement but large enough to select some
293kinds of particles to remove from the tokamak.
294We then add the three magnetic islands of 3/2, 2/1, and 3/1 in
295Fig. 3(c) to study the effects of multiple islands on EPs. Figure 7 shows
296the magnetic field lines in the case with multiple islands, where the
297color of lines represents the value of w. If the island widths are large
298enough to satisfy the Chirikov criterion, the linear superposition of the
299multiple helical functions (i.e., co-existence of multiple islands) can
300generate other islands in magnetic field lines, even stochastic regions
301in real space. However, our simulations find that the stochasticity of
302magnetic field lines has little impact on the EP re-distribution. The
303flattening effects of the 2/1 island is still dominant, i.e., ðN2 � N1Þ=N0

FIG. 5. The poloidal cross section profile of the EP density difference ðN2 � N1Þ=N0
at f ¼ 060:02 between the case with the 2/1 island and the case without an island.

FIG. 6. Kinetic Poincare plot at the f ¼ 0 poloidal cross section for EPs with
E ¼ 40 keV and k ¼ 1 in the presence of the 2/1 island.

FIG. 7. The Poincare plot of magnetic field lines in the poloidal ðw; hÞ plane at f ¼ 0
with 3/2, 2/1, and 3/1 islands.
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304 is almost the same between the case with 3 islands and the case with
305 the 2/1 island alone.
306 Next, we investigate the EP re-distribution in the phase space
307 using constants of motion. Since the islands in our simulation are not
308 time dependent, the particle energy and magnetic moment are con-
309 served, while the canonical momentum Pf is not conserved due to the
310 breaking of toroidal symmetry. The definition of canonical momen-
311 tum is given by

Pf ¼ gqjj � w;

312 where qjj ¼ vjj=Xp is the effective parallel gyroradius. The contour
313 plot of ðN2 � N1Þ=N0 in the ðPf=wX ; EÞ plane at f ¼ 06 0:02 is
314 shown in Fig. 8(a), where N2 is the distribution with the 2/1 island, wX
315 is the poloidal flux of the last closed magnetic field lines, and E is

316normalized to mpR2
0X

2
p. In Fig. 8(a), we can see the differences of the

317density in the ðPf=wX ; EÞ plane peak at
Pf

wX
� �0:3 and the EP moving

318outward to flatten the density profile. Since the first term gqjj is
319smaller than the second term w in the definition of Pf, the change in
320the distribution mainly occurs around the qs ¼ 2=1 resonant surface,
321where Pf=wX � �w2=1=wX ¼ �0:34. The results demonstrate the
322flattening effect of the magnetic island in the phase space of constants
323of motion. We plot the domains of confined particles for a fixed value
324of l in Fig. 8(b), which shows the change in the distribution function
325between the case with the 2/1 island and the case without the island
326for lB0 ¼ 606 2 keV. The red line is the loss boundary for
327co-moving particles with orbits touching the outer midplane, the blue
328line represents the orbits that pass through the magnetic axis, and the
329green line is the loss boundary for counter-moving particles with
330orbits touching the inner midplane. This plot shows the confined
331co-passing (Pþ � C), confined trapped (T-C), trapped loss (T-L), con-
332fined counter-passing (P� � C), and counter-passing loss (P� � L)
333domains. We can see that the change in the distribution function
334mainly occurs in the domain of confined trapped particles. The
335domain of confined co-passing also has some differences, but they are
336smaller than that of confined trapped particles.
337In the process of the EP re-distribution, the 2/1 island can
338induce outward radial particle flux around resonant surface
339qs ¼ 2=1. In our simulation, the particle flux gradually decreases to
340zero when the EP distribution establishes a new steady-state after
341about 20ðR0=CsÞ, where Cs ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
Te=mi

