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Abstract
In ASDEX Upgrade hybrid discharges, it is found that an externally applied n= 1 field
preferentially distorts the plasma in the core, leading to significant flow damping there and
elsewhere across the plasma radius. MARS-F/Q modelling of a neoclassical toroidal viscous
NTV) torque that results from an amplified internal kink-type displacement in the plasma core is
qualitatively consistent with the measured internal displacements, beta dependence, and rotation
damping. Sensitivity studies indicate that the internal kink response and the resulting core flow
damping critically depend on the plasma equilibrium pressure, the initial flow speed, the coil
phasing and the proximity of q0 to 1. No appreciable flow damping is found for a low βN
plasma. A relatively slower initial toroidal flow results in a stronger core flow damping, due to
the enhanced NTV torque. Weaker flow damping is achieved as q0 is assumed to be farther away
from 1. Finally, a systematic coil phasing scan finds the strongest (weakest) flow damping
occurring at the coil phasing of approximately 20 (200) degrees, quantitatively agreeing with
experiments. This study points to the important role played by the internal kink response in
plasma core flow damping in high-beta hybrid scenario plasmas such as that foreseen
for ITER.
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1. Introduction

It is well known that the high-beta hybrid operation is a prom-
ising candidate for offering better energy confinement and
obtaining higher fusion gain [1–3]. High-beta hybrid plasma
scenarios normally require the plasma pressure to be close to
the ideal MHD limit, and the minimal safety factor just above
1 to avoid sawtooth oscillations. Controlling large edge local-
ized modes (ELMs) is a crucial aspect of hybrid operations,
including that foreseen for ITER.
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Resonant magnetic perturbation (RMP) has been extens-
ively applied to mitigate or suppress ELMs [4–9]. On the other
hand, it has been established that RMP fields can easily trigger
marginally stable magneto-hydrodynamic (MHD) modes in
high pressure plasmas, resulting in a strong resonant field amp-
lification (RFA) effect [10–13]. This RFA effect can poten-
tially deteriorate the performance of hybrid operation, as has
been shown in ASDEX Upgrade and DIII-D experiments
[14, 15]. In experiments, the plasma response to the n= 1
RMP field is measured in terms of magnetic perturbations out-
side the plasma, as well as internal data such as the radial pro-
file of the plasma displacement.

In a recent experiment from ASDEX Upgrade [14], which
we aim to model in this work, it was found that the n= 1
plasma response is the largest in the plasma core region,
where the m= 1 harmonic component is dominant among the
poloidal Fourier spectrum. This is due to the fact that the
minimal value of the safety factor, qmin, is just above 1. As
a consequence, the core plasma toroidal rotation, measured
by charge recombination exchange spectrum, was signific-
antly reduced by the RMP field induced m/n= 1/1 plasma
response. The core plasma flow damping is generally not bene-
ficial to the stability and confinement of tokamak devices,
especially in ITER where the plasma core flow is expected to
be slow even in the absence of RMP fields.

Plasma flow damping, induced by non-axisymmetric mag-
netic fields, has been observed on many devices [16–22].
Modelling results indicate that the neoclassical toroidal vis-
cous (NTV) torque plays a potentially important role. How-
ever, quantitative discrepancy still exists between the pre-
dicted NTV and the experimental observation, especially in
the plasma core region [18, 22]. Besides NTV, other types of
toroidal torques due to 3D fields may also play roles in flow
damping. Our previous work [23, 24] show that the electro-
magnetic torque, associated with continuum wave resonances,
can lead to relatively local braking of the plasma flow, in the
presence of a rotating resistive plasma response to a static
RMP fields.

In this study, we carry out both linear and quasi-linear
plasma response modelling, assuming the n= 1 RMP field
as in ASDEX Upgrade experiments [14]. The computational
tools that we utilize are the MARS-F [25] and MARS-Q
[26] codes. For the linear plasma response, several aspects
are primarily investigated: (i) comparison of the poloidal
spectra between the vacuum field and the plasma response
fields [27, 28], (ii) the plasma boundary corrugation due to
3D fields [29], (iii) comparison of toroidal torques evaluated
based on linear response fields, including the NTV torque
[30] and torques associated with the Maxwell and Reyn-
olds stresses [31]. For the quasi-linear plasma response, we
investigate the (physically) non-linear interaction between
the core plasma toroidal flow and the plasma response to
the RMP field [32]. The toroidal torques usually act as the
sink term in the momentum balance equation, leading to
flow damping.

The main purpose of the present study is thus to identify
the dominant mechanisms of the core flow damping due to
3D fields in hybrid scenarios. We find that the internal kink

plasma response induces large NTV torque in the plasma core,
due to precessional drift resonance of thermal particles in the
super-banana plateau regime. Initial value simulations also
confirm that the core flow damping primarily comes from the
NTV torque. Sensitivity studies indicate that the internal kink
response and the resulting core flow damping critically depend
on the plasma equilibrium pressure, the initial flow speed, the
coil phasing and the proximity of q0 to 1. These results provide
qualitative guidance for analyzing the plasma core momentum
confinement in the presence of RMP fields in ITER hybrid
scenarios.

