
Kinetic corrections to MHD modes using 
HYMAGYC

30 November 2022 G. Vlad et al., 2022 TSVV 2 Annual Meeting 1

G. Vlad, G. Fogaccia, V. Fusco
ENEA, Dipartimento FSN, C. R. Frascati, via E. Fermi 45, I-00044 Frascati (Roma), Italy

2022 TSVV 2 Annual Meeting
Wednesday November 30, 2022



Milestones, Deliverables for HYMAGYC

30 November 2022 G. Vlad et al., 2022 TSVV 2 Annual Meeting 2

Deliverable 2: Interpretive and predictive tools regarding NT stability in terms of MHD (e.g., β- and 
current limits, both global and in the pedestal) and extended MHD (e.g., exploring kinetic and 
plasma compressibility effects).
Milestone Description Participants Target date
M2.2.1 Use HYMAGYC to investigate kinetic corrections to MHD G. Fogaccia 12.2021
M2.2.2 Use HYMAGYC to investigate Alfvénic modes driven by 

energetic particles, with particular reference to DTT NT 
equilibria

G. Fogaccia 12.2023

M2.2.3 Use HYMAGYC to investigate the kinetic effects of energetic 
particles and core ions on the renormalized plasma inertia 
(compressibility) in scenarios of interest to plasmas close to 
ignition

G. Fogaccia 12.2025

Deliverable Description Participants Target date
D2.2 Report on MHD stability properties of NT equilibria, including 

non-ideal effects in NT DTT equilibria and pedestal studies
A. Merle, G. Fogaccia 12.2023

Deliverable 5: Predictive capability of the effect of shaping on fast ion confinement.
Deliverable Description Participants Target date
D5.2 Report on fast particle confinement and fast particle driven 

instabilities in NT 
M. Vallar, G. Fogaccia 12.2023



Kinetic corrections to MHD modes using HYMAGYC

Implement in HYMAGYC the possibility to retain, besides energetic particles, the kinetic effects also 
on thermal ions 
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Following [Wang et al.], where the model implemented in XHMGC has been described in detail, let 
us consider the perpendicular component of the extended MHD momentum equation: 

the plane orthogonal to b, with qLs the Larmor radius of the
s-species, vts its thermal speed, and L the characteristic equi-
librium radial scale-length. Thus, in the drift-kinetic limit
used in this work, Ps ¼ Ps?Iþ ðP̂sk $ Ps?Þbb, with I the unit
diagonal tensor and

Ps? ¼ ms

ð
dv

v2
?
2

fs; (A3)

P̂sk ¼ ms

ð
dvðvk $ usk0Þ2fs: (A4)

Note the difference between usk0 ¼
Ð

dvvkF0s=n0s, used here,
and usk ¼

Ð
dvvkfs=ns, used in Eq. (A2), F0s being the

(slowly evolving) equilibrium particle distribution function.
In Eq. (A1), we assumed that only EPs can carry significant
parallel fluid velocity.

The perpendicular component of Eq. (A1) can be further
simplified, by noting that rb ¼ bjð1þ Oð!2ÞÞ, with
! ¼ a=R0 and a and R0 the tokamak minor and major radii,
and that we are using the optimal ordering jxj & jx'pij
( jx'pEj. This allows us to rewrite

qE
@

@t
þ vE )r

# $
vE

% &

?
¼ b*rP0E?

xcE
)rvE? þ qEu2

Ekj;

(A5)

where we have dropped the / ð@t þ dvb )rÞvE? terms, for
they are Oðx=x'pEÞ and, similarly, the / uEkb )rvE? term,
since it is O½ðTi=TEÞ1=2,— or, equivalently, O½ðnE=nbÞ1=2,—
for x & x'pi & xti; at shorter wavelength or higher fre-
quency, this term would be negligible anyway with respect
to the thermal ion inertia response, as negligible would be
diamagnetic responses of both EPs and thermal ions. So, Eq.
(A5) well describes the physics we want to incorporate in the
present analysis. Recalling the definition of Ps, we also have

$ r ) Psð Þ? ¼ $r?Ps? $ jðP̂sk $ Ps?Þ: (A6)

Thus, the second term on the RHS of Eq. (A5) can be com-
bined with the / P̂Ek term on the RHS of Eq. (A6), computed
for EPs, and actually be reabsorbed into that (up to the relevant
order), provided that the pressure tensor is reinterpreted as
Ps ¼ Ps?Iþ ðPsk $ Ps?Þbb, with the “unshifted” expression

Psk ¼ ms

ð
dvv2

kfs (A7)

replacing the usual definition given in Eq. (A4). With this
convention on the pressure tensor, the perpendicular compo-
nents of Eq. (A1) can be rewritten as

qb
@

@t
þ vb )r

# $
vb þ

b*rP0E?

xcE
)rvE?

