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Abstract
A multi-phase simulation that is a combination of classical simulation and hybrid simulation for energetic particles interacting
with a magnetohydrodynamic (MHD) fluid is developed to simulate the nonlinear dynamics on the slowing down time scale
of the energetic particles. The hybrid simulation code is extended with realistic beam deposition profile, collisions and losses,
and is used for both the classical and hybrid phases. The code is run without MHD perturbations in the classical phase, while
the interaction between the energetic particles and the MHD fluid is simulated in the hybrid phase. In a multi-phase simulation
of DIII-D discharge #142111, the stored beam ion energy is saturated due to Alfvén eigenmodes (AE modes) at a level lower
than in the classical simulation. After the stored fast ion energy is saturated, the hybrid simulation is run continuously. It
is demonstrated that the fast ion spatial profile is significantly flattened due to the interaction with the multiple AE modes
with amplitude v/vA ∼ δB/B ∼ O(10−4). The dominant AE modes are toroidal Alfvén eigenmodes (TAE modes), which is
consistent with the experimental observation at the simulated moment. The amplitude of the temperature fluctuations brought
about by the TAE modes is of the order of 1% of the equilibrium temperature. This is also comparable with electron cyclotron
emission measurements in the experiment.
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1. Introduction

Significant flattening of the fast ion profile was observed
during Alfvén eigenmode (AE mode) activity in DIII-D
experiments [1]. In the experiments, a rich spectrum of
toroidal Alfvén eigenmodes (TAE modes) and reversed shear
Alfvén eigenmodes (RSAE modes) driven by ∼80 keV neutral
beam injection is observed during the current ramp-up phase
with reversed magnetic shear. Much attention has been
paid to the DIII-D experiments, and many theoretical studies
have been devoted. Excellent agreement was found between
ideal magnetohydrodynamic (MHD) NOVA predictions and
electron cyclotron emission (ECE) measurements of the
electron temperature fluctuation amplitude profile due to a TAE
mode [2]. It was demonstrated with the ORBIT simulation that
multiple low-amplitude AE modes with δB/B ∼ O(10−4) can
account for significant modification of fast ion distributions

[3, 4]. Fast ion induced shearing of two-dimensional AE mode
profile was measured by ECE imaging and well described by
the hybrid gyrofluid–MHD code TAEFL [5]. The scintillator
detector measurements of fast ion losses due to AE modes were
reproduced with the ORBIT code [6]. Stability of AE modes
was investigated with the NOVA-K code, and good agreement
was found with the spectrum of observed modes [7]. Three
gyrokinetic simulation codes were validated on the frequency
sweeping of an RSAE mode [8]. Nonlinear simulations have
also been performed on the DIII-D experiments [9, 10].

For the fast ion transport investigated in [3, 4], resonance
overlap was found to be the key mechanism. Resonance
overlap of multiple AE modes was predicted to lead to global
diffusion of fast ions and enhancement in the AE mode
energy [11]. A reduced simulation reproduced TAE bursts
and fast ion losses of a TFTR experiment [12]. The fast ion
transport mechanism in that work was found to be resonance
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overlap and overlap of higher order islands created by a single
mode. However, the saturation amplitude in the simulation
was δB/B ∼ 2 × 10−2 at the mode peak locations, which is
larger than that in the TFTR experiment by roughly one order of
magnitude. A nonlinear MHD simulation with fast ion source
and slowing down collisions demonstrated that the nonlinear
MHD effect reduces the saturation amplitude for the TFTR
experiment to δB/B ∼ 5 × 10−3 at the mode peak locations,
and δB/B ∼ 10−3 at the edge region, which is comparable to
the experiment [13].

A question that arises is ‘what is the required AE
mode amplitude for considerable fast ion transport?’ In the
simulation for the TFTR experiment the saturation AE mode
amplitude is δB/B ∼ 5 × 10−3 at the mode peak locations,
while the inferred amplitude is δB/B ∼ 10−4 in the DIII-
D experiment. This difference might be attributed to the
differences in temporal behaviour of AE modes (bursty in
TFTR versus steady in DIII-D), and in q-profile (normal shear
with qmin ∼ 1 in TFTR versus reversed shear with qmin ∼ 3−4
in DIII-D). However, a definite answer to this question is
given only by the MHD simulation applied to the DIII-D
experiment and motivates us to simulate the DIII-D experiment
as realistically as possible.

