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Non-linear benchmark
• Following the results of the linear benchmark for the AUG-NLED case, between 

HYMAGYC, MEGA and ORB5 (see G. Vlad et al., Nuclear Fusion, 61:116026, 2021) we 
analyze the nonlinear saturation of the n=-1 toroidal mode

• We compare the results of nonlinear simulations for the off-axis EP density profile case, for 
which all the three codes show a similar results during the linear phase: same dominant 
mode, i.e., very similar radial eigenfunction, real frequencies in very good agreement, 
growth-rate within a factor two:
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Table 4. Growth rates (s−1) and real frequencies (kHz) of some of the modes observed in !gure 6, corresponding to the
HYMAGYC, MEGA and ORB5 purely MHD simulations, on-axis AUG reference case.

Mode γHYMAGYC (s−1) ωHYMAGYC (kHz) γMEGA (s−1) ωMEGA (kHz) γa
ORB5 (s−1) ωa

ORB5 (kHz)

Tearing-q = 3 4080.2 0.0
TAE-2 −14594.6 −159.2 −45060.0 −171.9 ≈ −10000 −146
TAE-1 −6455.3 −195.8 −36057.0 −185.2 ≈ −6000 −206
TAE-3 −29484.2 −301.4 −30120.0 −304.2
EAE −13542.3 −395.8

aNote that for the ORB5 simulation, ni = ne has been considered, whereas both HYMAGYC and MEGA assume ni = ne − nh,on−axis, with
nh,on−axis the peaked on-axis EP density, while neglecting the EP contribution in the "uid equations.

Figure 8. Comparison between the results obtained for HYMGYC (top row), MEGA (centre row), ORB5 (bottom row), for the two AUG
nominal cases: peaked on-axis EP density pro!le (left column) nh0/ni0 = 0.261, Th = 0.093 MeV, and peaked off-axis EP density pro!le
(right column) nh0/ni0 = 0.0274, Th = 0.093 MeV. The radial pro!les for different poloidal Fourier components of the e.s. potential ϕ(s),
and its power frequency spectra are plotted for each case (linear color scale).

ones presented in the so-called MHD limit presented in section
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 frequen-
cies. Note that, in order to correctly satisfy the quasi-neutrality
requirement of ORB5, the bulk ion density pro!le will be
recomputed accordingly, for each simulation: this imply, as a
consequence, that the ωA0 value and Alfvén shear continua
will slightly change for each different value of nh0 consid-
ered in the simulations. Figure 10 shows the results of the
EP density scan for the on-axis EP density pro!le, ranging

from the MHD limit (nh0/ni0 = 0) to the nominal value (indi-
cated by vertical dashed lines in the frames of !gure 10) and
beyond. HYMAGYC observes two different modes, depend-
ing on the EP density range: for small values of nh0/ni0 the
most unstable (or less damped) mode is a mode radially located
at 0.6 ! s ! 1, in correspondence with the external part of
the toroidal gap (ω ≈ −180 kHz), which made the identi!ca-
tion of this mode as a TAE (see !gure 11 (left column, top
frames)). Note that the damping rate and real frequency of
this TAE in the limit nh0/ni0 = 0 are almost the same of the
less damped MHD mode described in section 3, although the
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Figure 12. EP density scan for the AUG off-axis EP density pro!le: growth rates (left frame) and frequencies (right frame). Black circles
refer to HYMAGYC results, red diamonds to MEGA, and green squares to ORB5, with closed symbols indicating core-localized TAEs and
open symbols the external TAEs. The dashed black vertical lines refer to the nominal value of nh0/ni0.

Figure 13. HYMAGYC: peaked off-axis EP density pro!le, with nh0/ni0 = 0.0067: e.s. !eld structure ϕ(R, Z) in the poloidal plane φ = 0
(left), radial pro!les of the Fourier components |ϕm,n(s)| (centre), and frequency power spectra |ϕ(s,ω)|2 (right). The dominant core
localized TAE (s ! 0.4), with preeminent m = 2 poloidal Fourier component is observed in the central region, with a positive real
frequency; in the external region (s" 0.4) it is also present the sub-dominant external TAE, with a preeminent m = 3 poloidal Fourier
component and a negative real frequency (i.e. with opposite sign w.r.t. the dominant internal mode).

gap, at ω ≈ 150 kHz. The radial pro!le of the Fourier com-
ponents are very similar, all dominated by an m = 2 poloidal
Fourier component; the growth rates obtained by ORB5 are
larger that the ones obtained by HYMAGYC and MEGA;
for this case, MEGA obtains slightly larger 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 external mode, characterized by a nega-
tive frequency ω ≈ −200 kHz, and located within the toroidal
gap, at the radial position s ≈ 0.7 (see !gure 13). Note that
this mode is very similar to the one observed in the previous,
peaked on-axis EP density pro!le case: indeed, the nominal
EP density pro!les of the peaked on-axis and of the peaked
off-axis EP density pro!les almost overlap each other in the
external, s" 0.5, region (see !gure 2).

4.3. Energetic particle temperature scan

In !gure 14 the results of the simulations varying the EP tem-
perature are shown, both for the peaked on-axis (top plots) and
peaked off-axis (bottom plots) EP density pro!les, while con-
sidering, for each case, the nominal EP density values. The
dependence of the growth rate and frequency obtained by the
three codes is very similar, with the growth rate increasing
almost linear with Th for the peaked on-axis EP density case
(see !gure 14 top, left), and weaker than linear with Th for
the peaked off-axis EP density case (see !gure 14 bottom,
left). Note, also, that for the peaked on-axis EP density pro!le
case, ORB5 observes, at lower values of Th (Th ! 0.093 keV),
a TAE mode radially localized at the external part of the
toroidal gap (indicated in !gure 14 top !gures, with open green
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[Linear phase results from: G. Vlad et al., Nuclear Fusion, 61:116026, 2021]
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Non-linear benchmark – HYMAGYC
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• HYMAGYC, similarly to MEGA 
and ORB5, shows, during the linear 
phase, the most unstable mode 
located  close to the magnetic axis, 
with positive real frequency.

• During nonlinear saturation, a 
second, subdominant mode appears 
close to the edge, rotating in 
opposite direction.

• Saturation leads to “fill” the 
energetic particle density profile in 
the innermost region of the radial 
profile.

• Results shown are from a simulation 
including FLR effects; FOW 
simulations show similar results but 
more noisy...

nH vs. s
𝝋 vs. s frequency spectrum
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Energetic particle density profile

nH vs. s
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Comments
• FOW simulation shows, after saturation, some numerical instability (an_caso_AUG-

nonmonotonic-BM-2020-T_H0.093_scaled_n_H_long_output_interfaccia_corretto_300x300.gif, t=860, OK):
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Comments
• FOW simulation often shows after saturation some numerical instability 

(an_caso_AUG-nonmonotonic-BM-2020-T_H0.093_scaled_n_H_long_output_interfaccia_corretto_300x300.gif, 

t=1200, numerical instability is growing...)
• Some “tailoring” of the EP coupling term could help... to be further invetigated
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Comments
• Scan on Energetic Particles density done
• Hamiltonian mapping analysis is under way (mainly VF and SB); any similar 

analyses from ORB5, MEGA?
• XTOR (H. Lütjens) has asked to join the benchmark
• Baruch Rofman from SPC (PostDoc of L. Villard, Lausanne, ORB5) has offered to 

contribute with ORB5 simulation.


