Non-linear MHD modeling of plasma response to Resonant Magnetic Perturbations
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The interaction of static Resonant Magnetic Perturbations (RMPs) with the plasma flows is
modeled in toroidal geometry, using the non-linear resistive MHD code JOREK, which includes the
X-point and the Scrape-Off-Layer. Two-fluid diamagnetic effects, the neoclassical poloidal friction
and a source of toroidal rotation are introduced in the model to describe realistic plasma flows.
RMP penetration is studied taking self-consistently into account the effects of these flows and
the radial electric field evolution. JET-like, MAST and ITER parameters are used in modeling.
For JET-like parameters, three regimes of plasma response are found depending on the plasma
resistivity and the diamagnetic rotation: at high resistivity and slow rotation, the islands generated
by the RMPs at the edge resonant surfaces rotate in the ion diamagnetic direction and their size
oscillates. At faster rotation, the generated islands are static and are more screened by the plasma.
An intermediate regime with static islands which slightly oscillate is found at lower resistivity. In
ITER simulations, the RMPs generate static islands, which forms an ergodic layer at the very edge
(v > 0.96) characterized by lobe structures near the X-point and results in a small strike point
splitting on the divertor targets. In MAST DND geometry, lobes are also found near the X-point

and the 3D-deformation of the density and temperature profiles is observed.

PACS numbers: 52.65.Kj, 52.55.Tn, 52.65.-y

I. INTRODUCTION

The Edge Localized Modes (ELMs) are peeling-
ballooning instabilities which develop in H-mode toka-
mak plasmas. They are characterized by the release of
quasi-periodical bursts of energy and particles through
the external transport barrier. The large type-I ELMs
would represent a particular concern for the ITER diver-
tor if they were not controlled [1], and the application
of external Resonant Magnetic Perturbations (RMPs) is
one of the most promising method to control them. In-
deed, the total suppression of the type-I ELMs by RMPs
was demonstrated in DIIT-D [2, 3] and later in ASDEX
upgrade [1] and KSTAR [0]; the strong mitigation of
the ELM size was also obtained in the JET [6], MAST
[7] and NSTX [8] tokamaks, motivating the use of this
method in ITER [2, 9]. The non-linear MHD theory and
modeling made significant progress to refine the under-
standing of the RMP interaction with the plasma [10-

]. In particular, it was demonstrated that the pen-
etration of the RMPs in the plasma is conditioned by
the rotating plasma response [11-15]. The generation
of current perturbations on the rational surfaces in the
plasma can prevent magnetic reconnection, leading to
the screening of RMPs. However, at certain plasma pa-
rameters, RMPs can on the contrary be amplified [16].
Non-linear MHD modeling of the rotating plasma re-
sponse to RMPs in cylindrical geometry [11, 12] demon-
strated that the poloidal plasma rotation, including the

E x B and diamagnetic rotations, both perpendicular
to the magnetic field, are particularly important in the
pedestal region and are likely to screen the RMPs. The
aim of the present work is to extend the previous RMP
modeling [12] to the more realistic toroidal geometry of
the tokamak, including the X-point and the Scrape-Off
Layer (SOL). The reduced MHD code JOREK [17] was
enhanced to take into account the physics of the flows
and the RMPs and then used for simulations. The phys-
ical model used is described in section II. In sections III,
IV and V, the penetration of the RMPs in the rotating
plasma is studied in JET-like, ITER and MAST geome-
tries respectively. In section III, the JET plasma flows
in the SOL and the pedestal are first described without
RMPs. Three regimes of plasma response to RMPs are
highlighted which depend on the plasma resistivity and
on diamagnetic rotation. The screening of the RMPs on
the resonant surfaces is also discussed. In section IV,
the ergodization of the very egde is observed in ITER
with RMPs ; lobe structures near the X-point and 3D-
corrugation are described. The screening effect of the
plasma rotation on the lobe size is demonstrated. In the
Double-Null MAST geometry, the edge is also shown to
be ergodized by the RMPs in section V, going along with
the 3D-deformation of the density and temperature pro-
files. Last, conclusions are given in section VI.



II. PHYSICAL MODEL

The plasma response to RMPs is studied with the non
linear reduced MHD code JOREK [17] in toroidal ge-
ometry including the X-point and the Scrape-Off Layer
(SOL). The four-field model [17, 18], which encompasses
the continuity equation, the parallel and perpendicular
projections of the momentum equation, the energy equa-
tion and Ohm’s law, is used as basic set of equations.
Compared to [17], two-fluid diamagnetic effects, neo-
classical friction and a source of toroidal rotation cor-
responding to the experimental profile are introduced in
the model so as to self-consistently study the interaction
between plasma flows and RMPs.

The magnetic field is decomposed in toroidal and
poloidal components: B= FoVp+ViY x Ve, where @ is
the toroidal angle, 9 is the poloidal flux and Fy = RoB0;
Ry is the major radius and B is the toroidal magnetic
field amplitude at the magnetic axis. Fy is supposed to
be constant in time and the poloidal magnetic field is
assumed to be much lower than the toroidal one.

The two-fluid diamagnetic effects are added to the ini-
tial model [17]): the diamagnetic velocity V¥ = —V P, x
B/(pesB2/m;) is taken into account for each species s
(electrons and ions) and is of special importance in the
pedestal where the pressure profile is steep. P; is the
scalar pressure of the species s, es; the charge of the
species, m; the ion mass and p = m; X n the ion mass
density, where n = n. = n; is the particle density. The
decomposition of the fluid velocity then writes:

V=Vt Vet V7 (1)
where Vg = E x B /B2 is the electric drift velocity.

As for the neoclassical effects, they are considered in
the momentum equation, Where the pressure tensor is
written P = IP + Hl neo + II; .gv- The cancellation of the
gyroviscous tensor V-II; 4, with the time derivative of the
diamagnetic velocity dV;*/dt [19] is used, and the diver-
gence of the neoclassical tensor is given by the heuristic
closure taken from [20]:
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where [i; neo is the neoclassical friction. This formulation
expresses the friction between trapped and passing par-
ticles and constrains the poloidal velocity Vj to approach
the neoclassical value Vg neo = —kiVT; X B?/eB2 - €y,
where k; is the neoclassical heat diffusivity. We have used
the following definition of the unit vector in the poloidal
direction:

= (VY x Vp) o 3)

IVW

Note that this definition implies that the orthonormal
basis (€y, €y, €,) = (‘le (V) x ch)lvw,RVgo) is left

handed, and the poloidal magnetic field therefore writes
IVyl/R (4)

In JOREK, the grid is discretized in 2D bi-cubic Bézier
finite elements in the poloidal plane [17]. Each Bézier el-
ement has its local coordinates (s,t) and the local system
(s,t, ) is related to the global cylindrical (R, Z, ¢) coor-
dinate system in which the equations are defined, using
the co- and contra-variant vectors. In this paper, the
(%0, 0, ) coordinate system, more convenient for phys-
ical understanding, is also used. The equilibrium flux
surfaces (defined by the equilibrium poloidal flux 1) are
calculated by solving the Grad-Shafranov equation and
the angle 6 is obtained from:

