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Magnetohydrodynamic (MHD) instabilities driven by energetic alpha particles and beam deuterium particles
are investigated for ITER operation scenarios using a hybrid simulation code for energetic particles interacting
with an MHD fluid. The particle simulation method with finite Larmor radius effects is applied to both alpha
and beam deuterium particles. For the steady-state scenario with 9 MA plasma current, beta-induced Alfvén
eigenmodes (BAE modes) with low toroidal mode number (n = 3,5) were found to become dominant in the
nonlinear phase although many toroidal Alfvén eigenmodes (TAE modes) with n ~ 15 are most unstable in the
linear phase. The redistribution of energetic particles with 68, ~ Bpeam ~ 0.07%, which respectively correspond
to 6% and 8% of the central values, occurs in the nonlinear phase. When the toroidal mode number of the
fluctuations is restricted to n < 8, the redistribution is substantially reduced, thus, suggesting that the resonance
overlap between the n ~ 15 TAE and low-n BAE modes enhances the energetic particle transport in the run with
full toroidal mode numbers. For the ITER scenario with 15 MA plasma current, an MHD instability with n = 3
that peaks around the ¢ = 1 (g is the safety factor) magnetic surfaces is driven by bulk plasma current and bulk
pressure, and results in significant redistribution of alpha particles with 68, ~ 0.3%. For the equilibrium profile
with the safety factor profile uniformly raised by 0.1 to remove the g = 1 surfaces, only a benign MHD instability
occurs and the energetic particle transport is negligible.
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1. Introduction

Enhanced transport and losses of energetic particles
owing to the Alfvén eigenmodes (AE modes) are of con-
cern in burning plasma devices such as ITER. Beam ions
with a maximum energy of 1 MeV may destabilize the
toroidal Alfvén eigenmodes (TAE modes) with the toroidal
mode number n ~ 10 in an ITER plasma [1]. Nonlinear
hybrid simulations of energetic particles interacting with
magnetohydrodynamic (MHD) fluid showed that the AE
modes with a low toroidal mode number n = 2-3 are
most unstable, and the redistribution of alpha particles is
benign for ITER-like plasmas [2, 3]. Recently, reversed
shear Alfvén eigenmodes (RSAE modes) and TAE modes
were found to be unstable with maximum growth rates for
n = 6 in ITER steady-state plasma [4]. In this study,
we present the simulation results of ITER plasmas using
MEGA [5-7], which is a hybrid simulation code for ener-
getic particles interacting with an MHD fluid. The finite
Larmor radius effect, which reduces the energetic particle
drive to AE modes, has been implemented in the MEGA
code. The MEGA code was benchmarked for the TAE
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mode problem constructed by the Energetic Particle Top-
ical Group of the International Tokamak Physics Activity.
The growth rate of the TAE mode among the nine simu-
lation codes, including MEGA, was found in good agree-
ment [8]. For predicting the AE modes in ITER, investigat-
ing the realistic equilibrium using sufficient numerical res-
olution is important. We use the equilibrium data provided
on the ITER IDM DATA folder. The equilibrium was con-
structed using the ASTRA [9] and EFIT [10] codes. The
number of grid points is 30 times larger than that of our
previous work [3] and is sufficient to resolve the spatial
profile of AE modes with n > 10.

2. Simulation Model

Several hybrid simulation models have been con-
structed [11-15] to study the evolution of AE modes desta-
bilized by energetic particles. In the MEGA code, the
bulk plasma is described using nonlinear MHD equations,
and the energetic ions are simulated with the Jf particle
method. The MHD equations with the energetic ion effects
are given by
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where y is the vacuum magnetic permeability, y is the
adiabatic constant, v, v,, and y are the artificial viscosity
and diffusion coefficients for maintaining numerical stabil-
ity, and all other quantities are conventional. In this study,
the dissipation coefficients v, vy, ¥, and n/uo are equal to
107"vARy unless otherwise specified. The subscript “eq”
denotes the equilibrium variables. The energetic ion con-
tribution is included in the MHD momentum equation [Eq.
(2)] as the energetic ion current density j; that includes
the contributions from parallel velocity, magnetic curva-
ture and gradient drifts, and magnetization current. The
E x B drift disappears in j, owing to quasi-neutrality [4].
The electromagnetic field is given by the standard MHD
description. This model is accurate under the condition
that the energetic ion density is much less than the bulk
plasma density. The MHD equations are solved using a
fourth-order in the space and time finite-difference scheme.