p
. The definition of particle

342flux is C ¼
Ð
ðvjj dBrB0

þ vdrÞfdv, where vdr is the radial component of
343the magnetic drift velocity. Flux-surface averaging is applied to all
344fluxes when calculating the particle flux.
345Since the initial EP distribution function used in our simula-
346tion is a local Maxwellian, it is not a neoclassical solution that sat-
347isfies the drift kinetic equation in the toroidal geometry. The EP
348distribution function evolves to reach a neoclassical steady-state
349solution after a few transit times (in the collisionless limit). In the
350simulation, the effect of island perturbation on particle motion is
351first turned off. After a short time, when the EP distribution func-
352tion achieves a neoclassical steady-state, the island perturbation is
353turned on, which induces a particle flux. In Fig. 9(a), the red line
354represents the particle flux corresponding to the case with the 2/1
355island only, the purple line represents that corresponding to the
356case with multiple islands 2/1, 3/2, and 3/1, and the blue line repre-
357sents that corresponding to the case with the multiple islands as
358the purple line but with a larger 3/2 island (which is increased to
3591.2 cm). We can see that the EP distribution function gradually
360achieves a new steady-state, and the particle fluxes decrease to
361almost zero after some time.
362If we integrate particle fluxes over time before 12 R0=Cs, we can
363get the radial profiles of the particle fluxes as shown in Fig. 9(b). The
364particle fluxes are relatively positive around the resonant surface
365qs ¼ 2=1, which means that EPs move outward across the islands. In
366Fig. 9(b), particle fluxes are almost the same for the case with multiple
367islands (purple line) and the case with a single island (red line). This is
368probably because the drift orbit widths of most EPs are larger than the
369width of the stochastic regions, which is about 1.5 cm. For a particle
370with E ¼ 40 keV and k ¼ 0:4, the half width of the banana orbit
371around the qs ¼ 2 resonant surface is about 7.6 cm. However, for the
372other case with an increased width of the 3/2 island, the region

FIG. 8. (a) The contour plot of ðN2 � N1Þ=N0 at f ¼ 060:02 after integrating over
all particles. (b) The confined particle plane in (Pf=wX ; E) for EPs with lB0
¼ 6062 keV. The apexes of the parabolas are at E ¼ lBmax(green line),
E ¼ lB0(blue line), and E ¼ lBmin(red line), and the dashed line is the trapped-
passing boundary.
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373 between the 2/1 island and the 3/2 island is mostly stochastic. Since
374 the width of this stochastic region is about 12 cm, which is much larger
375 than the EP drift orbit width, the particle flux (blue line) is larger than
376 the one with only the 2/1 island, as shown in Fig. 9(b). Therefore, only
377 when the width of stochastic regions is larger than the EP drift orbit
378 width, it can cause significant particle flux. Our work focuses on the
379 transport across the magnetic islands. The reason that particles do not
380 leave the simulation domain is that the simulation domain is much
381 wider than the island width to minimize the effects of the simulation
382 boundary. The other transport mechanism outside the island region is
383 needed for particles to be lost from the simulation domain.
384 Finally, we calculate the heat flux in our simulations. Similar to
385 the particle flux, there is no heat flux in the absence of the magnetic
386 island, which means that the heat flux is only induced by the magnetic
387 island. The maximum of the surface-averaged heat flux is about
388 Q¼ 5.2MW/m2 at t ¼ 5R0=Cs. In this shot (DIII-D #157402), there
389 are no direct measurements of the EP heat flux in the plasma interior,
390 but there are measurements of the heat flux to the wall. An infrared
391 camera that views the tiles that surround mock-up test-blanket mod-
392 ule coils registers an increase in the heat flux of 2–7MW/m2 during
393 the NTM activity.34 Note that the heat flux calculated in GTC

394simulation is transient since the simulation has no EP sources to main-
395tain EP pressure profiles. Moreover, the infrared camera measurement
396is not a flux surface-averaged quantity.35 The island-induced prompt
397losses strongly depend on neutral beam injection locations. Therefore,
398in the experiment, toroidally and poloidally varying EP heat fluxes are
399expected, which is not captured by the camera. Thus, the comparison
400between simulations and experimental measurements of the EP heat
401flux is at best qualitative.

