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1. Introduction

The resistive wall mode (RWM) is normally understood as an ideal external kink mode

that is unstable. But the presence of conducting structures (resistive walls) surrounding

the plasma reduces significantly the growth rate of the mode, typically down to the

inverse wall time. For long pulse or steady state operation of fusion devices, the RWM

instability can pose a severe limitation on the operational space, especially in terms of

the achievable plasma pressure. This mode is one of the particular concerns for ITER

steady state scenarios [1].

The physics and control of the RWM have been extensively investigated in the

last 10-20 years, both in theory and experiments [2]. Significant modelling efforts have

been devoted to understanding the present experimental results, and to predicting the

RWM behaviour in future devices such as ITER. Driven by the needs of quantitative

interpretation of new experimental observations, realistic modelling of the experimental

geometry, and reliable prediction for ITER plasmas, the RWM codes have become more

mature in the modelling capability of both the physics and the geometry.

Several RWM control codes have been developed during the last 5-10 years,

each with one or another advanced features, compared to the standard ideal MHD

computation of the ideal kink instability for a static plasma. We start a short survey

of the commonly used codes by clarifying some terminology first. The word “control”

is understood here in a generic sense, that includes both passive and active control of

the RWM. The passive control refers to the mode stabilisation by plasma rotation or

other physics-based damping mechanisms. The active control refers to the feedback

stabilisation of the mode using active magnetic coils. The word “maturity” reflects

specifically the capability of present RWM codes in modelling the realistic experimental

situations.

A cluster of codes are focused on studying the advanced MHD-kinetic physics

associated with the RWM. The most advanced among them are the AEGIS-K code

[3] and the LIGKA code [4]. Both are based on the linear gyro-kinetic formulation.

There are several MHD-kinetic hybrid codes, such as MISK [5], MISHKA+HAGIS [6]

and MARS-K [7]. These codes include the drift-kinetic effects into MHD equations by

considering the kinetic resonances between the particle (thermal or fast) drift motions

(bounce or toroidal precession) and the RWM. The MISHKA+HAGIS code takes into

account the full particle drift orbit (the finite banana width for trapped particles) effects,

whilst the MISK and MARS-K codes so far assume a vanishing drift orbit width. The

MISK and MISHKA+HAGIS codes follow a perturbative MHD-kinetic hybrid approach,

in which the perturbed kinetic energy is computed using the fluid eigenfunction of a

marginally stable ideal kink mode. The MARS-K code follows a self-consistent approach,

in which the RWM eigenfunction is allowed to be modified by the kinetic effects.

Another cluster of RWM codes tries to model as realistic as possible the conducting

structures outside the plasma. Since the stability of the RWM is strongly affected

by the surrounding conducting walls (most of the free MHD potential energy of an
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ideal external kink mode is dissipated through the wall eddy current), the 3D features,

such as the holes, the gaps in the wall, can significantly modify the wall eddy current

pattern and hence the growth rate of the mode. The above mentioned RWM codes with

advanced kinetic physics either do not include resistive walls, or use a complete, thin

shell approximation for the walls (2D walls). The codes VALEN [8], STARWALL [9, 10]

and CarMa [11, 12] are capable of modelling 3D walls. VALEN and STARWALL use

the thin shell approximations for the wall (surface current patches). CarMa can include

volumetric eddy currents. All these three codes are based on the ideal MHD, mass-free

description for the plasma. No plasma inertia, rotation, kinetic effects are included.

The feedback option is included in all three codes.

There are also codes that have a 2D wall approximation but that do include the

feedback option, such as the MARS-F code [13], NMA code [14, 15] and the KINX code

[16].

A new implementation of the CarMa code [17] includes both 3D wall effects and

the advanced kinetic damping physics for the RWM modelling. Active control of the

RWM can also be studied using this code.

This paper will describe the MARS-F/K and the CarMa codes, as examples to

illustrate the key issues and solutions for the RWM control codes. The next Section

gives a brief introduction to the mathematical formulations behind these codes. Section

3 reports some of the recent code modelling results. These examples are chosen to show

the current status of the RWM control code maturity.

2. Formulations behind advanced RWM control codes

The detailed formulations behind the MARS-F/K and the CarMa codes have been

documented in various publications. Below we make a short, but complete summary of

the key elements in these formulations. The portion related to the fast ions is new, and

will be described in more detail.

2.1. Formulations behind MARS-F/K

MARS-F is a single fluid, full MHD eigenvalue code in full toroidal geometry. It solves

the MHD equations with toroidal flow, and with several extensions

• a pure vacuum region surrounding the plasma

• a set of radially separated, toroidally complete resistive walls in the vacuum

region. The wall shape can follow the shape of the conducting vacuum vessels in

experiments (normally non-conformal to the plasma boundary). The wall thickness

is assumed to be much smaller than the plasma minor radius, and much smaller

than the skin depth of the wall eddy currents induced by the plasma instability or

external sources (so-called thin-wall approximation).

