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Introduction
• In the frame of the EUROfusion Enabling Research projects MET (Multi-scale 

Energetic particle Transport in fusion devices)[1a] and ATEP (Advanced 
Energetic particle transport models) [1b], 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 exercise are HYMAGYC [5], MEGA [6], and 
ORB5 [7, 8], the first two being hybrid MHD-Gyrokinetic codes (the 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).

• Similar benchmarks have been done in the past (also within the ITPA EP 
Topical Group, see, e.g., Koenies et al., Nuclear Fusion, 58:126027, 2018): here 
we decided to use a realistic, shaped cross section, equilibrium from AUG 
proposed by Philipp Lauber. 



Fusion Unit
EUROfusionG. Vlad et al. 3rd Trilateral Int. Workshop on Energetic Particle Physics, Nov. 7-10, 2022 4

Equilibrium
• AUG test case proposed by Philipp Lauber
• Shot considered is AUG #31213, at t=0.84s (shortly, #31213@0.84s), see 

http://www2.ipp.mpg.de/~pwl/NLED_AUG/data.html
• In order to use such test case to benchmark HYMAGYC on a realistic, fully 

shaped equilibrium, we have considered the experimental EQDSK 
g031213.00003
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AUG experimental reference case #31213

2nd NLED meeting,  14.4.2015
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ASDEX Upgrade: early off-axis NBI drive [93keV]:
 bursting EGAMs, RSAEs and TAE/EPMs
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•rather well reproducible scenario
•no ‘sea’ of Alfvenic modes (TAEs/RSAEs)
•but strongly chirping n=0 modes and n=1 ‘bursts’

[July 2014]
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a = 1.71587e+19     b = -4.52225e+18;  c= -8.85926e+18  d= 1.98778e+17   

ne(x)=a+b x+c x2+d x4electron density [m-3]:

x: sqrt (normalised poloidal flux)

electron density:
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deuterium temperature[eV]:  Ti(x)=a+b x2+c x3+d x4

 a=2474.1; b=-5128.7;c=3417.9,d=-473.3

deuterium temperature:

x: sqrt (normalised poloidal flux)
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electron temperature [eV]: Te(x)=a+b x2+c x3+d x4+e x5

electron temperature:

a = 707.419; b = 11909.8;  c = -34439.8; d = 33868.6; e = -11986.6        

x: sqrt (normalised poloidal flux)
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a = 3.552e+18;
b = -6.52986e+18;
c= 2.97864e+18  

nfD(x)=a+b x2+c x4

suggestion for starting point (TAE,RSAE,BAE):
change (Maxwellian) temperature;    ‘effective’ Tfast,D ~ 30keV (Tf/TD=18.75)

representation of anisotropy (EGAM) to be determined together with Claudio
is Claudio’s representation [PPCF, 54, (2012) 105017] ok?

simplified NBI distribution function

Bayesian derivation of plasma EDF 2

heating sources in tokamak experiments:

feq =
N (w/Tw)
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, (1)

being w the kinetic energy per unit mass, µ the magnetic moment per unit mass,

λ = µ/w the pitch angle and Pφ = (es/ms)pφ, being es the charge andms the mass of the
considered species, and pφ the canonical toroidal momentum, assuming an axisymmetric

system. Moreover, N ,αw, Tw,Pφ0,∆Pφ
,λ0 and ∆λ are control parameters. In [1], the

orbit theory has been described through the constant of motions (COMs) Pφ, w,λ, where

the canonical momentum Pφ, is treated as a spatial coordinate; the same choice is taken

also here‡.
Together with (1), the regularized EDF,

feq,R = feqheq, (2)

being

heq =
H(wb − w)δconfined
1 + (wc/w)3/2

, (3)

has been proposed in [1] as general plasma EDF for describing populations of particles
encountered in many tokamak scenarios. In (3), H(wb−w) is the Heaviside step function

which takes into account the presence of a mono-chromatic source of birth energy wb.