¼ $r?Pe $ r ) Pið Þ? $ r ) PEð Þ? þ
J* B

c

# $

?
:

(A8)

Actually, Eq. (A8) can be reduced further when residual
terms that are Oðx'pE=xcEÞ or higher with respect to the
RHS are omitted, as noted below Eq. (A1). In fact, one read-
ily obtains

qb
@

@t
þ vb )r

# $
þ b*rP0E?

xcE
)r

% &
dvb

¼ $r?Pe $ r ) Pið Þ? $ r ) PEð Þ? þ
J* B

c

# $

?
: (A9)

This equation readily reduces to the well-known pressure
coupling equation,2 in the limit where thermal ion diamag-
netic effects and EP contribution to the divergence of the
polarization current are neglected.

APPENDIX B: STUDY OF TERM (IV) IN EQ. (6)

In the low-b approximation (r ln B0 ’ j),

r* b

B0

# $
ffi 2b* j

B0
: (B1)

Meanwhile, in the incompressible limit,

@

@t
dPb þ dvb )rP0b ¼ 0; (B2)

where

dvb? ¼ c
B0 *r?d/

B2
0

: (B3)

Then, with Eqs. (B1)–(B3)

@t r*
b

B0

# $
)rdPb ¼

2b* j
B0

)r @dPb

@t

¼ c
2b* j

B0
)r
#
$ B0 *r?d/

B2
0

)rP0b

$

¼ c
2b* j

B0
)r
#

B0 *rP0b

B2
0

)r?d/
$

¼ $ 2c

B2
0

k* b )rP0bXjd/; (B4)

where Xj ¼ k* b ) j.

APPENDIX C: STUDY OF TERM (V) IN EQ. (6)

Assuming

dPE ¼ bbdPEk þ ðI$ bbÞdPE?; (C1)
we can show

r ) dPE ¼ ðdPEk $ dPE?Þðbr ) bþ jÞ
þ brkðdPEk $ dPE?Þ þrdPE?; (C2)

where j ¼ b )rb. Thus,

b*r ) dPE ¼ b*rdPE? þ ðdPEk $ dPE?Þb* j: (C3)

Now

r )
#

b

B0
*rdPE?

$
ffi 2b* j

B0
)rdPE?; (C4)

052504-8 Wang et al. Phys. Plasmas 18, 052504 (2011)
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Now consider only thermal species, neglect Energetic particles contribution, neglect non-linear 
terms fluid terms (HYMAGYC assumption)
[Wang et al.] Wang X, Briguglio S, Chen L, Di Troia C, Fogaccia G, Vlad G and Zonca F , 2011 Phys. Plasmas 18052504



At first, we use two experimental TCV equilibria as a test cases:
Positive Triangularity #69515, t=102, and Negative Triangularity #69271, t=160
Quite difficult cases: internal kink unstable; when treating thermal ions kinetically, a numerical instability arise 
close to the magnetic axis: experimental kinetic profiles (pressure) do not behave “nicely” toward magnetic axis...
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Comparison Num. Description Constants of comparison Machine Discharge Time (sec) elong delta betaN P_nbi (kW) q95 Ip (kA)
<ne> 

(x10^19 
m^-3)

Comments

2 Diverted, PT q95, ne, Pheat TCV 69515 1.02 1.43 +0.29 0.97 636 3.17 242 4.0 not great q95 match

2 Diverted, NT q95, ne, Pheat TCV 69271 1.60 1.42 -0.27 1.59 612 2.90 217 4.4 -

Negative Triangularity #69271, t=160Positive Triangularity #69515, t=102
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Thus, we consider a simpler equilibrium: use the JET shaped test case casted in CHEASE (ntcase=2):
it is a n=1 Internal Kink unstable case, but pressure profile behaves “nicely” on the magnetic axis...
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Results-chease-mars-hymagyc-logbook-TSVV#2.docx 

Page 58 of 60 

 

  

Growth-rate vs. on-axis pressure (p0: 
reference equilibrium, p0/2 mimics only 
electrons described by MHD pressure, 
“i_kin” are the thermal ions (half of the 
reference pressure p0) described by GK 
eqs. using n_i(0)=n_e(0)=3x10+19 m^(-3) 
it follows T_i(0)=21.5706 keV 

caso_hymagyc_JET_01_ntcase=2_R0=2.904_B0=
1.8602_360x360_Gamma53_ETA0_n=-1_MHD 

caso_hymagyc_JET_01_ntcase=2_R0=2.904_B0=
1.8602_360x360_Gamma53_ETA0_EQU01-0p5-
pre00-etc_n=-1_+kin-bulk-i_00 

