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Abstract

One of the major challenges in magnetic confinement thermonuclear fusion research concerns the confinement of the
energetic particles (EPs) produced by fusion reactions and/or by additional heating systems. In such experiments, EPs, having
their velocities of the order of the Alfvén velocity, can resonantly interact with the shear Alfvén waves. In order to predict
and, eventually, minimize the Energetic Particle (EP) transport in the next generation fusion devices, several numerical models,
based on different theoretical approaches, have been developed. For this purpose, in the frame of the EUROfusion 2019-2020
Enabling Research project “Multi-scale Energetic particle Transport in fusion devices” (MET), a detailed benchmark activity
has been undertaken among few of the state-of-the-art codes available to study the self-consistent interaction of an EP pop-
ulation with the shear Alfvén waves, in real magnetic equilibria and in regimes of interest for the forthcoming generation
devices (e.g., ITER, JT-60SA, DTT). The codes considered are HYMAGYC, MEGA, and ORBS, the first two being hybrid
MHD-Gyrokinetic codes (bulk plasma is represented by MHD equations, while the EP species is treated using the gyrokinetic
formalism), the third being a global electromagnetic gyrokinetic code. The so-called NLED-AUG reference case has been
considered, both for the peaked on-axis and peaked off-axis EP density profile cases, using its shaped cross section version.
This reference case poses an exceptional challenge to the codes due to its high EP pressure, the rich spectrum of experimentally
observed instabilities and their non-linear interaction. Perturbations with toroidal mode number n = 1 will be considered.
Comparison of the spatial mode structure, growth rate and real frequency of the modes observed will be considered in detail.
Dependence of mode characteristics as several parameters are varied, as, e.g., the ratio between EP and bulk ion density and
energetic particle temperature, will be presented.

1. INTRODUCTION

One of the major challenges in magnetic confinement thermonuclear fusion research concerns the confinement,
inside the reaction chamber, of the Energetic Particles (EPs) produced by fusion reactions and/or by additional
heating systems, as, e.g., electron and ion cyclotron resonant heating, and neutral beam injection. In such experi-
ments, EPs, having their velocities of the order of the Alfvén velocity, can resonantly interact with the shear Alfvén
waves. In order to predict and, eventually, minimize the EP transport in the next generation fusion devices, several
numerical models, based on different theoretical approaches, have been developed. In this respect, it is crucial to
cross verify and validate the different numerical instruments available in the fusion community. For this purpose,
in the frame of the EUROfusion 2019-2020 Enabling Research project “Multi-scale Energetic particle Transport
in fusion devices” (MET) [[1], a detailed benchmark activity has been undertaken among few of the state-of-the-art
codes available to study the self-consistent interaction of an EP population with the shear Alfvén waves, in real
magnetic equilibria and in regimes of interest for the forthcoming generation devices (e.g., ITER [2]], JT-60SA [3],
DTT [4]). The codes considered in this benchmark are HYMAGYC [35], MEGA [6], and ORB5 [7]], the first two
being hybrid MHD-Gyrokinetic codes (bulk plasma is represented by MHD equations, while the EP species is
treated using the gyrokinetic formalism), the third being a global electromagnetic gyrokinetic code (both bulk and
EP species are treated using the gyrokinetic formalism). The so-called NLED-AUG [8]] reference case has been
considered, both for the peaked on-axis and peaked off-axis EP density profile cases, using its shaped cross section
version. This test case poses an exceptional challenge to the codes due to its high EP pressure, the rich spectrum
of experimentally observed instabilities and their non-linear interaction [9].

Particular care has been devoted to consider plasma and numerical parameters as close as possible among the three
codes: the same input equilibrium file (EQDSK) has been considered, ion density profile has been obtained by
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imposing quasi-neutrality (Z;n;+Zgng = n.), as required by ORBS5 (here n;, n., ng are the bulk ions, electrons,
and EP densities (both bulk ion and EPs are assumed to be Deuterons), respectively, and Z;, Zx their electric
charge numbers); finite resistivity and adiabatic index I' = 5/3 have been assumed for both the hybrid codes
(this is the usual choice used in MEGA, where also some viscosity is considered to help numerical convergence).
Only finite orbit width (FOW) effects have been retained in this benchmark, and an isotropic Maxwellian EP
distribution function of Deuterons with T=0.093 MeV, constant in radius, has been considered. Perturbations
with single toroidal mode number n = 1 will be considered; the results of simulations considering both off-axis
and on-axis peaked EP density profiles will be presented.