The next section briefly describes the plasma response
models. Section 3 describes theASDEXUpgrade plasma equi-
librium and the RMP coil configuration considered in this
work. Section 4 reports the main modelling results with the
experimental plasma conditions. The dependence of plasma
response on the equilibrium pressure, the initial plasma flow,
the coil phasing and the on-axis safety factor value, is sys-
tematically investigated in section 5. Conclusions are drawn
in section 6.

2. Plasma response models

In this work, the plasma response is described by a single fluid
resistive MHD model, which includes the equilibrium plasma
toroidal flow in full toroidal geometry. The perturbed MHD
equations are written for the plasma displacement ξ, the per-
turbed fluid velocity v, magnetic field b, plasma current j, and
pressure p

i(ΩRMP+ nΩ)ξ = v+(ξ ·∇Ω)R2∇ϕ (1)

iρ(ΩRMP+ nΩ)v=−∇p+ j×B+ J×b

− ρ[2Ω∇Z× v+(v ·∇Ω)R2∇ϕ]
− ρκ∥|k∥υth,i|[v+(ξ ·▽)V0]∥ (2)

i(ΩRMP+ nΩ)b=∇× (v×B)+ (b ·∇Ω)R2∇ϕ−∇× (ηj) (3)

i(ΩRMP+ nΩ)p=−v ·∇P−ΓP∇· v (4)

j=∇× b (5)

where the variables ρ, B, J and P denote the equilibrium
plasma density, magnetic field, plasma current and pressure,
respectively. η is the plasma resistivity.V0 = RΩ∇ϕ is the tor-
oidal equilibrium flow assumed to be subsonic, where R is the
plasma major radius, Ω the toroidal rotation frequency, and
ϕ the geometrical toroidal angle. Γ= 5/3 is the ratio of spe-
cific heats. A strong parallel sound wave damping (κ∥ = 1.5)
is assumed in the momentum equation (2), mimicking the ion
Landau damping [33]. The parallel wave number k∥ equals to
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(n−m/q)/R, withm being the poloidal harmonic number and
q the safety factor. υth,i =

√
2Ti/Mi is the thermal ion velocity,

where T i and Mi are the temperature and mass of the thermal
ion. We point out that the parallel component is always taken
along the equilibrium magnetic field line.

The RMP field is produced by the RMP coil current jRMP
that satisfies

∇× b= jRMP. (6)

Note that the coil current is assumed to be a surface current
in our model, with the exp(−inϕ) dependence along the tor-
oidal angle ϕ. For an AC RMP, ΩRMP denotes the rotating fre-
quency of the applied field. In the ASDEX Upgrade discharge
that wewill model, one of the rows of the RMP coils provides a
rotating field at 10 Hz. This is a slow variation compared to the
conductingwall response time (a fewmilliseconds) in ASDEX
Upgrade. However, the passive stabilizing plates, on which the
RMP coils are mounted, have response time in the order of
∼ 100 milliseconds. The induced eddy currents in these pass-
ive plates will therefore reduce the field produced by the rotat-
ing row of RMP coils. This complication is not modelled in
this work. Instead, we set ΩRMP= 0 in the MARS-Q model-
ling reported below, meanwhile assuming a given coil phasing
that is constant in time.

For the plasma response modelling, the above MHD equa-
tions and the coil equation, together with the vacuum equa-
tion outside the plasma and the thin wall equation, are numer-
ically solved by the MARS-F code [25] in the toroidal flux
coordinate system (s,χ,ϕ), where s≡ ψ

1/2
p represents the

radial coordinate, with ψp being the normalized equilibrium
poloidal flux. χ is the (generic) poloidal angle.

The quasi-linear plasma response model is devised to
investigate the self-consistent interplay between the RMP field
and the plasma flow. The above n ̸= 0 linear RMP response
equations are solved together with the following n= 0 toroidal
momentum balance equation

∂L
∂t

= D(L)+ TNTV+TJXB+TREY+Tsource (7)

where L= ρ⟨R2⟩Ω is the surface averaged toroidal momentum
of the plasma, and the momentum diffusion operator D(L) is
written as

D(L) =
G
s
∂

∂s
s
G

[
χM⟨|∇s|2⟩

∂L
∂s

+Vpinch⟨|∇s|⟩L
]
, (8)

with G≡ F⟨1/R2⟩ denoting a geometric factor. Here, F is the
equilibrium poloidal current flux function; χM represents the
toroidal momentum diffusion coefficient, Vpinch is the velocity
pinch term which we shall ignore in our further modelling.

The NTV torque TNTV follows a semi-analytic model,
where various collisionality regimes are smoothly connected
[34, 35]. The resonant electromagnetic torque TJXB comes
from the field perturbation produced by the external RMP coil.
The Reynolds stress torque TREY is produced by the inertial
term ρ(v·)v. Detailed expressions for these torques can be
found in our previous work [36]. We mention that these three

toroidal torques generally act as sink terms in momentum bal-
ance equation. Tsource is the momentum source term.

In the present work, we assume that the toroidal momentum
balance, D(L(t= 0))+ Tsource = 0, has already been reached
before the application of the RMP field. Furthermore, we
assume that the RMP field does not modify the momentum
source term. We only solve for the change of the toroidal
momentum△L= L(t)−L(0) relative to the initial value L(0)

∂(△L)
∂t

= D(△L)+ TNTV+TJXB+TREY, (9)

thus bypassing specification of the momentum source term,
which enters into our model effectively via the initial flow
velocity.

