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The current drive problem 
in tokamaks"



The plasma current: a key parameter for 
tokamak operation!

tokamak!
Toroidal MHD equilibrium"

jplasma ⇥B = rp

Energy confinement"

Key role for stability and performances → winding of the 
magnetic field lines!
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Steep pressure gradient ∇p !
+ !

low plasma current Ip !

Steady-state operation → the self-
organized tokamak!

P. -H. Rebut et al., Plasma Phys. Control. Fusion, 35 (1993) A3-A14!

j
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J. Decker, Y. Peysson, et al., Nucl. Fusion, 51 (2011) 073025!

PLower Hybrid = 20 MW  → ILH = 0.6-1.0 MA (ITER)!

The current drive efficiency is too low for achieving  jplasma ≈ jext. with Pext. << Pfusion  !
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Pressure!
Self-organized (advanced tokamak) scenarios !

Iself-generated/Ip ≥ 60% (Iter)!
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§  Steady-state → for continuous operation!
§  Localization → capability to drive a current from the core 
to the edge of the plasma with broad or narrow profiles.!
§  Controlability → for real-time modification of the current 
level and spatial localization from parameters at launch !
§  Efficiency → the smallest possible fraction of fusion 

power is used for driving a current in the plasma!

Keywords to characterize an appropriate 
method for driving a current in tokamaks!

rf waves provide a set of very powerful tools for current drive"



l’inductance mutuelle M caractérisant le couplage entre les deux circuits élec-
triques.

Figure 1: Représentation électrotechnique du tokamak vu comme un transfor-
mateur, le plasma jouant le rôle du circuit secondaire

D’après le diagramme (2.1), l’équation du circuit primaire vaut
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On supposera que I
ni

est indépendante du temps et n’est fonction que de
la somme des niveaux de puissances des sources externes mises en jeu. On
néglige donc la contribution des courants de configuration, ce qui constitue une
simplification supplémentaire du modèle, qui est raisonnable tant que la pression
du plasma reste faible.

2.2 Opération à courant total constant
C’est un scénario classique, pour lequel la valeur du courant I

p

est maintenue
à un niveau constant, donc dI

p

/dt = 0. Dans ces conditions, d’après (4),
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From pulsed to steady-state operation 
beyond the transformer!

plasma"

primary! secondary!
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l’évolution temporelle du courant dans le circuit primaire vaut

I0 (t) = �R
p

M
I
p

t + I0 (t = 0) (5)

où I0 (t = 0) est la valeur de I0 prise à un temps de référence arbitraire t = 0

sur le plateau de courant. Le courant dans le circuit primaire varie donc de
manière linéaire avec le temps jusqu’à atteindre la limite maximale admissible
par le bobinage. Ce seuil étant atteint, dI0/dt = 0, et le courant plasma ne
peut plus être maintenu, d’où la nature transitoire intrinsèque du tokamak en
utilisant le courant inductif. En règle générale, cette limite n’est jamais atteinte
pour éviter que le circuit primaire ne soit endommagé (fusion des conducteurs),
et au-delà d’une valeur critique plus faible, le courant dans le circuit primaire
est progressivement maintenu constant, conduisant à l’arrêt progressif de la
décharge. En combinant (2) et (5), on déduit facilement l’évolution temporelle
de la tension de contrôle du circuit primaire qui est également linéaire.

Le flux magnétique �

M

étant donné par la relation

�

M

= L0I0 + MI
p

(6)

celui-ci évolue aussi de manière linéaire avec le temps, et sa consommation vaut
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En présence d’une source non-inductive de courant, la consommation de flux
est réduite par rapport au cas inductif simple, puisque
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et la décharge plasma peut durer d’autant plus longtemps que I
ni

est proche de
I
p

. A la limite où I
ni

= I
p

, le régime devient totalement non-inductif, et et la
durée de la décharge n’est plus limitée par la contrainte du flux magnétique.

