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ABSTRACT

For the study of high-frequency electromagnetic waves in tokamaks, an electromagnetic simulation model, in which the ion dynamics is described
by a six-dimensional Vlasov equation and the electron dynamics is described by a drift kinetic equation, is formulated and implemented in the
global gyrokinetic toroidal code (GTC). Analytic dispersion relations are derived in reduced systems and compared with various theories to verify
the model. Linear simulations of a generalized ion Bernstein wave and ion cyclotron emission are verified by comparing the GTC simulation

results with analytic dispersion relation theory and magnetoacoustic cyclotron instability theory, respectively, in cylindrical geometry.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0090168

I. INTRODUTION

There are a variety of high-frequency waves excited by energetic par-
ticles in fusion plasmas, such as compression Alfvén eigenmodes (CAE),
global Alfvén eigenmodes (GAE), and ion cyclotron emission (ICE),
recently observed in many tokamaks.' '’ Many new phenomena arising
from high-frequency modes need more experimental, theoretical, and sim-
ulation research to understand their effects on plasma confinement and
their potential roles as diagnostic tools for o-particles in burning plasmas.

CAEs and GAE:s typically have a frequency close to the ion gyro-
frequency. They can be driven by super- Alfvénic energetic particles and
are frequently observed in the NSTX-U and DIII-D tokamak experi-
ments with low magnetic fields. The 3D hybrid MHD-kinetic code
HYM,"" in which fast ions are simulated using the particle-in-cell (PIC)
method and full-orbit equations of motion, has been used in simulations
of CAE and GAE excitation and stabilization in the NSTX-U.'*"” ICEs,
on the other hand, are usually excited due to magnetoacoustic cyclotron
instability (MCI), in which the compression Alfvén wave frequency is
close to the harmonics of the energetic ion gyrofrequency. The basis for
diagnostic exploitation of the ICE has been greatly strengthened by
recent nonlinear simulations using fully kinetic ions and fluid electrons
in a slab geometry."* Such simulations have confirmed that ICE inten-
sity scales linearly with concentration of energetic ions (1 /1o, where ny
is the energetic ion density and 7 is the electron density), which agrees
with the measurement in the JET tokamak."””"” Therefore, ICE

potentially offers a unique diagnostic tool for the «-particles produced
by a fusion reaction and is planned to be used in future deuterium-
tritium experiments in the ITER tokamak.'® These local simulations of
the ICE in a simplified geometry, however, cannot address some key
physics, such as mode structure, the time evolution, and the dependence
on the fast-ion distributions, as observed in the DIII-D experiments.”

To simulate high-frequency waves whose frequency is close to or
higher than the ion cyclotron frequency, a fully kinetic ion model is
needed to resolve the ion cyclotron motion. An electromagnetic, fully
kinetic, PIC simulation model has been used in EPOCH' and
iPIC3D” simulations of the ICE”" and magnetic reconnection,”” respec-
tively, using Cartesian coordinates for slab geometry. In space plasma
simulations, there are also several electromagnetic models in which ions
are fully kinetic, such as GeFi** and AIKEF.” In tokamak plasma simu-
lations, however, accurate description of the toroidal geometry is essen-
tial for the study of resonant excitation and mode structures, which is
absent in the models mentioned above. The kinetic-MHD toroidal
codes HYM and M3D-K** use an MHD model for thermal plasmas
and a gyrokinetic model for energetic particles to describe the macro-
scopic behavior of plasmas, although the kinetic effects of thermal plas-
mas can in principle be incorporated. In previous gyrokinetic toroidal
code (GTC)™ simulations, the Boris push has been implemented for
integrating the full particle orbit in cylindrical® and toroidal geome-
tries.”” In the electrostatic simulation using fully kinetic ions, a linear
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dispersion relation and nonlinear particle trapping have been verified
for a lower hybrid wave (LHW)™ and an electrostatic ion Bernstein
wave (IBW).”” The frequency and mode structure in simulations agree
well with those of theoretical prediction.”” GTC simulations using fluid
ions and drift kinetic electrons have also been carried to study the LHW
linear mode conversion and absorption in the toroidal geometry.”'