2. Simulation model

2.1. Hybrid simulation model of energetic particles and MHD

Several hybrid simulation models have been constructed
[14–18] to study the evolution of AE modes destabilized by
energetic particles. In the MEGA code, the bulk plasma is
described by the nonlinear MHD equations and the fast ions
are simulated with the particle-in-cell method. The MHD
equations with the fast ion effects are given by
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µ0
∇ × B, (6)

�ω = ∇ × v, (7)

where µ0 is the vacuum magnetic permeability, γ is the
adiabatic constant, ν, νn and χ are artificial viscosity and
diffusion coefficients chosen to maintain numerical stability
and all the other quantities are conventional. In this work,
the dissipation coefficients ν, νn, χ and η/µ0 are assumed
to be equal to each other. The dissipation terms play a
physical role to enhance the damping of AE modes in the
MHD simulation that does not include kinetic damping such

Figure 1. Radial profiles of equilibrium electron density (ne),
electron temperature (Te), ion temperature (Ti) and safety factor (q).

as radiative damping [19] and thermal ion Landau damping.
We investigate three values of the coefficients, 5 × 10−7,
2 × 10−6 and 5 × 10−6 normalized by vAR0 where vA is
the Alfvén velocity at the plasma centre, and R0 is the major
radius at the geometrical centre of the simulation domain.
The subscript ‘eq’ represents the equilibrium variables. The
MHD momentum equation (equation (2)) includes the fast ion
contribution in the fast ion current density j ′

h that consists
of the contributions from parallel velocity, magnetic curvature
and gradient drifts, and magnetization current. The E × B
drift disappears in j ′

hdue to the quasi-neutrality [20]. We see
that the electromagnetic field is given by the standard MHD
description. This model is accurate under the condition that
the fast ion density is much less than the bulk plasma density.
The MHD equations are solved using a fourth-order (in both
space and time) finite difference scheme.

The fast ions are simulated using the particle-in-cell
method, and a drift-kinetic description [21], where we employ
the gyrokinetic approach to account for finite Larmor radius
effects. The electromagnetic fluctuations are averaged over
the fast ion gyro-orbit for the fast ion dynamics. Cylindrical
coordinates (R, ϕ, z) are used in the simulation. For the
purpose of the data analysis, magnetic flux coordinates
(r, ϕ, ϑ) were constructed for the MHD equilibrium where
r is the radial coordinate with r = 0 at the plasma centre and
r = a at the plasma edge, and ϑ is the poloidal angle. The
equations of motion for each computational particle are solved
using a fourth-order Runge–Kutta method.

2.2. Implementation of beam injection, collisions and losses

We investigate the nonlinear evolution of AE modes and beam
ions in DIII-D discharge #142111 at t = 525 ms. The
equilibrium is reconstructed with the EFIT code [22], and
the relevant profiles are shown in figure 1. We assume a
continuous and constant beam injection with a realistic beam
ion deposition profile given by the TRANSP [23] code for
t = 525 ms. In this work we introduce only the full-energy
component with energy of approximately 80 keV. The beam
deposition power is 4.95 MW, and is 79% of the total deposition
power in the experiment that includes the half and third energy
components. The beam deposition profile in (Pϕ, �) space
is shown in figure 2. Here, Pϕ = efψ + mfRv‖bϕ is the
toroidal canonical momentum defined with fast ion charge ef

and mass mf , poloidal magnetic flux ψ , velocity parallel to
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Figure 2. Beam deposition profile in (Pϕ, �) space for the full-energy component, (a) number of particles (N ), (c) phase space volume (V )
and (e) distribution function (N /V ) for particles co-going to the plasma current, and (b), (d), (f ) are the same for the counter-going
particles. Phase space regions of co-passing particles (co), counter-passing particles (cntr), trapped particles (tr) and lost trapped particles
(loss) are labelled in (c) and (d).

the magnetic field v‖, toroidal component of the unit vector
of magnetic field bϕ , and � ≡ µB0/E is pitch-angle variable
defined with magnetic moment µ, magnetic field strength at
the plasma centre B0, and particle kinetic energy E. The
poloidal flux is taken to be ψ = 0 at the plasma centre and
ψ = ψ0 > 0 at the plasma edge. We have chosen the sign of
poloidal flux opposite to that in the DIII-D experiment. This
choice does not affect the physics. We should distinguish the

direction of particle motion with respect to the plasma current.
The number of deposited beam particles (= N) is shown in
figures 2(a) and (b), the Jacobian of the (Pϕ, �) space (= V )

in figures 2(c) and (d), and the beam deposition profile in
phase space (= N/V ) in figures 2(e) and (f ) for particles
co- and counter-going to the plasma current, respectively.
Particle losses are assumed to take place at the plasma boundary
(r/a = 1). The values in the figure are set to be 0 for the particle
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Figure 3. Time evolutions of (a) stored fast ion energy in
multi-phase and classical simulations and (b) MHD kinetic energy
in the multi-phase simulation.