The paper is organized as follows: in Sec. [2|a brief description of the codes participating to this benchmark will
be given, as well as the setting up of the benchmark equilibrium and the specific code parameters used; in Sec.[3]a
characterization of the equilibrium in the MHD limit will be presented; in Sec. [ the results of linear simulations
will be presented for the nominal cases in Sec..1] for the results of scanning the EP density in Sec.[4.2} as well as
for the results of scanning the EP temperature in Sec. in Sec. [5] some concluding remarks will be presented.

2. CODES, EQUILIBRIUM AND NUMERICAL PARAMETERS

As anticipated in the Introduction, three codes has been considered for this benchmark: HYMAGYC [5], MEGA [6],
and ORBS [7]. The HYMAGYC code [3] is a Hybrid Magnetohydrodynamics Gyrokinetic Code suitable to study
EP driven Alfvénic modes in general high-3 axisymmetric equilibria, (with £ being the ratio of the plasma pres-
sure to the magnetic pressure), with perturbed electromagnetic fields (electrostatic potential ¢ and vector potential
A) fully accounted for. The thermal plasma is described by linear, full, resistive MHD equations in arbitrary
axis-symmetric equilibria. The MHD field solver relies on equilibrium quantities computed by the equilibrium
code CHEASE [10] (as, e.g., covariant and contravariant components of the metric tensor coefficients, Jacobian,
equilibrium magnetic field, current density components and pressure); it is also fully interfaced with the European
Integrated Modelling Framework data structure [[L1] (formerly ITM, presently maintained by the EU-IM Tearrﬂ)
and the IMAS environment [[12]]. Such field solver originates from the code MARS [13]], which has been trans-
formed from an eigenvalue solver to an initial value one (see Appendix A.2 in [14]) which uses a fully implicit
(backward Euler) finite difference time discretization scheme. The MARS kernel uses Fourier decomposition in
generalized poloidal () and toroidal (¢) angles and generalized finite element method along with the Tunable
Integration Method [[13] for the discretization in the radial-like coordinate s = \/ [ — o/ |Vedge — Po| (with
3 the equilibrium poloidal flux function, and 1y and eq4., respectively, the value of ) on the magnetic axis
and at the last closed magnetic surface). The EP population is described by the nonlinear gyrokinetic Vlasov
equation, solved by particle-in-cell (PIC) techniques, and expanded up to order O(e?) and O(eep), € being the
gyrokinetic ordering parameter € ~ pg /L, and eg ~ pp/Lp, with py the energetic (“Hot”) particle Larmor
radius, L,, and L p the characteristic equilibrium plasma density and magnetic-field nonuniformity length scales,
respectively. As L,/Lp < 1, O(eZB) terms are neglected. The perturbed electromagnetic fields are assumed
to be low-frequency fluctuations characterized by short wavelengths perpendicular to the equilibrium magnetic
field and long wavelengths parallel to it. The following space-time ordering for the fluctuating electromagnetic
fields holds [16]: k1 pr = O(1), kypa = O(€), w/Qy = O(€), being k. the perpendicular (to the equilibrium
magnetic field) wave vector of perturbed fields, k|| the parallel one, w the characteristic fluctuation frequency and
Qpn = qug B/mpyc the EP gyrofrequency, with ¢z, my, B and c the EP charge and mass, the equilibrium magnetic
field and the light velocity, respectively. Flux coordinate system (s, X, ¢) is used. The MHD solver can consider
finite resistivity 7 and finite adiabatic index I', but no viscosity. The coupling between MHD and EPs is obtained
by adding to the MHD momentum equation a term proportional to V - IIj, [17] (Il being the EP stress tensor).