By =B-éy=

forR > Ry

(m — arctan | 5= Z— ZO 2|) x sign(Z — Zo) otherwise

o {arctan((Z Z0)/(R — Ry))

The following system of equations (5)-(9) is solved for
the mass density p, the parallel (ion) velocity V}|;, the
perpendicular velocity V|, the temperature T' and the
magnetic flux 1, normalized in JOREK units (the nor-
malizations are described below):
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where the parallel gradient is defined as

V)a=(B/B*)B Va

b/ Fy
= (ﬁ()@a + V- Va x vw) (10)

The normalization of the variables in JOREK units
(noted with superscript ~) is the following: time is de-
fined as t = t\/poo, mass density is p = ppg, tem-
perature is T(eV) = m;/(popoe)T, the total pressure is
P = uoP = pT and the toroidal current is J = pg.J.
Note that the toroidal current density is defined as

=AY = —R2J - Ve and hence in JOREK system



a co-current injection corresponds to a negative source of
parallel velocity. The electrostatic potential 4 is related
to the electric field as E = —FOVﬂ/\/M. For each
species s, the parallel and perpendicular components of
the velocity are VH,S = ~||7SB?/\/M (‘7||7s has no di-
mension) and V| , = VLS/\/M (VL,S is expressed in
Tesla). Once normalized, the decomposition of the fluid
(ion) velocity (1) therefore becomes:

2
V = VB~ RB*Vux vy 1€

VP x Ve (11)

where the inverse of the normalized ion cyclotron fre-
quency is defined as 7;¢ = m;/(2Foe\/pofio). The elec-
tron and ion temperatures T, and T; are assumed to be
equal in the model used here.

The projection of equation (11) along the poloidal di-
rection €y (3) gives the expression of the poloidal velocity:
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The combination of equations (12) and (3) with the ex-
pression of the normalized neoclassical velocity Vj neo =
ki
- ;IC (Vi -V .T) leads to the developed form of the
0
neoclassical tensor (2):
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Realistic radial profiles of the neoclassical parameters
i neo and k; (calculated from [21]) which depend both on
the aspect ratio and on the collisionnality, are used in the
simulations for the JET case III. For the sake of simplic-
ity, these coefficients are taken constant in the ITER case
IV, where typical values fi; nco = [hineor/Pof0 = 107°
and k; = —1 [12] are used. In the MAST case, the neo-
classical friction is not included in the model.

D, is the perpendicular particle diffusion, g and
w1 are the parallel and perpendicular anomalous vis-
cosity coefficients, v = 5/3 is the adiabatic index, |
and k; are the parallel and perpendicular heat diffu-
sivity and 7 is_the resistivity. These parameters are

normalized as D1 = D, \/polto, K(||,L) = K(||,L)+/Polo,

(1) = K1)V Ho/po and 7 = 1v/po/po. Both vis-

cosity and resistivity follow a Spitzer-like (T/Tp)~>/?
dependence and the parallel heat diffusivity varies as
(T/Ty)*/2. In the core plasma, for a particle density
no = 6 x 1019m =3 (JET case), the typical values used
in simulations are D = k) = 2m?/s, k) /kL = 2 % 10,
pr =4x10""kg/(m.s), p/pr =10 and 1 ~ 107" Q.m.

Sp, Sy, and St are sources of particles, parallel mo-
mentum and heat respectively. The source of parallel
rotation S, = —[i|AV]| 4= forces the parallel velocity

close to the experimental rotation profile and compen-
sates the losses due to the parallel viscosity. Reproduc-
ing realistic sources of heat and particle is not a simple
issue, so the particle source is set constant in the plasma
and the radial profile of the heat source follows the tem-
perature profile.

At the boundary of the computational domain, Dirich-
let conditions are used for all the variables, except for the
parallel velocity, temperature and density on the diver-
tor targets. There, Bohm conditions are set (the parallel
velocity is equal to the sound speed C;) and the temper-
ature and density outflow is left free. Consequently the
parallel and perpendicular flows self-consistently evolve
towards an equilibrium both in the bulk plasma and the
SOL, since they are constrained by Bohm conditions,
neoclassical and diamagnetic effects and the source of
parallel rotation. This results in the self-consistent evo-
lution of the radial electric field, expressed by the radial
force balance (in JOREK units):

Te Vi -ViP | 1
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The equilibrium flows are established in a time scale
of ~ 10® Alfven times t4. Once they are obtained, per-
turbation modes (n # 0) including the perturbation due
to RMPs are added to the simulation. In the simulations
described below, only the fundamental mode n = 0 and
the toroidal harmonic corresponding to the symmetry of
the EFCC (n = 2 in JET) or the RMP coils (n = 3
in ITER and MAST) are included. The interaction of
the "RMP-mode” with unstable modes (ELMs) will be
studied in a future work. The application of the RMPs
is modeled by a change in boundary conditions for the
magnetic flux perturbation. The vacuum RMP spectrum
is previously calculated with the ERGOS code [22] and
applied as boundary conditions of the computational do-
main for the magnetic flux perturbation. RMPs are pro-
gressively switched on in time: the amplitude of the per-
turbation is gradually increased in the typical timescale
t ~ 1000t 4. That way, the magnetic perturbation gradu-
ally penetrates inside the plasma, which self-consistently
adapts in the process. Also this method avoids possible
problems with hysteresis effects that could occur if the
simulation was started with a fully penetrated magnetic
perturbation [23]: the bifurcation from a fully penetrated
state to a partially penetrated state might lead to a dif-
ferent plasma response.

III. JET-LIKE STUDY
A. Input parameters

In this section, JOREK is initialized with JET-like
plasma parameters: R = 3m,a = 1lm, B; = 2.9T, qg5 ~ 3
in toroidal geometry including the X-point. Typical H-
mode density and temperature profiles are chosen: the



central electron density is n. o = 6 x 1019m =3, the cen-
tral temperature is T, o = 5keV and the central toroidal
rotation is 2 ~ 9kHz. Input profiles are given in Fig.1.
Realistic profiles of the neoclassical coefficients are used
in this section, given in Fig.2. The RMP spectrum gener-
ated by the external Error Field Correction Coils (EFCC)
is considered in the simulations, with the following con-
figuration: a toroidal symmetry n = 2 is taken and a
current I..; = 40kAt is injected in the EFCC. The vac-
uum magnetic flux perturbation calculated with ERGOS
is given in Fig.3.

B. Equilibrium plasma flows

The modeling of the plasma flows in a consistent way
is primordial since they impact the penetration or the
screening of the RMPs. In this subsection, equilibrium
plasma flows are first studied without RMPs, in order
to highlight the patterns generated by the different ef-
fects both in the scrape-off layer and the pedestal, in the
poloidal and toroidal directions.