In this work, we extend the GTC simulation in the toroidal
geometry to the electromagnetic simulation model, in which the ion
dynamics is described by a six-dimensional Vlasov equation and the
electron dynamics is described by a drift kinetic equation. An analyti-
cal dispersion relation is derived in two reduced systems with massless
fluid electrons. We implement the model in the GTC code and carry
out linear simulations of waves propagating in the perpendicular (to
an equilibrium magnetic field) direction, in which the electron
response can be neglected. In these simulations, the compressional
Alfvén wave and the generalized IBW’” frequency are verified using
an analytical dispersion relation. Then, simulations of both thermal
and energetic ions are carried out for the ICE excitation. Consistent
with analytic theory,”” GTC simulation results show that the ICE lin-
ear growth rate is approximately proportional to the square-root of
the concentration of the energetic ions (n7/no), and that different
cyclotron harmonics have comparable growth rates.

The remainder of this paper is organized as follows. Section II
describes the formulation of the kinetic simulation model for high-
frequency waves in toroidal geometry. The analytic dispersion rela-
tions in reduced systems are derived and compared with a fully kinetic
model in Sec. ITI. The verification of GTC simulations of the general-
ized IBW dispersion relation and the excitation of ICE is presented in
Sec. IV. Finally, Sec. V presents the conclusion and discussion.

Il. SIMULATION MODEL

To study high-frequency electromagnetic waves in a tokamak, we
develop a new electromagnetic simulation model with fully kinetic
ions and drift kinetic electrons. In Sec. IT A, we use a Vlasov equation
in six-dimensional phase space to describe the ion dynamics. In Sec.
1B, we employ a drift kinetic equation to describe the electron
dynamics. Then, field equations, including Poisson’s equation, the par-
allel Ampere’s law, and the electron perpendicular force balance equa-
tion are used to close the system in Sec. IT C.

A. Fully kinetic ions

For fully kinetic ions, the dynamics is governed by a Vlasov equa-
tion in six-dimensional phase space:

Lfi(r,v,t) = 0. 1

Here r, v, t are the particle position, velocity, and time, respectively; f;
is an ion distribution function; and L is a nonlinear propagator, which
can be decomposed into an equilibrium part Ly and a perturbed part
SL,L = Ly + JL:
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perturbed magnetic field, respectively. The ion distribution function is
also decomposed into an equilibrium part and perturbed part as
f = fio + Of:. The equilibrium distribution f;y obeys

L()f;'() =0. (4)

The solution of this equation is any distribution function of constants
of motion, e.g., uniform isotropic Maxwellian and modified slowing
down distribution used in this work. Defining the particle weight as
w; = 0f;/f;, we obtain the weight evolution equation:

dW,‘ 1-— wi
FTAR OLfy. (5)

The ion motion in the phase space under self-consistent electromag-
netic fields is given by

dv qi 1
dr
i v )

We use the Boris scheme in magnetic coordinates to push ions in the
GTC code.”” The perturbed number density dn; and current density
dj; can be obtained from the velocity moments of Jf;, i.e.,

on; = Jéﬁdv, )

% = q; JV5ﬁdV- &)

Here, the particle charge and current are deposited onto the surround-
ing eight grid points in the 3D space using linear interpolation.”*

B. Drift kinetic electrons

The electrons are described by the drift kinetic equations.’
Using the gyrocenter position X, parallel velocity v, and magnetic
moment x as independent variables in five-dimensional phase space,
the drift kinetic equation is

Lefe(X, vy, 4, t) =0, (10)

where f, is the electron distribution function and Ly is the gyrocenter
propagator in symplectic form.” L, can be decomposed into an equi-
librium part Lgo, a first-order linear part 6Ly, and a second-order
nonlinear part 0Lg, as Lyo + 0Lg1 + OLgo:

0

v b
b0 =5 (le+ —

VBy |-V —
By qe.Bo K 0)