The quasi-linear code MARS-Q [26] is used to solve the
above equations as an initial value problem. For the above
n= 0 momentum equation (9), we assume free boundary con-
dition at the plasma centre and Dirichlet boundary condition
at the plasma edge. A semi-implicit, adaptive time stepping
scheme is designed for solving the quasi-linear equations. The
MARS-Q formulation has been well validated against experi-
ments [37].

3. Plasma equilibrium and coil configuration

The experimental data used in this modelling are extrac-
ted from discharge #31034 on ASDEX Upgrade, which is
a high-beta hybrid scenario. The normalized beta, βN ≡
β(%)a(m)B0(T)/Ip(MA), reaches 2.97 at 2400 ms in this dis-
charge. Here, β = ⟨P⟩/(B2

0/µ0) is the ratio of the volume
averaged plasma pressure to the magnetic pressure, B0 = 2.54
Tesla is the on-axis vacuum toroidal magnetic field and
Ip= 1.04 MA is the total plasma current. The plasma equilib-
rium is reconstructed at 2400 ms, using the CLISTE code [38].
The fixed boundary equilibrium code CHEASE [39] is then
utilized to refine the CLISTE output and to produce input for
MARS-F/Q. The radial profiles of the key equilibrium para-
meters, including the plasma density, the plasma pressure, the
safety factor and the toroidal rotation, are shown in figure 1.
Note that the plasma pressure shown here is normalized by
B2
0/µ0. The plasma density is normalized to unity at the mag-

netic axis. The on-axis safety factor q0 is just above 1, based on
the measurement of the motional Stark effect (MSE). The pro-
file of the toroidal rotation, shown in figure 1(d), wasmeasured
by the charge exchange recombination spectroscopy (CXRS)
system.

Figure 2 plots the plasma boundary shape, together with
the location of the RMP coils on the (R, Z)-plane. The RMP
coils (the B-coils) on ASDEXUpgrade include two rows, each
consisting of eight equally distributed coils along the toroidal
angle [40]. Each coil has five turns, with the total coil current
of 5 kAt in this experiment (as well as in our further mod-
elling). In both the experiment and modelling, the coils are
arranged to produce predominantly the n= 1 vacuum field.
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Figure 1. The radial profiles of equilibrium quantities: (a) the plasma density normalized to unity, (b) the plasma pressure normalized by
B2
0/µ0, (c) the safety factor q (the on-axis safety factor q0 = 1.02), (d) the plasma toroidal rotation normalized by the ωA. ψp is the

normalized equilibrium poloidal flux.

4. Modelling results

Both linear and quasi-linear plasma responses to the n= 1
vacuum RMP fields are studied. Even parity coil phasing
(between the upper and lower rows) ∆ϕU/L= 0 is assumed in
this section. (Results with coil phasing scan will be reported
in section 5.) The plasma resistivity is assumed to be uniform
along the minor radius, with the magnetic Lundquist num-
ber S≡ τR/τA = 107, where τR = µ0a2/η is the resistive diffu-
sion time and τA = R0

√
µ0ρ0/B0 = 1/ωA is the on-axis Alvén

time.We also varied the resistivity amplitude (by two orders of
magnitude) as well as its radial profile (uniform model versus
Spitzer model), and found that both the computed plasma dis-
placement and the eventual core flow damping is not sensitive
to the plasma resistivity model that we assume here. In what
follows, we start by reporting the linear plasma response res-
ults computed by MARS-F.

4.1. Linear response results

Results from linear plasma response computations provide
basis for understanding the plasma flow damping by 3D fields.
In what follows, we report the MARS-F computed field spec-
trum, the plasma displacement, as well as the resulting tor-
oidal torques, for this ASDEX Upgrade plasma. Figure 3(a)
and (b) compares poloidal spectra of the n= 1 radial magnetic
field, between the vacuum field and that including the plasma

response. The perturbed radial field is defined as

b1 =
q

R2
0

b ·∇ψ
Beq ·∇ϕ

(10)

where Beq is the equilibrium magnetic field. Note that the
Fourier harmonics of b1 are defined in a straight-field-line flux
coordinate system in these plots.

The key observation from figure 3 is the strong ampli-
fication (factor of ∼ 10) of the vacuum field by the plasma
response, for this ASDEX Upgrade plasma. This strong amp-
lification, driven by high plasma pressure, has significant con-
sequence on the plasma core flow damping as will be shown
later on. The amplification occurs in the positive (m> 0) half of
poloidal spectrum, which covers the resonant harmonics. The
effect of the plasma response on the vacuum field is minor for
the negative (m< 0) half of (non-resonant) harmonics.

For this plasma configuration, even parity B-coil currents
do not produce large vacuum resonant field components. Nev-
ertheless, plasma response further reduces the resonant com-
ponents as shown by figure 3(c). The reduction is in fact sub-
stantial, by 1∼ 2 orders of magnitude.

