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One of the major challenges in magnetic confinement thermonuclear fusion research concerns
the confinement, inside the reaction chamber of a burning plasma, of the energetic particles
(EPs) produced by fusion reactions and/or by additional heating systems as electron and ion
cyclotron resonant heating and neutral beam injection. Energetic particles in such experiments
have velocities of the order of the Alfvén velocity, and then, they can resonantly interact with
the shear Alfvén waves, driving global modes, which, in turn, could enhance the EP transport
toward the first wall and lead to a significant particle and heat load. 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. Here we present
results obtained with the recently developed hybrid mhd-gyrokinetic code HYMAGYC [1],
suited to study the interaction between EPs and Alfvénic modes in general high-f
axisymmetric equilibria, (B being the ratio of the plasma pressure to the magnetic one), with
fully retained perturbed electromagnetic fields (electrostatic potential ¢ and vector potential
A). The thermal plasma is described as a single fluid by full resistive linear MHD equations.
The field solver originates from the code MARS [2], transformed from an eigenvalue solver
to an initial value one. Energetic particles are described by nonlinear gyrokinetic Vlasov
equations [3] solved by particle-in-cell (PIC) techniques and expanded up to order O(e”) and
O(eep), € being the gyrokinetic ordering parameter e~ py/L, and eg=~pp/Lp, with py the EP
(“Hot”) Larmor radius, and L, and Lg the nonuniformity characteristic length scales of the
equilibrium plasma density and magnetic field, respectively. The following space-time
ordering for the fluctuating electromagnetic fields holds: k. pg= O(1), kpa=0(¢), 0/Qu=0(¢),
being k. the perpendicular (to the equilibrium magnetic field) wave vector of perturbed fields,
k| the parallel one, o the characteristic fluctuation frequency and Qg the EP gyrofrequency.
The two modules, the MHD and the gyrokinetic one, are coupled toghether by inserting the
divergence of the EP pressure tensor in the MHD momentum equations [4]. In this work all
the code capabilities have been fully exploited: a realistic shaped cross section equilibrium
(we have considered a AUG model scenario [5]), finite magnetic compression (8A.=0), Finite

Larmor Radius (FLR) effects. The AUG model scenario has been identified in collaboration
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with the NLED Enabling Research group [6] and analyzed by CHEASE [7] in order to
compute the equilibrium quantities required by HYMAGYC (as, e.g., the metric tensor

components , equilibrium magnetic field, current and pressure components). The AUG NLED

model equilibrium is characterized by on-axis
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along the flux-like radial coordinate s=(Wnorm)

s Wnorm the normalized poloidal flux, is shown in Fig.1.

Fig.1: Bulk ions (black, dotted curve)
and EP (blue, dashed curve) density
profiles vs. s are shown (left vertical
axis), together with the safety factor
profile (red, solid curve; right vertical
axis).

Using the MHD linear stability eigenvalue code
MARS, the shear Alfvén continua for general

toroidal mode numbers can be obtained: such

continua will be used later on when discussing the

EP driven modes (see, e.g., Figs. 3,4). Finally, by introducing a Maxwellian EP population of

deuterium characterized by a flat temperature Ty=0.093 MeV and a monotonic density profile

(see Fig.1), unstable modes appear. Note that with
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Fig.2: Growth-rate vs. NORBIT, for the

thermal velocity being defined as

toroidal mode number n=1 and reference
case parameters. Also the growth-rate for
the case in which only FOW effects are
retained is presented (in red, at
NORBIT=0) for comparison.

In the following we will present results both
considering only Finite Orbit Width (FOW) effects

as well as fully retaining FLR and magnetic

compression effects. For the latter case, gyro-average
along the EP Larmor orbits is needed, in order to properly retain the FLR effects, thus
requiring evaluating the contribution of each EP on several gyro-phase positions. In Fig.2 the
dependence of the growth-rate on such number of positions is shown, for the reference case of
the AUG equilibrium and n=1: the adequate number of points to compute the gyro average is

in this case NORBIT=32 to retain correctly the FLR effects.
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Fig.3. Toroidal mode number n=I retaining only FOW effects. Left: power spectrum of the fluctuating
electrostatic potential ¢ in the plane (s,); Alfvén continua are also shown with black dots. Center: poloidal
Fourier components of the electrostatic potential |pma-1| Vs. s. Right: electrostatic potential ¢(R,Z) for the
toroidal angle ¢=0.

In the following we will present the linear stability results for two values of the toroidal mode
number n=1,3; for simplicity, simulations with the adiabatic index I'=0 have been considered
(I" entering in the MHD equation for the bulk pressure), in order to neglect the coupling of
Alfvén waves with the magneto-acustic ones. For n=1, the most unstable mode, with
dominant poloidal component m=2, is a Reversed Shear Alfvén Eigenmode (RSAE) driven
by the energetic particles, (see Fig.3 where the simulation retaining only FOW effects is
shown). The mode is localized in frequency at ®/wa¢=0.1085 just below the lower Alfvén
continuum, radially at 0.15s<0.6, close to the location of the minimum g-profile and with a
normalized growth-rate y/ma0=0.028. Results related to the same case but retaining FLR and
magnetic compression effects are qualitatively very similar to the previous one, with only

small differences, in particular, for the growth-rate and frequency (see Fig.5).
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Fig.4. Toroidal mode number n=3 retaining only FOW effects (same quantities as in Fig.3).

For n=3, a Toroidal Alfvén Eigenmode (TAE) is observed as the most unstable one, with
dominant poloidal component m=7 and a much richer Fourier spectrum (see Fig.4 where the
results without FLR and magnetic compression effects, are shown). The mode is localized in

frequency at w/ma0=0.0863 just above the lower Alfvén continuum of the toroidal gap, and
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radially, at 0.4<s<50.8, with its peak located at the position of the maximum of the energetic
particle pressure gradient. Its normalized growth-rate is y/@a0~20.12472.

Also for this case, the results obtained retaining FLR and compressional effects are
qualitatively similar to those of Fig.4, apart from a more pronounced reduction of the growth-

rate, w.r.t. the n=1 case. In Fig.5, the growth-rates and frequencies are shown vs. Ty for n=1

and n=3, both retaining
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Fig.5: Growth-rate (left) and frequency (right) vs. Ty, for the toroidal | Tate, as expected from
mode numbers n=1 (circle symbols) and n=3 (diamond symbols).
Results obtained considering only FOW effects are shown in blue, filled
symbols, while results retaining full FLR and 8A, effects are shown in The effect is stronger
red, open symbols.

earlier research [8] and [9].

when the toroidal mode

number is higher (higher toroidal mode number implying larger k.py). Note that both
CHEASE and MARS are already fully compliant with IMAS/EU-IM frameworks, while
HYMAGYC is currently updating to the most up-to-date framework versions.
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