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- Stability analysis: the prerequisite to allow operation of 
plasma fusion devices and it prevents bad plasma 
performances and/or plasma wall damages. 

- Alfvénic modes analysis: constitute the preliminary step 
of the following investigation including energetic particles.

- Alfvén modes exist in the magnetic field configuration of 
tokamaks due to frequency gaps in the continuous Alfvén 
spectrum; these modes can be driven unstable by energetic 
particles, causing transport losses.

-  Indeed, energetic particles are characterized by velocities 
of the order of the Alfvén velocity so they can resonantly 
transfer power to Alfvén modes, driving them unstable.

Purpose
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⎼ codes flow chart: CHEASE, MARS, HYMAGYC, FALCON
⎼ first studies on DTT Negative Triangularity:                  

 flipped boundary (from Positive Triangularity)
⎼ updated DTT Positive Triangularity equilibrium

o  Infernal modes studies
o  Alfvén modes

⎼ studies on DTT Negative Triangularity:                         
  from 1D transport solver (Real Geometry) 
o infernal modes studies 
o Alfvén modes

Outline
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high resolution equilibrium code
it solves the Grad-Shafranov equation in 
axisymmetric general toroidal geometry

CHEASE

H. Lütiens et al., Computer Physics Communications 97 (1996) 219-260 

222 H. Littjens et al./Computer Physics Communications 97 (1996) 219-260 

' ~  ~ - ~ - - ~  ~(n) 

~= c o n s ~  ~..~ ~ 
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a o ~__ a 

Fig. 1. The cylindrical coordinates (R; Z; ~b) in toroidal geometry. 

X7 • ~-~7~-1 J4R - .p'(!F) - ~2TT'(gt) , (3) 

where je denotes the toroidal plasma current density, R the major radius of the torus and prime the derivative 
with respect to 9". The nature of the equilibria (i.e. tokamak, reversed field pinch, etc.) is determined by the 
two free functions p,(gt)  and TT'(~) .  

In the following the plasma cross section 12 is assumed to be known. Thus, we restrict consideration of Eq. 
(3) to the fixed boundary case with 9 t = 0 at the plasma edge 6/2. In CHEASE, the shape of 61"2 is rather 
arbitrary, and its prescription is described in Section 6.4.1. Furthermore, only cases with a single magnetic axis 
(where x79' = 0) are considered. It is also assumed that g' < 0 everywhere inside the plasma and that the total 
plasma current 

I = / j ¢  dS 

19 

(4) 

is positive. 
For the solution of the equilibrium equation (3), CHEASE transforms the plasma cross section /2 in Fig. 1 

into a rectangular region 0 _< 0. _< 1, 0 <_ 0 _< 27r. The nonorthogonal coordinate system (0",8) is related to 
cylindrical coordinates (R, Z) by 

R = 0.ps(O) cos0 + Rc, 

Z = 0.Ps (0) sin 0 + Zc. (5) 

The variational form of Eq. (3) is discretized using bicubic Hermite finite elements. The nonlinear discretized 
system is solved by a Picard iteration (see Section 5.2). Here, we only point out that the equilibrium is computed 
in two steps. First a solution is generated on a coarse grid with a polar mesh centred at the geometrical midpoint 
(R0,0) of the cross section. (The coordinate system is shifted so that Z0 = 0.) Then the grid is refined and 
the origin of the polar coordinates (Rc, Zc) is moved to the magnetic axis (Rmag, Zmag) of the coarse solution. 
This is done to facilitate the subsequent mapping to flux coordinates. 
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global stability eigenvalue code
it solves full, linear, resistive MHD equations in 
axisymmetric general toroidal geometry

MARS

A. Bondeson et al., Physics of Fluids, B4:1889–1900, 1992 

s= s=
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HYMAGYC

gyrokinetic hybrid initial value code
it is made of two modules: the fluid module describes the 
bulk plasma, 
the kinetic module solves the Vlasov equations with a PIC 
(particle in cell) tecnique
Self-consistent code