loss regions. We see in figures 2(c) and (d) the confinement
regions of co-passing particles, counter-passing particles, and
trapped particles labelled ‘co’, ‘cntr’, and ‘tr’, respectively.
The trapped region is shown for both the co- and counter-going
particles. The horizontal axis in figure 2 is normalized by
efψ0. If the particle velocity is negligibly small, the confined
regions of co- and counter-going particles overlap each other
with Pϕ = 0 at the plasma centre and Pϕ = 1 at the edge.
The beam injection energy of ∼80 keV, however, separates the
phase space regions of co- and counter-going particles.

We see in figures 2(e) and (f ), the distribution function
of the beam deposition is highly localized in phase space. The
classical distribution function of fast ions is formed from the
beam deposition profile after collisions with the bulk plasma
particles. The beam deposition profile localized in � direction
indicates that pitch-angle scattering should be taken into
account in addition to slowing down. For the slowing down
process of energetic particles, a delta-f simulation model
was developed using an analytical time-dependent classical
distribution function [13]. However, it is not feasible to
construct an analytical distribution function that is consistent
with pitch-angle scattering, and pitch-angle scattering is not
taken into account in [13]. On the other hand, the full-
f method is straightforward for realistic simulations with
collisions and has been previously implemented in the MEGA
code [24]. In this work, we introduce slowing down, pitch-
angle scattering, and energy diffusion with realistic physics
parameters for the DIII-D experiment using the full-f method.

Collisions of fast ions with thermal electrons and ions [25]
are implemented in the MEGA code. The slowing down is

Figure 4. Time evolution of fast ion pressure profile in multi-phase
simulation.

Figure 5. Comparison of fast ion pressure profile among
multi-phase simulation (circle), classical (triangle) simulation and
experiment (square) with an error bar shown in the figure. The
random error in the experimental fast-ion pressure associated with
subtraction of the thermal pressure is represented by the error bar;
the uncertainty in determination of the total pressure from
equilibrium reconstructions contributes a comparable systematic
error.

included in the time integration of total particle velocity v by

(
dv

dt

)
slowing down

= −ν

(
v +
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c
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)
, (8)

where ν is drag rate (inverse of the slowing down time) and
vc is the critical velocity above which the fast ion collisions
with electrons dominate the slowing down process. Pitch-
angle scattering and energy diffusion are taken into account at
the end of each time step using a Monte Carlo procedure [26],
where a particles’ pitch λ = v‖/v and total velocity v is altered
according to the relations
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Figure 6. Fast ion distributions in (E, v‖/v) space at t = 77 ms in
(a) classical simulation, (b) multi-phase simulation. The difference
between the two simulations is shown in (c).

where νd is the pitch-angle scattering rate, �t is the time step
width, Te, Ti are respectively electron and ion temperature, and
± denotes a randomly chosen sign with equal probability for
plus and minus.

2.3. Multi-phase simulation

We would like to investigate a fast ion distribution formation
process with beam injection, collisions, losses and transport
due to the AE modes. A complicating factor is that the time
scale of the classical processes without MHD perturbations is

Figure 7. Comparison of fast ion distribution at t = 77 ms between
multi-phase and classical simulations as functions of (a) energy with
v‖/v = 0.63 and (b) pitch with E = 60 keV.

the slowing down time, which is roughly 200 ms, and longer
by four orders of magnitude than the typical oscillation period
of AE mode ∼0.02 ms. The time step width is limited by the
Courant condition for fast magnetosonic waves in the hybrid
simulation. On the other hand, in the classical simulation,
the time step width can be taken to be 30 times greater than
that in the hybrid simulation. To deal with this efficiently, we
construct a multi-phase simulation where we run alternately the
classical simulation and the hybrid simulation. In the classical
phase of the simulation, the fast ion distribution is built up with
the beam injection and collisions. In the subsequent hybrid
phase, the built-up fast ion distribution destabilizes AE modes
leading to the relaxation of the distribution. We should note
that the classical processes, beam injection and collisions, take
place also in the hybrid phase. We repeat this combination of
the classical and hybrid simulations until the stored fast ion
energy is saturated. After which, we continuously run the
hybrid simulation to investigate the fast ion distribution and
AE modes, and compare them with those of the experiment.