In the MEGA code [6], the bulk plasma is described using nonlinear full MHD equations, and the EPs are described
by the drift-kinetic equation. The energetic ion contribution is included in the MHD momentum equation as the
EP current density j; that includes the contributions from parallel velocity, magnetic curvature and gradient drifts,
and magnetization current. The E x B drift disappears in j7; owing to quasi-neutrality. The electromagnetic field is
given by the standard MHD description, as well as by the Hazeltine and Meiss equations [18]]. The MHD equations
are solved using a finite-difference scheme of fourth-order accuracy in space and time. Resistivity, viscosity and
diffusion terms are included in the equations. Moreover, and adiabatic index I' = 5/3 is also used in the MHD
solver. Note that (R, ¢, Z) coordinates are used for solving the equations, while flux coordinates are considered
for the result analysis. In the present paper only standard MHD description will be considered.

ORBS [7] is a global, nonlinear, electromagnetic, particle-in-cell code which solves the gyrokinetic Vlasov-
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Maxwell system of equations described in Refs. [19, 20]. It can take into accounts collisions and heat, particle
and momentum sources (which are neglected in the present work). The distribution function of each species “sp”
is composed by a time-independent background component Fj 5, and a time-dependent part § f5,. The latter is
represented by sample of numerical particles (markers), which are pushed with a 4th-order Runge-Kutta scheme
along the trajectories defined by the equation of motion of the gyrocenter characteristics (R, v, 1t). In ORB5
straight field-line coordinates are used: (s,0*,¢). The radial coordinate s = /1 /1 is provided in term of
poloidal flux ¢) normalized at its value at the edge 9. The angular coordinates are the torodial angle ¢ and the
poloidal magnetic angle 0* = ¢~ (s) foe [(B-V¢)/(B-V§)]dd', where q(s) is the safety factor profile and 6 the
geometric poloidal angle. The equations of motion are coupled with the field equations: the Poisson equation (in
the quasi-neutrality limit) and the parallel Ampere’s law. These are solved using finite elements (typically cubic
B-splines) on a grid (N, Np+, Ny ). A field-aligned Fourier filter is used [21]]. At each radial grid point s, for each
toroidal mode n, only the poloidal modes m € [—n - ¢(s) £ Am)] are retained, being Am the width of the retained
poloidal modes. The equations are solved through a mixed-variable pullback algorithm in order to mitigate the
so-called cancellation problem [22].

For the purpose of this benchmark, all the codes will consider only Finite Orbit Width (FOW) effects, neglecting
Finite Larmor radius (FLR) ones.

The equilibrium chosen for this benchmark is a “variant” of the AUG test case, originally proposed by Ph. Lauber
within the EUROfusion Enabling Research NLED [8]]: the AUG shot considered is the #31213, at t=0.84s. In

order to use such test case to execute this benchmark

on a realistic, fully shaped equilibrium, we have con-
Q—PROFILE sidered the fully shaped cross section version of this
equilibrium [8]], as described by a standard EQDSK file
(see Fig. [I). The equilibrium, as defined in the origi-
| nal AUG EQDSK file, has been scaled using the equi-
librium code CHEASE [10] in order to keep exactly
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FIG. 1.: Poloidal cross section (left) and safety factor profile q current, when considering the coordinate system (R,
(right) as function of the square root of the normalized poloidal 2 ¢) used by CHEASE [10], and (s, x, ¢) used by
Sflux for the considered NLED-AUG test case. HYMAGYC (also described by the so-called COCOS

number, COCOS=2 [23]]). As a final remark, the plasma boundary has been slightly smoothed, in order to remove
the sharpness of the experimental AUG X-point (both CHEASE and HYMAGYC assume closed magnetic surface
domain). As aresult of these approximations, a new EQDSK file has been shared among the different codes for the
benchmark exercise, being characterized by on-axis toroidal magnetic field By ~ 2.208 [T], on-axis major radius
Ry ~ 1.666 [m], plasma current I, ~ 8.1434 x 105 [Al], inverse aspect ratio €y ~ 0.297898.