G. Vlad et al., Reviews of Modern Plasma Physics 9(27):1–31 (2025)

 Reviews of Modern Plasma Physics            (2025) 9:27    27  Page 10 of 31

the 𝜙 direction; typically, we use a number of simulation particles per cell 
Npart cell  Nppc,s × Nppc,𝜒 × Nppc,𝜙 = 64 , with a number of cells along 𝜙 convention-
ally fixed to N𝜙 = 8 , thus considering a total number of EP markers 
Npart = 11,059,200 . (see Ref. Vlad (2021) for more details). Note that the numerical 
parameters used to run HYMAGYC in these simulations have been checked for con-
vergence assuring that the physical results are not (reasonably) dependent on them. 
Such practice has been ensured for all the codes included in this benchmark.

As an example of the results obtained, in Fig. 2 three representative times of a 
n =  1 non-linear simulation using HYMAGYC are presented when retaining FLR 
effects, and EP stress term computed using (s,𝜒) coordinates: for each of the three 
time snapshots (different rows), the volume integrated energy of the Fourier compo-
nents (first frame), the radial profiles of the Fourier components of the electrostatic 
potential (second frame), its frequency spectra (third frame), and the Energetic Parti-
cles density profile (fourth frame) are shown.

Note that in the frequency spectra frames, here and in the following figures show-
ing such quantity, also the shear Alfvén continuous spectra are shown for refer-
ence, as obtained by the FALCON code  (Falessi et al. 2019) in the limit of slow-
sound approximation  (Falessi et  al. 2020); acoustic Alfvén continua as obtained 

Fig. 2  Non-linear simulation of HYMAGYC (FLR effects retained, toroidal mode number n =  1 ). Vol-
ume-integrated energy (a.u.) of the Fourier components versus time (first column), radial profiles of the 
Fourier components of the electrostatic potential (a.u., second column), its frequency spectra (third col-
umn), EP density profiles (normalized to its on-axis value at t = 0 , fourth column) are shown for three 
characteristic times during simulation: linear phase (first row), early saturated phase (second row), and 
long saturated phase (third row). In the third column plots (frequency spectra) black solid curves repre-
sent the shear Alfvén continua (Falessi et al. 2019)
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FALCON
Floquet Alfvén continuum local code that applies 
Floquet theory to handle the periodic equilibrium 
variation along the field lines (in poloidal angle)

all the relevant information for the construction of continuous spectra.
Using Eq. (14) and combining the results of different flux surfaces, we
obtain the SAW continuous spectrum as a function of r/a as depicted
in Fig. 6, where continua for various toroidal mode numbers are
shown in different colors, and illustrate the formation of toroidicity as
well as ellipticity-induced frequency gaps at X ’ 1=2 (TAE19) and
X ’ 1 (EAE66,67), respectively. Higher frequency gaps could also be
readily plotted by means of the dispersion curves reported in Fig. 5 but
are omitted here to illustrate the results more clearly.

We now compare the results with the spectrum calculated by
MARS code.54 The continuous spectrum is obtained assigning a guess
real frequency xc ! xguess and looking for converged solutions at
x ! xc, which correspond to a perturbed velocity whose toroidal con-
travariant (m, n) Fourier components v/

m;nðrÞ exhibit a divergent radial
dependence of the type v/

m;nðrÞ / 1=ðr $ rcÞ. When this condition is
recognized, the points ðrc=a;xcÞ in the plane ðr=a;xÞ are considered
as the location of the continuous spectrum. The comparison for the
toroidal mode number n! 2 is depicted in Fig. 7, showing good agree-
ment between the two approaches.

As anticipated above, one of the peculiar features of the approach
proposed in the present work is that the dispersion curves are inde-
pendent of n, and therefore, the evaluation of the continuous spectrum
for different toroidal mode numbers merely requires the numerical
solution of an algebraic equation, Eq. (16). Another interesting prop-
erty of the present methodology is the freedom in the choice of the
radial mesh due to the (radial) local nature of the problem that we are
solving. This feature can be exploited to more accurately describe
regions where the continuous spectrum is more convoluted. Finally,
the present approach is readily extended to 3D geometries and kinetic
analyses, as noted in the Introduction and Sec. II.