• a set of magnetic coils located in the vacuum region. The number and the location

of the coils along the poloidal angle can be arbitrary. The number of coils along
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the toroidal angle φ is assumed sufficiently large in order to represent the exp(inφ)-

distribution of the coil current, for a single, given toroidal mode number n.

Separate equations are associated with each of the above extensions. These equations

are solved together with the perturbed MHD equations inside the plasma.
The MARS-K code is based on MARS-F, by adding the drift-kinetic effects into

the plasma, forming a MHD-kinetic hybrid code. The full set of equations inside the
plasma read

(γ + inΩ)ξ = v + (ξ · ∇Ω)Rφ̂, (1)

ρ(γ + inΩ)v = −∇ · p + j × B + J ×Q − ρ
[

2ΩẐ × v + (v · ∇Ω)Rφ̂
]

, (2)

(γ + inΩ)Q = ∇× (v × B) + (Q · ∇Ω)Rφ̂, (3)

(γ + inΩ)p = − v · ∇P, (4)

j = ∇× Q, (5)

p = pI + p‖b̂b̂ + p⊥(I − b̂b̂), (6)

where B,J,P are equilibrium magnetic field, current, and pressure respectively. Ω is

the plasma fluid rotation frequency along the toroidal angle φ. This is normally due to

the E × B rotation. We use a static equilibrium even in the presence of flow, which is

valid if the flow speed is much smaller than the sound speed. [The equilibrium correction

due to the toroidal flow is the order of the sound Mach number squared.]

The variables ξ,v,Q, j,p represent the plasma displacement, perturbed velocity,

magnetic field, current, and pressure tensor, respectively. ρ is the unperturbed plasma

density. γ is the eigenvalue that we are looking for. R is the plasma major radius, Ẑ

the unit vector in the vertical direction, I the unit tensor.

The drift kinetic terms enter into the MHD equations via the perturbed kinetic

pressure tensors shown in Eq. (6), where p is the scalar fluid pressure perturbation, and

p||(ξ⊥), p⊥(ξ⊥) are the parallel and perpendicular components of the kinetic pressure

perturbations, respectively. b̂ = B/|B| is the unit vector for the equilibrium magnetic

field. The drift kinetic pressure tensors, which are functions of the plasma displacement

ξ⊥ perpendicular to the equilibrium magnetic field line, are included into MHD via the

momentum equation (2). This allows a self-consistent modification of the eigenfunctions

due to the kinetic effects.

The perturbed kinetic pressures are computed via

p‖e
−iωt+inφ =

∑

e,i

∫

dΓMv2
‖f

th
1 +

∫

dΓMv2
‖f

h
1 ,

p⊥e
−iωt+inφ =

∑

e,i

∫

dΓ
1

2
Mv2

⊥f
th
1 +

∫

dΓ
1

2
Mv2

⊥f
h
1 ,

where an exp(−iωt+ inφ)-dependence is explicitly assumed for the perturbations, with

the mode frequency ω ≡ iγ. The integral is carried out over the particle velocity space Γ.

M is the (thermal or fast) particle mass, v‖, v⊥ are the parallel and perpendicular (to the

equilibrium magnetic field) velocity of the particle bounce motion. f th
1 and fh

1 are the

perturbed distribution functions for thermal particles (ions and electrons) and fast ions
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respectively. These functions are derived by solving the perturbed drift kinetic equations

for each particle species, following the approaches by Antonsen [18] and Porcelli [19].

Details on how these derivations are adapted to the MARS-K formulation are reported

in [7] for thermal particles. A similar approach is followed for fast ions.

We assume a slowing-down (Lorenzian) equilibrium distribution function for fast

ions

fh
0 =







C

ǫ
3/2

k
+ǫ

3/2

c

0 < ǫk < ǫmax

0 ǫk > ǫmax

(7)

where

ǫc =

(

3
√
π

4

)2/3 (
Mh

Mi

)(

Mi

Me

)1/3

Te.

Mi,Me and Mh are particle masses for thermal ions, electrons, and fast ions respectively.

Te is the electron temperature. ǫmax = 3.52Mev for the fusion born α-particles. For beam

or rf-wave generated hot ions, ǫmax is generally a function of the minor radius and is

determined from the experimental measurements. The parameter C can be found by

specifying the radial density distribution Nh =
∫

fh
0 dΓ of the fast ions

C = NhM
3/2
h A,

where

A ≡


4
√

2π
∫ 1

0

ǫ̃
1/2
k dǫ̃k

ǫ̃
3/2
k + ǫ̃

3/2
c





−1

=
3

8
√

2π

1

ln(1 + ǫ̃
−3/2
c )

,

and ǫ̃k ≡ ǫk/ǫmax, ǫ̃c = ǫc/ǫmax.