In the SOL, the poloidal and toroidal flows are mainly
set by the sheath boundary conditions: the parallel
Mach = 1 condition (V| = £C;, where C; is the ion
sound speed) set on the divertor targets results in the
evolution of the parallel velocity in the SOL until an
equilibrium parallel flow is reached, characterized by an
opposite direction in the low and high field sides and a
bounce point located at the top of the SOL (Fig.4). The
divergence-free condition of the velocity thus constrains
also the poloidal flow pattern (Fig.5) in the SOL.

As for the central plasma, the parallel velocity (Fig.4)
is constrained by the source of parallel velocity which
mimics the experimental profiles. In the poloidal di-
rection, the flows (Fig.5) are close to their neoclassical
prediction (Fig.6), especially in the strong temperature
gradient pedestal region where neoclassical damping is
strong.

The radial electric field E, (Fig.7) resulting from the
equilibrium force balance (14) adapts accordingly. In
particular, in the pedestal, a deep electric field well is
generated by the diamagnetic terms (Fig.7), reaching up
to —10°V/m, which is in the ballpark of the values mea-
sured in the experiments [24]. The E, well obtained in
our simulations is five times deeper than in the pulse con-
sidered in [24], but this is consistent with the fact that
the pedestal is much higher in our case and thus diamag-
netic effects are larger. Indeed, the values of the density
(5 x 1019m~3) and temperature (2keV) at the top of the
pedestal are 2-3 times larger in the simulation than in
the experimental pulse [24]. We can also note in Fig.7
that the toroidal source of rotation (f;,, = 9kHz) com-
bined with the neoclassical effects make the radial electric
field positive in the core. Indeed, in the core plasma, the
pressure gradient is close to zero and the poloidal velocity
is close to the neoclassical value (proportional to the low
temperature gradient), so the radial electric field approx-

imates E, = —ByV,, in order to satisfy the radial force
balance (14). The radial electric field is thus positive
in the core and negative in the pedestal, so the perpen-
dicular electron velocity V| . = Vexp + VJ* (depending
on E,) is zero on a particular surface at the top of the
pedestal. If this surface is a rational surface (¢ = m/n,
n being the mode driven by the RMPs), the magnetic
perturbation is likely to fully penetrate [11, 12, 25]. The
radial profiles of the parallel, poloidal, neoclassical and
perpendicular velocities and the radial electric field are
given in Fig.8 (Low Field Side) and Fig.9 (High Field
Side) at the midplane.

C. RMP screening by large diamagnetic rotation
and low resistivity

Once equilibrium flows are established, RMPs (n = 2,
generated by EFCC, I.,;; = 40kAt) are progressively in-
creased at the boundary in ~ 1000t4. Without RMPs,
the mode n = 2 is marginally stable (Fig.10). In the pres-
ence of RMPs, the flux of magnetic perturbation (Fig.11)
penetrates inside the plasma: the energy of the n = 2
toroidal mode grows, until a quasi-steady state is reached
(Fig.10). On the resonant surfaces (¢ = m/n,n =2,m >
3), magnetic islands grow up to the saturation, due to
reconnection forced by magnetic perturbations. Parallel
current perturbations (Fig.12) are induced on these res-
onant surfaces in response to the magnetic perturbations
and allow for the screening of the RMPs: if the response
current is in phase with the radial magnetic perturba-
tion on a given resonant surface, the corresponding RMP
harmonic is screened. If the magnetic and current per-
turbations are in antiphase, the magnetic perturbation
penetrates on the corresponding resonant surface as in
vacuum and can even be amplified [12].

These induced currents depend both on the plasma
flows and on the resistivity, so the different terms influ-
encing the flows (diamagnetic velocity, neoclassical fric-
tion and source of parallel rotation) and affecting the
plasma response to RMPs are progressively added in the
simulation. The central resistivity is scanned between
no = 107 and 79 = 5 x 1078 (in JOREK units). Note
that for numerical reasons these values are taken 1—2 or-
ders of magnitude larger than the realistic (Spitzer) value
in JET (~ 1079).

The effects of the diamagnetic flow and the resistiv-
ity are first studied ; the source of parallel momentum
and then the neoclassical friction are added in the model
over a second phase. In all the studied cases, the cen-
tral harmonic of the perturbation located on the reso-
nant surfaces ¢ = 3/2 is screened. The Poincaré plot
on the magnetic field (Fig.13, here for low poloidal rota-
tion 77¢ = 1072 and high resistivity 7o = 10~7) shows
that small islands are generated on the resonant sur-
face ¢ = 4/2: this means that the screening of the
(m = 4,n = 2) harmonic is only partial. However the
magnetic perturbation mostly penetrates at the very edge



of the plasma where the resistivity is higher (Fig.13). In
these simulations, the magnetic shear is strong for ¢ > 2.5
(Fig.1) so the proximity of the surfaces ¢ = 5/2 and
g = 6/2 explains the formation of a stochastic layer at
the edge, for ¢ > 0.97 (Fig.13). Yet, since the modes
m > 6 are located too close to the separatrix, only the
mode m = 5 seems to develop significantly, as suggests
the structure of the density and temperature perturba-
tions presented in Fig.15 and Fig.16. It is also interesting
to note that the coupling of the modes generates sec-
ondary islands on the rational surface ¢ = 9/4 and even
tertiary islands on ¢ = 13/6 (Fig.13). The observation of
these secondary and tertiary islands can be explained by
the flat g-profile in this area (Fig.1), since the island size
is inversely proportional to the magnetic shear dq/di.

From the resistivity scan and the progressive addition
of the different flows, we find that the diamagnetic rota-
tion and the resistivity are the two main parameters af-
fecting the penetration of the RMPs, and three different
regimes are identified depending on these two parameters
(Fig.17).

At low diamagnetic rotation (r7¢ = 1073, which is
half the realistic value) and high resistivity (no = 10~7),
the generated islands rotate in the ion diamagnetic direc-
tion at the ion poloidal rotation frequency f* ~ m%,
where m is the poloidal mode number corresponding to
the resonant surface. The main poloidal mode generated
being the mode m = 5 (Fig.15 and Fig.16), the oscillation
of the magnetic energy of the mode n = 2 (Fig.17) mainly
corresponds to the rotation of the magnetic islands on the
surface ¢ = 5/2 at the frequency f* ~ 6kHz. The am-
plitude of these islands oscillates at the same frequency
f*: indeed, while they are rotating with the plasma, they
successively face maxima and minima of external static
magnetic perturbations, which explains the fluctuation of
the island size at the frequency f*. This mode is prob-
ably related to the Rutherford regime described in the
Fitzpatrick theory [16] and such an oscillating regime
is also found in simulations with toroidal rotation in-
cluded [26]. Small fluctuations of the SOL density and
temperature are observed in this regime to rotate at the
same frequency as the magnetic flux fluctuations (Fig.18,
solid line). Note that the volume integrated density and
temperature in the SOL increase when switching on the
RMPs, suggesting an enhancement of the density and
heat transport due to the formation of an ergodic region
at the edge (Fig.13). However no significant changes in
plasma density and temperature profiles were observed in
modeling ; the density pump-out has not been observed
so far: less than 1% of the pedestal density is lost in
the simulations, as compared to up to 20% in the experi-
ments [3, 6]. The regime of oscillating islands is possibly
related to the ELM suppression regimes at high colli-
sionality (characterized by a smaller pedestal, a smaller
diamagnetic rotation and a high resistivity [4, 27]), but
more modeling of realistic experimental cases is needed
to confirm this statement.

