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Abstract. Linear properties and nonlinear evolutions of an energetic-ion driven instability in a JT-60U plasma
were investigated using a simulation code for magnetohydrodynamics and energetic particles. The spatial profile
of the unstable mode peaks near the plasma center where the safety factor profile is flat. The unstable mode is
not a toroidal Alfvén eigenmode (TAE) because the spatial profile deviates from the expected location of TAE
and the spatial profile consists of a single primary harmonic m/n = 2/1 where m,n are poloidal and toroidd
mode numbers. The real frequency of the unstable mode is close to the experimental starting frequency of the fast
frequency sweeping mode. The simulation results demonstrate that the energetic ion orbit width and the energetic
ion pressure significantly broaden radial profile of the unstable mode. For the smallest value among the investigated
energetic ion orbit width, the unstable mode is localized within 20% of the minor radius. This gives an upper limit
of the spatial profile width of the unstable mode which the magnetohydrodynamic effects alone can induce. For the
experimental condition of the JT-60U plasma, the energetic ions broaden the spatial profile of the unstable mode by
afactor of 3 compared with the smallest orbit width case. The unstable modeis primarily induced by the energetic
particles. It is demonstrated that the frequency shifts both upward and downward in the nonlinear evolution at the
rate close to that of the fast frequency sweeping mode. In addition to the energetic particle mode in the JT-60U
plasma, an investigation of TAE in an LHD-like plasmausing the simulation code for the helical coordinate system
is reported.

1. Introduction

Three types of frequency chirping instabilities, slow frequency sweeping (slow FS) mode,
fast frequency sweeping (fast FS) mode, and abrupt large event (ALE) have been observed in
the JT-60U plasmas heated with negative ion based neutral beam (NNB) injection [1, 2, 3, 4].
The frequencies of the three instabilities are in the range of shear Alfvén eigenmodes. The
frequency sweeping of the slow FS mode has a good correlation with the equilibrium parameter
evolution with a time scale ~200 ms. On the other hand, the time scales of the fast FS mode
and the ALE are respectively 1-5 ms and 200-400 s, much shorter than the equilibrium time
scale. The frequency of the fast FS mode shifts rapidly by 10-20 kHz in 1-5ms both upward
and downward. The starting frequency of the fast FS mode changes in the time scale of the
equilibrium parameter evolution and follows the toroidal Alfvén eigenmode (TAE) [5, 6] gap
frequency.

We have investigated the fast FS mode in a JT-60U plasma using a simulation code for
magnetohydrodynamics (MHD) and energetic particles, MEGA [7]. We reported that there is
an unstable mode near the plasma center and a frequency sweeping close to that of the fast FS
mode takes place [8]. The ratio of the linear damping rate () to the linear growth rate () in
the simulation is consistent with the hole-clump pair creation which takes place when ~, /v, is
greater than 0.4 [9, 10].

In Ref. [8], we called the unstable mode “nonlocal energetic particle mode (EPM)” and
argued that it is different from the resonant type EPM [11, 12] and similar to the EPM whichis
predicted for ICRF heated plasmawith reversed magnetic shear [13, 14]. However, it was shown
numerically that the reversed-shear-induced Alfvén eigenmode (RSAE), which has properties
similar to the global Alfvén eigenmode (GAE) [15], can exist in reversed shear plasmas[16]. In
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Ref. [17] it istheoretically clarified that both toroidal MHD effects of second order in inverse
aspect ratio and adiabatic response of energetic particles can establish an eigenmode localized
near the magnetic surface where the safety factor takes the minimum value in reversed shear
plasmas. This gives us a hew viewpoint to investigate linear properties of the nonloca EPM
which we reported in Ref. [8]. We have carried out simulations for various energetic ion orbit
widths and energetic ion pressures using the MEGA code and found that they have significant
effects on the spatia profile of the unstable mode in the JT-60U plasma [18]. In this paper,
we report the linear properties and the frequency sweeping of the nonlocal EPM in sections 3
and 4, repectively. The simulation model is described in section 2. Section 5 is devoted to an
investigation of TAE in an LHD-like plasma using the simulation code for the helical coordinate
system.