We point out that the slowing-down distribution (7) is probably a reasonable

approximation for the α-particles, but a crude one for the hot ions from additional

heating, which are normally anisotropic in the pitch angle. This will be improved in the

future work.

The equilibrium kinetic pressure due to fast ions is calculated as

Ph =
∫

fh
0

1

3
Mhv

2dΓ =
8
√

2π

3
AChNhǫmax, (8)

where

Ch(ǫmax) ≡
∫ 1

0

ǫ̃
3/2
k dǫ̃k

ǫ̃
3/2
k + ǫ̃

3/2
c

= 1 − ǫ̃c
9

[√
3π − 6

√
3atan

−2 +
√
ǫ̃c√

3ǫ̃c
− 6ln(1 +

√
ǫ̃c) + 3ln(1 −

√
ǫ̃c + ǫ̃c)

]

.

In practice, if the pressure profile Ph for hot ions is measured, the value of ǫmax can then

be computed by solving the non-linear algebraic equation (8) with respect to ǫmax, at

each radial point.

The portion of the perturbed kinetic pressure, associated with the fast ions, can

be derived following the similar procedure as outlined in Ref. [7]. The poloidal Fourier
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harmonics (after multiplying by the Jacobian J of the chosen flux coordinate system)

read

(Jpg
h)k =

2
√

2π

B0
ANhǫmax

∑

m,l,u,σ

∫ 1

0
dǫ̃k

ǫ̃
5/2
k

ǫ̃
3/2
k + ǫ̃

3/2
c

∫

dΛλHu
mlG

g
kmlX

u
m, (9)

where σ = sign(v‖), g stands for ‖ or ⊥. Λ ≡ µB0/ǫk is the particle pitch angle, with µ
being the magnetic moment and B0 the on-axis equilibrium magnetic field amplitude.
Hu

ml and Gg
kml are defined the same as in Ref. [7], but for fast ions. Xu

m represent the
poloidal Fourier harmonics of the solution variables ξ⊥ and Q. For trapped fast ions,
we consider only the bounce harmonic l = 0. λ is the resonance operator for trapped
fast ions

λ =
1

nωh
d + nωE − ω

[

3ǫ̃
1/2
k /2

ǫ̃
3/2
k + ǫ̃

3/2
c

(nωE − ω)+

nǫmax

e

(

1

ǫ̃
3/2
k + ǫ̃

3/2
c

dǫ̃
3/2
c

dψ
− 1

NhA

d(NhA)

dψ

)]

, (10)

where ωh
d is the bounce-orbit-averaged fast ion precession frequency (in the plasma

frame). ω ≡ iγ is the (complex) eigenmode frequency.

In the self-consistent approach, the unknown eigenvalue γ enters into the resonance

operator (10) for fast ions (as well as for thermal particles), leading to an eigenvalue

problem that is non-linear with respect to γ. An iterative procedure is needed to find the

converged eigenvalue. At each iteration, the computed coefficients before the solution

variables Xu
m in (9) are added to the system matrices, together with those coefficients

from the MHD operators.

In the perturbative option of MARS-K, we compute the perturbed kinetic energy

due to trapped fast ions

δW h
k =

√
2π2

∫ dψ

B0
ANhǫmax

∫

dΛτ̂b

∫ 1

0
dǫ̃k

ǫ̃
5/2
k

ǫ̃
3/2
k + ǫ̃

3/2
c

λ
∣

∣

∣

〈

einφ̃(t)HL

〉∣

∣

∣

2
,

where ψ is the normalised poloidal flux. τ̂b is the particle bounce period normalised by
√

Mh/2ǫk. < · > denotes averaging over the particle bounce orbit. φ̃ is the secular part

of the particle phase along the toroidal angle as it drifts. And

HL(s, χ,Λ) ≡ 2
(

1 − Λ
B

B0

)

ξ⊥ · κ+
Λ

B0
(Q‖ + ξ⊥ · ∇B),

where B = |B|, and κ is the equilibrium field line curvature.

In the perturbative approach, we normally use the eigenfunction (ξ⊥, Q‖) of the

fluid RWM for evaluating HL and δW h
k . The eigenfrequency of the fluid RWM ω = iγf

is used for computing the resonance operator λ. The eigenvalue of the kinetic RWM is

then computed using the dispersion relation [20, 21]

γτ ∗w = −δW∞ + δWk

δWb + δWk
(11)

where τ ∗w is the modified wall time as defined in [20, 21]. δW∞ is the fluid potential

energy (including both the plasma and the vacuum contributions) without wall, and

δWb is the fluid potential energy with a perfectly conducting wall at the minor radius

b. δWk is the total drift kinetic potential energy due to thermal and fast particles.



Resistive Wall Mode Control Code Maturity 7

2.2. Formulations behind CarMa

The CarMa code couples MARS-F/K with the 3D eddy current code CARIDDI [22].