At larger diamagnetic rotation (77c = 2 x 1073, cor-

responding to the realistic value) and high resistivity
(no = 1077), the driven mode is on the contrary static
and “locked” to the external RMPs. The Poincaré plot
(Fig.14) shows that the islands generated on the rational
surface ¢ = 4/2 are smaller at larger 7;¢, which means
that the RMPs are more screened by the diamagnetic
flow. As for the secondary and tertiary islands, they are
totally invisible in this case. Consistently, the magnetic
energy of the mode n = 2 is decreased as compared to the
oscillating case (Fig.17). Nonetheless, an ergodic layer is
formed at the very edge (for ¢ > 0.98), but its width is
smaller and the deformation of the boundary is reduced.
The heat transport, slightly enhanced by RMP applica-
tion (as suggested by the increase in SOL temperature
in Fig.18, dash line), is weak compared to the previous
case, due to the smaller ergodization of the edge.

An intermediate regime is also found at lower resistiv-
ity (no = 5x1078) with 77¢ = 1073: the magnetic islands
are quasi-static and slightly oscillate at the ion poloidal
rotation frequency. The screening level is approximately
the same as in the static case.

RMP screening is quantified in these three cases in
Fig.19, where the Fourier harmonics (n = 2,m = 3 — 6)
of the magnetic flux perturbation are plotted. In the
three cases, the central islands (m = 3 — 4) are screened
on the corresponding resonant surfaces. Yet the Fourier
harmonics [mn| (m = 3 —4) do not totally vanish on
the resonant surfaces (which is consequent with the for-
mation of small islands on ¢ = 4/2), contrary to the
previous modeling in cylindrical geometry [12] where the
central harmonics were totally screened. The discrepancy
between cylindrical and toroidal modeling is not really
understood, but will be discussed in section IV. Regard-
ing the edge harmonics (m = 5—6), the amplitude of the
Fourier harmonics [¢,,,| is 2-3 times lower in the cases at
low resistivity or high diamagnetic rotation than it is in
the oscillating case, which means that the corresponding
island size, proportional to |t,,|'/?, is reduced.

From now, the source of parallel momentum is added in
the model. If the screening effect provided by high dia-
magnetic rotation and/or low resistivity is clear in the
JET case, the effect of the parallel rotation is more com-
plex (Fig.20). As the parallel rotation does not directly
affects the screening of RMPs, an increased parallel ro-
tation does not necessarily imply an increased screening
of RMPs. Indeed, at low resistivity (no = 5 x 107%), in
the slightly oscillating regime characterized by low dia-
magnetic rotation (77 = 1073), the parallel rotation
increases both the average island size and the fluctuation
of the island width: this can explain the larger fluctua-
tion of the magnetic energy of the mode n = 2 in Fig.20.
The oscillation frequency of the islands is also modified
by the parallel rotation, probably because of the induced
change in the radial electric field and the poloidal rota-
tion. On the contrary, at higher diamagnetic rotation
(t7¢ = 2 x 1073), the energy of the mode n = 2 is
lower when the parallel velocity source is added, showing
a slightly stronger screening by parallel velocity.



Last, in our simulations with the realistic diamagnetic
rotation (177¢ = 2 x 1072) and the source of parallel ro-
tation (at 79 = 1077), the addition of the neoclassical
effects in the model modifies the plasma response. For a
same simulation without neoclassical friction, the mag-
netic islands generated on ¢ = 5/2 are static; however
with neoclassical effects the generated islands are first
static and then progressively rotate in the ion flow di-
rection, until they reach the ion perpendicular rotation
frequency f* (Fig.21). The island width also oscillates
at the frequency f*. We are thus in the same regime of
plasma response as for the case at low diamagnetic rota-
tion. The change in the regime of plasma response is not
due to a modified perpendicular rotation (in both cases
without and with neoclassical effects, the perpendicular
velocity is the same at the vicinity of the resonant sur-
face ¢ = 5/2). The reason why this regime is obtained
at large diamagnetic rotation with neoclassical friction
is not really understood, but it may be explained by a
change in viscosity resulting from the balance between
the neoclassical friction force and the viscous force in the
momentum equation. More modeling would be necessary
to give a global interpretation of the phenomena at stake.
The Poincaré plot of the magnetic topology of this case
is given in Fig.22. Compared to Fig.14 (case without
source of parallel rotation or neoclassical friction), the
island width and the size of the ergodic layer is similar.
Actually, in all cases, the position where perpendicular
velocity cancels (red dashed line on Fig.22) is located
between ¢ = 4/2 and ¢ = 5/2 and does not match a
resonant surface. It explains why the perturbations sig-
nificantly penetrate only at the very edge (¢p > 0.97)
where resistivity is higher and where the perpendicular
rotation is dominated by the diamagnetic effects.

IV. RMPS IN ITER
A. Input parameters and equilibrium plasma flows

In this section, the equilibrium and plasma parameters
of the ITER standard H-mode scenario 15M A/5.3T are
used. The machine dimensions are R = 6.2m,a = 2m
and the safety factor is go5 = 3.5. The density, temper-
ature and toroidal rotation profiles are given in Fig.23.
Central density is neo = 8 x 10'm ™3, central temper-
ature is Ty = 27.8keV and the initial toroidal rotation
profile is similar to the temperature profile with a cen-
tral arbitrary rotation frequency ~ 0.9kH z, which is in
the range of the expected value in ITER. The flux-aligned
mesh used for modeling is given in Fig.24. The resonant
magnetic flux perturbations generated by In-Vessel Coils,
in the configuration n = 3 and a current [I.,; = 54kAt
(Fig.25, [9]) are calculated from the vacuum code ER-
GOS [22] and are applied as boundary conditions in
103t 4 in the same way as in the previous section.

Equilibrium plasma flows are computed for a central
resistivity no = 10~%, which is, for numerical reasons, 100

times higher than the normalized Spitzer value calculated
for ITER (o = 1071°). As the diamagnetic parameter
is inversely proportional to Fy = RoB.o, the value for
ITER 77¢ = 5 x 10~ is 4 times smaller than in the JET
simulation. Neoclassical coefficients are taken constant
in this part for simplicity: jtneo = 107> and k; = —1
[12]. The profiles of the parallel, poloidal and neoclassical
velocities along the midplane are given in Fig.26. The
equilibrium radial electric field E, = =V u - V¢ /|V|,
with the characteristic well in the pedestal, is plotted in
Fig.27.