Electron and energetic particle (Deuterium) density profiles are shown in Fig. 2] as given by the original
AUG NLED case [8]: two variants for the EP density profile are consid-
ered, the peaked on-axis EP density profile (see Fig. red, long-dashed
curves), and the peaked off-axis one (see Fig. @ blue, short-dashed curves),
with the Deuterium bulk-ion density profiles defined, for both cases, as
Zini(s) = ne(s) — Zgnu(s) (here n;, n., ny are the bulk ions, electrons,
and EP densities (both bulk ion and EPs are assumed to be Deuterons), re-
spectively, and Z; = Zy = 1 their electric charge numbers). Maxwellian
distribution function will be assumed for the EPs with a constant in ra-
dius temperature profile T (s) = 0.093 [MeV]. Although not strictly re-
quired, hybrid codes, as MEGA and HYMAGYC, usually consider some

s kind of diffusivity, for helping the numerics: the MHD solver of MEGA
FIG. 2.: lon densities for the peaked . qiders both resistivity 1 and viscosity v, while the MHD solver of HY-
on-axis (red, long-dashed curves), and MAGYC considers only resistivity. Within the simulati f th t
off-axis (blue, short-dashed curves) EP y resistivity. Within the simulations of the presen
profiles. Electron density is shown in benchmark, normalized resistivity given in terms of the inverse Lundquist
black, solid curve. number S&EGA = 5 x 1077 will be used (here, S\ipaa = poRo(vao/n),
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with v 40 the on-axis Alfvén velocity; note that the definition of the normalized resistivity in HYMAGYC differs
from the one of MEGA, being Sgymacyc = wo(a?/Ro)(vao/n)). A similar value for the normalized viscosity
is used in MEGA, being vorm = v/ (Rovag) = 5 x 1077, Both HYMAGYC and MEGA use, for the adiabatic
index, the value I' = 5/3 (note that finite values of I" allows for both shear Alfvén and acoustic branches of the
Alfvén continuous spectra).

The HYMAGYC MHD solver (which is derived from the full linear, resistive, MHD solver MARS [13]]) solves
the MHD equations in flux coordinates (s, ¥, ¢) after expanding in Fourier components in the angular coordinates
(x, ¢) and using finite elements in s (being s = 0 on the magnetic axis and s = 1 on the plasma boundary).
The equilibrium quantities are provided by CHEASE, which solves the Grad-Shafranov equation and maps the
solution to the considered flux-coordinate system. In CHEASE, the Jacobian of the transformation from the flux
coordinates (s, x, ¢) to the Cartesian coordinates is restricted to the form J = C(s)R*|V|*, with « and p
integers, R the major radius and ¢ the poloidal magnetic flux function, and C(s) being obtained by imposing
periodicity after a poloidal turn. In the following simulations of HYMAGYC, a x angle defined by the Jacobian
J x R/|VY| (e, a« = 1, p = —1, the so-called equal arc length coordinate system) will be considered: such
a choice of the poloidal angle-like variable x usually minimizes the number of Fourier components required to
obtain a well converged solution.

Specific code parameters used throughout this benchmark are as follows: HYMAGYC will use, for the field solver
module, a radial (s) mesh of 180 equally spaced grid points, and a poloidal Fourier spectrum m = [—3, 13], for the
considered n = —1 toroidal mode; note, however, that the condition of purely real perturbation in the configuration
space imposes always to consider a symmetric spectrum of perturbation in the Fourier space (m,n), such that
fmn = f*. _, f being a generic perturbed field. Regarding the gyrokinetic module, the numerical markers
describing the EP distribution function will be evolved in a 3D flux coordinates space (s, X, ) using 180 x 120 x 8
grid points, and, typically, a number of simulation particles per cell Nj,ar¢/cent = 64, thus considering a total number
of EP markers N,,,,x = 11,059, 200. The number of grid points used for MEGA simulations for the cylindrical
coordinates (R, ¢, Z) is 128 x 16 x 256. The number of marker particles used is 8,388,608, i.e., Npart/cenn = 16.
The output of MEGA is in flux coordinates space (s, ¢, §), and the Fourier components are chosen by n=[-1,0,1] and
m=[0,64]. The number of grid points for ORBS5 simulations for the coordinate system (s, 8%, ¢) is 2000 x 144 x 48
and the number of markers M, respectively, for bulk ions, EPs, and electrons are M; = Mgp, = 3 x 107, and
M, = 12 x 107. Other typical parameters tor the two scenarios considered (AUG peaked on-axis, and AUG
peaked off-axis EP density profiles) are: n.o = 0.171587 [102°/m3], ngo = (0.03552, 0.00458182) [102°/m3],
nio = (0.136067, 0.16700518) [10%° /m?] being, respectively, the on-axis electron, energetic particles and bulk ion
densities, wap = (5.53876 x 105, 4.99947 x 10°) [rad/s] the on-axis Alfvén frequency, vg tno = 2.1111 x 109
[m/s] the on-axis EP thermal velocity, pgo = 0.0199221 [m] the on-axis EP Larmor radius, thus giving, for the
adimensional characteristic parameters, ngo/n = (0.261048, 0.0274352), vy tno/va0 = (0.228782, 0.253461),
pHo/a = 0.041279.