3. Simulation results

3.1. Multi-phase simulation with realistic parameters

We have run a multi-phase simulation and a classical
simulation for the DIII-D discharge #142111 at t = 525 ms.
We use experimental values for collision frequencies, the beam
deposition power 4.95 MW (for the full-energy component),
and the beam deposition profile shown in figure 2. Eight
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Figure 8. Frequency spectra of temperature fluctuation at r/a = 0.4 for 75.0 ms � t � 77.3 ms for (a) m/n = 4/1, (b) m/n = 8/2,
(c) m/n = 12/3, (d) m/n = 16/4 and (e) m/n = 20/5.

million computational particles are injected at a constant rate
over a 150 ms time interval, although both the multi-phase
and classical simulations are terminated before t = 150 ms.
The numbers of grid points are (128, 128, 256) for (R, ϕ, z)

coordinates, respectively. We restrict the toroidal mode
number of energetic particle drive in the simulation to n = 1−5
in order to reduce the numerical noise. This is supported by the
experimental observation that the toroidal mode number of the
AE modes is n = 1−5 at t ∼ 525 ms [7]. Here, the dissipation
coefficients are set to be 5 × 10−7vAR0. The dependence on
the dissipation coefficients is discussed in section 3.3. Figure 3
shows the time evolution of stored fast ion energy and MHD
kinetic energy. The multi-phase simulation in figure 3 was
run with alternating classical phase for 4 ms and hybrid phase
for 1 ms. This combination was repeated until stored fast
ion energy is saturated at t = 75 ms, after which, the hybrid
simulation is run continuously. We see the MHD kinetic energy
reaches a steady level in figure 3(b). The time evolution of
the fast ion pressure profile is shown in figure 4. The fast
ion pressure reaches a steady-state profile after t = 75 ms.
Figure 5 compares the fast ion pressure profiles among the
multi-phase and classical simulations, and the experiment. The
fast ion pressure profile in the experiment is inferred from the
equilibrium reconstruction and the subtraction of the thermal
pressure. We see in figure 5 that significant flattening of fast
ion pressure profile takes place in the multi-phase simulation.

The fast ion profile in the multi-phase simulation is more
flattened than that in the experiment. We should note that
the half and third energy components, which would increase
the fast ion pressure to a level closer to the experiment, are
not included in the present simulations, and the total beam
deposition power is lower than in the experiment. Figure 6
compares beam distributions in velocity space (E, v‖/v) at
t = 77 ms between the classical and multi-phase simulations.
The positive pitch v‖/v> 0 is co-going to both the magnetic
field and the plasma current in the equilibrium used in this
simulation. What is important is the positive pitch is co-going
to the plasma current. We see the distribution function is
reduced in the multi-phase simulation. Figure 7 shows the
distribution functions versus energy and pitch. We see in
figure 7(a) the classical distribution has positive gradient for
energy just below the injection energy 80 keV. In the multi-
phase simulation, the distribution is monotonically decreasing
in energy. In figure 7(b) the distribution gradient is reduced
in pitch in the multi-phase simulation. The modification
of the fast ion distribution in the multi-phase simulation is
brought about by the interaction with the AE modes, which
are discussed in the next subsection.

The collisional heating power of fast ions at t = 128 ms
in the classical simulation is 3.43 MW, which is lower than the
beam deposition power 4.95 MW. Both the prompt losses and
the collisional losses at r/a = 1 results in the power loss of
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Figure 9. Radial velocity and magnetic fluctuation profiles of TAE modes with toroidal mode number and frequency (a), (b)
n = 1, f = 56.5 kHz, (c), (d) n = 2, f = 59.0 kHz, (e), (f ) n = 3, f = 59.0 kHz, (g), (h) n = 4, f = 58.5 kHz, (i), (j )
n = 5, f = 58.0 kHz. Solid (dotted) lines represent cosine (sine) components with poloidal mode number labelled in the figure.

1.52 MW. In the multi-phase simulation, the collisional heating
power and the power transfer to the AE modes are respectively
2.67 MW and 0.56 MW at t = 77 ms. The collisional heating
power is reduced by 0.76 MW from the classical heating power
due to the interaction with the AE modes. As the energy
transferred to the AE modes is further transferred to the bulk
plasma through the mode damping, the reduction in the total
heating power due to the AE modes is 0.20 MW.