The same analysis can be repeated for the ISW continuum. In
fact, Eq. (34b) can be cast in the same form as Eq. (35) using Boozer
coordinates and normalizing the frequency to the local sound speed
rather than the Alfv!en speed on the axis. The results, thus, would be
exactly the same as in Fig. 6 upon a suitable rescaling of ISW contin-
uum frequencies. In particular, a toroidicity induced gap would appear
for p! 1 in Eq. (38); an ellipticity induced gap would occur for p! 2
and so on. These frequency gaps have not received significant atten-
tion in the literature since, as already pointed out the ISW branch is

typically affected by strong Landau damping,27–32,42 and therefore, dis-
crete modes that are possibly located in these gaps are characterized by
high excitation thresholds.14,37,38,47 Meanwhile, the features of ISW-
ISW and SAW-SAW couplings due to equilibrium geometry are iden-
tical, as are the corresponding structures of continuous spectra.
Therefore, a detailed calculation of the uncoupled ISW continuum is
omitted here.

D. Coupled system
In the general case, we cannot neglect the SAW-ISW coupling

due to equilibrium nonuniformities and we need to study the coupled
system of Eqs. (34a) and (34b). In order to calculate the structures of
SAW and ISW continuous spectra, we apply the procedure described
in Sec. II. For the reference value r=a ! 0:58, the result is depicted in
Fig. 8, reproducing the expected behavior. A change of the topology
emerges with respect to the uncoupled case in the vicinity of the inter-
section points between SAW and ISW dispersion curves. In particular,

FIG. 6. SAW continuous spectrum as a function of the normalized radial position
for several values of the toroidal mode number as indicated in the plot.

FIG. 7. Comparison of the decoupled SAW continuous spectrum calculated using
the proposed approach (solid lines) and the results obtained by means of the
MARS code (red bullets), in the case n! 2.

FIG. 8. Local dispersion curves !ðXÞ for the SAW-ISW coupled continuum at r/a
! 0.58. Colored circles denote the interaction of ISW-ISW (green), SAW-SAW
(red), and SAW-ISW (orange). Solid circles correspond to interactions between
counter-propagating waves, while dashed circles to interactions between copropa-
gating waves.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 26, 082502 (2019); doi: 10.1063/1.5098982 26, 082502-7

Published under license by AIP Publishing

 29 O
ctober 2024 14:15:09

M.V. Falessi et al 2019, Phys. Plasmas 26, 082502
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major radius R (m) 2.19
minor radius a (m) 0.70
Volume (m3) 35
Plasma current (MA) 5.5
Vacuum Btoroidal at R=2.19 m 5.85
Electron density 𝑛!  (1020 m3)  1.5
Auxiliary power Ptot (MW) 45
PECRH (MW) 29
PICRH (MW) 6
PNBI (MW) 10

DTT layout 



October 16th-17th, 2025 Annual Meeting TSVV02 - V. Fusco 19
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Outline
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ü Negative Triangularity has been investigated in a case of flipped boundary

ü Nothing to be worth underlining as compared to PT as concerns MHD 
stability for investigated n

ü PT/NT scenario is affected by ideal internal kink and infernal modes!!

ü Scenario optmization regarding  pressure and q profile would be required

ü Broadened ECRH deposition profile goes in this direction

ü Updated linear analysis is required
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⎼ codes flow chart: CHEASE, MARS, HYMAGYC, FALCON
⎼ first studies on DTT Negative Triangularity:                  

 flipped boundary (from Positive Triangularity)
⎼ updated DTT Positive Triangularity equilibrium

o  Infernal modes studies
o  Alfvén modes

⎼ studies on DTT Negative Triangularity:                         
  from 1D transport solver (Real Geometry) 
o infernal modes studies 
o Alfvén modes

Outline

October 16th-17th, 2025 V. Fusco Annual TSVV-02 Meeting
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October 16th-17th, 2025 V. Fusco Annual TSVV-02 Meeting



October 16th-17th, 2025 Annual Meeting TSVV02 - V. Fusco 29

Infernal modes in PT update 

ü Scan for toroidal mode numbers n=2,… ,15 with the MARS code

Results from the MARS code 
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Infernal modes in PT update 
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Infernal modes in PT update: 
growth rates 

𝛾/
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ü Oscillatory behaviour vs continuum n=1…15
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[J. Manickam, 1987 Nucl. Fusion 27 
1461]
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Infernal modes

ü High performance scenarios often have an extended region of
low magnetic shear.