En pratique, un tel scénario n’est pas satisfaisant pour atteindre de manière
robuste le régime totalement non-inductif. En effet, à puissance P

ni

donnée de
la source de courant externe, le niveau de courant I

ni

peut fluctuer en raison de
la variabilité de l’efficacité ⌘ = I

ni

/P
ni

de la méthode. Au cours de la décharge,
⌘ est susceptible d’évoluer sur des échelles de temps plus ou moins grandes, en
fonction notamment de l’afflux d’impuretés dans le plasma ou de la modification
des profils de densité et de température, ces quantités n’étant pas contrôlées.
Dans ces conditions, même si le niveau prédéfini de P

ni

a été choisi avant la
mise en route de la décharge pour que I

ni

soit le plus proche possible de I
p

,
la condition I

ni

= I
p

n’est presque jamais parfaitement satisfaite au cours de
la décharge. Une certaine quantité de flux magnétique est alors consommée
d’après la relation (8), le courant dans le circuit primaire, et donc la tension V0,
s’ajustant pour fournir la part de courant Ohmique nécessaire pour maintenir
I
p

constant.
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The plasma duration is limited by the 
consumption of the magnetic flux ΦM"

Heating"

Non-inductive source of current!

Inductive current"

0-D"

Tokamak"

⇠ T�3/2
e

Vp

Vp
F. Kazarian et al., Plasma Phys. Control. Fusion 38 (1996) 2113–2131!



Convergence towards stationnary regime 
with a non-inductive source of current !
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Figure 5: Evolution temporelle de la puissance hybride, du courant plasma I
p

et de la tension par tour V
p

pour le choc #16379 de Tore Supra. On notera
la perturbation du niveau de I

p

lorsque le mode opératoire à flux magnétique
constant est mis en place, permettant d’atteindre très rapidement le régime
totalement non-inductif. Le flux magnétique est alors parfaitement stabilisé,
traduisant ainsi le fait que l’on peut faire durer ce type de décharge de manière
indéfinie.

Grâce à l’asservissement permettant de travailler à flux magnétique constant,
il est possible de limiter la consommation du flux magnétique et de converger très
rapidement vers un régime totalement non-inductif au sens du fonctionnement
du transformateur. En effet, seule la tension par tour V

p

aux bornes du plasma
est prise en compte dans les calculs, puisque c’est à la frontière du plasma que
la mesure est effectuée. Cependant, pour qu’un régime non-inductif continu soit
pleinement établi dans tout le plasma, il faut considérer la diffusion du champ
électrique à l’intérieur même de la décharge dont le temps caractéristique est
bien plus long que ⌧

A

. C’est l’objet de l’étude au §3.

2.5 Robustesse de fonctionnement
Mise à part le cas où la tension de contrôle du circuit primaire est constante,
les deux autres scénarios constituent les deux seules options crédibles pour faire
fonctionner un tokamak, chacun ayant ses avantages et ses inconvénients.

Si l’on prend en compte la robustesse du fonctionnement de la machine
comme critère de choix, le mode opératoire à courant constant est particulière-
ment adapté, puisque les deux sources de courant, l’une inductive et l’autre

20

Constant ΦM feedback control → single time scale  !

Vp = 0V"

Tore Supra	


Reproducible stationnary regime, Ip level adjusted with PLH → η"

⌧fastT ' 1.3s

inductive 
phase" non-inductive phase"

Plasma  current  [MA]!
LH powe r [MW]!
Loop  voltage  [V]!
Magnetic  flux  [a.u.]!



From a stationnary to a steady-state 
regime: current resistive diffusion!

Le temps caractéristique d’évolution le plus long du champ électrique dans
le plasma est donc ⌧⇤

R

= ⌧
R

/�2
1, et

⌧⇤
R

(1 [keV ]) = 1.7 [s]

⌧⇤
R

(5 [keV ]) = 16.8 [s]

et de ce résultat, on déduit plusieurs conséquences importantes:

• A courant plasma constant et sans source non-inductive de courant, le
champ électrique Ohmique tend à devenir uniforme dans le plasma. Cet
état ne correspond jamais à un régime continu, puisque le flux magnétique
du circuit primaire est limité.

• L’évolution résistive du champ électrique dans un plasma de tokamak est
très lente, et ce d’autant plus que le plasma est chaud et de grande section
a. Cela peut atteindre presque une centaine de secondes au centre du
plasma sachant que la convergence à 10

�3 près est obtenue après 7 ⇥
⌧⇤
R

environ.