The next linear response quantity to be examined is the
plasma displacement. Figure 3(d) plots the the radial distri-
bution of the poloidal Fourier harmonics for the computed
plasma radial displacement (ξ1 = ξ ·∇s). It is evident that a
large m/n= 1/1 internal kink component is excited by the

4
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Figure 2. The location of the RMP coils and plasma boundary
shape on the (R, Z)-plane for the discharge 31034 at 2400 ms.

applied RMP field. This is mainly due to the fact that the on-
axis safety factor q0 is close to 1, and the central magnetic
shear is relatively weak (see figure 1(c)).

We mention that the above linear response is computed
assuming a strong parallel sound wave damping model, which
is typically assumed for modelling high βN plasmas. This is
because the drift kinetic effects start to play a role in the plasma
response with increasing the plasma pressure [41]. Within
the fluid approximation, the parallel sound wave damping
represents a Landau damping effect due to thermal ions. In
terms of the plasma response, the direct effect of the sound
wave damping is to reduce the plasma core displacement [42].
Indeed, in the absence of the sound wave damping effect, our
computation for this ASDEX Upgrade discharge finds that the
plasma core displacement is increased by a factor of∼ 3, lead-
ing to substantial disagreement with that measured in experi-
ments. Therefore, strong sound wave damping is included in
all modelling presented in this work.

The large internal kink response, reported above, has dir-
ect consequence on the plasma core flow damping, as will be
demonstrated in the next subsection. Before reporting quasi-
linear simulation results, however, we examine the toroidal
torques associated with the linear plasma response fields.

Figure 4(a) compares radial distribution of three toroidal
torques, computed using the afore-reported linear response
fields. Figure 4(b) further compares the radially integrated
torque densities. In the plasma core region, the (integrated)
NTV torque is larger than the resonant electromagnetic torque
in braking the plasma flow. In the middle of the plasma

column, the resonant torque is however the largest. Note that
the NTV torque is proportional to square of the perturbedmag-
netic field in the Lagrangian form. The Lagrangian field in turn
is largely proportional to the plasma displacement. The large
internal kink component in the plasma response, shown in
figure 3(d), is thus responsible for the large core NTV torque.

The NTV torque density is relatively small in the
middle of the plasma column (s≡ ψ

1/2
p ∼ 0.3− 0.9). The

electromagnetic torque generally dominates in this region. The
NTV torque, however, becomes dominant again in a narrow
region near the plasma edge (s∼ 0.95). In order to understand
this behaviour, we examine the NTV physics in more detail in
figure 5.

The NTV torque is generally sensitive to wave-particle res-
onance conditions in the (thermal) particle velocity space.
Consequently, the NTV torque can come from both reson-
ant and non-resonant contributions. The former occurs when
the toroidal precessional drift frequency of trapped thermal
particles (mostly thermal ions) is larger than or comparable
to the plasma E×B rotation frequency. Figure 5(a) plots both
the resonant and non-resonant contributions, together with the
total NTV torque. In the core and a narrow region near the
plasma edge, the NTV torque is predominantly contributed by
the resonant portion. Only in the middle of the plasma column,
the non-resonant contribution dominates.

The above results can be qualitatively understood in terms
of frequency comparison. Figure 5(b) plots various frequen-
cies and boundaries separating collisionality regimes for the
NTV torque. In both the core region and a small region near
the plasma edge, the E×B frequency (curve (3)), which rep-
resents the RMP field frequency in the plasma frame, does not
exceed the precessional drift frequency (curve (1)) of trapped
thermal ions. The wave-particle resonance condition is well
satisfied in these two plasma regions, leading to resonant NTV
torque contribution. Note that the thermal ion-ion collision fre-
quency (curve (4)) is generally low compared to the other two
drift frequencies ((1) and (3)), except near the very edge of
the plasma. Too frequent particle collision tends to annihil-
ate the wave-particle resonance. With curve (4) being between
(3) and (6), as well as curve (3) being below curve (1), the
resonant NTV torque enters into the so-called super-banana
plateau regime. The resonant NTV in a narrow region very
close to the magnetic axis (s∼ 0− 0.15) is in the super-banana
regime, when curve (4) is below (6). In MARS-Q computa-
tions, this narrow region is still treated as the super-banana
plateau regime due to model simplification [35]. We point out
that this approximation may have somewhat exaggerated the
NTV torque near the magnetic axis. The superbanana regime
will be included into MARS-Q in the future. In the middle
of the plasma column (s∼ 0.5− 0.9), the non-resonant NTV
torque is in the

√
ν-regime, when the thermal ion collision fre-

quency is between curve (3) and (5).
We note that the precessional drift frequency, curve (1),

only represents an ‘average’ value - the ‘local’ frequency, that
participates in the wave-particle resonance, depends on the
particle pitch angle as well as the particle energy. The ‘local’
precession frequency typically ranges from 0 (due to the
so-called toroidal precession reversal effect in particle pitch