B. RMP screening in ITER

When the RMPs are not activated, the mode n = 3
remains stable: as shown in Fig.28, the magnetic en-
ergy of the mode n = 3 is negligible. When RMPs are
switched on (Fig.25) at the boundary of the computa-
tional domain, the energy of the n = 3 toroidal harmonics
grows until it saturates, corresponding to the saturation
of the size of the magnetic islands generated by the RMPs
on the resonant surfaces ¢ = m/3,m > 4. These mag-
netic islands are static: they are “locked” to the external
RMPs and their size is constant. The magnetic flux per-
turbation n = 3 is given in Fig.29. The plasma response
is manifested by a perturbation of the parallel current
induced on the resonant surfaces (Fig.30). The perturba-
tion of density (Fig.31) and temperature (Fig.32) mainly
develops at the very edge (¢ = m/3, m > 10) where the
resistivity is higher ; on the more internal resonant sur-
faces (¢ = 4/3 — 9/3), the perturbation vanishes, which
means that the central harmonics are screened. The tem-
perature and density perturbations and the stochastiza-
tion of the edge (for ) > 0.96, as shown on the Poincaré
plot Fig.36) slightly increase the edge heat and particle
transport, resulting in a small degradation of the pedestal
(Fig.33).

The profiles of the Fourier coefficients of the magnetic
perturbation ¢, ,, calculated with JOREK in presence of
the plasma response are compared to the coefficients cal-
culated in the vacuum with the code ERGOS. Compared
to the vacuum case [12], the central harmonics m =4—9
(Fig.34, Fig.35) are screened by the rotating plasma on
the corresponding resonant surfaces ¢ = m/n. Yet it
is important to note that the screening of the resonant
part of the magnetic perturbations is only partial and
that the screening factor |¥m n|/|¥m nvacuum| on the res-
onance reaches ~ 10% for m = 4 — 9. This partial pen-
etration is consequent with the fact that small magnetic
islands are formed on the resonant surfaces (Fig.36). The
screening factor is much larger here than in the cylindri-
cal modeling where the resonant component was reduced
under 1% [12]. Comparatively, other simulations made
with toroidal codes [13, 14] also found a similar screen-
ing factor (~ 10 — 20%), which is 1 — 2 orders of magni-
tude larger than the results in cylindrical approximation
[11, 12, 28] and in the analytical calculations from layer



theory [29]. The discrepancy between modeling in realis-
tic geometry and simpler models is not yet understood.
Several parameters such as toroidal effects, compressibil-
ity or differences in resistivity and viscosity might ex-
plain this discrepancy. Another phenomenon pointed out
in toroidal simulations (Fig.34, Fig.35 and [14]) is the
amplification of the non-resonant harmonics due to the
so-called resonant field amplification (RFA). Indeed, the
amplitude of the magnetic perturbations in the core is
larger with plasma response than in the vacuum model-
ing, due to the resonant response of a marginally stable
kink mode [30]. At the edge, the amplitude of the res-
onant harmonics m = 10 — 11 (Fig.35) have the same
order of magnitude in both vacuum and plasma cases.
The magnetic perturbation thus significantly penetrates
only at the very edge where the resistivity is the high-
est, which is similar to the cylindrical non-linear MHD
modeling results [12].

C. Stochasticity at the edge

The RMP penetration at the edge generates the forma-
tion of islands on the resonant surfaces ¢ = m/3,m > 10.
As the edge resonant surfaces are close to each other due
to strong magnetic shear, the islands overlap and there-
fore form an ergodic layer at the edge for ¥ > 0.96, as
suggests the Poincaré plot of the magnetic topology in
(1, 8) coordinates Fig.36.

The formation of the ergodic layer is correlated with
a splitting of the separatrix [31]. The separatrix under
the RMP transforms into a homoclinic tangle defining
the plasma edge [32], manifesting itself as lobe struc-
tures (~ 20cm) near the X-point (Fig.37) and by smaller
finger-like structures (~ 6cm) at the top of the plasma
(Fig.38). The superposition of the magnetic topology
with the plot of the homoclinic tangles (stable and unsta-
ble) defining the deformation of the separatrix are given
in Fig.39. These lobes near the X-point are observed
in the experiments, either directly ([33], [34]) or as the
footprints of high heat and/or particle fluxes where the
lobes intersect the divertor [35-38]. Models of plasma re-
sponse based on a simplified assumption of screening cur-
rents on resonant surfaces [39] or on a linear MHD model
[40] predict significant shortening of the lobes when the
RMP is screened by the plasma response. Shortening
is observed in the magnetic field topology [38—10] and
through the reduction of fluxes [41, 42] and generally
increases with the increase of the width of the plasma
region where the RMP is screened [39]. The shortening
of lobes currently represent the most convenient way to
quantify experimentally the screening of RMPs. In the
same way, in our simulations, the size of the lobes quali-
fies the screening of the RMPs by plasma flows. In Fig.37,
a simulation with the same input RMP amplitude is run
in two cases: with SOL flows only (induced by sheath
conditions) and with all flows included (neoclassical and
diamagnetic flows, source of toroidal rotation). The ad-

dition of the flows in the simulation shortens the length
of the lobe structures near the X-point by ~ 1/3, which
corroborates the hypothesis (so far deduced from sim-
pler models) that the RMP screening by plasma flows is
correlated to lobe/footprint shortening.

A 3D-deformation of the density, temperature and
pressure profiles is observed. The deformation of the
pressure profile close to the separatrix is found to be due
to the mode (n = 3,m ~ 12), Fig.40. A small degrada-
tion of the density and temperature profiles is also ob-
served near the X-point when RMPs are applied. The
comparison of the density profile with (Fig.41) and with-
out RMPs (Fig.42) shows the enhancement of the particle
transport towards the divertor targets by the RMPs. A
similar enhancement of the heat transport is observed.
This increase in heat and particle fluxes subsequently
generates a small splitting of the strike points on the
divertor targets, mostly on the outer target (Fig.43).

V. FIRST SIMULATIONS IN MAST DND
CONFIGURATION

A. Input parameters

RMP penetration in MAST is studied in Double Null
Divertor configuration with plasma parameters corre-
sponding to the shot #24763. The central density is
Ne,o = 4.25 X 10'9m 3, the central electron tempera-
ture is T, o = 1.04keV and the central resistivity is taken
no = 1077 (this is two orders of magnitude larger than the
normalized Spitzer value). The disposition of the RMP
coils chosen is the “90L” configuration, since it corre-
sponds to a maximal amplitude of the radial magnetic
field (generated by the RMPs) located on the resonant
surfaces, as shown in Fig.44. The n = 3 Fourier compo-
nent of the vacuum RMP field imposed at the boundary
of the computational domain is given in Fig.45. For nu-
merical reasons, in the simulation the current circulating
in the coils is taken to be 1/10 of the experimental value.

Two different cases are studied and compared: first,
the simulation is run with only the SOL flows generated
by sheath conditions. Second, the diamagnetic effects
are added, with a diamagnetic parameter ;¢ = 1072
(note that the large rotation in MAST implies a realistic
diamagnetic parameter 7;c = 5 x 1072, ie 100 times the
one of the ITER case, but a lower value is taken here for
numerical reasons). In this section, neither the source of
parallel rotation nor the neoclassical poloidal friction are
included in the model so as to focus on the effects of the
diamagnetic rotation on RMP penetration.