2. Simulation M oddl

The hybrid ssimulation model for MHD and energetic particles [19, 20, 7] is employed in
the MEGA code. The plasmais divided into the bulk plasma and the energetic ions. The bulk
plasmais described by the nonlinear full MHD equations. The electromagnetic field is given by
the MHD description. This approximation is reasonable under the condition that the energetic
ion density is much less than the bulk plasma density. The MHD equations with energetic ion
effects are,
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where 1 1S the vacuum magnetic permeability and v is the adiabatic constant, and all the other
guantities are conventional. Here, j,, isthe energetic ion current density without E x B drift.
The effect of the energetic ions on the MHD fluid istaken into account in the MHD momen-
tum equation [Eqg. (2)] through the energetic ion current. The MHD equations are solved using
afinite difference scheme of fourth order accuracy in space and time. The drift-kinetic descrip-
tion is employed for the energetic ions. The 0 f method [21, 22, 23] is used for the energetic
ions. The marker particles are initially loaded uniformly in the phase space. With the uniform
loading employed in this work, the number of energetic beam ions that each marker particle
representsisin proportion to the initial distribution function, namely the particle density in the
phase space. It isimportant to start the ssmulation from the MHD equilibrium consistent with
the energetic ion distribution. We solve an extended Grad-Shafranov equation developed in
Ref. [24] in the cylindrical coordinates (R, ¢, z) where R is the major radius coordinate, ¢ is
the toroidal angle coordinate, and = isthe vertical coordinate. The MEGA code is benchmarked
with respect to the alpha-particle-driven n = 4 TAE in the TFTR D-T plasma shot #103101
[25]. The destabilized mode has a TAE spatial profile which consists of two major harmonics
m/n = 6,7/4 and frequency 215kHz. These results are consistent with the calculation with
the NOVA-K code [26]. The linear growth rate obtained from this simulation, is 8.7 x 1073 of
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FIG. 1. Energetic ion beta (5;,) profile and safety factor (q) profile; (a). Frequency and location of the
unstable mode with g¢-profile and the shear Alfven continuous spectra with the toroidal mode number
n = 1; (b).
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FIG. 2. Spatial profiles of (a) cosine part and (b) sine part of the unstable mode radial velocity .
harmonics for p;, /a = 0.08. The toroidal mode number of all the harmonicsisn = 1.

the mode frequency. Thislinear growth rate is close to what is observed in the previous particle
simulation 1.1 x 1072 [27] and calculated in the NOVA-K code 8 x 1073 [26].

3. Nonlocal Energetic Particle M ode
3.1. Instability in a JT-60U Plasma

The JT-60U discharge E36379 [3], where the fast FS mode was observed, was investigated
using the MEGA code. The safety factor profile, bulk pressure profile, and density profile used
in the simulation are based on the experimental data. The major and minor radii are Ry =3.4m
and a=1.0m, respectively. The shape of the outermost magnetic surface in the simulation is
circular while it was diverter-shaped in the experiment. The magnetic field at the magnetic axis
is1.2T. The bulk plasmaand the beam ions are deuterium. The NNB injection energy is 346keV.
The initial energetic ion distribution in the velocity space is assumed to be a slowing down
distribution. The energetic ion velocity perpendicular to magnetic field is neglected because the
NNB injectionistangential. Thebeam directionisparallel to the plasmacurrent. The maximum
velocity isassumed to be 80% of theinjection velocity astheinjectionisnot completely parallel
to the magnetic field. This maximum velocity in the ssmulation corresponds roughly to the
Alfvén velocity at the magnetic axis. The NNB injection and the collisions are neglected in the
simulations in this paper. The number of marker particles used is 5.2 x 10°. The numbers of
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FIG. 3. Peak location (rp,.x) and radial width (Ar,,) of the unstable mode spatial profile versus energetic
ion parallel Larmor radius normalized by the minor radius.

grid pointsare (101, 16, 101) for the cylindrical coordinates (R, ¢, z).