5
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Figure 3. The computed poloidal spectra of (a) the vacuum fields, (b) the plasma response fields. The poloidal Fourier harmonic is
decomposed in a straight-file-line (SFL) flux coordinate system. The symbol + labels the location of q=m/n rational surfaces. Comparison
of (c) the resonant harmonic amplitude for the perturbed radial field b1res between the vacuum and response fields. The Fourier harmonics of
(d) the computed radial displacement of the plasma. Vertical dashed lines indicate the radial location of the rational surface. The normalized
beta βN is 2.97. The RMP coil current is assured to be even parity (∆ϕU/L= 0).
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Figure 4. Comparison of various toroidal torque densities (a) and the radially integrated torque densities (b) - the resonant electromagnetic
torque (JXB), the neoclassical viscous torque (NTV), and the torque due to the Reynolds stress (REY). The RMP coil current is assured to
be even parity (∆ϕU/L= 0).

angle space) to the value represented by curve (1). Therefore,
a large fraction of precessional drift resonances is expected
when curve (1) is above curve (3). This fraction is smaller
when curve (1) is close or even below curve (3). Because curve
(2) is close to curve (3), we also examined the NTV torque

contribution from bounce resonances of trapped thermal ions,
utilizing the MARS-K NTV module. We find that the radially
integrated NTV torque due to bounce resonances is smaller in
the plasma core, as compared to that due to particle precession,
and switches sign in the middle of the plasma column i.e.
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Figure 5. (a) The NTV torque density profiles including both non-resonant (TnonNTV) and resonant (T
res
NTV) contributions. (b) Radial profiles of

various frequencies and boundaries separating collisionality regimes for the NTV torque: curve (1) is ωD/ε, with ωD being the precession
drift frequency of trapped thermal ions and ε being the inverse aspect ratio; curve (2) represents ϵ1/2ωti, with ωti being the thermal ions
transit frequency; curve (3) is the E×B rotation frequency ωE; curve (4) is the ion-ion effective collision frequency ν/ε; curve (5)
represents ωE(δB/ϵ)2, where δB is the amplitude of the surface averaged perturbed magnetic field; curve (6) is ωD(δB/ϵ)3/2.

providing no flow damping effect anymore. More detailed
investigation into the bounce resonance induced NTV torque,
and its role in flow damping for ASDEX Upgrade plasmas,
remains a future work.

We also note that the thermal electron collision frequency
is typically much higher than that of ions. Consequently, the
resonant NTV contribution from trapped thermal electrons is
normally much smaller than that from thermal ions. Only the
thermal ion NTV torque is included in the present study.

The radial profile of the electromagnetic (JXB) torque
density is rather global in the middle region (s∼ 0.2− 0.8),
contrary to the conventional understanding that the electro-
magnetic torque should be strongly localized near rational
surfaces. This ‘widening’ effect results from the ‘resonant
splitting’ phenomenon [23], which occurs when the perturb-
ation field (as a wave) rotates in the plasma frame, and thus is
in resonance with plasma continuum waves (sound wave and
shear Alfvén wave). The applied dc RMP field corresponds to
a rotating wave in the plasma frame. Finally, we mention that
the toroidal torque, associated with the Reynolds stress tensor,
is generally small and does not provide dominant contribution
to the total torque in this ASDEX Upgrade plasma.

4.2. Quasi-linear response results

The MARS-Q model assume a numerically adjustable para-
meterχM for themomentum diffusion. In the present study, we
choose χM ∼ 1 m2 s–1, which is a value not far from present-
day experiments. A detailed study of the effect of momentum
diffusion on flow damping, by scanning χM , has previously
been performed [37].

The quasi-linear simulation results are summarized in
figure 6. The strongest flow damping occurs in the plasma core
region (figure 6(a)). Time traces of the toroidal rotation fre-
quency, at the magnetic axis as well as at rational surfaces
(figure 6(b)), show that the on-axis flow is quickly damped
at the initial stage of the simulation. The flow profile reaches
a steady state after ∼ 200− 300 ms. The ’saturated’ rotation
frequency is about 25% lower than the initial rotation in the

plasma core. This degree of reduction generally agrees with
experimental measurements [14].

Figure 6(c) shows that the amplitude of the resonant field
components saturates to the level of several Gauss during
the flow damping. In addition, the eventual stable solutions
also indicates that a linearly stable n= 1 internal kink mode
response is triggered for this case. The evolution of net torques
are compared in the figure 6(d). The net NTV torque is far
greater than the netMaxwell and Reynolds stress torques. This
also holds for other cases reported in section 5. Therefore,
for this ASDEX Upgrade plasma, we conclude that the NTV
torque plays the dominant role in the core plasma rotation
damping.

One peculiar observation is the large resonant NTV torque
near the plasma edge, as shown in figure 5(a). The question
is how much this edge contribution can affect the plasma core
flow damping via momentum diffusion. With the time scale
of ∼ 100 ms for the flow damping as shown in figure 6(b),
and the momentum diffusion coefficient of about 1 m2/s,
the edge torque can certainly affect the core flow in this
ASDEXUpgrade plasma.We examined this issue by perform-
ing another MARS-Q simulation, where the contribution of
the torque density near the plasma edge (with ψ1/2

p > 0.95)
was artificially truncated away. The results still showed appre-
ciable flow damping in the plasma core, confirming that the
core NTV torque, due to the internal kink response, is mostly
responsible for the core flow damping observed in the experi-
ment.