The factor 1 + (wc/w)3/2 mimics the Slowing-Down behavior in energy, being wc the

critical energy [9, 10], resulting from the relaxation of the considered species with bulk

ions and electrons. The symbol δconfined is the analytical condition for a particle whose

orbit is mostly determined by Pφ, w and λ, to be confined in the plasma volume§.
This EDF has already been implemented in the hybrid code XHMGC [2] and in the

gyrokinetic code NEMORB [3]. It has been shown that, by varying the EDF control

parametersN ,αw, Tw,Pφ0,∆Pφ
,λ0 and∆λ, (2) can represent anisotropic equilibria as for

the case of Neutral Beam Injection and Ion Cyclotron (or Electron Cyclotron) Resonance

Heating. Moreover, it can also represent nearly isotropic equilibria as for the case of

Slowing-Down alpha particles and core thermal plasma populations. In [1] it has been
proposed a heuristic derivation of feq whilst, in the present work, a rigorous one is

shown based on probabilistic principles and general hypothesis for deriving a class of

EDFs which includes also the distribution function (1) and (2).

The distribution function, feq = feq(Pφ, w,λ), in (1) is an EDF because it depends solely

on COMs. In this way the total time derivative is

ḟeq = Ṗφ∂Pφ
feq + ẇ∂wfeq + λ̇∂λfeq = 0, (4)

being Ṗφ = ẇ = λ̇ = 0. In an EDF, the dependency on COMs is commonly obtained
by the transport Boltzmann equation, and precisely by the kernel of the Boltzmann

collision operator, CB:

CB(feq) = 0. (5)

‡ At equilibrium the motion is unpertubed and fields are stationary, so that it will be considered only
the guiding center transformation.
§ The explicit analytical expression of δconfined can be found in [1] and will not be reported here.
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a = 4.58182e+17;  b = 2.30149e+19 ;    
c = -7.56176e+19; e= -1.4614e+20; g= 1.98287e+20    

nf(x)=a+b x2+c x6+e x4+g x5

TRANSP NBI distribution function

x: sqrt (normalised poloidal flux)

nH,on-axis(s)

nH,off-axis(s)
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Setting up of the benchmark equilibrium and  parameters

The so-called NLED-AUG [9] reference case has been considered, both for the peaked 
off-axis and peaked on-axis EP density profile cases, using its shaped cross section 
version. This 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 [10].
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 imposing quasi-neutrality (Zini + ZHnH = ne), as 

required by ORB5 (here ni, ne, nH are the bulk ions, electrons, and EP densities, respectively 
(both bulk ion and EPs are assumed to be Deuterons), and Zi, ZH their electric charge 
numbers);

• finite resistivity η and the adiabatic index, Γ = 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; note that HYMAGYC do not include viscosity).

• Only finite orbit width (FOW) effects has been retained for the linear benchmark, and an 
isotropic Maxwellian EP distribution function of Deuterons with TH =93 keV, constant in 
radius, has been considered. Finite Larmor radius (FLR) effects also retained in some cases.
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Equilibrium reconstruction
• The file EQDSK g031213.00003 has been used to reconstruct the 

experimental equilibrium with CHEASE:
– magnetic field normalization B0, and length R0 used in 

g031213.00003: B0=Bmagnetic-axis= -0.220811798E+01,
R0=Rmagnetic-axis=0.166599977E+0

– some parameters used in CHEASE:
oNTMF0=1
o assign q(s=0) to on-axis q value found in g031213.00003: 

required to have an “open” toroidal gap:
NCSCAL=1, QSPEC=2.39895701, CSSPEC=0.
o add some smoothing to the boundary to make CHEASE 

converge more easily: TENSBND=-30.
– in HYMAGYC (and MARS) use Jacobian: J~R/|∇ψ|
– Consider an equivalent equilibrium with B0=>|Bmagnetic-axis| and 

the toroidal current parallel to the toroidal magnetic field: Iϕ // Bϕ

From https://www.afs.enea.it/vlad/Miscellaneous/Benchmark_AUG_testcase_MEGA_ORB5_HYMAGYC_2019/