• Par l’effet de la température sur la conductivité, le champ électrique dif-
fuse plus rapidement au bord qu’au centre du plasma. Le contrôle de
l’évolution résistive du profil de courant dans la région centrale du plasma
est donc très difficile dès que le plasma devient très chaud.

• L’évolution résistive du profil du courant dont dépend la stabilité MHD
de la décharge nécessite de préformer le profil de courant dès le début de
la décharge, avant même d’avoir atteint un régime stationnaire au bord
du plasma. Sans ce préformage, le plasma peut paraître stable pendant
des dizaines de secondes, puis développer une forte instabilité brutale-
ment, sans nécessairement de précurseur, en raison du temps très long de
relaxation dans la région centrale.

• A contrario, si le profil de courant est le bon pour la stabilité MHD, une
petite perturbation n’aura que peu d’influence, vu l’inertie du plasma vis-
à-vis de l’évolution radiale du profil de champ électrique.

3.3 Source non-inductive de courant
En présence d’une source non-inductive de courant jni

�

, l’équation de diffusion
résistive du courant devient
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Supposons qu’en ⌧ < 0, un régime inductif stationnaire soit complète-
ment établi, comme discuté au paragraphe précédent. Dans ces conditions,
E

�

(⌧ < 0) = V
p

/2⇡R en tous points du plasma. On considère un scénario usuel
pour les tokamaks, à savoir

jni

�

(⇢, ⌧) = jni

�0H (⌧) � (⇢� ⇢
ni

) (98)
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1-D" Ampère’s + Faraday’s + Ohm’s law"

Resistive time:"✓
r

R

Z

a

Rp

Vp"

jni�

Stationnary regime: "

Steady-state regime:"

Fundamental eigenmode: "

E� = 0

dIp/dt = 0

⌧⇤r = ⌧r/�
2
1 J1(�1) = 0

⌧r = µ0��a
2

Tore Supra (a = 0.7m) @ Te = 5 keV  "

The current density profile evolves on a very long time scale at high 
temperature → current profile preshaping when the plasma is cold!

��E�

everywhere"

Instantaneous 
plasma response"

⌧r ' 16.8s

j�

dj�/dt = 0



Convergence towards steady-state regime 
with a non-inductive source of current !

Steady-state operation:"

In
je

ct
ed

 e
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"

Plasma duration (seconds)"Plasma duration (minutes)"

Record discharge: 6ms 30s, 1.1 GJ!

t � ⌧⇤r � ⌧fast

D. van Houtte et al., Fusion Engineering and Design 74 (2005) 651–658"



Keywords to characterize an appropriate 
method for driving a current in tokamaks!

Current	

diffusion	


Erosion	


Millisecond	
 Second	
 Minute	
 Hour	


MHD	
 Transport	
 Plasma/wall	

equilibrium	


TFR! JET! TORE SUPRA! ITER !

Physics of non-inductive rf current sources"

ω pe
−1 ≤ω ce

−1ω pi
−1 ≤ω ci

−1 τ b,t  τQL,τ coll,τ E( ) ≤ τ art ≤ τ Energy  τT
fast  τ r

*

Time scales and the physics of 
current sources!

transformer"

Current diffusion"

Large time scale separability makes modeling easier ! !
(hot plasma in large machines)"

code modularity"
Y. Peysson and J. Decker, Theory of fusion plasmas, 2008, 1069, AIP, 176-187 !!

confinement"



Particle transport" Current transport"Heat transport"

Toroidal MHD equilibrium!

p(ψt),topology (t’)"

t ≈ t+dt"

Sext(t’’)"

j(ψt),topology (t’)"

p(ψt-dt),j(ψt-dt),topology (t’)"

p(ψt),j(ψt),topology(t’+dt’)"

Sext(t’’)" Sext(t’’)"

t’’ 
≈ 

t’’ 
+ 

dt
’’"

Coherence j(ψ)↔topology "

Integrated tokamak modeling and current 
sources (CRONOS, ITM,…)!

Ψ: poloidal 
magnetic flux"

Quasi-static toroidal MHD equilibrium"

(t’,t’’) < t - dt"

dt < (dt’,dt’’)"

J.F. Artaud et al., Nucl. Fusion 50 (2010) 043001!



§  High-modularity → for code maintenance/evolution and 

interoperability (physics is the limitation).!