3. CHARACTERIZATION OF ALFVENIC SPECTRA OF OSCILLATIONS IN THE MHD LIMIT

In order to characterize the equilibrium described in Sec. [2] with reference to the MHD frequency spectra
(continuous oscillations and global

lp(s,w)P Mee=11%1152.0, tw,o= 600.00
w(kHzIum ove‘rm,n ‘7;ﬂin"7moxi£’2 modes), we have run the hy-
400 IS — brid MHD-gyrokinetic codes HY-

MAGYC and MEGA using the ref-
erence on-axis EP density profile but
neglecting the EP contribution (i.e.,
switching off the coupling terms be-
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FIG. 3.: Frequency spectra in the MHD limit for MEGA (left) and HYMAGYc [Ully stable, apart from a weakly
(right). Logarithmic color scale is used for the intensity of the e.s. field | (s, w)|>. 8rOWINg mode which can be identi-
Shear Alfvén coutinuous spectra are also shown using black continuous lines. fied as a tearing mode (see later). In

order to analyze and identify the different type of oscillations admitted by this equilibrium, it is instructive to
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Fourier analyze in time the results of the simulations, as shown in Fig.[3.] where the frequency spectra | (s, w)|?
of the electrostatic field ¢y, (s, ) are illustrated for MEGA and HYMAGYC. In Fig. [3.| also the shear Alfvén
continuous spectra are shown for reference (plotted using black continuous lines), as obtained by the FALCON
code [24] in the limit of slow-sound approximation [25] (acoustic Alfvén continua as obtained by FALCON, al-
though present in the system, are not shown for the sake of clarity of the figures). The frequency spectrum is almost
perfectly symmetric w.r.t. the w sign. A variety of oscillations are observed, almost all of them being damped (apart
from a weakly growing mode). We will refer, in the following, to lower and upper shear Alfvén continuous spectra
as the ones with lower and higher values of absolute frequencies, respectively.

To better enlighten the different global modes and local oscillations observed in the simulations, a logarithmic
color scale representing the am-

plitude of the power spectra has | THYMAGYC | WHYMAGYC | IMEGA | WMEGA ’Y(‘T)E]las Whres
been used. Both MEGA and HY- [s 1 [kHz] [s ] [kHz] [s ] [kHz]
MAGYC clearly show few dom- 4080.2 0.0
inant global (radially extended) -9267.0 -49.3
modes localized in frequency within | 149946 1592 | -45060.0 | -1719 | ~ —10000. | -146.
the toroidal Alfvén gap (TAEs), few -6455.3 -195.8 -36057.0 | -185.2 ~ —6000. -206.
modes localized below the lower -29484.2 -301.4 -301200 | -304.2