ü This could cause Infernal modes to appear; indeed, they are 
pressure driven internal MHD instabilities that are excited in a 
region of low shear.

ü They are Zero frequency modes with a finite growing rate
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Infernal modes
ü Concern about Infernal modes is related to:

§ degradation of plasma confinement

§ the onset of NTMs observed experimentally [D. Brunetti et al 
2016 J. Phys.: Conf. Ser. 775 012002]

§ the eventually extended radial structure [M Coste-Sarguet 
and J P Graves 2024 Plasma Phys. Control. Fusion 66 095004]

§ the growth rate oscillatory behaviour with respect to n-toroidal 
mode number that makes any  prediction impossible 
[Manickam, 1987 Nucl. Fusion 27 1461]

§ overwhelming of Alfvén modes, that hinders their studies 
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⎼ codes flow chart: CHEASE, MARS, HYMAGYC, FALCON
⎼ first studies on DTT Negative Triangularity:                  

 flipped boundary (from Positive Triangularity)
⎼ updated DTT Positive Triangularity equilibrium

o  Infernal modes studies
o  Alfvén modes

⎼ studies on DTT Negative Triangularity:                         
  from 1D transport solver (Real Geometry) 
o infernal modes studies 
o Alfvén modes

Outline
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Alfvén modes 
Shear Alfvén continuum spectrum 
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n=4ü energetic particles not included

Alfvén modes studies: 
results from the HYMAGYC code
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n=4
Total energy

Alfvén modes studies: 
results from the HYMAGYC code
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n=4
Total energy Perturbed velocity

Alfvén modes studies: 
results from the HYMAGYC code



October 16th-17th, 2025 Annual Meeting TSVV02 - V. Fusco 50

Alfvén modes studies: 
results from the HYMAGYC code
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ü Positive triangularity has been studied from low to high toroidal 
mode numbers n

ü Infernal modes revealed @ q rational surfaces -> growing modes 
which do overwhelm Alfven modes 

ü Alfvenic modes revealed within continuum spectrum gaps                
->damped modes 

ü Alfvenic modes studies evolution and dynamics is hindered by the 
stronger unstable infernal modes

 

Conclusions
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⎼ codes flow chart: CHEASE, MARS, HYMAGYC, FALCON
⎼ first studies on DTT Negative Triangularity:                  

 flipped boundary (from Positive Triangularity)
⎼ updated DTT Positive Triangularity equilibrium

o  Infernal modes studies
o  Alfvén modes

⎼ studies on DTT Negative Triangularity:                         
  from 1D transport solver (Real Geometry) 
o infernal modes studies 
o Alfvén modes

Outline
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⎼ codes flow chart: CHEASE, MARS, HYMAGYC, FALCON
⎼ first studies on DTT Negative Triangularity:                  

 flipped boundary (from Positive Triangularity)
⎼ updated DTT Positive Triangularity equilibrium

o  Infernal modes studies
o  Alfvén modes

⎼ studies on DTT Negative Triangularity:                         
  from 1D transport solver (Real Geometry) 
o infernal modes studies 
o Alfvén modes

Outline



October 16th-17th, 2025 Annual Meeting TSVV02 - V. Fusco 56

Infernal modes in NT 

ü Scan for different toroidal mode numbers n=2, …,15 with the MARS code 

Results from the MARS code 
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Infernal modes in NT 
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n=4
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Infernal modes in NT
growth rates 
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⎼ codes flow chart: CHEASE, MARS, HYMAGYC, FALCON
⎼ first studies on DTT Negative Triangularity:                  

 flipped boundary (from Positive Triangularity)
⎼ updated DTT Positive Triangularity equilibrium

o  Infernal modes studies
o  Alfvén modes

⎼ studies on DTT Negative Triangularity:                         
  from 1D transport solver (Real Geometry) 
o infernal modes studies 
o Alfvén modes