We point out that, despite the agreement between model-
ling and experiments shown above, caution has to be taken
by two reasons. First, as mentioned before, we do not include
the eddy current effect from the conducting plates, which
will somewhat reduce the applied vacuum field reaching the
plasma region (for one of the rows of the RMP coils). On the
other hand, as will be shown in the next section, the MARS-
Q results are also sensitive to some of the plasma parameters.
For instance, larger than 25% fraction of core flow damping
is obtained, if we start the MARS-Q simulation with lower
plasma flow. In this regard, systematic scans of plasma and
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Figure 6. The evolution of (a) the radial profile of plasma flow, computed from quasi-linear response simulation. The arrow indicates the
time flow, and only 41 time slices are plotted for the evolution of radial flow profile, and equally spaced in time. The blue dashed curve
represents the radial profile of toroidal plasma flow based on the CXRS measurements for this ASDEX Upgrade discharge at 2440 ms
(maximal flow braking). The time evolution of (b) the plasma flow amplitude at the magnetic and rational surfaces, (c) the amplitude of the
resonant poloidal harmonics (in the straight-field-line coordinate system) of the perturbed radial magnetic field at the corresponding rational
surface, and (d) the amplitude of the net torques acting on the overall plasma. The normalized beta βN is 2.97. The RMP coil current is
assured to be even parity (∆ϕU/L= 0).

RMP coil parameters have also been carried out, with results
reported in the next section.

Before reporting the sensitivity study, we remark on one
way of testing the linear stability of the plasma based on
MARS-Q initial value simulations. By excluding all the
quadratic terms associated with the toroidal torques (thus
freezing the plasma toroidal flow during the simulations) but
keeping the RMP coil current as the source term, MARS-
Q initial value runs dynamically recover the linear response
results. Meanwhile, linear stability of the system is tested.
Carrying out such a simulation for the ASDEX Upgrade dis-
charge considered here, we confirm that the plasma is indeed
linearly stable. Experimentally, no obvious instabilities have
been reported in this discharge either.

5. Sensitivity studies versus key simulation
parameters

5.1. Effect of plasma pressure

It has been established that the resonant field amplification
effect is sensitive to the plasma pressure [12]. This motiv-
ates us to investigate the linear and quasi-linear response of

a relative low pressure plasma to the applied RMP fields. In
this subsection, we artificially reduce the plasma pressure to
the level (βN = 1.85) that corresponds to an earlier time in the
same discharge. Other parameters are the same as that from
the reference case reported in section 4.

Figure 7(a) compares radial profiles of the dominant pol-
oidal Fourier harmonics for the MARS-F computed plasma
radial displacement, as a result of the linear plasma response.
It is evident that, compared to the lower pressure case, the
plasma displacement (representing the plasma response here)
is substantially enhanced at the experimental pressure value.
In particular, the m/n= 1/1 component is increased by more
than factor of 2. This overall strong amplification (over the
applied vacuum field) by high pressure plasma is also evid-
ent by the perturbed magnetic field as already shown in fig-
ure 3. We also note that, for the βN = 1.85 case, the amp-
litude of the external kink component is comparable to that
of the internal kink, due to larger edge peeling response which
occurs when the edge safety factor is close to an integer num-
ber (qa= 5.04 here) [11]. As a result of strong amplification
at high plasma pressure, the computed quasi-linear toroidal
torques are also much larger than that of the low-pressure
case (figure 7(b)). In particular, the large m/n= 1/1 internal
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Figure 8. The evolution of (a) the change of plasma flow radial profile, and (b) the total of plasma flow radial profile, computed from
quasi-linear response simulation. The arrow in (a) indicates the time flow, and only 41 time slices are plotted for the evolution of radial flow
profile, and equally spaced in time. Comparison of the time evolution of the (c) amplitude of the plasma rotation at the magnetic axis, and
(d) amplitude of the net torques acting on the overall plasma for the different plasmas pressure. Shown in thick solid (thin dashed) lines are
the results with βN = 2.97 (βN = 1.85). The RMP coil current is assured to be even parity (∆ϕU/L= 0).

kink response results in much larger core NTV torque at
high pressure. It is this large NTV torque that is eventually
responsible for the core flow damping found in MARS-Q
simulation as reported in figure 6, as well as observed in
experiments.

Indeed, the core flow damping is much weaker for the
the low-pressure case, as found by MARS-Q quasi-linear
simulation reported in figure 8. The simulated core flow
damping in less than 2% for the low pressure case, as
compared to the 25% reduction for the high pressure case.
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Figure 10. The evolution of (a) the change of plasma flow radial profile, and (b) the total of plasma flow radial profile, computed from
quasi-linear response simulation. The arrows in (a) and (b) indicate the time flow, and only 41 time slices are plotted for the evolution of
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(∆ϕU/L= 0).

This is also confirmed by comparing time traces of the net tor-
oidal torques, shown in figure 8(d). Both the NTV torque (the
dominant one) and the electromagnetic torque is much larger
for the high pressure plasma. Interestingly, the Reynolds stress
torque is smaller in the high pressure case. On the other hand,
the Reynolds stress torque is very small in both plasmas, and
its role in flow damping can be neglected. Figure 8 thus leads
to a conclusion that high plasma pressure for the considered
ASDEX Upgrade plasma is the key to observed finite core

flow damping, as a result of strong field amplification at high
pressure.