K VB, -2

° =5 ey Vg

BBL Cbo o
OLg = (VH B_o + E X (qub(/> + ,uVéBH)) Y%

Il By
0 ; — 6B, - VB, — - (g.Vo VoB
L= 4v-V+ 3y xBy-V,, @) +( meB, OB VBo = "p (V¢ + 1VoB)
ot mic
} X _ 9. 904\ O (12)
oL = 4 (6E +-v X SB) -V,, 3) cm, Ot OVH ’
mj c
where g; and m; are the ion charge and ion mass, By is the equilibrium 0L = — 3B, . <qu§¢ + Vo B||) i7 (13)
magnetic field, and SE and 8B are the perturbed electric field and meBo a
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where B* =B; + 8B, B; =B, +B°v”V x by, and 8B, =V,
X (5AHb0) By = Byby is the equlhbnum magnetic field; Q, is the
electron cyclotron frequency; g, and m, are the electron charge and
electron mass, respectively; and d¢), 0B, and 0A) are the perturbed
electrostatic potential, perturbed paralle] magnetic field, and parallel
vector potential, respectively. Then, the distribution function is
decomposed into an equilibrium part and a perturbed part as
fe = feo + Of.. The equilibrium distribution f., satisfies

LgOfeO =0. (14)

feo is approximated as a Maxwellian distribution function by neglecting
electron finite Larmor radius effects and equilibrium parallel flow, assum-
ing the effects of the equilibrium current are not important for the high-

V2 +2uB
frequency modes such as ICE: foo = no(ZT’t”]fo)S/zexp (— - VZTO” 0)‘ 1o

and T are the equilibrium electron density and electron temperature,
respectively. From Eqs. (10) and (14), we have

Lgo6fe + 0Lg1feo + OLg1 0fe 4 OLgafeo + OLg2dfe = 0. (15)

Defining weight as w, = f./f., the weight evolution equation can be
written as

dw, (1 —we)
=Lw,=—
ar e o

The equations of particle motion corresponding to Eq. (10) are given
in Appendix A of Bao’s paper.”

We keep only the leading linear and nonlinear terms based on
the ordering: ) = —J"vufeodv ~ 0,k < ki, kic/wpe ~ 1, 0ne/ng
~ 5PH9/PH9 ~ 5BH/BQ ~ 5BL/B(), Vﬂo/l’lo ~ VTeO/TO ~ l/am,m,,,
VBy/By ~ 1/R, a/R < 1. Here, )y, is the electron plasma frequency;
ki and k, are the absolute values of the parallel and perpendicular
wave vectors, respectively; and a and R are the tokamak minor radius
and major radius, respectively. We then integrate Eq. (15) in the gyro-
center velocity space to derive the electron continuity equation:

oon, noéueH) 1o
+By-V B \%
ot ( B, ) TPV (BO)

VB, n cby x V(SBH VP,
B() B(z) de

5 @H 5ne

, bo x VOB VoP., _
B} e o

(6Lg1 + OLgo ) fao- (16)

—no(v" +vg) -

17)

where du, ——jvuéfedv is the perturbed parallel velocity; 6P,
= m, [v*0f.dv and 0P, = [ df,uBydv are the perturbed parallel
and perpendicular pressures, respectively; P = [ 11Bofuodv = 19 Teo
is the equilibrium perpendicular pressure; vg = % is the Ex B

boxv(épm-&PHe)

drift velocity; v* = is the perturbed diamagnetic drift

nomeL,
velocity; and [dv = % J dv; dp. Equation (17) is solved on the spa-
tial grids using finite difference method for perturbed quantities and
B-spline interpolation for equilibrium quantities.” Similarly, we inte-
grate Eq. (15) based on the same ordering to obtain the parallel
momentum equation:
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Ooug) , gy geny 904y B SPy,
e 0

ot
By - V(SBH qeéne geOn, O0A|
T et e VOOt o
. B 5Py, Su,
anSB Vop+ l-V( ”)+BovE-V(”° ””):o.
me me By By

(18)

C. Field equations

In the particle simulation, the plasma is treated as a set of
computational particles interacting with each other through self-
generated electromagnetic fields. To close the system, therefore, we
need to solve the field equations. The electrostatic is solved by the
Poisson’s equatlon for fully kinetic ions and drift kinetic
electrons:™

1+w2 V25 Dpe Dpe 5
Q? Q@ 1+058,
ﬂe 6Ple) _ wlzae wlzpe X
‘248, T Q& 14058,
19)

where f§, = 87nyT,/By>. The parallel vector potential is solved by the
parallel Ampere’s law (k) < ky):

= —4n (qiéni + geon, — q

4T .
ViéAH = —T(]l” + Qe”oéueu) (20)
Finally, the compressible magnetic perturbation is solved from the per-
pendicular electron force balance equation,”