A linearly unstable mode was investigated for energetic ion pressure profile based on a cal-
culation using the OFMC code [28]. The OFMC code calculation gives classical distribution,
which is established by the NNB injection and the particle collisions. Energetic ion redistribu-
tions and losses due to the ALE and the fast FS mode are not considered in the OFMC code
calculation. The energetic ion pressure profile and ¢-profile used in the simulation are shown
in Fig. 1(a). The central betavaueis 1.9%. Theratio of energetic ion parallel Larmor radius,
which is defined by the maximum parallel velocity and the Larmor frequency, to the minor ra-
dius pp,|/a is 0.08. An unstable mode was found in the TAE range of frequency. Figure 1(b)
shows the frequency and the location of the unstable mode. The location of the unstable mode
is defined by the region where the total intensity of sine and cosine parts of the m/n = 2/1
harmonic of radial velocity v, islarger than 10% of the peak value. The frequency of the un-
stable mode is 0.25w4 Wherew, = v4/ Ry and v, isthe Alfvén velocity at the plasma center.
The frequency corresponds to 52 kHz, which is close to the starting frequency of the fast FS
mode. In Fig. 1(b) also shown are the n = 1 shear Alfvén continuous spectra. The gap in the
Alfvén continuous spectraat ¢ = 2.5 for m/n = 2,3/1 harmonics is located at r/a ~ 0.8.
If the unstable mode is a TAE, it must be located at the gap (r/a ~ 0.8) and must consist of
two major harmonics. The unstable mode found in the ssmulation does not have the properties
of TAE. Thus, we conclude it is not a TAE. The spatia profile of the radial velocity v, of the
unstable modeis shown in Fig. 2. The primary harmonicism/n = 2/1, wherem and n are the
poloidal and toroidal mode numbers. Phasesin all of the figures of radial velocity profilein this
paper are chosen so as to maximize the cosine part of the intensity of the primary harmonic.

3.2 Effects of Energetic lon Orbit Width

We have carried out simulations for various energetic ion orbit widths. Since the energetic
ion orbit width is roughly given by ¢p;;, we solved the extended Grad-Shafranov equation for
various py, /a for the initial conditions of simulation. The Alfvén velocity, mgjor and minor
radii, energetic ion and bulk beta values, and energetic ion distribution in the velocity space are
kept constant for all of the equilibria. For py/a = 0.02, no unstable mode was observed. The
frequencies are roughly constant for all the cases. The peak locations and the radial widths of
the unstable mode spatial profile are shown in Fig. 3. The radial width of the spatial profile
is defined by the region where the total intensity of m/n = 2/1 harmonic of radia velocity v,
is greater than 10% of the peak value. For the greater p,/a values, the peak location moves
radially outward and the radial width is broadened. The radial width of the mode spatial profile
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FIG. 4. Spatial profiles of (a) cosine part and (b) sine part of the unstable mode radial velocity .
harmonics for p;, /a = 0.033. The toroidal mode number of all the harmonicsisn = 1.
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FIG. 5. Time evolution of (a) cosine part and (b) frequency spectrum of the radial magnetic field with
the mode number m/n = 2/1 for the reduced energetic ion distribution. A Gaussian time window
exp[—(t — t9)? /(400w ")?] is used for the frequency spectrum analysis.

differs by afactor 3 between the smallest and largest orbit width. The energetic ion orbit width
has significant effects on the mode spatial profile. The spatial profile of the unstable mode for
the smallest orbit width with p/a = 0.033 is shown in Fig. 4. The spatial profile is extremely
localized near the plasmacenter. The sine component of m/n = 2/1 harmonic of radial velocity
v, iIsnegligibly small compared to the cosine part. Theradial width of the unstable mode shown
in Fig. 4 gives an upper limit of the radial width of a purely MHD eigenmode if it does exist.
We have carried out simulations for various energetic ion pressures and found that the energetic
ion pressure also has significant effects on the mode spatial profile.

The gpatia width of the unstable mode with the smallest orbit width gives an upper limit
of the spatial width which the MHD effects alone can induce. For the experimental condition
of the JT-60U plasma, the energetic ions broaden the spatial profile of the unstable mode by a
factor of 3 compared with the smallest orbit width case. The mgor part of the spatial profile
of the unstable mode isinduced by the energetic ions. It is concluded that the unstable modeis
primarily induced by the energetic particles and the name “nonlocal EPM” [8] can be justified.