CARIDDI solves quasi-magnetostatic Maxwell’s equations in an integral formulation.

This formulation is best suited to solving eddy current problems in an open

domain, where the (3D) conductors occupy a relatively small volume or surface area.

Numerically, a finite element method is used in CARIDDI, where the so-called edge

elements [23] are utilised as the basis functions. For an electromagnetic problem where

sharp variations of material properties occur, edge elements are a “natural” choice since

they preserve the exact continuity conditions on the electromagnetic fields (E,H,A),

that are imposed by the Maxwell equations. Other types of elements, such as the nodal

elements normally have difficulty in solving problems with sharp material variations,

since they over-constrain the continuity of the solution. Specific techniques have to be

applied, in order to relax the constraints from nodal elements.

Another key feature of the CARIDDI code is the implementation of a fast numerical

technique to speed up, by orders of magnitude, the electromagnetic computations. This

technique, combined with the possibility of parallel computing, allows the code to solve

very large eddy current problems [24]. This will be demonstrated by examples in the

next Section.

The key issue of the CarMa formulation is the coupling strategy between the eddy

current code and the MHD code. Two coupling schemes have been proposed and

successfully tested.

The so-called “forward” coupling scheme has been documented in detail in our

previous publications [11, 12, 25]. The key idea is to introduce an arbitrary coupling

surface just outside the plasma surface, and to replace the magnetic response of the

plasma to the external world by the response of the virtual surface currents in the

coupling surface. This can be rigorously shown to be possible for an arbitrary toroidal

system [26]. Effectively, the forward coupling scheme “embeds” the MHD equations into

the eddy current formulation. Based on this scheme, CarMa has been used to study the

RWM stability and control in several devices [27, 28, 29, 30] including ITER.

The forward coupling strategy has been very successful for the RWM modelling,

provided the so-called inertia-free approximation is valid for the mode. Since the

stability of a RWM is normally determined by the wall eddy current, the plasma mass

plays a minor role (unlike the ideal kink modes). The plasma inertia effect can normally

be neglected for the RWM. In this case, what we need is just to compute the static

response of the plasma. However, there are cases when the plasma inertia cannot

be neglected. For instance, when the plasma is close to the ideal-wall beta limit, or

when the plasma flow effects are important. Adding the drift kinetic effects into the

MHD equations complicates further the matter. It is not impossible, but difficult to

overcome this problem by considering the dynamic response of the plasma, since the

RWM dynamics can have rather high degrees of freedom.

A more elegant way to solve the problem is the “backward” coupling strategy
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[25, 17]. Here we “embed” the dynamic response of the conducting structures into the

MHD-kinetic equations. Again we introduce a coupling surface just outside the plasma

boundary surface. It has been shown that the dynamic response of the conductors, to

the magnetic field perturbations from the plasma, can be formulated as a linear relation

with respect to the eigenvalue γ [25, 31, 32]. In CarMa formulation, we derive a vector

expression that relates the normal component bN to the tangential (either poloidal or

toroidal) component bT of the total perturbed magnetic field at the coupling surface
(

↔

A0N + γ
↔

A1N

)

bN +
(

↔

A0T + γ
↔

A1T

)

bT = 0, (12)

where all the coefficient matrices
↔

A0N ,
↔

A1N , · · · are constant matrices (i.e. do not depend

on γ). Essentially these matrices contain all the mutual couplings between the conductor

eddy currents, the perturbed plasma currents and the perturbed fields at the coupling

surface. In the presence of active coils, two similar linear terms are added to the left

hand side of Eq. (12), for the coil currents. Since the relation (12) is derived for all the

poloidal harmonics of the solution field, the dimension of the vectors and matrices in

(12) matches the number of total poloidal harmonics.

In the CarMa implementation, the relation (12) is computed by the eddy current

code CARIDDI, assuming unit perturbations from the plasma. Then (12) is used as the

boundary condition for MARS-F/K codes. Note that this is a linear boundary condition,

which is very desirable if the MHD eigenvalue problem is also linear. The computational

boundary for the MHD code now becomes the coupling surface. In principle, one can

set the coupling surface directly at the plasma surface. We prefer a (narrow) vacuum

gap between the plasma surface and the coupling surface for two reasons. First, we do

not need to modify the plasma-vacuum interface conditions in MARS-F/K. Secondly,

we avoid complications if there is a surface current generated at the plasma boundary

due to the MHD perturbations.

The details of the backward coupling formulation are documented in Ref. [17]. This

reference also reports the benchmark results for the CarMa implementation, as well as

the first modelling results where all the important aspects of the RWM analysis - the

rotation and kinetic effects, the 3D wall effects, the active control - are included in the

same study. These results will not be shown in this paper.