-13542.3 -395.8

shear Alfvén continuous spectrum,
which could belong to the (3 in-
duced branch (BAE), and (only
HYMAGYC) a mode lying above
the upper toroidal Alfvén continu-
ous spectrum, within the ellipticity
Alfvén gap (EAE). Also a clear evi-
dence of local oscillations superimposed to the lower toroidal Alfvén continuous spectrum are observed, showing
that both codes well represent the continua oscillations. In order to be able to compute damping- (and growth-)
rates, it is worthwhile to perform frequency Fourier spectra using a “time window” shorter that the full simulation
duration, and track in time the amplitudes variation of the frequency spectra obtained in that way. Using such
analysis (which is routinely done on the HYMAGYC simulations), one can, e.g., track the relative maxima of the
frequency spectra, together with their localization in frequency and radial-like coordinate, and identify the different
characteristics of the oscillations observed (w, -, nature of the modes, etc.): this is shown in Table Note that also
a weakly growing mode is reported for the simulation of HYMAGYC, which is radially localized at s ~ 0.85, at
the radial position were ¢(s) = 3, thus being identified as a tearing mode (m = 3,n = —1). In Tablealso few
modes identified in a similar simulation by ORBS5 are shown, in quite good agreement with the two hybrid codes
of this benchmark, namely, HYMAGYC and MEGA; the only difference w.r.t. the hybrid codes being that the
bulk ion profile for the ORBS5 simulation must be n; = n., quasi-neutrality being mandatory for fully gyrokinetic
codes, and the different bulk ion density profile reflecting, as a consequence, in a slightly different shear Alfvén
frequency spectra.

TABLE I: Growth rates [s~ '] and real frequencies [kHz] of some of the modes
observed in Fig. 3] corresponding to the HYMAGYC, MEGA and ORBS5 purely
MHD simulations, on-axis AUG reference case. () Note that for the ORB5 sim-
ulation, n; = ne has been considered, whereas both HYMAGYC and MEGA as-
sume n; = Ne — NH,on—axis, With NH on—axis the peaked on-axis EP density, while
neglecting the EP contribution in the fluid equations.

4. LINEAR RESULTS OF THE BENCHMARK

In this Section we present the linear stability results obtained by the three codes, comparing the radial structure of
the most unstable modes observed in the simulations and their frequency power spectra of both the peaked on-axis
and off-axis EP density profiles. In particular, the results of simulations for the nominal values will first be shown
in Sec.[4.T} and lately the analysis of the simulation results with the dependence on the intensity of the drive when
varying, separately, the EP density (see Sec. and EP temperature (see Sec. will be presented.

4.1. NOMINAL CASES COMPARISON

In Fig. the results of the three codes for the two reference cases are shown: in both cases, for all the three
codes considered, a mode driven by the EP is observed. Let’s consider, first, the results for the peaked on-axis
EP density profile (Fig. 4.} left column): after an initial transient phase of the simulations, both HYMAGYC and
MEGA observe, as the most unstable, a mode located around s ~ 0.4, with a dominant m = 2 poloidal Fourier
component for the electrostatic field ¢, and located around w ~ —130 kHz in frequency, i.e., with a frequency
slightly lower (in absolute value) than the lower shear Alfvén continuous spectrum: these observations, together
with the fact that its radial location is quite close to the minimum ¢ value (see Fig.|/.] right), suggest that this mode
is a so-called Reversed Shear Alfvén Eigenmode (RSAE). On the other side, the results of ORBS show, for the
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most unstable mode, a more externally localized structure (s ~ 0.7) dominated by m = 2,3, and localized, in
frequency, close to the lower (in absolute value) tip of the toroidal gap throat, w ~ —200 kHz. When considering
the peaked off-axis EP density profile, on the other side (Fig. [4.| right column), all the three codes show a very
good agreement. In particular, all of them observe a mode located, radially, close to the magnetic axis (s ~ 0.2),
dominated by a m = 2 poloidal Fourier component, and located, in frequency, within the toroidal gap and with
opposite sign w.r.t. to the previous, peaked on-axis, case. Note that the radial localization correspond to the EP
density profile characterized by a positive radial gradient (see Fig.[Z)), i.e., with opposite sign w.r.t. to the peaked
on-axis, monotonically decreasing, EP density profile (and, thus, with opposite sign of the diamagnetic frequency
of the EPs driving term oc wi; [26]). Some more insight on the results of the simulations, and, in particular,
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FIG. 4.: Comparison between the results obtained for HYMGYC (top row), MEGA (centre row), ORBS (bottom row), for the
two AUG nominal cases: peaked on-axis EP density profile (left column) nHo/nio = 0.261, Ty = 0.093 MeV, and peaked
off-axis EP density profile (right column) ngo/nio = 0.0274, Ty = 0.093 MeV. The radial profiles for different poloidal
Fourier components of the e.s. potential ©(s), and its power frequency spectra are plotted for each case (linear color scale).