47
OB = ] (n0gex — n0qedp — OP ). (1)

Bo(1+0.58,

Here, the effective potential y for the perturbed Lorentz force is
defined ™ as

1 .
Vig=— - V. - (8j;, x By). (22)

e

The perturbed electric field is defined by the perturbed scalar and vec-
tors potential:

V2 A, = —VB| x by, (23)
195A
SE = —Vop———~. (24)

Now, we complete the formulation of the fully kinetic ion model for
electromagnetic simulations. These field equations are solved by GTC
in a field-aligned mesh ™ using either finite difference method™* or the
finite element method.”

lll. ANALYTIC DISPERSION RELATION IN REDUCED
SYSTEMS

In order to verify the simulation model given in Sec. II, we derive
a corresponding linear dispersion for two reduced systems. Here, we
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consider uniform ambient magnetic field and uniform equilibrium
plasma density and temperature profiles. Furthermore, we reduce the
drift kinetic electrons to massless cold fluid electrons, retaining
only the linear terms. Then, Egs. (17), (18), and (21) reduce, respec-
tively, to

oon,

T —n1gbo - Vuy, (25)
SA )

% = —cbo - Vo, (26)

0By = e () _ 5, @7)

Using the quasi-neutrality condition, Poisson’s equation [Eq. (19)]
reduces to

2

B
0 i0n; + q.one) + 7. 28
¢ = 47m0qe(q ni + qeone) + (28)

Since electrons move much faster than ions in the parallel direction,
we can neglect the perturbed parallel ion current. Then, from the par-
allel Ampere’s law, we have

5ueH = VZLéAH (29)

c
4men,

A. Two fluid, cold plasmas

In the first reduced system, we treat ions as cold fluid plasmas

and q; = —¢. = e. The ion continuity equation is
0on;
t+l’l0VJ_'6uu_:0. (30)
ot
Using the ion dynamic equation and normal mode ansatz, % = —iw,

= ik, we easily derive the following equation:

iwg;

duy = ——A
Hit mi(COZ*QiZ)

o )
<3EL + 1(7813L x b0>. 31)

Combining the definition of perpendicular ion current,
8j;, = noqidu, (32)

together with Eqs. (22)-(31), and using the non-trivial solution condi-
tion, we derive the dispersion relation as

(s’ - nH2> (§ —n?) -D*=0, (33)
where
2
; 1
s/:w%—zzsq, (34)
Q1 — (/)
20).
Do O o g (35)

(,L)Q (wZ _ Qiz)

S and D have the same definitions as those in Stix’s cold fluid
theory:™
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- z
Sww+Q
1
— L
S= 2(R+)
1
D=—-(R—-1L).
S (R-1)

The difference between S’ and S comes from the fact that we
have dropped the displacement current in our model. In Eq. (33), the
factor &' — 1, % corresponds to S — n? in the ideal MHD theory. The
difference comes from the fact that we assume k)| <k, in the parallel
Ampere’s law and the perpendicular force balance equation, and we
also drop some coupling terms between the parallel and perpendicular
wave vectors.

When we derive the parallel dispersion relation, therefore, we use
the assumption 7, >> n| instead of letting n;, = 0,

D pe rm
m—-S n-S n

~ 0,

where y = &. Furthermore, we have

HVA/Q2 =Y /( )v (36)

which is the dispersion relation of a shear Alfvén wave modified by an
ion cyclotron frequency.

Considering the perpendicular dispersion relation, we let 7 = 0
directly and easily obtain

KLvi/Qf =y, (37)
which is a compressional Alfvén wave (CAW).

B. Fully kinetic ions and massless fluid electrons

If we retain only the leading order linear terms for the fully
kinetic ion model, then Eq. (5) reduces to

dw; 1

—— = ——Lfy. 38

it 7o fio (38)
Using the unperturbed particle orbit integration method, combining

Egs. (2), (3), (8), and (9), and using a uniform Maxwellian distribution
function

(o)
ﬁO = Njp (FT‘Z) eXp - T y

we derive the ion density:

2
5?11' = F|: l]l

kLVL/Q vy (SE +F[l]l]ZVL}(SE +F|:]I VH:| - (39)

and the ion current:
Jj; = ¢ - OE. (40)