3. Examples of recent results

3.1. Kinetic effects from fast ions

We show the fast ion effects on the RWM for a DIII-D plasma. Figure 1 shows the

equilibrium profiles, reconstructed from the DIII-D discharge 125701 at 2.5s [33]. The

E × B rotation profile corresponds to the critical profile measured in the experiment,

when the RWM becomes marginally stable. The critical ωE frequency is about 0.3%

of the Alfvén frequency ωA ≡ B0/(R0
√
µ0ρ0) at the q = 2 radial position, where ρ0

is the plasma central density. The plasma major radius is R0 = 1.7m. The toroidal
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Figure 1. Equilibrium profiles, from the DIII-D discharge 125701 at 2.5s, used in

the modelling, for (a) safety factor q, (b) plasma E × B toroidal rotation frequency

normalised by the Alfvén frequency. ψp is the normalised poloidal magnetic flux.
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Figure 2. Experimental radial profiles of (a) the fast ion density and (b) the

normalised pressure of fast and thermal ions.

magnetic field at the magnetic axis is B0 = 1.7T. The total flat-top plasma current is

Ip = 1.14MA for this discharge. Based on the same equilibrium, we have studied the

kinetic effects of thermal particles on the RWM stability using MARS-K [34]. In this

study, we compare the RWM stability with or without the fast ion kinetic effects. In

both cases, we include kinetic contributions from toroidal precession drifts of trapped

thermal ions and electrons. We fix the plasma pressure at the middle between the no-

wall and ideal-wall beta limits for the ideal kink mode. This pressure is close to the

experimental value. The DIII-D wall (vacuum vessel) shape is used, with a thin-wall

assumption.

Figure 2 shows the experimental density and pressure profiles of the beam driven

hot ions. The thermal and the total (thermal + hot ions) pressures are also plotted in

Fig. 2(b). The pressures are normalised by the factor B2
0/µ0. For this DIII-D plasma,

the beam driven fast ions contribute nearly half of the total plasma pressure.
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Figure 3. (a) Real and (b) imaginary part of the perturbed drift kinetic energy,

computed by MARS-K following the perturbative approach. The total (ions +

electrons) drift kinetic energy is compared with and without the fast ion contribution.

The fluid potential energy with and without an ideal wall is also shown in (a).

We first show the results with the perturbative approach. Figure 3 compares the

drift kinetic energy, with or without the fast ion contributions, versus the plasma E×B
toroidal rotation frequency ωE . We scale the rotation amplitude while fixing the rotation

profile shown in Fig. 1(b).

In the perturbative calculations, the eigenfunction and the eigenvalue of the static

fluid RWM (i.e. with vanishing plasma rotation) are used in evaluating the drift kinetic

energy perturbation δWk. At slow E × B rotation (below the experimental critical

rotation frequency), the fast ions give minor contribution to δWk. At faster rotation (ωE

close to 1% of ωA at the q = 2 surface), the fast ions can give considerable contribution

to δWk, in particular for the imaginary part, which comes from the particle-wave

resonances. This is expected, since a better match of frequencies occurs between the

fast ion precession drifts and the RWM rotation (in the plasma frame) with increasing

ωE.

It is interesting to compare the amplitude of the drift kinetic energies to that of the

fluid potential energies shown also in Fig.3(a). At slow ωE, δWk is significantly larger

than δWb or δW∞. Hence the RWM stability would be determined predominantly by

the drift kinetic effects, rather than the fluid effects. The real part of δWk decreases at

larger ωE , but the finite imaginary part of δWk still provides the stabilising effect to the

mode.

Inserting the drift kinetic and the fluid energies from Fig.3 into the RWM dispersion

relation (11), we obtain the mode eigenvalues shown in Fig.4. Figure 4(a) shows the

growth/damping rate of the mode. Figure Fig.4(b) shows the real frequency of the mode

in the laboratory frame.

At ωE below or just above the experimental critical value, the perturbative approach

predicts a full stabilisation of the RWM by the drift kinetic effects, with or without the

fast ion contributions. The latter do not modify the mode damping rate nor the mode
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Figure 4. (a) Real and (b) imaginary part of the RWM eigenvalue, computed by

MARS-K following the perturbative approach. The results with thermal particle

kinetic effects, and with thermal and fast particle effects together, are compared.

frequency at slow E × B rotation, as compared with the case where only the thermal

particle contributions are included.

At ωE(q = 2) close to 1% of the Alfvén frequency, the thermal particle contributions

alone seem to yield a narrow window of instability, whilst adding the fast ion

contributions leads to a deeper stabilisation. Also, in this case the mode rotation

switches direction with fast ions.

A rather different stability diagram is predicted by the self-consistent approach,

as shown by Fig.5. Again we compare the mode eigenvalue versus the E × B rotation

frequency with or without the fast ion contributions. With the thermal particle kinetic

effects only, we observe two unstable branches: one at slow rotation, and one at fast

rotation. These two branches sometimes leave a narrow stability window (depending on

the plasma parameters such the pressure or density) [34], or sometimes nearly merge

together as shown in this specific case. The unstable branch at small ωE is completely

different from that predicted by the perturbative approach. Within the eigenvalue

approach, it is difficult to establish whether this branch represents a physical mode.