regarding the discrepancies observed, for the peaked on-axis EP density profile case, among ORBS5 on one side,
and HYMAGYC and MEGA on the other side, can be gained by comparing the results of the simulations performed
by varying two parameters, namely, the on-axis EP density n g and temperature T'g, as will be shown in the next
sub-Sections 4.2l and 4.3]

4.2. ENERGETIC PARTICLE DENSITY SCAN

In this Section we present the results of varying the EP density w.r.t. the reference case values. We will focus our
attention to the growth rate of the mode observed in the simulations, and, possibly, connect the results to the one
presented in the so-called MHD limit presented in Sec. [3] Indeed, varying the EP density will modify, accordingly,
the intensity of the EP drive, while keeping unchanged the EP motion, i.e., their resonances and characteristic
frequencies. Note that, in order to correctly satisfy the quasi-neutrality requirement of ORBS, the bulk ion density
profile will be recomputed accordingly: this imply, as a consequence, that the w 49 value and Alfvén shear continua
will slightly change for each different value of 57 considered in the simulations. Figure[5.] shows the results of the
EP density scan for the on-axis EP density profile, ranging from the MHD limit (rn ¢ /n;0 = 0) to the nominal value
(indicated by vertical dashed lines in the frames of Fig.[5]) and beyond. HYMAGYC observes two different modes,
depending on the EP density range: for small values of n ¢ /1,0 the most unstable (or less damped) mode is a mode
radially located at 0.6 < s < 1, in correspondence of the external throats within the toroidal gap (w ~ —180 kHz),
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which made the identification of this mode as a TAE. In a more internal radial region, centered radially around s ~
0.4 and with frequency w < —140 kHZ, the mode already shown in the nominal value case, Fig. [4.| (left column) is
observed, which is subdominant (larger damping or smaller growth rate) w.r.t. the TAE, in this range of EP density,
and which we have already identified as

-1] . 0

N 1[; 3 ] o [kHz] a RSAE. For higher EP density values,
3 3 npgo/nio 2 0.15, the RSAE growth rate
15107 . ] T | | become dominant (i.e., it has the high-
L10° | oL ] est growth rate), and, eventually, is the
s 0P Hymacye A 1 only observable mode in the simulation.
S10'f o ] ) / Similar results are observed by MEGA
ob.o8 :'OWT ] 10T 1 with close values to the ones observed
.,—"’ | MEGA - ‘ by HYMAGYC, for both the frequen-
510 JHYMAGYE, ‘ 200 ‘ Lt ‘ ; . .
0 01 02 03 04 05 0 o1 02 03 o4 os cies and spatial location of the modes,
"™ "™  but definitely smaller growth rate val-

FIG. 5.: Energetic particle density scan for the AUG on-axis EP density profile:
growth rates (left frame) and frequencies (right frame). Black circles refer to
HYMAGYC results, red diamonds to MEGA, and green squares to ORBS, with
closed symbols indicating RSAEs and open symbols to TAEs. The dashed black
vertical lines refer to the nominal value of nrro / 150.

ues. Also ORBS5 observes the two dif-
ferent modes shown by HYMAGYC and
MEGA, with the range of EP density
where the RSAE dominates over the TAE
being, in this case, above the nominal

density case (i.e., for nyo/nip = 0.4). Moreover, growth rates observed by ORBS5 are, generally speaking,
larger that the ones observed by HYMAGYC and MEGA. It has to be noted that, when considering the slope of the
growth rates obtained by the three codes for the TAE-like solution, and for the RSAE-like solution, they compare
more favorably, suggesting that the differences observed (w.r.t. both the intensity of the growth rate and the relative
dominance of one or the other mode) can be connected to differences between the damping retained by each code
(e.g., continuum damping, resistive and viscous damping, as well as numerical damping), which result in different
thresholds for unstable TAEs and RSAE:s.