The conductivity tensor can be written as
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(PR oW, B
(kLvl/Qi)z kv /0t kv /s P
— g.F Ul/]l 2 2,2 Ty
=4qi —zmn v —iliJjvvo )
Ui . 2.2
AEe Jilvyve Jiv ]
where F[- - -] = ij"bfzgiq‘fm Zlﬁ%ududﬂ‘,]l is a Bessel func-
tion of the first kind of order [, and the argument of J; is
f = kLVL/Qi-

Now, using Eqs. (22)-(29), (39) and (40), we derive the dispersion
relation in which waves propagate perpendicular and parallel to By,
respectively. In the perpendicular direction, the dispersion relation is

2 2
(b +F1> £ (b—+i)(1+F2):o, (41)

0.5 0.58, \0.58  0.58
where
k1 vini
b= B: - kLpb
2
Vthi 87'm0T,-
Y L
ﬁt (VA) BOZ )
« (2-00)y n( (P > >
F :;Wexp(“’) gt 2 =D I =26 ),
-
FZ:;)/Z—flzeXp —b ﬁ_l I+ 1y,
F; < 41/B; 2
- exp(—b?)II;,
0.58; ;yz -
Fy < (4 — 25(1)))’2/ﬂ‘ 2 2 2
— d —b*) (I —b°)I + b°],
058 = P expl =) (= ¥ + i),
Vi = \/T;/m; and vy = \/W are, respectively, the ion

thermal speed and Alfvén speed; 0 is the Dirac delta function; I; the
first kind modified Bessel function of order [; and the argument of I; is
b%. If the ion temperature is very low, we have b < 1, f; < 1. Then,

N
using the asymptotic formula I;(b?) ~ } (%) < b, we retain only

the lowest-order terms, and Eq. (41) reduces to

) v |2 o 42)
Y 05051y

Then, y? = 2b?/f; is equivalent to @ = k| v4, which corresponds to a
compressional Alfvén wave in fluid theory. We plot the dispersion rela-
tion numerically according to Eq. (41), as shown in Fig. 1 for parameter
B;=0.1.

The wave descried by Eq. (41) is a generalized electromag-
netic IBW (ion Bernstein wave, blue solid line).”” It becomes a
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FIG. 1. Perpendicular dispersion relation: (a) over a large wavevector range; (b)
zoom in to show the coupling between CAW and the ion cyclotron frequency.

compressional Alfvén wave in the long wavelength limit, and an
electrostatic IBW in the short wavelength limit. 5B, coming from
the polarization currents, provides a perpendicular inductive elec-
tric field, which causes an electron density perturbation via the
OE x By drift effect, as shown in Poisson equation Eq. (28). The
(14 F,) term in the dispersion relation comes from 0By, which is
much less important to the dispersion relation in the short wave-
length limit. Therefore, F3 = 0 is approximately satisfied, which is
very close to the electrostatic IBW dispersion relation. In fact, in
the short wavelength limit, the quasi-neutrality condition fails.
The electrostatic IBW is recovered exactly when we retain V2 d¢
in Poisson’s equation [Eq. (19)].
In the parallel direction, assuming £ = kv, /Q; < 1, we have
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2 b2
(Zyy—1)(1—2y) + (ﬁl,)% — Zl) (0.5&

where

Zz)’) 0, (43)

T—X

R P

—00

\/_ kHVthl

(7))o
e () o)
7i- (Z(y )25 —a2(2) ) o
e (AT ) )

Similarly, at very low ion temperatures, { < 1, and only the lowest-
order terms are retained. Equation (43) now reduces to

2
b2 2 2 2 2
058, - 2 = ? 2 -y 2 7] =0, (44)
S5 11—y vy, 1—y 1—y

which is exactly the same as Eq. (33) from the fluid theory. The kinetic
\5/—%, p; = 0.02 is shown in Fig. 2. Compared

J’_
¢
J’_
¢

dispersion relation b =

with the MHD theory, the kinetic dispersion relation has a lower real
frequency and a Landau damping effect.

IV. VERIFICATION OF ICE SIMULATION
IN PREPENDICULAR DIRECTION

In this section, we verify the simulation results for the generalized
IBW dispersion relation and the excitation of ICE using analytic the-
ory and simple geometry. The model described in Sec. II is imple-
mented in the GTC. The simulations are performed in cylindrical
geometry with a uniform magnetic field and uniform equilibrium
profile.