Fusion Unit
EUROfusionG. Vlad et al. 3rd Trilateral Int. Workshop on Energetic Particle Physics, Nov. 7-10, 2022 8

Codes and constrains
• MEGA: Hybrid MHD-Gyrokinetic (bulk: nonlinear MHD, Energetic Particles: GK, coupling term: EP current density j’H)

[Todo, Y. & Sato, T. Linear and nonlinear particle-magnetohydrodynamic simulations of the toroidal Alfvén eigenmode. Phys. Plasmas 5, 1321–1327 
(1998); Todo, Y., Shinohara, K., Takechi, M. & Ishikawa, M. Computer simulation of frequency sweeping of energetic particle mode in a JT-60U 
experiment. J. Plasma Fusion Res. 79, 1107–1108 (2003)]

Main features: (R, Z) coord. (flux coord. for analysis), resistivity η, viscosity ν, adiabatic index 𝛤 in the MHD solver 
• ORB5: Fully Gyrokinetic, electromagnetic  (bulk (e, i) & Energetic Particles: GK) [E. Lanti et al., Computer Physics 

Communications (2019)]

• HYMAGYC: Hybrid MHD-Gyrokinetic (bulk: linear, resistive, full MHD, Energetic Particles: GK, coupling term: 
divergence of EP pressure tensor)) [G. Fogaccia, G. Vlad, S. Briguglio, Nucl. Fusion 56 (2016) 112004]

Main features: (s, 𝜒, ϕ) flux coord., generalized curvilinear coord., can include, in the MHD solver:
resistivity η, adiabatic index 𝛤, (but no viscosity)

Parameters required by each code:
•MEGA: norm. resistivity S-1MEGA=5×10-7

[MEGA units: SMEGA=μ0 R0 vA0/η, 
SHYMAGYC=μ0 (a2/R0) vA0/η]
(HYMAGYC-MEGA)
•MEGA: norm. viscosity 
νnorm=ν/(R0vA0)=5×10-7
•MEGA: adiabatic index 𝛤=5/3

(HYMAGYC-MEGA)
• ORB5: quasi-neutrality Zini(s)=ne(s)-ZHnH(s)

(ORB5-HYMAGYC-MEGA)
•Maxwellian EPs, TH=0.093MeV

(ORB5-HYMAGYC-MEGA)

ne(s), nH(s) => ni(s)

on-axis off-axis
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Characterization of Alfvénic spectra (|𝜑(s,ω)| ) in MHD limit 
A “decay simulation” experiment, for nH=0 (but now 𝛤=5/3, S-1MEGA=5×10-7):
• Toroidal mode number n=1, no EP drive
• MEGA (left) and HYMAGYC (center), ORB5(right) show similar spectra (MEGA exhibits a 

larger damping)
• two weakly stable TAE modes with lowest damping m=2, 3; ω≈±200 kHz;
• a rich spectrum of global modes;
• SAW Alfvén continua also observed (Falcon code (Falessi et al.) for SAW and ISW 

continua, log color scale...).
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Nominal cases comparison
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Wave-particle power exchange
• Pattern for the wave-particle power exchange for the on-axis, nominal value, case 

(HYMAGYC & MEGA) looks very similar (U: normalized Energetic particle parallel 
velocity, M: normalized Energetic Particle magnetic moment)

• dashed lines correspond to approx. boundary between trapped and circulating particles, for s 
corresponding to the maximum of the linear eigenfunction location (s ≈ 0.4)
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Parameter scans to resolve discrepancy among HYMAGYC, 
MEGA vs. ORB5 for on-axis EP density profile