B. RMP penetration

In both cases (with or without diamagnetism), a static
n = 3 mode grows due to the RMPs (Fig.46). The mag-
netic energy of the mode is a few percent higher in the



case including the diamagnetic flow, which means that
the diamagnetic effects slightly amplify the magnetic per-
turbations in this MAST configuration.

The penetration of the magnetic flux perturbation is
given in Fig.47 and the induced current perturbations
on the resonant surfaces is shown in Fig.48 (case with-
out diamagnetic flow). The electron density (Fig.49) and
temperature perturbations (Fig.50, n = 3) represent up
to 10% of the central average value and are mainly lo-
cated at the edge on the LFS, at the proximity of the
RMP coils.

The radial profiles of the Fourier harmonics of the mag-
netic flux perturbation [y, n| (n = 3, m = 4 — 12), are
presented Fig.51 and Fig.52 for both cases with and with-
out diamagnetic flow. In both cases, the central resonant
harmonics m = 4—9 are screened near the corresponding
surfaces ¢ = m/n. The screening of the resonant har-
monics is only partial (reduced to ~ 10% of the vacuum
perturbation) and magnetic islands are thus generated on
the resonant surfaces in both cases (without Fig.53 and
with diamagnetic effects Fig.54). These islands are larger
in the core plasma in the simulation without diamagnetic
rotation: the amplitude of the low poloidal numbers is re-
duced by the rotation. Also the amplification of the non-
resonant magnetic perturbation due to RFA is observed
in the core. At the edge, the harmonics m = 10— 12 pen-
etrate in both cases, but the amplitude is larger in the
diamagnetic case (Fig.52): the diamagnetic flow seems
to amplify the perturbation at the edge. Indeed the res-
onant components of the Fourier harmonics m = 9 — 12
are slightly larger with diamagnetic effects on the corre-
sponding resonant surfaces ¢ = m/n (Fig.53-Fig.54).

C. Ergodization and 3D-effects

The penetration of the external RMP harmonics cre-
ates an ergodic layer at the edge for ¢¥» > 0.95 (Fig.53-
Fig.54). Related to the ergodization are lobe structures
formed near the X-point, as shown in Fig.55 (case with
diamagnetic flows included). It is interesting to notice
that the presence of the two separatrices in DND config-
uration constrains the trajectories of the magnetic field
lines so the lobes are only formed in the LFS. This phe-
nomenon is also observed in MAST DND experiments
with the fast camera. The size of the lobes in the LFS
are comparable in both studied cases (with and without
diamagnetic effects).

The 3D-deformation following a n = 3 toroidal mode
number is observed in both simulations in the LFS. The
separatrix is displaced towards the interior by a few cen-
timeters at the midplane: ~ 2 — 3e¢m without diamag-
netism and ~ 1.5¢m in the diamagnetic case (Fig.56) for
a toroidal angle ¢ = 0°. The inward displacement of the
electron density and temperature profiles at the midplane
in the LFS (Fig.57) is maximal for a toroidal angle ¢ = 0°
(position where the RMP coils deliver the largest nega-
tive flux perturbation) and minimal for ¢ = 180° (angle

where the maximal positive flux perturbation is applied).
Compared to the density and temperature profiles with-
out RMPs, the gradients are lower in the pedestal when
the RMPs are applied, showing a small degradation of
the confinement by the RMPs: this can be explained by
the enhancement of the heat and particle transport due
to the ergodicity at the edge. The 3D-corrugation of the
electron density and temperature profiles are observed:
the deformation of the temperature near the separatrix
is given in Fig.58.

Last, it is observed in the experiments that the radial
electric field is made more positive by RMP application
([43]). This phenomenon was found in simulations in the
cylindrical case ([12]) and is also found in our toroidal
simulations with JOREK, as plotted in Fig.59 in the
LFS. The braking of the perpendicular electron veloc-
ity V| . induced by RMPs is also evidenced in JOREK
simulations Fig.60, following the same trend as in the
experiments ([44], [34]). If the plasma brakes until V|
becomes zero on the resonant surfaces, the magnetic per-
turbations are not screened on the resonant surfaces, as
it was found in [11], [12] and [25] in cylindrical geometry
and here demonstrated in Appendix for toroidal geome-
try.

It is important to note that this study for the MAST
case is a preliminary study, and can only give trends of
the effect of RMPs on the plasma in this particular case of
a spherical tokamak in DND configuration. Clearly, the
size of the displacements calculated here cannot be quan-
titatively compared to the experiments, since numerical
limits imposed us to “minimize” two antagonist effects:
on the one hand, the realistic RMP amplitude (10 times
the one used in our simulations) should generate much
larger penetration, on the other hand the realistic dia-
magnetic rotation (5 times the one used here) is likely to
have much larger screening effects on the RMPs. Any-
way these results can be compared qualitatively to the
experimental trends.

VI. CONCLUSION AND DISCUSSION

The penetration of the RMPs in the plasma was stud-
ied with the reduced MHD code JOREK, taking into
account the plasma flows generated by the diamagnetic
and neoclassical effects and a source of toroidal rotation.
The screening of the RMPs on the resonant surfaces is
observed in the center of the plasma in all the studied
cases (JET, ITER, MAST) but the screening is only par-
tial. The factor | n|/|%¥m,nvacuum| o0 the resonance is
1-2 orders of magnitude larger than in the previous cylin-
drical modeling. The perturbation however significantly
penetrates at the edge: magnetic islands grow on the
resonant surfaces and eventually form an ergodic layer
at the edge (for ¢» > 0.95 in the three studied cases).

In JET geometry, a low plasma resistivity and a large
diamagnetic rotation are found to increase the screen-
ing of the RMPs. Three regimes of RMP penetration



are found depending on these two parameters: at low
diamagnetic rotation and high resistivity, the generated
islands co-rotate with the plasma ion flow and their size
fluctuate at the same frequency. At larger diamagnetic
rotation, the islands are static and ”locked” to the exter-
nal static RMPs; a stronger screening of the perturba-
tions is observed. An intermediate regime is observed at
lower resistivity, in which the generated island are quasi-
static and slightly oscillate. The possible link between
these regimes and the difference in ELM mitigation at
high and low collisionality [3, 27] is under investigation.
As for the toroidal rotation, depending on the plasma pa-
rameters (in particular on the resistivity), it can either
increase or amplify the screening of the RMPs. Also, con-
trary to the JET case, the magnetic perturbation seems
to be slightly amplified by the diamagnetic rotation at
the edge in MAST simulations.