We first verify the simulation results of the generalized IBW disper-
sion relation. We carry out an initial value simulation with parameters
ro =0.3164a, r = 0.3465a, At = 0.055891-_1, and wp; = 10.05Q;.
Here ry is the inner boundary, r; is the outer boundary, a is the minor
radius, and At is the time step. Moreover, we select only the poloidal har-
monic m =0 of the perturbed fields in every time step to mimic slab
geometry for verification. In the first simulation, we begin from a ran-
dom perturbed density and retain modes in the full range of the k| spec-
trum. The initial random perturbations decay after 18 ion cyclotron
periods. The spectral signals are shown in Fig. 3, where the background
color represents the mode amplitudes. The analytic dispersion relation is
also plotted in Fig. 3 as solid blue lines, which agree very well with the
strongest spectral signals from the simulations. In the next simulation,
we give an initial perturbed density profile ‘L—'; = 10"%sin (6 x 2m;=)
and filter the field at every time step to allow only a single mode with a
k, = 12n/Ar component. By scanning the value of p;, we obtain the
dispersion relation for various k; p;, shown in Fig. 3 as blue circles,
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FIG. 2. Parallel dispersion relation from the model with fully kinetic ions and mass-
less fluid electrons: (a) frequency and (b) growth rate as a function of parallel wave
vector.
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FIG. 3. The dispersion relation. GTC simulation results, keeping all k; modes and
only a single k; mode, are represented by the color and blue circles, respectively;
solid lines are the analytic kinetic solution.
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which agree with the analytic solution. These simulation results provide
a solid verification of the physical and numerical models for the ICE sim-
ulation in the perpendicular direction. Notably, the signals, especially for
high cyclotron harmonics, are very weak when k, p; is very small. It
might come from the cyclotron damping effect of bulk ions.

Next, the simulation results for the ICE excited by energetic par-
ticles are verified by comparing them with Dendy’s analytic theory,”
which holds the view that ICE arises from a magnetoacoustic cyclo-
tron instability (MCI). The MCI is driven by free energy in the phase
space of energetic particles, whose distribution in velocity space exhib-
its a natural population inversion. The o-particles produced by fusion
reaction have, at birth, an isotropic shell distribution in the velocity
space. The fast ions produced by the neutral beam injection (NBI)
have an anisotropic shell distribution at birth. However, the shell dis-
tribution will relax to the slowing-down distribution at the collisional
timescale, which is much longer than the MCI excitation time.
Therefore, the fast ion distribution with the inverted population that
excites the MCI can be somewhere between the shell distribution and
slowing-down distribution. An isotropic (spherical) shell distribution
has been used in the analytic theory”” for the MCI excitation. Effects
of the spherical shell distribution with a finite thickness and the ring-
beam distribution with a perpendicular velocity spread have been
shown to affect the excitation and evolution of the MCI in the nonlin-
ear full-f simulations.”’ These physical effects will be further studied in
our future nonlinear full-f simulations using the new simulation mod-
els described in Sec. II. For the linear 6f simulation reported in this
paper for the verification of our simulation model, we construct two
isotropic distribution functions based on a slowing-down distribution
function that has already been implemented in the GTC:

Ve H(vy — v)
FJ‘G(V):HfE6 Vi +3
and
vt H(vp —v)
Ff4(v):1’lfa Vs

where H is Heaviside function, v.=1.5 Tf/ me, vy = 2V,

Cs = Jy" & dv =2n(v§ — 2032 + 2% In(1 +v}/v?)), and G4
6 —
= [ vﬁvvg dv = nvi — dmvpv? + 2 vt (V3n — 6y/3arctan (—"f\/gzv"h)

+61In(vy + ve) — 31n(vi — vpve + v2)). We also use parameters
similar to those in the analytic theory: an energetic proton population
in deuterium plasmas with parameter values By = 3.1 T, T; = 1keV,
Ty = 3MeV, and ny = 2 x 10”%cm™>. Other parameters are rg
= 0.3164 a,r; = 0.3465a,a = 0.4242R, and (r; — ro)/p; = 1227.
The initial perturbed density profile is 2% = IO‘SSin(32n —*) and

no r —rp

only the k, p; = 32n/(r; — r9) = 0.0819 component is retained in
the simulation. Using these parameters, the linear simulations find the
MCI instability.