The energetic alpha particles and beam deuterium ions
are simulated using the 6 f particle-in-cell method. We use
the gyrokinetic approach to consider the finite Larmor ra-
dius effects. Electromagnetic fluctuations are averaged on
the energetic particle gyro orbit for energetic particle dy-
namics. The equations of the guiding-center motion are
given in Refs. [6,7, 16]. The alpha particle distribution is
isotropic in velocity space, whereas the beam deuterium
particles are anisotropic. The anisotropy of the beam deu-
terium particles is considered by a distribution function
model that is proportional to exp[—(A — Ag)?/AA?] with
A = uBy/E, Ap = 0.3, and AA = 0.3. E is the parti-
cle kinetic energy, and By is the magnetic field strength
at the magnetic axis. Cylindrical coordinates (R, ¢,z) are
used and (256, 256, 512) grid points are allocated, re-
spectively. The number of computational particles for
each energetic alpha particle and beam deuterium ion is
N = 8.4 x 10°. The numerical convergence with particle
number is discussed in subsection 3.2. For data analysis,
magnetic flux coordinates (r, ¢, ), where ¢ is the poloidal
angle, were constructed for the investigated MHD equilib-
ria. The guiding-center motion and the evolution of ¢ f for
each computational particle are solved using a fourth-order
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Fig. 1 Strong scaling of the MEGA code on Plasma Simulator
(SR16000 M1), Helios, and K Computer. Good strong
scaling is found beyond 105 cores on the K computer.

Runge—Kutta method.

The strong scaling of the MEGA code with the num-
bers of grid points (512, 512, 320) and 670 million com-
putational particles was investigated on Plasma Simulator,
Helios, and K Computer. The results are shown in Fig. 1.
On the K computer, we observed a good strong scaling be-
yond 10° cores.

3. Simulation Results

3.1 Steady-state scenario with 9 MA plasma
current
First, the steady-state scenario with 9 MA plasma cur-

rent was investigated. We used equilibrium data obtained
with the ASTRA and EFIT codes, and data stored on the
ITER IDM DATA folder [17]. The equilibrium plasma
profile is shown in Fig.2. The magnetic shear profile is
weakly reversed, and the ¢ minimum value is less than 2.
The central temperature for the ions and electrons is higher
than 30 keV. The central beta values for the energetic alpha
particles and beam deuterium ions are 1.3% and 0.8%, re-
spectively. In the simulations of the steady-state scenario,
the diffusion coefficients for density and pressure are en-
hanced to v, = y = 10 0aR, for \/if, > 0.7 to stabilize
bulk pressure-driven MHD instabilities. Here, i, is the
normalized poloidal magnetic flux.

The time evolution of the MHD fluctuation energy for
each toroidal mode number n is shown in Fig.3. In the
early phase, the fluctuations with n = 13 - 17 are dominant,
and those with n = 3 and 5 dominate at the later phase.
The fluctuations with n = 13- 17 are the toroidal Alfvén
eigenmodes (TAE modes), and those with n = 3 and 5 are
beta-induced Alfvén eigenmodes (BAE modes). The radial
MHD velocity fluctuations multiplied by the minor radius
coordinate (rv;) at (a) t = 1076 a)gl and (b) t = 2111 a);\l
are shown in Fig. 4. The spatial profiles of the n = 15 TAE

3403068-2



Plasma and Fusion Research: Regular Articles

Volume 9, 3403068 (2014)

7 35
[ I I I (a)
6 5 —30
5 | " bulk T _ 25 _.'—I
< 4r X\ —20
@ 3k T —15 %
21 410 S
1= B“ -5
0 Bbeam | | 0
0 0.2 0.4 0.6 0.8 1
sart(y )

19, -3
n, [107°m?]

0 02 04 06 08 1
Sqrt(\vp)

Fig. 2 Beta profiles of bulk, alpha, and beam ions, as well as
the temperature profiles of ions and electrons (a) and the
profiles of the deuterium-tritium density and safety factor
for the ITER steady-state scenario with a 9 MA plasma
current. The horizontal axis is the square root of the nor-
malized poloidal flux.
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Fig. 3 Energy evolution of the MHD fluctuation for different
dominant toroidal mode number 7.

mode and the n = 3 BAE mode are shown with the Alfvén
continuous spectra in Figs. 5 and 6, respectively. The n = 3
BAE mode forms peaks around the ¢ = 5/3 magnetic sur-
face. The saturation levels of the radial velocity fluctua-
tions for the n = 13 TAE mode and the n = 3 BAE mode
are v;/va ~ 3 x 1073 and v;/va ~ 4 x 1073, respectively.
Redistribution occurs for both energetic alpha particles and
beam deuterium ions. The initial and final beta profiles are
compared in Fig. 7. The reduction in beta value is 0.07%
for the energetic alpha particles and the beam ions, which
are 6% and 8% of the central beta values, respectively.

Time 0.77 ms

Time 1.51 ms

Fig. 4 Radial MHD velocity fluctuations multiplied by minor
radius coordinate (rv;) at (a) t = 1076«)1;1 and (b) ¢t =
2111w,
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Fig. 5 Spatial profile of the n = 15 TAE mode with the poloidal
mode numbers shown in the figure (a) and the n = 15
Alfvén continuous spectra with the frequency of the TAE
mode shown with the red line (b).