402V. EP EFFECTS ON NTM
403In this section, we study the EP effects on NTM excitation in the
404realistic equilibrium of DIII-D shot #170239 by a reduced resistive
405MHD model in the GTC.21 In this linear NTM simulation model,
406thermal ions and electrons are treated using fluid models. We begin
407with the continuity equation for ion and electron species36

Za
@dna

@t
þ B0 � r

Zan0adujja
B0

� �
þ dB � r

Zan0aujj0a
B0

� �

þ dB � r
Zan0adujja

B0

� �
þ B0vE � r

Zan0a
B0

� �

þ cr� b0 � r
dpjja
B0

� �
þ cb0 �rB0 � r

dp?a

B2
0

� �

þ cr� b0 � rB0

B2
0

dp?a þ
cr� b0

B0
� Zan0ard/ ¼ 0: (5)

408Here, index a ¼ e, and i stands for the particle species (electron or
409ion). If we define guiding center charge density dq ¼

P
aqadna and

410parallel current djjj ¼
P

aqan0adujja, by subtracting the continuity
411equation of the electron from the continuity equation of the ion, we
412can get

@dq
@t
þ B0 � r

djjj
B0
þ dB � r

jjj0
B0
þ dB � r

djjj
B0

þ cr� b0 � r
dp
B0
þ cb0 �rB0 � r

dp
B0

2 þ
cr� b0 � rB0

B0
2 dp ¼ 0:

(6)

We assume that the ion is cold and the fluid pressure is isotropic
413dp ¼ dp?e ¼ dpjje. The pressure diffusion equation is solved to
414recover the pressure flattening effect inside the island

ddp
dt
¼ vjjr2

jjdpþ vjjrjj
dB
B0
� rp0

� �
þ v?r2

?dp; (7)

415where rjj and r? are the gradient operators defined using the equi-
416librium magnetic field. In high temperature plasmas, the parallel heat
417conductivity vjj is much larger than the perpendicular heat conductiv-
418ity v?. In our simulation, we use the perpendicular thermal diffusivity
419v? ¼ 1m2=s, the parallel thermal diffusivity vjj ¼ 1:0� 108 m2=s;
420and the resistivity g ¼ 9:0� 10�6 X=m.
421We use the electron momentum equation to evolve the parallel
422vector potential as

@dAjj
@t
¼ �cb0 � rd/þ c

ne0e
b0 � rdpþ c

ne0e
dB
B0
� rp0 �

�eimec
e2n0e

dje:

(8)

FIG. 9. (a) Time history of particle fluxes induced by magnetic islands in the simula-
tions. (b) Particle fluxes as a function of the radial coordinate represented by safety
factor q after integrating over time before 12 R0=Cs.
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The total perturbed current is djjj ¼ dje þ djep þ djbs, and Amp�ere
423 law is

djjj ¼ �
c
4p
r2
?dAjj: (9)

The bootstrap current model is written as37

djbs ¼ �1:46
ffiffi
�
p

Bh

@dp
@r

; (10)

424 where � ¼ r=R.
425 The quasi-neutral condition can be written as

x2
pi

X2
i

r2
?/ ¼ 4pdq: (11)

Equations (6)–(11) form a closed reduced MHD system for thermal
426 plasmas in the NTM simulation. The perturbed EP current is calcu-
427 lated using the gyrokinetic equation as described in Sec. II.
428 The DIII-D shot #170239 is designed to study the EP effects on
429 NTM. Without bootstrap current, the tearing mode is stable, while the
430 NTM (driven by bootstrap current) is unstable in this equilibrium.
431 GTC simulation finds that the linear NTM growth rate without EPs is
432 0.026 R0=Cs when we use a seed island width of 5.2 cm. Then, we add
433 the perturbed current of EPs to study the EP effects on NTM
434 instability.
435 We use the experimental data of the EP distribution function
436 from TRANSP to calculate the perturbed current induced by a static
437 island. The black dotted lines in Fig. 10(b) are the separatrices of the
438 static 2/1 island with a width of 5.2 cm, which is used as the seed island
439 in the GTC simulation. The EP density profile is plotted in Fig. 10(a),
440 which peaks on axis, nf 0 ¼ 1:4� 1013 cm�3. Due to the flattening
441 effect by the magnetic island on the EP distribution function, we can
442 get a perturbed parallel EP current,

djep ¼ jep � jep0 ¼
ð

vjjf

1þ e cos hð Þ dv �
ð

vjjf0
1þ e cos hð Þ dv; (12)