To ensure that the simulation results are physical, we have veri-
fied the conservation of the equilibrium particle kinetic energy as a
check for the accuracy of the time integration. More importantly, we
have performed numerical convergences for the number of particles
per cell and the size of time step size as shown in Fig. 4. The mode
o = 4Q; = 2Qy is retained and the F, distribution function is used
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FIG. 4. Numerical convergence studies showing the dependence of the MCI growth
rate on: (a) the number of fast ions per radial grid N¢; and (b) the size of the time
step At.

in these simulations. Considering the converged simulation results, we
use 2048 grids in the radial direction, approximately average 6400
thermal ions and 640 fast ions per radial grid, and a time step of At
=2.0x 10‘29; ! to obtain accurate results in all subsequent simula-
tions. Now we scan the value of 7y /ng to obtain the relation between
growth rate and concentration of energetic ions, which is shown in
Fig. 5. The GTC simulation results of the growth rate for the & = 2 Qy

0.05

—— analytic theory

0.04

0.03

0.02

0.01

0.00
0.00 0.05 0.10 0.15

vnf/no

FIG. 5. Dependence of the ICE growth rate on the concentration of energetic ions.
The red solid line is from Dendy’s analytic theory.”' Orange points and blue squares
are from the GTC simulation using slightly different distribution functions.
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FIG. 6. Linear growth rates of different ICE harmonics for three fast ion concentra-
tions ns/ny = 0.5%, 1%, 2%.

mode are plotted as orange points for Frs and blue squares for Fyy.
Their fitted straight lines (the orange dashed line and the red solid
line) show that the growth rate scales linearly as \/ns/ng, which
agrees with the analytic theory and other PIC simulations.'*”
However, there is a difference between the slope in our simulation
using Frs and the slope using analytic theory. Our results using Fry
have a slope similar to that of the analytic theory. The Fy distribution
has a greater inverse population than the Fy4 distribution and a higher
effective temperature than the T = 3 MeV used in the analytic theory;
and therefore, the orange line has a steeper slope. It is worth noting
that, when ny/ng is very small (\/ns/ng =< 0.01), the growth rates
from the simulations do not follow this linear scaling, implying the
existence of bulk ion cyclotron damping effects and confirming previ-
ous results." Selecting different k, p; modes in the simulation allows
the examination of various resonant frequencies: m = 1,2, 3,4, 5Q.
As shown in Fig. 6, linear growth rates for different harmonics of the
ICE are obtained from the fully kinetic simulations using Fys for the
three values 17 /ng = 0.5%, 1%, 2%. The results show that all harmon-
ics have similar growth rates for each concentration of energetic ions.

In future work, we will explore the MCI in relation to the ICE
excitation in fusion plasmas in toroidal geometry using nonlinear sim-
ulations, comparing the results with other nonlinear 2D simula-
tions.”"* We will then validate our model by comparing simulation
results with experimental measurement results to study the ICE mode
structure, saturation,” and amplitude modulation correlated with
edge-localized mode (ELM) activity."’

V. CONCLUSIONS AND DISCUSSION

A new electromagnetic simulation model, in which ion dynamics
is described by a six-dimensional Vlasov equation and electron
dynamics is described by a drift kinetic equation or massless fluid
equation, was formulated and implemented in the GTC code for simu-
lations of high-frequency waves in the toroidal geometry. Linear dis-
persion relations of such high-frequency waves in both perpendicular
and parallel directions were verified. Using a model with fully kinetic
ions and massless fluid electrons, we derived the general IBW disper-
sion relation in the perpendicular direction and kinetic shear Alfvén
wave in the parallel direction, which confirms that our simulation
model faithfully preserves the high-frequency waves. Furthermore, the

scitation.org/journal/php

simulation results of the ICE excitation in the cylindrical geometry
were verified by comparing them with analytic theory. The simulation
results recovered the important scaling of the MCI growth rate with
the fast ion concentration.

Furthermore, the nonlinear dynamics of high-frequency waves
(ICE, CAE, and GAE waves) will be studied using the new simulation
capability.
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