§  Fast calculation → each module is part of a chain of codes in which 

it may be called thousands of times : fast algorithms and use of parallel 

processing CPU/GPU.!

§  Reduced memory consumption → Flexible adaptative grids for 

refined calculations with an appropriate metric.!

§  Robust algorithms → Define physical/numerical operational limits to 

avoid failure of the whole chain of calculations!

§  Hardware/software → top level (physics) programmation almost 

independent of the hardware (heterogenous clusters)!

Numerical issues of current drive modeling!



The Lower Hybrid wave in 
slab geometry"



Current drive efficiency: direct 
parallel push!

�J
�P = qe

mev��coll(v�)
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e

N.J. Fisch, Rev. Mod. Phys., 1987, 59, 1, pp. 175-234 !!



Resonnant electron acceleration process!

B

�z

e-" e-"

Longitudinal kinetic resonance (Landau) :"

v� v�

E�

v� < v�

v� > v�

are accelerated  "

are slowed down "

∂f/∂v|| < 0 → more electrons gain parallel kinetic energy, 
irreversible momentum transfer (LH wave → electrons)!

v� = c
n�

v� = ⇥
k�



LH wave characteristics from 
current drive principles!

For typical tokamak plasmas : "

Te = (3� 10)keV

n� (5⇥ vte) ⇤ (1.4� 3)

vte/c ⇥ (0.07� 0.14)

Problem: there is no electron at these energies with a 
Maxwellian distribution function (plasma almost transparent) !  "

Ec� (5⇥ vte) ⇤ (30� 130)keV



The spectral gap problem for the LH wave!
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Many mechanisms may contribute to bridge the spectral gap!



Basic properties of the Lower Hybrid wave!

Slab geometry "
 "
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The electrostatic LH wave 
dispersion relation!

assuming  "

�2
cs � �2 � �2

ce

|k|� |⇥n/n| (WKB approx.)  "

and "

⇥� ⇥ S = 1 + (�pe/�ce)
2 � (�ps/�)2

⇥� ⇥ P = 1� (�pe/�)2 � (�ps/�)2

k2
⇥�� + k2

��⇥ = 0Stix notation"

(no cyclotron resonance)"

Cold plasma approximation: λLH >> LDebye = vTe/ωpe "

M. Brambilla, Kinetic Theory of Plasma Waves, Oxford Science Publications, 1998 !!



The electrostatic LH wave 
dispersion relation!

k2
� = �k2

⇥�⇥/��

Solving the dispersion relation for         yields"k2
�

→ plasma resonance  for "

→ plasma cut-off  for "

�� = 0
�� = 0

1
�2
LH
� 1

�2 = 1
�cs�ce

+ 1
�2
ps

Resonance frequency :"

(k� �⇥)
(k� = 0)

k2
⇥ �

ms
me

�2
LH

�2��2
LH

k2
⇤→"

The wave does not propagate in vacuum → antenna!

�pe = �LHCut-off frequency :" →" ncut



The LH wave frequency and wavelength!

n =
�
1018 � 1020

⇥
m�3

B = (1� 10)T

�� ⇥ 1�
���⇥

��

For typical tokamak parameters :"

k2
�/k2

⇥ � 1

fLH = ⇥LH/2� = (0.5� 5)GHz
�LH,vac = c/fLH = (60� 6) cm

�? ⌧ �||

�|| =
c

fn||

�|| ' 1cm

�? ' 1mm



The electromagnetic LH wave 
dispersion relation!

Two propagation modes in the LH range of frequencies"

n2
� = 1

2P4

�
�P2 ±

⇥
�

⇥

� = P2
2 � 4P0P4

���⇥
��� ��, �xy

§  Slow wave branch (+) → small  "

§  Fast wave branch (-) → large  "

→" P0 > 0,P2 < 0

�/k�

�/k�

cold confluence"
� = 0

P.T. Bonoli, IEEE Trans. on Plasma Sci., 1984, PS-12, 2, pp. 95-107
!!



Stix-Golant LH wave accessibility condition!

The condition   "� = �
�
n�,ne,s,B

⇥
> 0

is required for the slow wave not to mode convert along 
the path of propagation: LH wave accessibility"

n⇥ > n⇥a =
⇥

S + D⇤
�P

�
⇤

n
B

P.T. Bonoli and R.C. Englade, Phys. Fluids, 1986, 29, 9, pp. 2937-2950
!!