3.2. AE modes and fast ion transport in steady state

Bulk temperature fluctuation spectra with toroidal mode
number n = 1 − 5 at r/a = 0.4 are shown for 75 ms �
t � 77.3 ms in figure 8. The temperature fluctuation is
normalized by the equilibrium temperature. At t = 525 ms
in the experiment, the TAE modes with n = 1 and 3–5 are
observed, whereas the n = 2 TAE mode is not. We should
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Figure 10. Alfvén continuous spectra for toroidal mode number (a) n = 1, (b) n = 2, (c) n = 3, (d) n = 4 and (e) n = 5. Frequency and
spatial location of the TAE modes are shown with horizontal line.

note that n = 2 modes are observed at other times in this
discharge. We see δT /T ∼ O(10−2) for n = 1, 3 and
4 that is comparable to the experiment. For n = 5, the
temperature fluctuation δT /T ∼ O(10−3) is lower than that
of the experiment. The frequency of the dominant fluctuations
is ∼60 kHz that corresponds to the TAE gap. The spatial
profiles of the radial velocity and magnetic fluctuations are
analysed for the dominant frequency of each toroidal mode
number, and are shown in figure 9. The Fourier decomposition
is executed in time for 75 ms � t � 77.3 ms. Figure 10 shows
the Alfvén continua and the frequency and spatial location of
the dominant fluctuations. The Alfvén continua were analysed
based on the ideal MHD model with plasma compressibility.
The MHD pressure used in the analysis is the sum of thermal
pressure and fast ion pressure. The spatial profiles shown in
figure 9 consist of many poloidal harmonics, and the frequency
is just above the accumulation point of the lower frequency
continuum of the TAE gap. These indicate that the dominant
fluctuations are TAE modes. The n = 1 and 2 modes have also
a property like energetic particle mode such that their peak is
located on the continuum. The amplitude of the TAE modes
is vr/vA ∼ δBr/B ∼ (3 − 6) × 10−4 for n = 1 − 4 and
vr/vA ∼ δBr/B ∼ 4 × 10−5 for n = 5. From this, we can
conclude that the fast ion profile is flattened by the multiple
AE modes with amplitude vr/vA ∼ δBrB ∼ O(10−4).

We analyse the fast ion particle flux brought about by the
AE modes. Figure 11 shows the radial particle flux at t = 75,
76 and 77 ms for each toroidal mode number n

Fn(r) =
∫ 2π

0

[
nfnvErn + (nfv‖)nδbrn

]
σnr dθ

(σn=0 = 1, σn�=0 = 1
2 ), (11)

where nf , δ(nfv‖), vEr , and δbr are fast ion density, fast ion
parallel flow, radial E × B drift velocity, radial fluctuation of
magnetic field unit vector, and the subscript n is toroidal mode
number. We found the toroidal mode numbers n = 1 − 4
contribute substantially to the fast ion transport for 0.2 �
r/a � 0.8. The level of the total particle flux is about 10−8

in the unit of the figure and kept roughly constant over the
two intervals. The profile of the total flux, however, varies in
time. The magnitude and profile of each flux component show
a greater variation than the total flux. The time variation of the
particle flux is in contrast to the steady fast ion pressure profile
in 75 ms � t � 77.3 ms shown in figure 4.

3.3. Dependence on dissipation coefficients and duration of
classical phase

Since the employed MHD model lacks a complete physical
description that includes kinetic damping of AEs, we employ
artificial dissipation coefficients to control the damping. In
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Figure 11. Total fast ion flux brought about by AE modes summed
over n = 0–5 (solid line) and q-profile (dashed line) for
(a) t = 75 ms, (b) t = 76 ms and (c) t = 77 ms. Flux for each
toroidal mode number is shown for n = 1 (open circle), n = 2 (solid
circle), n = 3 (triangle) and n = 4 (square).

addition to the multi-phase simulation described in the previous
subsections, we have run two multi-phase simulations with
dissipation coefficients 2 × 10−6vAR0 and 5 × 10−6vAR0.
The stored fast ion energy reaches to steady levels in both
the runs at t = 75 ms and 80 ms, respectively. The hybrid
simulation follows each multi-phase simulation. Figure 12
compares fast ion pressure profiles and MHD kinetic energy
evolution in the hybrid simulation for the different dissipation
coefficients. We see in figure 12(a) that significant flattening of
the fast ion profile takes place for all the dissipation coefficients
over a range of one order of magnitude. The stored fast ion
energy is higher for the larger diffusion coefficients which
lead to higher damping rate of the AE modes. The horizontal
axis of figure 12(b) is the time with offset at the start of the

Figure 12. Comparison among different dissipation coefficients for
(a) fast ion pressure profile and (b) time evolution of MHD kinetic
energy in the connecting hybrid simulation. Fast ion pressure profile
in classical simulation and q-profile are also shown in (a).
Dissipation coefficients are labelled in the figure.