Nevertheless, for two reasons investigated in detail in Ref. [34], the possibility of a

numerical spurious solution seems to be excluded. One is the eigenmode structure for

this branch, that resembles substantially the ordinary structure for a pressure-driven

kink-ballooning RWM. Secondly, this unstable branch is also predicted by a simplified

analytic model, proposed in [34].

With the inclusion of fast ions, the stability diagram (Fig. 5(a)) changes in

three aspects. First, the fast ions destabilise the RWM in a wide range of ωE

(0.002 < ωE(q = 2)/ωA < 0.007), compared to the case with thermal particles alone.

These destabilised modes, labelled here as the “fast-ion-driven” RWM, effectively close

the stability window, that appears with the thermal particles. Secondly, as a result of

the fast ion destabilisation and the roots merging, a second instability occurs, that has

smaller growth rates and exists only in a finite window of ωE. Thirdly, at sufficiently fast
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Figure 5. (a) Real and (b) imaginary part of the RWM eigenvalue, computed by

MARS-K following the self-consistent approach. The results with thermal particle

kinetic effects only (filled circles), and with thermal and fast particle effects together

(filled triangles), are compared.

rotation (ωE(q = 2)/ωA > 1% for this case), the self-consistent kinetic computations

predict a full stabilisation of the RWM. This stabilisation is mainly due to the fast ions.

In the DIII-D experiment, the RWM seems to be stable for ωE(q = 2)/ωA > 0.3%

[33]. The discrepancy between the experiment and the self-consistent modelling requires

further investigation. This can be due to the incompleteness of our drift kinetic model

(e.g. lack of the finite orbit width effect and the thermal ion collisional effect, the crude

approximation of the fast ions equilibrium distribution), or the presence of additional

damping mechanism(s) in the experiment.

For the fast-ion-driven RWM, the mode frequency varies rapidly with increasing

ωE. The mode rotation can also change direction. However, the real frequency of the

mode, in the laboratory frame, remains comparable to the inverse wall time.

Figure 6 compares the eigenmode structures for the two unstable modes at the

experimental critical rotation frequency ωE(q = 2)/ωA = 0.3%. The poloidal Fourier

harmonics of the normal displacement ξ1 ≡ ξ · ∇s are plotted, where s is the square

root of the normalised poloidal flux. The two eigenfunctions are almost identical in the

plasma core region. The differences appear beyond the q = 2 rational surface. For the

least unstable mode (dashed lines), a stronger singularity in the eigenmode structure is

observed near the last rational surface q = 5. The most pronounced differences in these

two modes occur near the minor radius s = 0.95.

We attribute two possible reasons to this observation. First, the trapped fast ions

are mostly populated near the plasma edge region. Secondly, as shown in Fig.1(b), the

E ×B rotation profile has a second (negative) peak near s = 0.95, making the rotation

frequency ωE comparable to the precession drift frequency of hot ions. This comparison

is shown in Fig. 7, where the toroidal precession frequency ωh
d of trapped hot ions is

plotted as a function of the particle pitch angle Λ. The precession frequency is computed

at the minor radius s = 0.95, for the hot ions with the maximal particle kinetic energy
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in the equal-arc flux coordinate system, for the two branches of the kinetic RWM,

with self-consistent inclusion of both thermal and fast particle kinetic effects. The

eigenfunction shown by solid lines is more unstable than that by dashed lines. The
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ψp = 0.7156, 0.8674, 0.9585, 0.9959, respectively.

ǫk = ǫmax. The precession frequency of particles with less energy scales linearly with ǫk.

Adding the drift kinetic effects into the MHD equations brings in a new

characteristic quantity associated specifically with the particle description (besides those

fluid-related characteristic quantities such as the Alfvén time). Normally we choose this

quantity as the ratio of the thermal ion gyro-frequency to the Alfvén frequency, ωci/ωA,

both defined at the magnetic axis. Since the precession frequency of both thermal and

fast particles is inversely proportional to ωci/ωA, we expect a sensitive dependence of

the drift kinetic effects on this ratio. In practice, ωci/ωA characterises various tokamak

devices, since

ωci

ωA

=
eR

√
µ0N√
M

∝ R
√
N,

where M and N are the thermal ion’s mass and mass density, respectively.