Stix-Golant 
criterion"



Slow/fast modes!

§  With a larger parallel electric field, the slow wave more 
favorable for Landau damping ! ve � v�
§  Fast LH wave contribution in high temperature plasmas only."
§  LH wave may interact also by cyclotron resonance interaction 
→ α particles!
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§  Current drive → slow wave (electrostatic mode, large E||, 
easiest mode to launch regarding the edge cut-off condition) "

§  ω ≥ ωLH → no LH resonance (no direct ion heating). "
"
§  Thermal corrections for the slow wave branch have 
marginal consequences on the level of the driven current."

§  Slab geometry is valid in the vicinity of the antenna 
only. In toroidal geometry, beam/ray-tracing or full-wave 
calculations must be performed for describing the evolution 
of the poloidal mode number along the propagation path, 
because of the poloidal asymmetry of the magnetic 
equilibrium.!



Modeling the Lower Hybrid 
current drive in toroidal 

geometry"



§  The ray-tracing is function of fM."
§  The wave amplitude, i.e. the quasilinear diffusion 
coefficient Dql must be calculated self-consistently 
with the distribution f0."
§  Global consistency: power lost by the wave = 
power gained by electrons from quasilinear operator!

RT/BT solver! Fokker-Planck 
solver!

DQL"

σ(f0)"
f0!

Wave power!
equation!

r, k, e, S!

Pray!

Pabs!

LUKE!C3PO!

Standard rf current source module!

f0

fM

Weak damping approximation!
Y. Peysson and J. Decker, Theory of fusion plasmas, 2008, 1069, AIP, 176-187 !!



§  at all points of the ray trajectory"

§  Hamiltonian ray equations"

D = det DH
k,� = 0

The ray tracing equations!

Y. Peysson et al., 2012 Plasma Phys. Control. Fusion 54 045003 !



��

�R

�Z
�s��

�� � �⇥
�r covariant coordinates"

Curvilinear metric consistent with MHD 
equilibrium (nested magnetic flux surfaces)!

Y. Peysson et al., 2012 Plasma Phys. Control. Fusion 54 045003 !



§  The toroidal wave number n is a constant of the ray "
   motion (axisymmetry) "
"

§  The poloidal wave number m evolved along the 
raypath because of the poloidal asymmetry of the 
magnetic equilibrium → upshift/downshift of k||!
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Chamber
→ bridging the spectral gap !

          (small aspect ration)!

Parallel refractive index upshift in tokamaks !



The spectral gap is bridged by a small fraction of the LH 
power at high n|| which pulls out a tail of fast electrons from 
the bulk which itself contributes to absorb the remaining 
part of the power at low n||!

LH current drive simulations: the 
spectral gap problem!

J. Decker, and Y. Peysson, in Proc. 33rd EPS Conf. on Plasma Phys. and Contr. Fusion, 2006.!



In concentric magnetic configuration (cylindric or toric) , 
the domain of propagation of the LH wave is bounded by 
cut-off, accessibility, caustics where kρ=0, and possibly 
Landau damping (absorption)."

caustics"

accessibility"

n||A"

Landau"

Domain of propagation of the LH wave!

f(R/a)"



Link between ray tracing and 
Fokker-Planck codes!

-  The RF wave is described by a set of rays"
-  The plasma is divided into incremental flux surfaces"
-  Dql is calculated on each flux surface (plane wave model):"

-  contribution of all rays"
-  contribution of all passes of the same ray"

Ray power flow equation"

J. Decker, and Y. Peysson, in Proc. 33rd EPS Conf. on Plasma Phys. and Contr. Fusion, 2006.!



Self-consistent quasilinear calculations!

J. Decker, and Y. Peysson, in Proc. 33rd EPS Conf. on Plasma Phys. and Contr. Fusion, 2006.!



Tore Supra!

Momentum space dynamics on the magnetic flux surface "

�0T =
�

1� Bmin(�)
Bmax(�)

�

trapped!

passing!passing!

Bounce-averaged electron momentum 
distribution function!

LUKE"

J. Decker and Y. Peysson, Euratom-CEA, 2004, report, EUR-CEA-FC-1736
!!



Very important quasilinear ray inter- and intra-coupling"

Large quasilinear effects!