Figure [6.] shows the results of the EP density scan for the peaked off-axis EP density profile. In this case, all the

34571[25,] \ A wﬂfﬁg] AR three codes observe, as the dominant
310°F ] 150 .- *t 11 mode, a TAE located close to the mag-
2510° f E 100 1 netic axis, with a frequency well within
210° F ot 50 MEGA the toroidal gap, at w =~ 150 kHz.The
15108 MEGA - ‘ 1 U {  radial profile of the Fourier components
110° £ . -~ b 50 1 ] are very similar; growth rate obtained
510 F . , o -100 | 1 by ORBS are larger that the ones ob-
0f. BT | sl i1 tained by HYMAGYC and MEGA; for
s HYMAGYC [ e AT this case, MEGA obtains slightly larger

1 0005 001 0.015 0.02 0.025 003 % 0005 001 0015 0.02 0025 0.03
HO 0 HO 0
FIG. 6.: Energetic particle density scan for the AUG off-axis EP density profile:
growth rates (left frame) and frequencies (right frame). Black circles refer to
HYMAGYC results, red diamonds to MEGA, and green squares to ORBS5, with
closed symbols indicating core-localized TAEs and open symbols the external
TAEs. The dashed black vertical lines refer to the nominal value of nrro /0.

growth rates than HYMAGYC. Note that
HYMAGYC, with a careful analysis of
the frequency power spectra, is able to
recognize also a sub-dominant, more ex-
ternal mode, characterized by a negative
frequency w ~ —200 kHz, and located
within the toroidal gap, at the radial position of the external throat, s ~ 0.7. Note that this mode is very similar
to the one observed in the previous, peaked on-axis EP density profile case: indeed, the nominal EP density pro-
files for the peaked on-axis and the peaked off-axis EP density profiles almost overlap each other in the external,
s 2 0.5, region of the discharge (see Fig.[2).

4.3. ENERGETIC PARTICLE TEMPERATURE SCAN

In Figure [7] the results of the simulations varying the EP temperature are shown, both for the peaked on-axis
(top plots) and peaked off-axis (bottom plots) EP density profiles, while considering for each case, the nomi-
nal EP density values. For both the cases considered, the dependence of the growth rate and frequency is very
similar, with the growth rate increasing weaker than linear with Ty (note, also, that for the peaked on-axis EP
density profile case, the code ORBS5 observes, at lower values of Ty (Ty < 0.093 keV), a TAE mode radially
localized at the external throat of the toroidal gap (indicated in Fig. [7] top figures, with open green squares),
whereas HYMAGYC and MEGA observe a RSAE. On the other hand, for higher values of Ty (T 2 0.093

keV), and, thus, for stronger EP drive, also ORBS, as the other two codes, observes a RSAE as the dominant mode
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(indicated in Fig. top figures, with
filled green squares): indeed, the dif-
ferent nature of the mode observed by
ORBS at higher T’ is evident when not-
ing the discontinuity in the frequency
values (filled vs. open green squares in

Fig.[7] top right figure).

Note also that, for the peaked off-axis

EP density profile (Fig. bottom fig-

ures), the code HYMAGYC is able to ob-
serve also the sub-dominant TAE mode
(as in the EP density scan), located ra-
dially in the external TAE throat (open
circle symbols), which behaves similar
to the other dominant, internal TAE, as
Ty is varied. As a general consideration,
the dependence of the growth rate, w.r.t.
the EP temperature, is similar among the
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FIG. 7.: Growth rates (left column) and frequencies (right column) vs. Tx
for the on-axis (top row) and off-axis (bottom row) EP density profiles. Black

0.1
T
H

three codes, ORBS showing typically a
stronger net growth rate than the two hy-
brid codes.

0.15
(MeV)

circles refer to HYMAGYC results, red diamonds to MEGA, and green squares
to ORB5. The dashed black vertical lines refer to the nominal value of Tro.

5. CONCLUSIONS

In this paper the two hybrid MHD-gyrokinetic codes HYMAGYC and MEGA and the full gyrokinetic code ORB5
have been benchmarked, in the linear regime, by studying the EP driven Alfvénic modes in a realistic equilibrium,
namely, the AUG-NLED test case. Purely MHD spectra of oscillation have been first compared, and then the linear
stability for both on-axis and off-axis peaked EP density profiles equilibria have been considered. Some differences
have been observed among the codes at the nominal values of the benchmark, in particular fo the on-axis case;
nevertheless, when considering EP density and temperature scans, a fairly good agreement among the three codes
is, indeed, obtained.
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