5.2. Effect of initial flow amplitude

The NTV torque is sensitive to the plasma initial flow.
Slow flow facilitates entrance into the resonant NTV regime,
which can significantly enhance the NTV torque. It is thus
expected that the degree of flow damping should depend on
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Figure 12. Plotted are (a) the amplitude of the plasma surface displacement (ξn = ξ1/ | ∇s |) at the location of s= 0.2 versus the toroidal
phasing∆ϕU/L= 0 of the coil currents; (b) the poloidal Fourier harmonics of the computed plasma radial displacement (only the harmonics
with m= 1∼ 5 are presented) for the maximal and minimal response; (c) the amount of the change of the plasma on-axis rotation frequency,
∆Ω(s= 0), with the simulation results (black solid curve) compared with experiments (red dashed curve); and (d) the radial profile of the
final plasma rotation for the maximal and minimal response. The blue dashed curve in (d) represents the radial profile of toroidal flow based
on the CXRS measurements for this ASDEX Upgrade discharge at 2440 ms (maximal flow braking).

the amplitude of the initial plasma flow. Figure 9 compares
the radial profiles of the MARS-F computed plasma displace-
ment as well as the three toroidal torques, between two cases
- with the experimentally measured flow and with the arti-
ficially reduced flow. In the latter case, the on-axis plasma
flow is reduced from 0.045ωA to 0.033ωA, with the over-
all profile shape scaled by the same factor. Note that the

m/n= 1/1 internal kink component is 50% larger at reduced
plasma flow. This is another factor (in addition to the more
resonant NTV regime at slower flow) that leads to substan-
tial increase of the core NTV torque as shown in figure
9(b). Note also that both the Maxwell and Reynolds stress
torques are not much affected by reduction of the plasma
flow.
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Fourier harmonics of the computed plasma radial displacement (only the harmonics with m= 1∼ 5 are presented). The time evolution of (b)
the amplitude of the plasma rotation at the magnetic axis, and (c) the radial profile of the final NTV torque, and (d) the radial profile of the
final plasma rotation. The RMP coil current is assured to be even parity (∆ϕU/L= 0).

The above results from MARS-F linear response com-
putation are also confirmed by the MARS-Q quasi-linear
simulation reported in figure 10. Starting from a reduced initial
flow, MARS-Q finds a larger core flow damping - exceeding
30% - within the first t= 82 ms of simulation time. However,
no steady state solution is found after 82 ms. Instead, a rapid
flow damping starts to develop in the middle of the plasma
column (figure 10(a) and (b)), including that at the q= 2 sur-
face (figure 10(c)). Further simulation leads to a complete flow
damping and numerical crash of the simulation. Numerical
crash occurs since quasi-linear model does not capture full
non-linear physics (e.g the large 2/1 island physics), which
becomes important near the end of simulation.

It turns out that the rapid flow damping in the plasmamiddle
region, at the time after 82 ms, is caused by the substantially
enhanced NTV torque in that region as shown by figure 11(a),
which in turn is due to the reduced E×B drift frequency as
shown in figure 11(b). As a result, the net NTV torque rapidly
grows after 82 ms (figure 10(d)), leading to a strong rotation
braking in this case. We mention that in experiments, a mode
locking eventually occurred, accompanied by further damping
of plasma flow [14]. Our quasi-linear simulation with reduced
initial flow appears to be consistent with this scenario.

5.3. Effect of coil phasing

The results reported so far are obtained by assuming even
parity (∆ϕU/L= 0) coil phasing for the B-coils in ASDEX

Upgrade. The coil phasing ∆ϕU/L has also been continually
varies in experiments. In this subsection, we study the effect
of coil phasing on the linear and quasi-linear response.

Amplitude of the normal displacement (ξn = ξ1/ | ∇s |)
of the plasma, at the radial location of s= 0.2, is computed
according to the linear response model and plotted in
figure 12(a) as a function of ∆ϕU/L. The maximal (minimal)
plasma response occurs when the differential phase ∆ϕU/L

equals to about 20 (200) degree. Radial profiles of the Four-
ier harmonics for the displacement are compared between the
∆ϕU/L = 20o and 200o coil phasing in figure 12(b), showing
that the response can be globally maximized (minimized), by
choosing the proper coil phasing.

The MARS-Q quasi-linear computations are carried out
for a number of coil phasing values, with results (the amount
of on-axis rotation damping △Ω(s= 0) = Ω(s= 0, t= 0)−
Ω(s= 0, t= tend), tend is the time when solution reaches steady
state) summarized in figure 12(c). The simulation results are
consistent with experiments. It is interesting, albeit not sur-
prising, that the dependence of the flow damping on the coil
phasing, obtained from quasi-linear simulations, follows that
of plasma displacement from linear computations as shown by
figure 12(a). The on-axis flow damping shown in figure 12(c)
is also well indicative to the whole rotation profile damping,
as shown by figure 12(d). In particular, we note that almost no
flow damping occurs with the coil phasing of ∆ϕU/L = 200o.
These results agree well with the experimental measurements
(see figure 5 from reference [14]).
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5.4. Variation of on-axis safety factor q0

The stability of the internal kink mode is sensitive to the
q0 value, motivating our investigation on the effect of q0 on
the plasma core flow damping. Here, we again start with the
reference case reported in section 4, and vary the equilib-
rium q0. This is achieved by slightly varying the total plasma
current without modifying the current density profile. Thus
the shape of the q-profile is largely unchanged. Figure 13(a)
compares amplitude of the poloidal Fourier harmonics (m= 1-
5) of the radial displacement, computed with linear response
and assuming three q0 values: 1.02, 1.05 and 1.07, respect-
ively. As expected, the internal kink response becomes weaker
with increasing q0. But the effect is not dramatic.