Outline
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Alfvén modes NT
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Alfvén modes studies NT: 
results from the HYMAGYC code

n=4

ü energetic particles not included
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Alfvén modes studies NT: 
results from the HYMAGYC code

n=4
Total energy
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Alfvén modes studies NT: 
results from the HYMAGYC code

n=4
Total energy Perturbed velocity
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Alfvén modes studies NT: 
results from the HYMAGYC code

n=4

infernal mode

linear scale
|vs

m,n(s)|2



October 16th-17th, 2025 Annual Meeting TSVV02 - V. Fusco 75

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

x 1.245E-01

|φ(s,ω)|2 ∆tωA0=11x 198.0, tωA0= 100.00
Sum over m,n l-min,l-max=  1, 32

log-scale

i-omega-MARS= 1
scale-field= 1.0E+20 H

Y
M

A
G

Y
C

 c
o
d
e 

- 
E

N
E

A
 -

 F
ra

sc
at

i

s

 ω/ωA0

0 0.2 0.4 0.6 0.8 1
0

0.5

1

1.5

2

Alfvén modes studies NT: 
results from the HYMAGYC code

n=4

infernal mode

log scale

Alfvénic modes
linear scale

|vs
m,n(s)|2



October 16th-17th, 2025 Annual Meeting TSVV02 - V. Fusco 76

ü Negative triangularity has been studied from low to high toroidal 
mode numbers n

ü Infernal modes revealed within q flat zone                                             
-> growing modes which do overwhelm Alfven modes 

ü Alfvenic modes revealed within continuum spectrum gaps                
->damped modes 

ü Alfvenic modes studies evolution and dynamics is hindered by the 
stronger infernal modes

 

Conclusions NT
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Work in progress

ü Sawtooth model has been included in the transport code: 
ü interesting to study evolution of the equilibrium from MHD point 

of view at different time of the sawtooth crash which changes q 
profiles but also pressure  

ü Infernal modes do change confinment and equilibrium,
ü we can think about a q profile and/or pressure profiles that 

avoids these modes to allow Alfvén modes evolution and 
dynamics studies driven by energetic particles
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ü A linear gyrokinetic local code to investigate the stability of Alfven 

eigenmodes with non-perturbative treatment of EP drive and core plasma 

Landau damping.

ü Built upon the theoretical foundation of GFLDR (generalized fishbone like 

dispertion relation)

ü Ballooning-mode representation ⇒ facilitating the resolution of fine radial 

structure. 

ü Kinetic effects such as FLR, FOW, and wave-particle resonance are fully 

retained.

ü Excitation of TAE by EPs in DTT equilibrium demonstrates distinct 

resonance structures of circulating and trapped particles for different 

particle species.

ü Excitation of toroidal Alfvén eigenmode by energetic particles in DTT and 
effect of negative triangularity [Guangyu Wei et al 2025 Nucl. Fusion 65 
106035] 

Other activities from Frascati-ENEA group
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Evidence of the study

ü Previous studies [ Wei G. et al., 2024 Phys. Plasmas 31 072505]
found that triangularity has little impact on TAE in the fluid limit; on the 
contrary , the introduction of kinetic effects makes
a significant difference due to the modification of equilibrium orbits.

ü Excitation of TAE by EPs in DTT equilibrium demonstrates distinct 
resonance structures of circulating and trapped particles for different 
particle species.

1. In NT, wave-particle coupling results in a  larger TAE growth-rate 
(particularly evident for circulating particles and for low-moderate 
toroidal mode number)

2. Precession and bounce frequencies of trapped particle significantly 
modified by NT: this results in either stabilizing or destabilizing effects 
depending critically on the toroidal mode number n

3. Moreover, NT equilibria exhibit a shrunk toroidal gap resulting in a TAE 
with its frequency closer to the lower accumulation point and thus 
increasing the continuum damping
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Thanks for your attention