 
Wave-particles (thermal ions) power exchange at s=105/181 \approx 0.58 (location of max power exchange…) in the plane magnetic 
moment MU and parallel velocity U at t=280 for the simulation 
caso_hymagyc_JET_01_ntcase=2_R0=2.904_B0=1.8602_360x360_Gamma53_ETA0_EQU01-0p5-pre00-etc_n=-1_+kin-bulk-i_00: 
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i_kin: GK thermal ions

MHD

MHD+kin. th. ions

Thermal ions: described by isotropic Maxwellian distribution function: ni0=3×1019 m-3, Ti0 ≈ 21.6 keV
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Results-chease-mars-hymagyc-logbook-TSVV#2.docx 

Page 59 of 60 

Wave-particles (thermal ions) power exchange at s=105/181 \approx 0.58 (location of max power exchange…) in the plane magnetic 
moment MU and parallel velocity U at t=280 for the simulation 
caso_hymagyc_JET_01_ntcase=2_R0=2.904_B0=1.8602_360x360_Gamma53_ETA0_EQU01-0p5-pre00-etc_n=-1_+kin-bulk-i_00: 
 

 	  

Co-passing particles
Counter-passing particles

Trapped particles

All particles

Wave-particle power exchange as function of [M, U], at the radial location s≈0.56

U

M
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Results-chease-mars-hymagyc-logbook-TSVV#2.docx 

Page 60 of 60 

Wave-particles (thermal ions) power exchange projections on parallel thermal velocity U, magnetic moment MU, and radius s, at 
t=280 for the simulation caso_hymagyc_JET_01_ntcase=2_R0=2.904_B0=1.8602_360x360_Gamma53_ETA0_EQU01-0p5-pre00-etc_n=-1_+kin-
bulk-i_00: 
 

 

All particles Co-passing Counter-passing Trapped
U

M

M

s

U

s

Wave-particle 
power exchange as 

function of
[M,U], [s,M], [s,U]
(summed over the
third coordinate)
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Smoothly switch on the kinetic contribution of thermal ions, while reducing simultaneously the 
corresponding fluid contribution:
• maintaining the magnetic equilibrium unchanged (but reducing the terms proportional to the  

pressure (∇pth,i) in the momentum equation to avoid to “double count” for the thermal ion 
contribution);

• add the term computed by the gyrokinetic formalism (∇·pth,i) to the momentum equation

• JET CHEASE test case (ntcase=2):
• βaxis ≈ 15%
• Assuming ni,0=ne,0 =3×1019 m-3, Ti=Te => Ti,0 ≈ 21.57keV, vth/vA0 ≈ 0.212, ϱi,0/R0 ≈ 0.0039
• n(s) ≈ 1-s2, T(s) ≈ p(s)/n(s)
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• Consider two cases: Γ=0 (open symbols in plots), Γ=5/3 (filled symbols in plots)
• Smoothly switching on the kinetic contribution of thermal ions:

• varying thermal ion density (keeping the thermal ion temperature unchanged)
• varying thermal ion temperature (keeping the thermal ion density unchanged, thermal ion 

resonances changes in this latter case…)
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  that will be treated GK (total pressure reduced by a factor CPEQ)
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• Consider two cases: Γ=0 (open symbols in plots), Γ=5/3 (filled symbols in plots)
• Smoothly switching on the kinetic contribution of thermal ions:

• varying thermal ion temperature (keeping the thermal ion density unchanged, thermal ion 
resonances changes in this latter case…)

• varying thermal ion density (keeping the thermal ion temperature unchanged)

𝛄/ωA0

pth.i,GK/pth.i,0
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Now add thermal ions pressure varying the thermal ion temperature (keeping nominal nth,i)
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• Consider two cases: Γ=0 (open symbols in plots), Γ=5/3 (filled symbols in plots) 
• Smoothly switching on the kinetic contribution of thermal ions:

• varying thermal ion temperature (keeping the thermal ion density unchanged, thermal ion 
resonances changes in this latter case…)

• varying thermal ion density (keeping the thermal ion temperature unchanged)

𝛄/ωA0

pth.i,GK/pth.i,0

ω/ωA0

pth.i,GK/pth.i,0

Now add thermal ions pressure varying the thermal ion density (keeping nominal Tth,i) 
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Thank you for your attention
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• Consider two cases: Γ=0 (open symbols in plots), Γ=5/3 (filled symbols in plots) 
• Smoothly switching on the kinetic contribution of thermal ions:

• varying thermal ion temperature (keeping the thermal ion density unchanged, thermal ion 
resonances changes in this latter case…)

• varying thermal ion density (keeping the thermal ion temperature unchanged)
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Summary plots 
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• It would be worthwhile to compare the results of HYMAGYC (kinetic effects on MHD modes) with 
other code results (see, e.g., Brochard et al, Nucl. Fusion 62 (2022) 036021)



Alfvén continua (using MARS); characterization of low-n MHD modes using HYMAGYC (purely MHD)
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HYMAGYC results, in the MHD limit