connecting hybrid simulation. The MHD kinetic energy is
lower for the higher dissipation coefficients. MHD kinetic
energy for dissipation coefficients 5 × 10−6vAR0 is lower than
that for 5 × 10−7vAR0 by one order of magnitude. The MHD
energy dissipation rate is comparable among the three cases
because energy dissipation rate is roughly in proportion to
the product of dissipation coefficients and MHD fluctuation
energy. For the steady states where AE amplitudes are kept at
constant levels, this indicates the energy transfer rate from fast
ions to AEs is also comparable among the three cases. Since the
temporal variations of particle energy and toroidal canonical
momentum are in proportion to each other for the interaction
with a wave of constant amplitude, frequency, and toroidal
mode number, this indicates the fast ion transport due to the
AEs is comparable among the three cases. Our observation that
the energy dissipation rate is comparable among the different
dissipation coefficients is consistent with figure 12(a) that
shows the significant flattening of fast ion profile takes place
for all the three cases.

Another interesting question is to what extent the multi-
phase simulation results depend on the choice of duration
for the classical and hybrid phases. Since a full hybrid
simulation is too computationally demanding for realistic
collision frequencies, we compare our 4 ms classical phase
runs with 9 ms for classical phase and 1 ms for hybrid phase.
Again, the hybrid simulation is connected to the multi-phase
simulation at t = 75 ms. This run is the same as the
standard run presented in the previous subsections except for
the classical phase duration. Figure 13(a) compares time
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Figure 13. Comparison between multi-phase simulation results with
different durations of classical phase 4 and 9 ms for (a) stored fast
ion energy evolution, (b) MHD kinetic energy evolution in the
connecting hybrid simulation and (c) fast ion pressure profile at
t = 77.3 ms. The duration of hybrid phase is 1 ms in both
simulations.

evolution of stored fast ion energy between the two multi-
phase simulations with classical phase for 4 ms and for 9 ms.
For co-going particles, the stored fast ion energy is slightly
higher in the run with 9 ms classical phase. This suggests a
longer duration of the hybrid phase is needed to relax the fast
ion distribution built-up during the classical phase. However,
for counter-going particles, we see good agreement between
the two runs at the end of each hybrid phase. This indicates
the duration of hybrid phase 1 ms is enough for the relaxation
of the counter-going particle distribution. We would like to
point out the stored energy of co-going particles is very close
to each other at the end of the simulations. Figures 13(b) and
(c) compare the time evolution of MHD kinetic energy and
the fast ion pressure profiles. We see very good agreement
between the two runs.

The comparison between the two runs with classical phase
duration 4 and 9 ms suggest the following for an entirely hybrid
simulation that is equivalent to a multi-phase simulation with
classical phase duration 0 ms. In the entirely hybrid simulation,
the stored fast ion energy and the fast ion pressure would be
lower than those of the multi-phase simulations presented in
this paper, because the stored fast ion energy is lower with the
classical phase duration 4 ms than with the duration 9 ms. This
can be also inferred from the fact that the stored fast ion energy
is slowly decreasing at the end of the simulations as shown in
figure 13(a). However, as already mentioned, we only found
a slight difference between the classical phase durations 4
and 9 ms. We do not expect any significant difference in the
entirely hybrid simulation. Our conclusion that the fast ion
profile is flattened by the multiple AE modes with amplitude
vr/vA ∼ δBrB ∼ O(10−4) would not change in the entirely
hybrid simulation.

3.4. Effects of history and multiple modes

The temperature fluctuation spectrum of n = 3 mode shown
in figure 8(c) has another peak at frequency around 54 kHz
lower than that of the primary TAE mode. To understand
the lower frequency peak, we have continued the standard run
reported in sections 3.1 and 3.2 with all the MHD fluctuations
transiently set to be zero at t = 77.3 ms. Figure 14 shows
the temperature fluctuation spectra at 77.3 ms � t � 81.1 ms.
The spectra shown in figure 14 are similar to figure 8, but
we notice a few differences. The primary peak of n = 3
fluctuation at frequency 59 kHz shown in figure 14(c) is
stronger than in figure 8(c), while the secondary peak at
frequency 54 kHz is weaker. The time evolution of radial
MHD velocity with m/n = 12/3 is shown in figure 15(a).
We see an amplitude oscillation with frequency ∼5 kHz. The
peak at lower frequency 54 kHz shown in figure 14(c) can be
attributed to this amplitude oscillation. Figure 15(b) displays
the time evolution of poloidal flow with m/n = 0/0 (zonal
flow), of which spatial profile is shown in figure 16 along
with that of the poloidal magnetic fluctuation with toroidal
mode number n = 0. We do not see any clear temporal
correlation between the radial MHD velocity and zonal flow
in figure 15. The amplitude oscillation of the radial MHD
velocity shown in figure 15(a) may be caused by the nonlinear
wave–particle interaction. In the standard run, the hybrid
simulation started at t = 74 ms after the classical simulation
was run for 4 ms. This makes the MHD fluctuation transiently
reach a level substantially higher than the steady level as shown
in figure 3(b). The interaction with large-amplitude TAE
modes generates a large fluctuation in the fast ion distribution
function. This may lead to the amplitude oscillation of TAE
modes and affect the frequency spectra of MHD fluctuations.
In figure 14, the amplitude of n = 1 and 2 are reduced from
those shown in figure 8. We should be careful of the effect of
history when we discuss the details of the frequency spectrum.
The stored fast ion energy decreases by 2% from t = 77.3 to
81.1 ms. The MHD fluctuations with the spectrum shown in
figure 14 are strong enough for transport to keep the fast ion
distribution flattened.