• For the EP density profile peaked on-axis case, ORB5 observes, as the most unstable 
mode, a TAE located toward the external region of the plasma discharge, whereas 
HYMAGYC and MEGA observe s more internal mode (RSAE, Reversed shear 
Alfvén Eigenmode)

• Parameter scans (EP density or EP temperature) allow to reconcile the results of the 
three codes, showing that all the three codes observes, as the most unstable mode a 
TAE or a RSAE, depending on the EP density and/or temperature considered

• The occurrence of the ‘cross-over’ between RSAE and TAE depends strongly on the 
different damping experienced by the codes, which reflects in considerable 
variations of the net growth rates observed for this particular case (peaked on-axis 
EP density profile).

• Nevertheless, when looking carefully to the dependence of the growth rates on the 
EP density and temperature, all the three codes show quite similar slopes, reflecting 
a similar EP drive.

• It is to be noted that in this benchmark we are comparing the net growth rate 
obtained by the three codes, while, e.g., in other benchmark exercises, only the EP 
drive was compared (Koenies et al., Nuclear Fusion, 58:126027, 2018)
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Energetic particle nH scan for on-axis EP 
density profile-1
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Energetic particle nH scan for on-axis EP 
density profile-2
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Energetic particle nH scan for off-axis EP 
density profile
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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:

Nucl. Fusion 61 (2021) 116026 G. Vlad et al

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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Nominal EP density value
𝛄 vs. nH ω vs. nH
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Non-linear benchmark - MEGAOff-axis: density scan (standard)

Off-axis: density scan (standard) 1

Off-axis: density scan (standard) 2

• MEGA shows the linear 
mode, located close to the 
magnetic axis, with positive 
real frequency

• later on, after saturation, a 
second, subdominant mode 
emerges toward the edge, 
with negative real frequency 
(i.e., rotating in the poloidal 
plane with opposite 
frequency w.r.t. the most 
unstable mode during linear 
phase)

• Note that the innermost mode 
is located in a radial region 
where the EP density 
gradient is positive, whereas 
the outermost mode is 
located in a radial location 
where the EP density 
gradient has opposite sign.

W vs. t vs vs. s frequency spectrum
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Non-linear benchmark – ORB5

nH vs. s

𝝋 vs. s

frequency spectrum
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Non-linear benchmark – HYMAGYC
’plotta-max1’ plotta-max
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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

ORB5 HYMAGYC
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Conclusions
• Benchmark between HYMAGYC, MEGA and ORB5
• Realistic equilibrium: the fully shaped NLED-AUG test case
• Two variants of EP density profile (the peaked on-axis and the peaked off-axis 

ones) have been analyzed, n=1 mode considered
• Purely MHD spectra have been compared between the codes: results in good 

agreement
• Linear EP driven modes:

- a remarkable agreement is observed among the three codes for the peaked off-axis case 
- when considering the peaked on-axis case, HYMAGYC and MEGA observe, as the 

most unstable mode, an RSAE localized around mid-radius, whereas ORB5 observes an 
externally localized TAE 

- varying consistently either the EP density or the temperature while keeping constant the 
radial profiles, i.e., by varying either nh0 or Th0, allows to reconcile the discrepancy 
observed for the nominal, peaked on-axis EP density profile results. 

• Preliminary comparison for nonlinear saturation benchmark shows qualitative 
agreement, in particular regarding the time evolution of the EP radial density 
profile
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Miscellanea
Careful survey of conventions used in the three codes, e.g.:
• conventions for equilibrium:

– Grad-Shafranov signs, definition of the flux function ψ => COCOS number!
• conventions for Fourier transforms (space, time):

– HYMAGYC, e.g., uses:
o for space variables:
o for Fourier transform in time (following the usual linear MHD 

convention, such that 𝛾>0 corresponds to growing modes, with 
ω=ω0+i𝛾): f(t) = int[f(ω) exp(-i ω t) dω]

– different definitions of various quantities and normalizations (e.g., ωA0, B0, 
Bgeo, Bmag. axis, Bvacuum/plasma, resistivity, etc.)