In MAST and ITER cases, static magnetic islands are
formed on the resonant surfaces due to n = 3 magnetic
perturbations. The presence of lobe structures related
to the ergodization at the edge are evidenced in both
cases (~ 20cm in ITER, ~ 7em in MAST). In ITER, the
comparison of simulations run with and without flows
demonstrates that the plasma rotation reduces the length
of the lobes by 1/3. The heat and particle transport is
enhanced by the ergodicity near the X-point, resulting
in the local degradation of the electron density and tem-
perature profiles and the splitting of the strike points on
the divertor targets, mostly in the LFS. In MAST, the
separatrix follows a (n = 3, m ~ 11) 3D-corrugation (the
last close flux surface is moved inward by ~ 3cm at the
midplane for a zero poloidal angle). The pedestal po-
sition follows the same inward movement, accompanied
by a small degradation of the pedestal (relaxation of the
density and temperature gradients).

Last, the radial electric field evolution and the brak-
ing of the electron perpendicular velocity is observed,
following the same trend as in the experiments. Note
that to further study the evolution of the plasma rota-
tion in presence of RMPs, the physics of the toroidal
momentum damping by the neoclassical toroidal viscos-
ity (NTV) should be taken into account [15, 46]. To do
it properly, it would be necessary to calculate the NTV
with a kinetic approach by using as input the magnetic
field perturbation which takes into account the plasma
response; the coupling between the kinetic calculation of
the NTV with the MHD calculation of the penetration
of the RMPs in JOREK would give a self-consistent ap-
proach. This might be done in a future work.

The present work represents an initial stage of this
study. In particular our present and future works are
mainly focused on the interaction of RMPs with ELMs
in realistic experimental cases.

VII. APPENDIX. LINEARIZATION OF THE
OHM’S LAW: NON-SCREENING OF THE RMPS
WHEN ELECTRON PERPENDICULAR
VELOCITY CANCELS

It was found that the cancellation of the perpendicular
velocity (18) on the resonant surfaces implies the vanish-
ing of the screening currents, which is the "no screen-
ing” condition for RMPs [12]. This can be shown by
linearizing the Ohm’s law (9) using the Fourier trans-
form A(v0,0,6, ) = Ao,0(¥0,0) + Am,n(tho,0)e M) of
the variables P, and J. m and n are the poloidal and
toroidal mode numbers respectively, and g ¢ is the equi-
librium poloidal flux (label of the flux surfaces). We con-
sider a single mode (m,n) developing on the resonant
surface ¢ = m/n. The system is supposed to be at the
steady state, which means that the growth of the mode
has arrived at saturation. We also suppose that the den-
sity perturbation is low compared to the average value:
p ~ po,o- In the framework of our model, we assume that
electron and ion temperature are equal but the following
calculation remains true if T; # T,. At the first order,
equation (9) yields:

I ,
0= R—gin(—um,n + :)—Ii,CPmyn) + %1{)m,n(—a¢uO70
T, m T,
+ ﬁawpo,o) - fvwo,o(_um,n + ﬁpm,7z) + %Jm,n
(15)
B-
Using the definition of the safety factor ¢ = — Ve =
IR? B-Vo
Fy/R Fy .
= , equation (15) becomes:
VIR~ RIVYI 19
iFo TIC

m m TIC
R2 (p010 ) ’ )( q ) R ,(/J ) (p070 w 0,0

n
= Opu0,0) = p3Jmon (16)
On the resonant surface, ¢ = m/n, which implies:

m TIC n
7 ¥m, (p 5 Fo0 = Oyuio0) = 13 Im, (17)

)

We can write the perpendicular component of the elec-
tron velocity:

.Y
IV
TIC
= R(Taleo’O — 8w’d070) (18)

The combination of the equations (18) and (17) yields:
imVL,ewm,n = nJmﬂl (19)



This relation shows that the current perturbation which
appears on the resonant surface ¢ = m/n in response
to the magnetic perturbation is proportional to the local
electron perpendicular velocity V) .. Therefore it ap-
pears that the cancellation of the perpendicular flow on
a resonant surface is the non-screening condition of the
corresponding RMP harmonics (m, n) by the plasma ro-
tation. The surfaces where this condition is fulfilled can
be found via a ggs-scan, which shifts the radial position
of the resonant surfaces.
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FIG. 1: Initial radial profiles at t = 0 for JET-like simulations:
electron temperature 7. in keV', density n. in 10°m =3 and
safety factor q. These profiles are typical experimental JET
profiles (previously used in simulations in [17]); the g-profile
is almost flat in the pedestal due to the bootstrap current.
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FIG. 2: Realistic radial profiles of the neoclassical coefficients
ki (left axis) and psneo (right axis) used for simulations in
the JET case.
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FIG. 3: cosine component of the n = 2 magnetic flux per-
turbation generated by EFCC for I.,;; = 40kAt. The black
dots correspond to the boundary of the computational domain
where the perturbations are applied.
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FIG. 7: Radial electric field (in kV/m) in JET with diamag-
netic effects, neoclassical effects and the source of toroidal
rotation
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FIG. 9: Radial profiles of the parallel, poloidal and neoclas-
sical velocities and radial electric field at the High Field Side
at the midplane
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FIG. 10: Magnetic and kinetic energy of the mode n = 2
without/with RMPs, at high resistivity 7o = 107" and slow
diamagnetic rotation (77c = 107%)
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FIG. 11: n = 2 magnetic flux perturbation 1,—2 penetrating
in the plasma (o = 1077, 77¢ = 107%)
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FIG. 12: Response toroidal current perturbation J,—2 on the
resonant surfaces due to RMPs (ng = 1077, TIC = 1073)
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FIG. 13: Poincaré plot of the magnetic topology in (¢, 0)
coordinates (70 = 1077, 77¢ = 1079%)
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FIG. 14: Poincaré plot of the magnetic topology in (v,0)
coordinates at larger diamagnetic rotation 7rc = 2 x 1073
(Resistivity is kept 70 = 1077). Note that the islands gen-
erated by the RMPs are smaller compared to Fig.13, which
points out the larger screening induced by the large diamag-
netic (poloidal) rotation.
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FIG. 15: n = 2 density perturbation with RMPs, mainly
located on the resonant surface ¢ = 5/2 (o = 1077, 17c =
1073)
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FIG. 16: n = 2 temperature perturbation with RMPs, mainly
located on the resonant surface ¢ = 5/2 (o = 1077, 77¢c =
107%)
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FIG. 17: Three different regimes of penetration of the RMPs:
magnetic energy of the mode n = 2 depending on the dia-
magnetic parameter 77c and the plasma resistivity 7o
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FIG. 22: Poincaré plot of the magnetic topology in (v, 6)
coordinates with diamagnetic rotation (77¢ = 2 x 107%), par-
allel source of rotation and neoclassical friction (resistivity
o = 1077). The surface where the perpendicular velocity V.
cancels (indicated by the red dashed line) does not match a
resonant surface, which explains that the RMPs do not fully

penetrate.