443where f is the distribution function of EPs in the presence of the mag-
444netic island and f0 is the distribution function without the magnetic
445island. This perturbed current is the un-shielded EP current.38 In this
446shot, electron shielding39 reduces the current to approximately 77% of
447the unshielded value. djep is negative (the same direction as equilib-
448rium bootstrap current) around the qs ¼ 2=1 surface, as shown in
449Fig. 10(b). This perturbed current mainly depends on the EP density
450and the width of the magnetic island. Our simulation shows that the
451linear growth rate of NTM is about 0.023 R0=Cs in the presence of the
452perturbed EP current, a reduction of 12% when compared to that
453without EPs. Therefore, the perturbed EP current has a small stabiliz-
454ing effect on the excitation of the 2/1 NTM, consistent with the obser-
455vation3 that the island width is decreased about 1 cm by fast ions in
456this DIII-D experiment.
457Finally, we use a large magnetic island (wd ¼ 10 cm) to calcu-
458late the perturbed currents, and the simulation results are shown
459in Fig. 11. The purple line is the location of the qs ¼ 2=1 surface,
460and the black dotted lines are the island separatrices. We can see
461that the perturbed current is mainly contributed by trapped EPs.
462These results show that trapped EPs can have a stronger interac-
463tion with the magnetic islands. There are typically less trapped fast
464ions from tangential NBI but more trapped fast ions from ion
465cyclotron resonant heating (ICRH) and more trapped a-particles
466in burning plasmas.

467VI. SUMMARY
468In this work, we have carried out global gyrokinetic toroidal code
469(GTC) simulations using realistic DIII-D equilibrium to study the
470interactions between energetic particles (EPs) and neoclassical tearing
471mode (NTM) islands. NTM islands can partially flatten the radial pro-
472file of the EP density in the island regions. In the EP phase space using
473constants of motions (Pf=wX ; E), the change in the EP distribution
474function mainly occurs in the domain of confined trapped particles,
475consistent with the experimental observation8 that the trapped EPs
476strongly interact with the NTM. Using a single magnetic island, GTC
477simulations find that stochastic regions exist in the EP phase space

FIG. 10. The radial profile of (a) EP density and (b) perturbed EP current induced
by the magnetic island.

FIG. 11. The radial profile of perturbed EP current induced by the magnetic island.
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478 when nonlinear harmonics overlap with each other.11,33 The EP radial
479 particle flux is induced around the dominant magnetic island region
480 and decreases over time to almost zero in the absence of EP sources.
481 The particle flux induced by three magnetic islands (3/2, 2/1, and 3/1)
482 is almost the same as that by a single dominant 2/1 island when the
483 width of stochastic regions is small compared to the EP orbit width. If
484 we increase the width of the 3/2 island from 0.8 cm to 1.2 cm, the
485 entire regions between the 2/1 island and the 3/2 island become sto-
486 chastic, which leads to a significant increase in the particle flux.
487 Finally, we study the EP effects on the NTM instability in a realistic
488 DIII-D equilibrium by using a reduced resistive MHD model in GTC
489 simulations. We find that the perturbed parallel EP current induced by
490 the magnetic islands can reduce the NTM growth rate, but the effect is
491 modest. Our simulations demonstrate the re-distribution of EPs by
492 low-n static magnetic islands.8,11 While the passing EPs contribute to
493 the flattening of the radial density profile, the trapped particles interact
494 with the magnetic island strongly and can contribute more to the per-
495 turbed EP current.
496 In the current simulation, the frequency of the magnetic islands
497 is assumed to be zero. However, the magnetic island frequency can be
498 finite, which can affect the EP re-distribution,12 especially when multi-
499 ple islands rotate with different frequencies. In the future, we will
500 include the finite island frequency in our simulations. Moreover, our
501 NTM simulations find that EP current induced by the magnetic
502 islands has a weak stabilization effect. The effect of this current is
503 smaller than that of the uncompensated cross field current due to the
504 charge separation when the EP orbit width is much larger than the
505 island width.17 Therefore, our future study should contain the kinetic
506 effects of EPs self-consistently in the NTM simulations in order to
507 study the EP effects on the NTM comprehensively. We will also per-
508 form self-consistent simulations including nonlinear coupling of the
509 magnetic islands.
510
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