• To avoid this kind of questions, it would be very useful to work in the same 
environment (as, e.g., ITMENV, IMAS, ...)

=> HYMAGYC is “almost itmenv/imasenv” compliant

AX=yBX
= =

(4)

The eigenvalues yare found by the inverse vector iteration [1), appropriately generalized
for complex eigenvalues and eigenvectors. A guess value Yo is given for y and (4) is
rewritten as (A - YO B) X = (y - YO) B X. The eigenvectors are then found by iteration

(5)

For the iteration (5), the matrix A - Yo B has to be inverted. Although the full inversion is
done only once, it is generally the most time-consuming part of the calculation. The
eigenvalue is estimated on every step of the calculation as

(6)

The iteration is terminated when the components of X have converged within some
predetennined error.

In each step of the iteration (5), the eigenvector corresponding to an eigenvalue y
is multiplied by 1/(y-yo). Therefore, the inverse vector iteration always finds the
eigenvalue closest in the complex plane to YO' In principle, this allows us to find all
eigenvalues, including the stable ones. This property is particularly useful when the
eigenvalues become complex, as in the case of tearing modes stabilized by pressure
gradients and favorable curvature [8), where marginal stability occurs at finite frequency.

3. DISCRETIZATION

3.1 Choice of elements

The poloidal angular variation is represented by Fourier decomposition, e.g.,
m2

VS(s, X, ep) =einell eimX (7)
m=ml

and for the discretization in s we use the finite element method (FEM).
In order to write all s-derivatives in the most compact form possible and avoid

spurious modes due to "mesh separation", it is necessary to use different types of
elements for the various components of the perturbation. In MARS, only piecewise
linear and piecewise constant elements are used and the eigenvalues converge
quadratically with the mesh size, oc lIN; = h2. A compact form that avoids mesh
separation (and is consistent with the radial discretization in ideal stability codes such as
ERATO [1) and TERPSICHORE [9)) is obtained by expanding vS, bS, jX, and jell in
piecewise linears and vX, veil, bX, bell, jS and p in piecewise constant trial functions. In
applying the Galerkin method to compute the matrix elements, we use piecewise linear
weighting functions in the s-component of Eqs. (3a,b) and (X, ep)-components of (3c)

308
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MEGA description
Standard MHD equations

• In the MEGA code, the bulk plasma is described using
nonlinear MHD equations, and the energetic ions are
simulated with both the full-f and δ f particle method.

• The energetic ion contribution is included in the MHD
momentum equation [Eq. (2)] as the energetic ion
current density jh′ that includes the contributions from
parallel velocity, magnetic curvature and gradient
drifts, and magnetization current. The E × B drift
disappears in jh′ owing to quasi-neutrality. The
electromagnetic field is given by the standard MHD
description. The MHD equations are solved using a
fourth-order in the space and time finite-difference
scheme.

• The drift-kinetic description is employed for the
alpha particles in current simulations.

• Current MEGA MHD solver is also extended using an
extended MHD model given by Hazeltine and
Meiss.
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ORB5 description
•ORB51 is a global, nonlinear, gyrokinetic, electromagnetic, PIC code 
which can take into account collisions and sources. 
•The Vlasov-Maxwell gyrokinetic equations are derived through 
variational principles from a gyrokinetic Lagrangian. Field equations 
are derived via functional derivatives. 
•The distribution function is discretized through numerical particles 
(markers). The fields are discretized through cubic B-splines. 
•The gyrokinetic model of ORB5 contains the reduced MHD as subset2.

1E. Lanti et al., “ORB5: A global electromagnetic gyrokinetic code using the PIC 
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2Naoaki Miyato et al. “A Modification of the Guiding-Centre Fundamental 1-Form 
with Strong ExB Flow”. In: Journal of the Physical Society of Japan (2009). 