FIG. 24: ITER equilibrium flux-aligned mesh used in model-

ing
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FIG. 27: 2D-profile of the radial equilibrium electric field in

FIG. 25: Vacuum solution for the magnetic flux perturbation
(n = 3, IVC at max Icou = 54kAt) from the ERGOS code,

JOREK boundary in black and sketch of the ITER RMP coils
in the bottom right corner
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FIG. 26: Profiles of the parallel, poloidal and neoclassical
velocities along the midplane in ITER simulations 10'20 Wmag’ n=3 w/o RMP
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FIG. 28: Magnetic energy of the n = 3 mode without/with
RMPs
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FIG. 29: Static n = 3 magnetic flux perturbation due to
RMPs in ITER

FIG. 31: n = 3 density perturbation due to RMPs in ITER
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FIG. 30: n = 3 toroidal current perturbation appearing in
response to RMPs in ITER

FIG. 32: n = 3 temperature perturbation due to RMPs in
ITER
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FIG. 33: Density and temperature profiles at the edge for
Z=-0.6m without (full line) and with RMPs (dash)
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FIG. 34: Fourier harmonics of the magnetic flux perturbation
[Ym,n], n =3, m =4 — 7 in the vacuum case (ERGOS code,
dash) and taking into account the plasma response (JOREK,
full line). The g-profile is given and the positions of the reso-
nant surfaces are indicated by the dots. Note that compared
to the vacuum case, all these harmonics m = 4—7 are screened
on the corresponding resonant surfaces ¢ = m/n in presence
of the rotating plasma.
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FIG. 35: Fourier harmonics of the magnetic flux perturbation
[Ym,n], n =3, m =8—11 in the vacuum case (ERGOS code,
dash) and taking into account the plasma response (JOREK,
full line). The g-profile is given and the positions of the reso-
nant surfaces are indicated by the dots. The edge harmonics
m = 10 — 11 have a comparable amplitude on the resonant
surfaces ¢ = 10 — 11/3 in the ERGOS and JOREK cases,
showing the penetration of these harmonics in the plasma.
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FIG. 36: Poincare plot of the magnetic topology with RMPs
in (%, 0) coordinates: magnetic field lines (starting at the edge
inside the separatrix) integration after 200 toroidal turns at
¢ = 0. Resonant surfaces ¢ = m/3,m > 5 are indicated. A
stochastic layer is formed for ¢ > 0.96
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FIG. 37: Magnetic topology near the X-point in (R, Z) coor-
dinates. A lobe structure characteristic of the ergodicity in
X-point geometry is observed. On the left, a RMP simulation
without neoclassical, diamagnetic flows or toroidal rotation is
run for a central resistivity 70 = 1077. On the right, the same
RMP simulation is run with all flows included for a central
resistivity 7o = 107%: the resulting lobe size is smaller by 1/3
compared to the the case without flows.

FIG. 38: Magnetic topology at the top of the machine. Small
deformations of the separatrix (~ 6¢m) are observed.
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FIG. 39: Superposition of the Poincaré plot of the magnetic
topology in (R, Z) coordinates with the stable (red) and un-
stable (blue) homoclinic tangles defining the deformation of
the separatrix.

FIG. 40: 3D-plot of the pressure on an initial equilibrium
flux surface without RMP near the separatrix. The 3D-
deformation corresponds to a mode (n = 3, m ~ 12).
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FIG. 41: Degradation of the density profile near the X-point
due to RMPs
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FIG. 43: Superposition of the 2D-plot (in the poloidal plane)
of the magnetic topology (connection length) near the X-
point with the electron density on the divertor targets (in the
toroidal direction). Note the induced splitting of the strike
points on the outer divertor target.
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FIG. 44: Fourier harmonics of the radial magnetic field gen-
erated by the RMP coils in disposition 90L: in this configura-
tion, the magnetic perturbation is maximal on the resonances
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FIG. 45: Input resonant magnetic perturbation generated by
the RMP coils calculated in the vacuum with the ERGOS
code and applied as boundary conditions of the computational
domain (in black)
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FIG. 46: Magnetic energy of the mode n = 3 driven by RMPs
in the 2 cases: without and with diamagnetic effects
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FIG. 49: Density perturbation with n = 3 RMPs in MAST

FIG. 47: Magnetic flux perturbation penetrating in the
(without diamagnetic effects)

plasma (without diamagnetic effects)
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FIG. 48: Current perturbation generated on the resonant sur- FIG. 50: FElectron temperature perturbation with n = 3
faces ¢ = m/n, n = 3 (without diamagnetic effects) RMPs in MAST (without diamagnetic effects)
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FIG. 51: Radial profile of the Fourier harmonics of the mag-
netic perturbation [¢m.n|, m = 4 — 7 in both cases: without
diamagnetic effects (dash) and with diamagnetic effects in-
cluded (full line). The approximate position of the resonant
surfaces ¢ = m/n are represented by the dots. All the central
harmonics m = 4 — 7 are screened near their corresponding
resonant surfaces in both cases
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FIG. 52: Radial profile of the Fourier harmonics of the mag-
netic perturbation [t n|, m = 8 — 12 in both cases: without
diamagnetic effects (dash) and with diamagnetic effects in-
cluded (full line). The approximate position of the resonant
surfaces ¢ = m/n are represented by the dots. The more cen-
tral harmonics m = 8 — 9 are screened near their correspond-
ing resonant surfaces in both cases, whereas the external ones
(m = 10 — 12) penetrate close to the surface ¢ = m/n in both
cases but are slightly more amplified in the case including the
diamagnetic effects.
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FIG. 53: Poincare plot of the magnetic topology in MAST
without diamagnetic rotation, in (1), #) coordinates: magnetic
field lines integration after 200 toroidal turns. The resonant
surfaces ¢ = m/3, m > 4 are indicated. A stochastic layer is
formed for ¢¥» > 0.96
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FIG. 54: Poincare plot of the magnetic topology in MAST
with diamagnetic rotation included, in (¢,0) coordinates:
magnetic field lines integration after 200 toroidal turns. The
resonant surfaces ¢ = m/3,m > 4 are indicated. A stochastic
layer is formed for 1) > 0.96
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FIG. 57: Radial profiles of the electron temperature (dash)
and the density (full line) at the midplane without RMPs
(black), with RMPs at the toroidal angles ¢ = 0° (blue) and
180° (red): note the small degradation of the pedestal and
the 3D-deformation of density and temperature due to RMPs

FIG. 55: Poincare plot of the magnetic topology with dia-
magnetic low. The color represents the temperature of the
starting point of the field line inside the separatrices. The
length of the lobes near the X-points is sensibly the same in
the case without diamagnetic flow
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FIG. 56: Zoom in Poincare plot Fig.55 around the midplane FIG. 58: 3D-deformation of the electron temperature near
(case with diamagnetic flow): the displacement of the last the separatrix due to RMPs

closed flux surface due to RMPs at the toroidal angle ¢ = 0°

is approximately 1.5¢m
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FIG. 59: Radial profile of the radial electric field at the mid-
plane in the LFS without RMPs (- - black) and with RMPs

(red
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FIG. 60: Radial profile of the electron perpendicular velocity
at the midplane in the LFS without RMPs (- - black) and
with RMPs (red)
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