C3PO"

C-MOD"

Y. Peysson and J. Decker, Theory of fusion plasmas, 2008, 1069, AIP, 176-187 !!



location as nk0 and thus simply reduces the driven current without changing the shape of the

profile. In the C4 spectrum, a secondary lobe carries a significant fraction of the power at a

relatively low value of |nk| 6= nk0 (nk =�2.9 in our case). This lobe is a characteristic feature of

waveguide structures where passive waveguides are positioned between the active waveguides.

For ITER-like conditions, the passive waveguides are necessary to allow for a sophisticated

cooling system [2]. The main and secondary lobes are generally absorbed at different radial

regions and drive currents in opposite directions, thus modifies the current profile (Fig. 3(a)).

In our case (#45525) C3PO/LUKE predicts that the secondary lobe is absorbed centrally in a

single pass and efficiently drives a counter current whereas the main lobe is absorbed more

off-axis after one or two reflections at the edge.

Fast electron bremsstrahlung reconstruction

The reconstructed HXR signal from fast electron bremsstrahlung shows good agreement -

both in shape and absolute amplitude - with experimental measurements for both C3 and C4

launchers in the energy range 50-110 keV (Fig. 2). This comparison validates the modelling

process. Because the main and secondary lobes in the C3 spectrum deposit the power at the

same radial locations, the current profile is not affected when the directivity decreases, but the

current drive efficiency is reduced.
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Figure 2: Reconstructed HXR signal compared with measurements in the energy range 50-110 keV for

C3 (left) and C4 (right) driven discharge.

In the C4 case, the power from the secondary lobe is generally not deposited in the same radial

location as the main lobe, such that the power and current profiles do not overlap (Fig. 3(b)).

Because the perpendicular FEB emission does not depend upon the toroidal direction of the

emitting electron, the radial FEB profile is more representative of the power deposition profile

than the current profile. Therefore, the PAM current profile can differ significantly from the

one obtained with the FAM launcher in similar conditions, even though measurements of HXR

signals due to FEB emission may be similar in the two cases. This study also shows that it is

generally appropriate to use Abel-inverted FEB profiles as estimates of the LH current profile for

Lower Hybrid current drive in Tore Supra: 
strong absorption regime (single pass)!

PAM antenna"FAM antenna"

E Nilsson2, J Decker, J-F Artaud, A Ekedahl, J Hillairet, Y Peysson, T Aniel, V Basiuk,  
M Goniche F Imbeaux, D Mazon, P Sharma2 
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Objective: To model the full lower hybrid current drive in the Tore Supra tokamak for the two LH launchers installed in Tore Supra. 
Conclusions:  
• Simulation platform validated for both FAM and PAM configuration in Tore Supra (in low density regime) 
• Differences in FAM and PAM spectra result in different properties for current drive, even though they can produce similar fast electron
 bremsstrahlung emission 
• Edge density plays an important role (the directivity is sensitive to the edge density) 

A) Lower Hybrid launchers in Tore Supra 

Spectra generated by the coupling
 code ALOHA  

 Langmuir probe measurements of
 edge density are uncertain 
Measured RC can indicate the
 edge density Feedback controlled full current drive (VLoop = 0) 

 Modelling reproduces
 hard X-rays signal of
 both FAM and PAM
 pulse  

0.65 m 

€ 

n// = c /v //

€ 

v // =ω /k//

PAM is ITER relevant   

 Cut-off density          

 n >  1.7x1017m-3 

 PLH from 16 klystrons 
(700 kW each) 

• PAM optimal around the cut-off
 density 
• FAM optimal at 2-3 times cut-off 

FAM PAM 

D) Modelling of LHCD 

B) LH wave spectra 

(Fully Active Multijunction) 

(Passive Active Multijunction) 

    FAM 

HXR peak agrees with current 
peak 

Current peak more off axis 

Absorbed LH power 

LH driven current  

• FEB emission is an estimate of absorbed power, 
not the driven current 
• Inverted HXR emission is not representative of the 
driven current profile for PAM 

    FAM     PAM 

    FAM      PAM 

 Photon
 temperature in
 central chord  

Each camera has a
 line of sight (chord#) 

Overview of full current drive cases 

 LH current 

     PAM 

CEA, Institut de Recherche sur la Fusion par confinement Magnétique, 
Cadarache, 13108 Saint-Paul-lez-Durance, France. 