Results from quasi-linear simulations are compared in
plots figure 13(b–d), for the aforementioned three equilibria.
Increasing the q0 value (away from 1) leads to less core flow
damping (figure 13(b–d)). This is largely due to less NTV
torque produced in the plasma core region at elevated q-profile
(figure 13(c)). On the other hand, we find that the core plasma
flow damping is generally less sensitive to q0, as compared to
varying other parameters (plasma equilibrium pressure, initial
flow amplitude, RMP coil phasing).

6. Summary and conclusion

Both linear and quasi-linear plasma response to the n= 1
resonant magnetic perturbation (RMP) field is modelled, for
a high-beta hybrid ASDEX Upgrade discharge. The linear
response computations reveal that a large internal kink com-
ponent is triggered by the RMP. As a result, large quasi-linear
neoclassical toroidal viscous (NTV) torque is produced in
the plasma core region, which dominates over other toroidal
torques (the Maxwell and Reynolds stress torques). The NTV
torque is significantly enhanced by mode-particle resonances
at slow plasma flow, by entering into the super-banana plateau
regime.

For the reference ASDEX Upgrade plasma, MARS-Q
quasi-linear initial value modelling shows 25% of the plasma
core flow damping (largely by the NTV torque). This res-
ult agrees well with the experimental observation. How-
ever, caution needs to be taken here for quantitative compar-
ison between the simulation results and experiments. This is
because various factors can affect the simulation results. These
factors are systematically investigated in this study, for the
purpose of revealing the qualitative trends which are the key
results of the present work.

(i) The finite flow damping in this ASDEX Upgrade dis-
charge is a result of large plasma amplification to the applied
RMP field at high beta, yielding a large core NTV torque.
Lowering the plasma beta, by a factor of∼ 2, results in almost
no core flow damping. The measurement of the plasma beta
value should be reasonably accurate (well within a factor of 2)
in experiments. Therefore, we do not expect that the MARS-
Q simulation results change much within the experimental
uncertainty in plasma pressure.

(ii) Larger flow damping is obtained if the plasma ini-
tial flow is reduced. This is associated with both the better

resonance condition at slow flow, and the larger internal kink
response at slow flow. Full damping of flow is also obtained
in MARS-Qmodelling with reduced initial flow. The assumed
two initial flow profiles in this study have larger variation than
the experimental uncertainty in the toroidal rotation measure-
ment, yet the fraction of the flow reduction is similar (∼ 25%
at faster rotation versus∼ 30% at slower rotation) in these two
simulations, if we ignore the second flow damping phase due
to mode locking in the case of slower initial flow. Including
this second phase damping, the MARS-Q simulation with
slower initial flow produces result that is more close to the
experimental observation.

(iii) By scanning the relative toroidal phase of the B-
coil currents between upper and lower rows, we find that
the maximal (minimal) linear plasma response occurs when
the ∆ϕU/L is about 20 (200) degrees. Quasi-linear simula-
tions show appreciable flow damping by themaximal response
(∆ϕU/L = 20o), whilst almost no flow damping by the min-
imal response (∆ϕU/L = 200o). These results are quantitat-
ively consistent with the experimental observations in ASDEX
Upgrade.

(iv) The internal kink response decreases with increasing
equilibrium core safety factor further above 1. This produces
a weaker plasma flow damping, but the effect is less dramatic
as compared to that caused by the aforementioned parameters.
On the other hand, the experimental uncertainty in the on-axis
safety factor value may not be small. In terms of quantitative
comparison with the measured flow damping, our simulation
results favour the assumption of q0 being very close to 1 (i.e.
q0 below 1.02).

(v) Finally, we point out that the simulation results also
depend on the assumed parallel sound wave damping model
in MARS-F/Q. Strong parallel sound wave damping has been
assumed in this study, which damps the plasma core displace-
ment by about a factor of 3 compared to the case without par-
allel sound wave damping. The latter should increase the core
NTV torque by a factor of nearly ten, and thus yielding even
larger core flow damping as compared to experiments. On the
other hand, drift kinetic effects, which are partially represen-
ted by the parallel sound wave damping model, are known to
play an important role in the plasma response for high βN plas-
mas [41]. This is the case for the modelled ASDEX Upgrade
discharge with βN approaching 3.

Overall, this work points to the important role played by the
internal kink response in plasma core flow damping in high-
beta hybrid scenario plasmas. Similar quantitative study need
to be carried out for ITER hybrid scenarios. The role of the
NTV toque may be even more pronounced in ITER plasmas,
because of both lower collisionality and slower toroidal flow
expected for ITER.
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