For the DIII-D plasma considered here, ωci/ωA = 27.3, which was the value that

we used for all the above results. For the self-consistent approach, we also made a

sensitivity analysis of the kinetic effects against the variation of ωci/ωA. The results are

shown in Fig.8. We again obtain two branches of unstable kinetic RWM. One of them
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can be viewed as “driven” by fast ions at intermediate ωci/ωA values and “stabilised” at

large ωci/ωA. The other one has a relatively narrow instability window. We notice that

ωci/ωA exceeds 100 for the ITER steady state plasmas. Hence this figure may indicate

a stabilising effect of the fast ions on the RWM in ITER. However, a more rigorous

prediction for ITER can only be made based on the self-consistent modelling for the

ITER plasmas, whilst the computations shown here still assume the DIII-D equilibrium

profiles, and the beam driven hot ions.

The qualitatively similar behaviour of the ωci scan to the ωE scan as shown in Fig.5

is understandable. We note that these two parameters enter into the resonance operator

for the drift kinetic energy as

δWk ∼ ω∗

ωE − C/ωci

,

where C is a constant related to the particle energy and the detailed orbit integration

for the particle precession drift.

3.2. CarMa modelling for ITER

Extensive modelling of the RWM stability and control in ITER has been performed

using the CarMa code [27, 28, 34, 24, 35, 30]. Below we give two examples of the recent

results showing the capability of the code.

One of the key features of CarMa is the capability of solving large eddy current



Resistive Wall Mode Control Code Maturity 15

0 20 40 60 80 100
0

1

2

3

4

5

6

7

ω
ci

/ω
A

R
e(

γ)
τ w

thermal

thermal+fast

thermal+fast

(a)

0 20 40 60 80 100
−4

−3

−2

−1

0

1

2

3

4

ω
ci

/ω
A

Im
(γ

)τ
w

thermal

thermal+fast

(b)

Figure 8. (a) Real and (b) imaginary part of the RWM eigenvalue, computed by

MARS-K following the self-consistent approach. The thermal ion gyro-frequency is

varied. The DIII-D plasma corresponds to ωci/ωA = 27.3. The results with thermal

particle kinetic effects only, and with thermal and fast particle effects together, are

compared.

problems, resulting from complex geometry or sometimes volumetric discretisation of

the conducting structures. Most of the RWM codes use the so-called Method of

Moments to solve the eddy current problem, utilising the Green’s function based integral

formulations. This approach normally requires inverting a full system matrix, whose

dimension is equal to the number of the degrees of freedom (DoF), associated with the

eddy currents in conductors. Inversion of a large full matrix (say over 10000 × 10000)

is computationally demanding. CarMa utilises an advanced fast technique [24], as well

as parallel computing, allowing an eddy current problem with hundreds of thousands of

DoFs to be solved.

Figure 9 shows a sector of the finite element mesh used in the CarMa computations

for ITER. The double vacuum vessels are treated as thin shells. The thick blanket

modules (BMs) are discretised using volumetric elements. Table 1 shows the influence

of the blanket modules on the stability of the RWM in one of the ITER steady state

plasmas. The results show that the inboard blanket modules do not significantly stabilise

the mode. Most of the stabilising effect comes from the outboard BMs. This is expected

because of the kink-ballooning nature of the low-n, pressure-driven RWM. The overall

reduction of the RWM growth rate, due to the full set of BMs, is about 20% compared

with the case without the BMs.

CarMa is also capable of performing multimodal analysis for the RWM stability

and control [30]. For a realistic prediction of the operational space in ITER steady state

plasmas, it is important to investigate the integrated effects of RWMs with different

toroidal mode numbers. Shown in Fig. 10 is one particular example, where we study

the mutual coupling between the n = 0 vertical stability and the n = 1 RWM. Without

the feedback system (i.e. the open loop), the mutual coupling is caused by the 3D walls

in ITER. A steady state plasma with βN = 2.7 is chosen.
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Figure 9. One toroidal segment of the finite element mesh used in the CarMa

computations for ITER. The full mesh covers 360o toroidal angle. The volumetric

elements are used to describe the blanket modules.

Table 1. CarMa computed growth rates of the n = 1 RWM in one of the ITER steady

state plasmas, with 3D meshes for the vacuum vessels and the blanket modules (BM).

The blanket modules are gradually added into the model.

BM rows included # DoFs growth rate γ [1/s]

None 24637 8.2

1-6 (inboard) 68485 8.2

14-18 (outboard) 89005 6.7

1-18 (all BMs) 206401 6.3

In the CarMa simulation, we choose an initial state where both the n = 0 and the

n = 1 modes are present, with comparable amplitudes, and let these two modes evolve

in time in the presence of 3D conducting structures. Figure 10 shows the eddy current

patterns in the outer wall, after a suitable time interval. [The simulation time is long

enough to allow the mode coupling to accur, but not until one of the modes becomes

dominant whilst the other diminishes.]