Email: emelie.nilsson@cea.fr 

 Hard X-ray 
 signal 
(count rate)  

Directivity and 
reflection coefficient 
(RC) depends on 
the density in front 
of the launcher. 

ALOHA edge density model 

    (C3) 

    (C4) 

 HXR diagnostics : 

E) Current profile different for the 2 launchers 

C) Full current drive experiments F) Current drive sensitive to edge density 

Fast electron bremsstrahlung"

E. Nilsson, J. Decker, et al. EPS conf. (2012)"Y. Peysson and F. Imbeaux, Rev. Sci. Instr., 1999, 70, 10, pp. 3987-4007
!!



Lack of robustness of LH current drive 
simulations in the multipass absorption 
regime (most present day tokamaks) when the 
spectral gap is bridged by toroidal N|| upshift → 
Simulations often done well beyond code 
validity: ray stochasticity develops before power 
absorption."

N||0=(-1.685,-1.713)"N||0=(-1.621,-1.746)"

full absorption!

N||0=(-1.636,-1.726)"

partial absorption! no absorption!

6.5p
Te

N
k

Ray length (m)" Ray length (m)" Ray length (m)"

Y. Peysson, J. Decker, et al. PPCF, 53 (2011) 124028)"

/ v� = 3� 4⇥ vth

Tore Supra #32299!

Lower Hybrid current drive in Tore Supra: 
weak absorption regime (multiple pass)!



From ray tracing to full-wave 
description"



�� ⇥B � R

� � ⇥B ⇥ R

�⇥ ⇥B � R

� � ⇥B � R

ray-tracing"

beam-tracing"

WKB full-wave"

full-wave"

In
cr

ea
si

ng
 le

ve
l o

f 
co

m
pl

ex
ity
!

(�, ⇥B , R)

wave length " beam width " gradients length"

rf wave ordering and code complexity!

Y. Peysson and J. Decker, Theory of fusion plasmas, 2008, 1069, AIP, 176-187 !!



§  Full-wave description allows to describe LH wave 
characteristics from propagative (strong damping, ray 
equation) to cavity (very weak damping, normal mode 
master equation) regimes."

§  Perfectly conducting wall for boundary conditions :"

§  Local dielectric properties :"

§  Fourier transform method (toric case: TORLH, Irzak 
code), real space technique (cylindrical + toric case 
ELECTRE, ELECTRE-T) "

⇥�⇥�E = �2⇥0µ0E + i�µ0 [J + JA]

n�E = 0

Full-wave approach!

J = S(f0) ·E
No separation with absorption !"



E (r, ✓,�) = exp (in�+ im✓)
LX

l=1

Hl (r)⌃
4
i=1↵i,lEi,lr

�i,l

Weak variational approach!

L (E,E⇤) =

Z

V
dr


(r⇥E) · (r⇥E⇤)� !2

c2
E⇤ ·K ·E� 4i⇡

c2
E⇤ · JA

�Find the stationary point of the bilinear form"

with respect to all variations δE*, subject to the condition  "n⇥ �E⇤|⌃ = 0

on the boundary Σ (wall), with the principle condition of perfect conductive 
wall. "

Trial functions approximate the solution over several 
wavelengths: λ >> Δgrid >> ∇-1: 4 eikonal eigenfunctions for 
cold plasma dispersion relation. Radial matching conditions!

Polarization" Eigenvalues"
D. Moreau,Y. Peysson, et al., Nucl. Fusion, 1990, 30, 97 !!
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Slow wave!

Fast wave!

n|| = 1.4 (> n||a = 1.35)!

n|| = 1.3 (< n||a = 1.35)!

ELECTRE!

LH wave accessibility"

Cylindrical full-wave LH calculations!

Y. Peysson, E. Sébelin et al., Nucl. Fusion, 1998, 38, 6, pp. 939-944!



Slow wave!

Fast wave!n|| = 1.4 (> n||a = 1.35)! n|| = 1.3 (< n||a = 1.35)!

C3PO!

LH wave accessibility"

Cylindrical ray tracing LH calculations!