We show in figure 16 the spatial profiles of poloidal
velocity and poloidal magnetic fluctuation with toroidal mode
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Figure 14. Frequency spectra of temperature fluctuation at r/a = 0.4 for 77.3 ms � t � 81.1 ms for (a) m/n = 4/1, (b) m/n = 8/2,
(c) m/n = 12/3, (d) m/n = 16/4 and (e) m/n = 20/5.

number n = 0 at t = 81.1 ms. The amplitude of zonal flow
and field with m/n = 0/0 are ∼10−4 normalized by the Alfvén
velocity and the toroidal magnetic field, respectively. The
comparable amplitude of zonal flow and field is consistent with
the result of the hybrid simulation using MEGA [27]. The
large amplitude of m/n = 1/0 magnetic fluctuation can be
attributed to the change of equilibrium due to the dissipation
of MHD fluctuations that enhances the MHD pressure. We
have carried out another run succeeding the standard run at
t = 77.3 ms with a numerical filter applied to remove the
MHD fluctuations other than n = 3. All the MHD fluctuation
amplitude including n = 3 mode are instantaneously set to
be zero at t = 77.3 ms. The time evolution of radial velocity
fluctuation with m/n = 12/3 is shown in figure 17(a). We see
the amplitude of radial velocity shown in figure 17(a) is lower
than that in figure 15(a). This indicates the multiple modes
included in the run shown in figure 15(a) enhance the TAE
mode amplitude. This enhancement can be attributed to the
resonance overlap. The temperature fluctuation spectrum is
shown in figure 17(b). Comparing with figure 14(c) where
all the toroidal mode numbers are included for the MHD
fluctuations, we see in figure 17(b) the n = 3 mode amplitude
is reduced and there the sharp peak in the frequency spectrum
is absent. The reason for the absence of the sharp peak in the
frequency spectrum of the single-n run remains to be identified.
The stored fast ion energy increases by 3% from t = 77.3 to

80.2 ms. This indicates that the fast ion transport due to only
n = 3 fluctuations is not strong enough to maintain the fast ion
distribution flattened by the multiple-n modes.

4. Discussion and summary

We have developed a multi-phase simulation that is a
combination of classical and hybrid simulations for energetic
particles interacting with an MHD fluid to simulate the
nonlinear dynamics on slowing down time scales of the
energetic particles. The hybrid simulation code MEGA is
extended with realistic beam deposition profiles, collisions and
losses, and is used for both the classical and hybrid phases. The
code is run without MHD perturbations in the classical phase,
while the interaction between the energetic particles and the
MHD fluid is simulated in the hybrid phase. In a multi-phase
simulation of DIII-D discharge #142111, the stored fast ion
energy is saturated due to Alfvén eigenmodes at a level lower
than in the classical simulation. After the stored fast ion energy
is saturated, the hybrid simulation is run continuously. It is
demonstrated that the fast ion spatial profile is significantly
flattened due to the interaction with the multiple AEs with
amplitude v/vA ∼ δB/B ∼ O(10−4). The dominant modes
found are TAEs, which is consistent with the experimental
observation at the simulated time. The n = 1 and 2 modes
have also a property like energetic particle mode such that
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Figure 15. Time evolution of (a) radial velocity with m/n = 12/3
and (b) poloidal velocity with m/n = 0/0 at each peak location.

their peak is located on the continuum. The amplitude of
the temperature fluctuations brought about by the TAEs is
of the order of 1% of the equilibrium temperature which is
comparable to electron cyclotron emission measurements in
the experiment. In the standard run, the amplitude of the TAE
modes is vr/vA ∼ δBr/B ∼ (3 − 6) × 10−4 for n = 1 − 4,
and the fast ion pressure profile is more flattened than that in
the experiment. We expect that the half and third energy beam
components, which are not included in the present simulations
with the beam deposition power 4.95 MW, would increase the
beam deposition power to 6.25 MW and make the fast ion
pressure closer to the experiment.