4. Nonlinear Evolution of the Nonlocal EPM

In this section we report the results of the nonlinear simulation using the MEGA code.
The viscosity and resistivity used in the simulation are 2 x 10 5v4 Ry and 2 x 107> ugv4 Ry,
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FIG. 6. Spatial profile of (a) cosine part and (b) sine part of radial velocity of the TAE in the LHD-like
plasma with the toroidal mode number n = 2 and the rotational transform profile.

respectively, where v 4 isthe Alfvén velocity at the magnetic axis and y., the vacuum magnetic
permeability. We consider a reduced energetic ion pressure profile because in the experiments
redistributions and losses of energetic ions take place due to the fast FS mode and the ALE
with time intervals much shorter than the slowing down time. The classical distribution gives
an overestimate of the energetic ion pressure profile. Simulations which take into account the
MHD activity, NNB injection, and collisions are needed to obtain self-consistent energetic ion
distributions. Itis, however, computationally too demanding and beyond the scope of this paper.
We carried out a run where the energetic ion pressure is reduced to 2/5 while the spatial profile
isthe same as the classical distribution which is shown in Fig. 1(a). Figure 5(a) shows the time
evolution of cosine part of m/n = 2/1 harmonic of the radial magnetic field. An oscillation in
amplitude takes place after saturation. The saturation level of the magnetic field fluctuation is
dB/B ~ 8 x10~%. Itisfound that the frequency shifts upward by 9% (~5kHz) and downwards
by 9% (~5kHz) of the linear frequency in 10® Alfvén time (~0.8ms). This frequency shifts are
close to those of the fast FS mode.

The frequency upshift and downshift due to the spontaneous hole-clump pair creation in
a phase space was found by ssimulating a reduced kinetic equation when the linear damping
rate (v,) is greater than 0.4 of the linear growth rate without damping () [9, 10]. The theory
predicts frequency shifts dw = 0.44(74t)"/2. This gives dw ~ 0.03w, in 103 Alfvén time.
Thiscorrespondsto 6 kHz . Therate of thefrequency shiftsin the simulation resultsis consistent
with what the theory predicts.

5. Toroidicity-induced Alfvén Eigenmode in an LHD-like Plasma

The MEGA code has been successfully extended to simulate helical plasmas using the he-
lical coordinate system which is employed in the MHD equilibrium code, HINT [29]. The
relation between the helical coordinates (u', v?, «*) and the cylindrical coordinates (R, ¢, 2) is

R = Ry+u'cos(hMu®) + u?sin(hMu?), (8)
Y = _u37 (9)
z = —[u'sin(hMu?) — u? cos(hMu?)], (10)

where we take for the LHD plasmas M = 10 and h = —0.5. The physics model and the
numerical algorithm are the same as described in section 2.The vector cal cul ations must be done
using the covariant and contravariant vectors, becausethe helical coordinates are not orthogonal.
The code is benchmarked for the MHD force balance and a test particle orbit in an MHD
equilibrium calculated using the HINT code. In the simulation run reported in this paper, the
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FIG.7 Time evolution of (a) cosine part and (b) amplitude of the radial velocity with the mode number
m/n=4/2.

numbers of grid points used are (91, 115, 1000) for (u!,u? u*) and the number of marker
particlesused is4 x 10°. A Boozer coordinate system was constructed to analyze the simulation
data. The major and minor radii are Ry = 3.73m and a = 0.89m, respectively. The magnetic
field intensity at the magnetic axis is 0.5T and the Alfvén velocity divided by the hydrogen
Larmor frequency isv,/€; = 4.7 x 1072 m. The velocity distribution of energetic ionsis a
slowing-down distribution with the maximum velocity of 1.2v 4. The perpendicular velocity
of the energetic ions is neglected. The energetic ion beta value at the plasma center is 2%. A
TAE with the toroidal mode number n = 2 is destabilized. The spatia profile of the TAE is
shown in Fig. 6. The dominant harmonicsare m/n = 4,5/2. The time evolutions of the cosine
part and the absolute value of aradia velocity harmonic with the poloidal and toroidal mode
numbers m/n = 4/2 are shown in Fig. 7. It can be seen that the real frequency of the TAE is
w/wa ~ 0.29 and the growth rate isy/w4 ~ 0.081. The frequency and the location of the TAE
are consistent with the theory [6].
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