3.2 Convergence with particle number
Another run, in which the number of computational
particles increased to 34 million for each alpha particles
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Fig. 6 Spatial profile of the n = 3 BAE mode with the poloidal
mode numbers shown in the figure (a) and the n = 3
Alfvén continuous spectra with the frequency of the BAE
mode shown by the red line (b).
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Fig. 7 Comparison of the initial and final beta profiles of the
energetic alpha particles and beam deuterium ions (a) and
the fluctuation profiles of the beta values (b).

and beam deuterium ions, was performed to check the
numerical convergence. The number of particles is four
times larger than the standard run discussed in the previ-
ous subsection. The results are shown in Fig. 8 in which we
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Fig. 8 Energy evolution of the MHD fluctuation for the domi-
nant toroidal mode number (a) and the energetic particle
beta fluctuation profiles (b) for the plasma with 9 MA cur-
rent using 34 million particles for each alpha particle and
beam ion.

show the energy evolution of the MHD fluctuations for the
dominant toroidal mode number and the energetic particle
beta fluctuation profiles at the end of the run. Comparing
Figs. 8 (a) and 3, we observe in both figures that the largest
fluctuation with n = 3 has a maximum value of about eight
in the unit of the figure at t ~ 2000(1);1. We observe in
Fig. 8 (a) that the n = 13 mode is the second largest fluctu-
ation, and the fluctuations with n = 13 - 16 increase before
the growth of the n = 3 mode. These are the same as that in
Fig. 3. This indicates that the early growth of TAE modes
for n ~ 15 is common between the two runs although the
n = 17 mode is weak and not shown in Fig. 8 (a).

For the beta fluctuation profiles of the energetic par-
ticles, we observe good agreement between Figs. 7 (b) and
8 (b). Thus, we conclude that we have good numerical con-
vergence and the number of particles used is sufficient.

3.3 Effects of multiple modes and plasma
Size

The resonance overlap of the multiple AE modes en-
hances the energetic particle transport [18]. In the results
presented in subsection 3.1, the TAE modes with n = 13 -
17 grow faster than the BAE modes with n = 3 and 5.
The extent to which the TAE modes affect the growth of
the BAE modes and the energetic particle transport is an
interesting and important question.

To answer this question, we performed another run
with the toroidal mode number of the MHD fluctuations
restricted to n < 8. We imposed a numerical filter on the
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Fig. 9 Energy evolution of MHD fluctuation for each toroidal
mode number; (a) and energetic particle beta fluctuation
profiles; (b) in the simulation with toroidal mode numbers
restricted ton < 8.

MHD fluctuations to remove the n > 9 modes. In this run,
the TAE modes with n = 13-17 are not destabilized and
the comparison between these two runs clarifies the effect
of the TAE modes. The energy evolution of each toroidal
mode number is shown in Fig.9 (a). As observed in the
standard run shown in Fig. 3, the BAE mode with n = 3
grows faster than in the restricted run shown in Fig. 9 (a).
The energetic particle beta fluctuations at the final state in
the restricted run are shown in Fig.9 (b). The beta value
reduction is 0.03% and 0.04% in the restricted run for the
energetic alpha particles and the beam deuterium ions, re-
spectively, which corresponds to 2% and 5% of the central
values. These values are lower than the 6% and 8% in the
standard run. Thus, we conclude that the n = 13-17 TAE
modes enhance the growth in the BAE mode and the ener-
getic particle redistribution.

One of the most important differences between ITER
and present-day devices is the ratio of energetic particle or-
bit width to plasma size. We have performed another run
by reducing the plasma size to 1/3 of the ITER plasma,
which is comparable to the present-day devices. The ratio
of the energetic particle orbit width to the minor radius is
enhanced by a factor of three. The energy evolution of the
MHD fluctuations is shown in Fig. 10 (a) for each toroidal
mode number. The most unstable mode number shifts to
n = 3-9 fromn = 13-17 in the ITER shown in Fig. 3.
The profiles of the energetic particle beta fluctuations are
shown in Fig. 10 (b). The reduction in the energetic alpha
particle beta is 0.04%, which is less than the 0.07% reduc-
tion in the ITER plasma shown in Fig. 7 (b).
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Fig. 10 Energy evolution of MHD fluctuation for each toroidal
mode number; (a) and energetic particle beta fluctuation
profiles; (b) in the 1/3-size plasma.