Y. Peysson, E. Sébelin et al., Nucl. Fusion, 1998, 38, 6, pp. 939-944!
Y. Peysson et al., 2012 Plasma Phys. Control. Fusion 54 045003 !



TORLH!

C-MOD!

Toroidal full-wave LH calculations !
(Fourier decomposition)!

(PSFC/MIT, USA)!

Nm ≥ 1000"
Nr ≥ 500"
Nφ ≥ 500"

J. C. Wright, P. T. Bonoli, et al., Phys. Plasmas, 2004, 11, pp. 2473-2479
!!



Irzak code!

Toroidal full-wave LH calculations !
(Fourier decomposition)!

(Ioffe Institute,RF)!

Rescaling technique to avoid an excessive numerical effort (LH physics ?)"



Toroidal full-wave in real space!

Extrapolation of concepts used in cylindrical geometry may not 
be extrapolated to the toroidal configuration: impossible to find 
matching conditions in both radial and poloidal direction!

Need a standard approach (discretization less than the 
wave-length) but incorporating parallel processing in the 
numerical approach from the initial design (domain 
decomposition, mixed-augmented formulation). Keep the 
resolution in real space though k|| may be difficult to calculate 
for the link with the Fokker-Planck code. Code may be used 
locally for other types of waves!



Time-harmonic Maxwell code (1)
We have a Matlab code for the time-harmonic Maxwell wave equation

curlνcurlνuν − k2εuν = f ν in Ω̃, (1)

divν(εuν) = gν in Ω̃, (2)

uν × n = hν on Γ̃ := ∂Ω̃, (3)

in a bounded domain Ω̃ ⊂ {(R,Z) ∈ R2 |R > 0}, with ν ∈ Z. This
problem arises from the 3D Maxwell wave equation – given in the
torus Ω := Ω̃ × [0, 2π) – after Fourier decomposition of the solution u:

u(R,Z,φ) =
∑

ν∈Z
uν(R,Z)eινφ (4)

Relations between cartesian and toroidal coordinates:

x = R cos φ, y = R sin φ, z = −Z. (5)

C. Kirsch: Full Wave Simulation. LPMI Nancy, October 18, 2007 – p. 1/9

Time-harmonic Maxwell wave equation "
"

Y. Peysson, J. R. Roche, et al., RF Top. Conf. (2009)!



Time-harmonic Maxwell code (2)
dummy

x

y

z

φ

R

−Z

For vector fields F = F (R,Z):

curlνF := curlF +
ιν

R
eφ × F (6)

divνF := divF +
ιν

R
eφ · F (7)

dualization of divergence and
boundary conditions (2), (3)
! Lagrange multipliers p,λ

discretization with modified
Taylor-Hood elements: curl-div-
conforming nodal elements,
as opposed to curl-conforming
edge elements

C. Kirsch: Full Wave Simulation. LPMI Nancy, October 18, 2007 – p. 2/9

Time-harmonic Maxwell wave equation "
"

C. Kirsch, Private comm. 2007! Matlab test code"



Conclusions and prospects!
"



Conclusions and prospects!

§  The Lower Hybrid is still nowadays the most efficient experimentally proven non-
inductive current drive method, but likely the one for which the physical mechanismes are 
the less well understood, despite large experimental an numerical efforts. Poor 
intepretation and extrapolation capabilities…"

§  Realistic simulations are routinely based on coupled ray tracing and Fokker-Planck 
calculations (magnetic equilibrium + energy transport self-consistency). Reasonable 
agreement with experiments in strong absorption regime, but very poor in weak one (the 
most frequent), because of the stochastic behaviour of ray propagation. Solution highly 
sensitive to any perturbation"
"
§  The progresses in computer technology have allowed to perform full-wave calculations in 
toroidal geometry, all based on a Fourier mode description (very large numerical effort). 
There are large differences in the current density profile prediction between full-wave and 
ray tracing (linear absorption, no magnetic equilibrium consistency) "

§  An cylindrical full-wave in real space have been developped based on an original 
approach with eikonal eigenfunctions for trial functions. Not extrapolable to the toroidal 
case. But the real space full-wave remains an attractive option to validate the Fourier 
approach"

§  Theoretical developments and numerical tests to validate principles have been carried 
out in the past years. The full toroidal full-wave code remains to be done !"