Figure 10 shows a predominantly n = 1 eddy current pattern appearing near the

outboard mid-plane, and a predominantly n = 0 pattern, that can be seen near the top of
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Figure 10. The wall eddy currents due to the simultaneously unstable n = 0 (vertical

instability) and n = 1 (external kink) RWMs. Computations made by CarMa for the

ITER steady state scenario at βN=2.7.

the poloidal plane. These two patterns are well separated in this case, indicating a weak

coupling between the n = 0 and the n = 1 modes. Indeed, the eigenvalue computations

with CarMa find three eigenvalues γ1 = γ2 = 10.4 [1/s], and γ3 = 7.66 [1/s]. The first

two correspond to the predominantly n = 1 pattern, shifted by 90o toroidally. The third

eigenvalue corresponds to the predominantly n = 0 pattern. These mode eigenvalues

are almost identical to those found from monomodal computations.

3.3. Simulation of RWM feedback in RFX

With a realistic modelling of the 3D conducting structures in RFX, CarMa has been able

to re-produce the measured open loop growth rates of the RWM with various toroidal

mode numbers [29]. In the following, we report a comparison between the modelling

and the experiment for the closed loop growth rates [35].

A toroidal RFP equilibrium is constructed by matching the so-called pinch

parameter Θ and the reversal parameter F to the experimental values: Θ = 1.43, F =

−0.06. The equilibrium q-profile is shown in Fig.11. Since q < q0 = 0.152 < 1/6, in

the cylindrical approximation, the (internal) non-resonant modes (i.e. the RWM) are

n = −6,−5,−4,−3, ... with the poloidal mode number m = 1. For this equilibrium

with shallow reversal, the most unstable mode, measured in the open loop experiment

and predicted by the code, is the n = −6 mode. We carry out detailed closed loop
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Figure 11. The profile of the safety factor for the RFX plasma with shallow field

reversal: Θ = 1.43, F = −0.06.

modelling for this mode, using the CarMa code.

The toroidicity couples all the poloidal harmonics and produces poloidal sidebands

to the dominant m = 1 harmonic. [The aspect ratio for RFX is R/a = 2[m]/0.46[m]=

4.35.] In the CarMa analysis, we consider a single n number (n = −6), but include

multiple poloidal harmonics.

Figure 12(a) shows the experimental time trace of the m = 1, n = −6 RWM

amplitude, when a feedback with proportional gain is applied to the machine. These

data allow extraction of the closed loop growth rates with a good accuracy [36]. On the

other hand, the plasma response is also computed by the CarMa code. The CarMa model

is then directly inserted into the same feedback loop, that is used in the experiment.

The resulting “numerical” growth rates are compared with the experimental values in

Fig.12(b), as a function of the feedback gain. Excellent agreement is obtained between

the theory and the experiment, for both the closed loop growth rates, and the critical

gain value needed for full suppression of the n = −6 mode.

4. Summary and discussion

The maturity of codes used to study the RWM is discussed. We consider both passive

(plasma rotation, kinetic damping) and active (magnetic feedback) control of the RWM.

As illustrative examples of the code development towards realistic modelling of RWM

in the present and future fusion devices, we show the formulations and the computation
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Figure 12. (a) The experimental data from the closed loop measurements. from which

the closed loop growth rates of the n = −6 RWM are extracted. (b) Comparison of the

closed loop growth rates from experiments (’*’) and that from the CarMa modelling

(’o’). In the latter case, the same feedback loop from the experiment is used, but with

the plasma dynamics computed by the code.

results for the MARS-F/K code and the CarMa code.

Within a MHD-drift-kinetic hybrid model, the MARS-K results show that the self-

consistent approach generally predicts less kinetic stabilisation on the RWM compared

to perturbative approaches. The kinetic effects of the beam-driven hot ions on the RWM

stability are modelled for a DIII-D equilibrium. The fast ion contributions, which can

give additional stabilisation in the perturbative approach, also drives an extra unstable

branch of mode in the self-consistent kinetic modelling.

The CarMa code allows a simultaneous modelling of 3D conductors, kinetic effects

and feedback stabilisation for the RWM. The code is capable of performing large scale

computations, where detailed 3D geometry of the conducting structures is included.

The code is successfully applied to model the realistic feedback experiments in RFX.

We point out, however, that the current maturity status of the RWM codes still

does not match the complexity of the RWM behaviour observed in tokamak experiments.

In particular, no codes are available yet to study the non-linear coupling effects between

the RWM and the other MHD modes observed in experiments. Some of the MHD-

kinetic hybrid codes need a more complete inclusion of the drift kinetic effects. For

example, the finite banana width (of fast ions), certain finite Lamour radius effects, and

the (thermal ions) collision effects need to be included into MARS-K and some other

codes. A better model of the equilibrium distribution function for the beam-driven hot

ions should be considered.

The self-consistent kinetic modelling with MARS-K seems to predict a fast ion

destabilisation of the RWM, in a certain plasma parameter space. Even though there

seems to be experimental evidence on this possibility from other machines, no direct

evidence is observed in DIII-D. Further investigations are needed in order to clarify
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possible sources of the discrepancy between the modelling and the experiment.
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