3.4 MHD instability in monotonic shear
plasma with 15 MA plasma current

We have investigated monotonic magnetic shear
plasma with 15 MA plasma current [19]. The equilibrium
data were obtained using the ASTRA and EFIT codes.
The equilibrium plasma profiles are shown in Fig. 11. At
the plasma center, the safety factor is slightly lower than
one, and the safety factor is one (¢ = 1) at three plasma
radii: r/a = 0.15, 0.31, and 0.38. For such plasmas with
triple ¢ = 1 surfaces, tearing-type instabilities with toroidal
mode number higher than one (n > 1) were found [20]. We
also observed that another type of strong MHD instability
occurrs. The energy evolution of each toroidal mode num-
ber is shown in Fig. 12 (a). The instability has the toroidal
mode number n = 3. Figure 12 (b) shows the evolution
of thermal, magnetic, fluid kinetic, energetic particle, and
total energy. The thermal and magnetic energy decrease;
this indicates that instability is driven by bulk pressure and
plasma current. The energetic particle energy slowly in-
creases suggesting that the energetic particles stabilize the
instability. The total energy is kept almost zero, which in-
dicates that the total energy is well conserved. The spatial
profile of the instability is shown in Fig. 13 (a). The pro-
file peaks around r/a = 0.3 close to two of the ¢ = 1
surfaces. A similar instability with n > 1 was also found
for plasma profiles with relatively high magnetic shear at
the ¢ = 1 surface [21]. The initial and final beta profiles
of the energetic particles are compared in Fig. 13 (b). We
observe a significant redistribution of the energetic alpha
particle beta profile. The reduction in the alpha particle
beta value is 0.3%, which corresponds to a quarter of the
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Fig. 11 Equilibrium profiles of an ITER scenario with 15MA
plasma current; (a). Panel (b) is an enlargement for
0 < r/a < 0.6 of panel (a).
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Fig. 12 Evolution of the MHD fluctuation energy for different
toroidal mode numbers (a) and of the kinetic energy (Ex),
magnetic energy (Ey), thermal energy (Ety), energetic
particle energy (Egp), and total energy (EtoraL) (b).

central value. We performed another run with the safety
factor profile uniformly raised by 0.1 to remove the ¢ = 1
surfaces. The evolution of the MHD fluctuations for each
toroidal mode number is shown in Fig. 14 (a). The dom-

81073

410°L

Fig. 13 Spatial profile of the n = 3 MHD instability with the
poloidal mode numbers shown in the figure (a) and com-
parison of the initial and final beta profiles of the ener-
getic alpha particles and beam deuterium ions (b).

inant mode profile with n = 10 is shown in Fig. 14 (b).
In this case, we found only benign MHD instability, and
neither significant MHD instability nor significant AE ac-
tivity. The energetic particle beta profiles are compared in
Fig. 14 (¢) for the initial and final states. We see no sub-
stantial difference between the initial and final states. The
energetic particle transport is negligible when there is no
q = 1 surface.

4. Summary

We have investigated the evolution of AE and the as-
sociated energetic particle transport, and the ideal MHD
instabilities for the ITER operation scenarios using the
MEGA code. The particle simulation method with the fi-
nite Larmor radius effects was applied to the energetic al-
pha and beam deuterium particles. For steady-state plasma
with 9 MA plasma current, the beta-induced Alfvén eigen-
modes (BAE modes) with low toroidal mode number (n =
3 & 5) are found to be dominant in the nonlinear phase
although many toroidal Alfvén eigenmodes (TAE modes)
with n = 15 are most unstable in the linear phase. The
redistribution of energetic particles with 68, ~ Bpeam ~
0.07% occurs in the nonlinear phase. When the toroidal
mode number of the fluctuations is restricted to n < 8, the
redistribution substantially decreases. This suggests that
the resonance overlap between the TAE modes withn ~ 15
and the low-n BAE modes enhances the energetic particle
transport.

For ITER plasma with 15MA plasma current, the
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Fig. 14 Energy evolution of the MHD fluctuations for different
toroidal mode numbers r (a), spatial profile of the n = 10
MHD instability (b), and comparison of the initial and fi-
nal beta profiles of the energetic alpha particles and beam
deuterium ions (c) in an ITER-like equilibrium with the
q value uniformly raised by 0.1.

MHD instability with n = 3 results in significant redis-
tribution of the alpha particles with 68, ~ 0.3%. When the
safety factor profile is uniformly raised by 0.1 to remove
the ¢ = 1 magnetic surfaces, only benign MHD instability
occurs and the energetic particle transport is negligible.

The simulations presented in this study do not include
the kinetic damping of the AE mode, such as radiative
damping [22] and thermal ion Landau damping. The sim-
ulations overestimate the growth rate of the AE modes and
the associated energetic particle transport. We regard the
results of this study as an upper limit of the redistributions
of the energetic particles. The redistributions in the sim-
ulations are benign in the steady-state 9 MA scenario and
negligible in the 15 MA scenario if the ¢ = 1 magnetic sur-
faces are avoided. The results obtained are encouraging for
future ITER experiments.
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