We carried out two more multi-phase simulations with
different dissipation coefficients. Significant flattening of fast
ion spatial profile takes place over a range of one order of
magnitude for the dissipation coefficients. The kinetic energy
of the MHD fluctuations is roughly in proportion to the inverse
of the dissipation coefficients. This is consistent with the result
that the significant flattening of fast ion spatial profile takes
place for all the dissipation coefficients. The physics model in
this study does not include kinetic damping of AE modes such
as radiative damping [19] and thermal ion Landau damping.
The dissipation coefficients enable us to control the damping
rate, and we can adjust dissipation coefficients to match the
experimental fast ion profile. The continuous spectrum shown
in figure 10(b) indicates that continuum damping takes place
for the n = 2 mode at r/a ∼ 0.2. In the radial velocity
profile of the n = 2 mode shown in figure 9(c), the sine part
(dashed line) of m = 8 harmonic has a sudden variation around
r/a ∼ 0.2, which is consistent with the continuum damping.

Figure 16. Spatial profiles of (a) poloidal velocity and (b) poloidal
magnetic fluctuation with toroidal mode number n = 0 at
t = 81.1 ms. Solid (dotted) lines represent cosine (sine) components
with poloidal mode number labelled in the figure.

This indicates that the continuum damping is qualitatively
captured in the simulation. However, a quantitative verification
of continuum damping has not yet been performed with MEGA
code. A perfect reproduction of the AE mode spectrum in the
experiment with the absence of the n = 2 mode at t = 525 ms
may need a fully kinetic description of the bulk plasma and
also a quantitative verification of continuum damping.

We also performed a second multi-phase simulation with
a different classical phase duration (9 ms versus 4 ms) and
found good agreement between the two cases. From this, we
conclude that if an entirely hybrid simulation was possible on
a reasonable timescale, the results would be similar, i.e. a
significant flattening of fast ion profile for relatively low AE
amplitudes. We investigated the effect of history on the MHD
frequency spectra. After all the MHD fluctuation amplitude is
transiently set to be zero, the hybrid simulation was continued.
We found that the amplitude of the secondary peak at lower
frequency is reduced, and the secondary peak is attributed to the
amplitude oscillation that is likely to be excited by the nonlinear
wave–particle interaction. We should be careful of this effect
when we analyse the MHD frequency spectra just after the
classical phase, because the AE mode amplitude transiently
reaches a high level. In addition, we examined the evolution
with only n = 3 MHD fluctuations. The amplitude oscillation
takes place as well as the standard run where all the MHD
fluctuations are included. However, the n = 3 mode amplitude
is reduced and there the sharp peak in the frequency spectrum
is absent. In the multiple-n run, the resonance overlap may
enhance the amplitude of TAE modes. The reason for the
absence of the sharp peak in the frequency spectrum of the
single-n run remains to be identified.
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Figure 17. Time evolution of radial velocity with m/n = 12/3 (a),
and frequency spectra of temperature fluctuation at r/a = 0.4 for
77.3 ms � t � 80.2 ms for m/n = 12/3 (b), in the run where a
numerical filter is applied to MHD fluctuations to retain only
toroidal mode number n = 3.

Two important subjects are under investigation and will
be the subject of future publications. The first is a detailed
comparison of temperature fluctuations between simulation
and experiment. In the DIII-D experiment, ECE measurements
revealed the radial profiles of amplitude and phase for the
electron temperature fluctuations. We have the bulk plasma
temperature fluctuations in the MHD simulations, and a
comparison with ECE measurements is straightforward. The
half and third energy beam components, which are not included
in the present simulations, will be included. Also, the
dependence of the electron temperature fluctuation amplitude
with the plasma rotation included and/or extended MHD
models is also of interest.

The second subject for future work is the fast ion transport
due to the multiple AE modes in the steady fast ion distribution.
We investigated in this work the fast ion particle flux profile
and found it varies in time while the fast ion spatial profile
is kept constant. The detailed analysis of the time evolution
of fast ion flux profile is needed to understand the fast ion

transport due to the multiple AE modes. This issue is closely
related to the fast ion losses coherent and incoherent to the AE
modes measured by the fast ion loss detectors [6, 28]. With the
approach employed here, we can analyse the details of the fast
ion transport in both configuration space and velocity space.
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