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Abstract

Achieving edge localized modes (ELMs) suppression in spherical tokamaks by applying
resonant magnetic perturbations (RMPs) has proven challenging. The poloidal spectrum of the
applied RMP is a key parameter that has an impact on the capability to mitigate and eventually
suppress ELMs. In this work the resistive magnetohydrodynamic code MARS-F (Liu et al 2000
Phys. Plasmas 7 3681) is used to evaluate the possibility of directly measuring the plasma
response in MAST-U, and particularly its variation as function of the applied poloidal spectrum,
in order to guide the experimental validation of the predicted best RMP configuration for ELM
suppression. Toroidal mode number n = 2 RMP is considered to minimize the presence of
sidebands, and to avoid the deleterious core coupling of n = 1. Singular Value Decomposition is
used to highlight linearly independent structures in the simulated magnetic 3D fields and how
those structures can be measured at the wall where the magnetic sensors are located. Alternative

ways to measure the multimodal plasma response and how they can be used to infer the best
RMP configuration to achieve ELM suppression are also presented, including the plasma

displacement and the 3D footprints at the divertor plates.

Keywords: MHD, plasma response, 3D fields, spherical tokamak, MAST-U

1. Introduction

A favorable plasma confinement regime in tokamaks is the so
called ‘high confinement regime’, or ‘H-mode’ [1-3], where
the formation of edge transport barriers allows for an increase
of the global energy confinement time and an overall signific-
ant improvement of the plasma performances. However, the
presence of steep edge profiles in a narrow layer inside the
separatrix, often called the H-mode pedestal, leads to bursty
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further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

plasma instabilities dubbed edge localized modes (ELMs) [4,
5]. ELMs are observed when either the pressure gradient or the
edge current evolves to a state unstable to peeling and/or bal-
looning modes [6—8]. After the instability, the pressure gradi-
ent and the resulting current are relaxed. The pressure gradient
then evolves back towards the pre-ELM state on the timescale
of the confinement time, while the current gradient evolves on
the longer current diffusion time. At some point the instability
boundary is crossed again and the process repeats. Although
the resulting impulsive heat load experienced by the plasma
facing components at each ELM event does not pose a risk for
the current experimental tokamaks, it is expected to damage
the machine components of the International Thermonuclear
Experimental Reactor and of future reactors [9—11]. For this
reason the ELMs need to be completely suppressed or strongly
mitigated.

© 2024 The Author(s). Published by IOP Publishing Ltd
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ELM mitigation and control is a very active area of current
fusion research [11]. The general approach to ELM control
consists of providing additional energy transport through the
pedestal to avoid reaching the ELM magnetohydrodynamic
(MHD) stability limit and enough additional particle transport
to make up for the suppressed ELM and avoid impurity accu-
mulation in the plasma core [4]. Several means of ELM con-
trol exist, that are divided in three major categories: intrinsic
ELM-free regimes, like the QH-mode [12]; ELM pacing, for
example by vertical jogs [13], or by RMPs [14]; and ELM mit-
igation and suppression by RMPs [15-17]. The present work
focuses on the latter.

While RMP ELM suppression is routinely achieved
on a large number of conventional aspect ratio toka-
maks, for example DIII-D [15], ASDEX-Upgrade [18], and
KSTAR [19], it has proven challenging for spherical tokamaks
(ST), where only ELM mitigation has been observed [20-23].
Among the several different factors that influence the capabil-
ity of obtaining RMP ELM suppression, the choice of the pol-
oidal spectrum of the applied perturbation plays a fundamental
role by driving a different plasma response [21, 24, 25]. In this
work the capability to directly measure the changes in plasma
response on MAST-U [26] is explored using the linear resist-
ive MHD code MARS-F [27], with the goal of providing a
means to experimentally optimize the RMP poloidal spectrum
independently while tuning other parameters like density and
collisionality in order to achieve ELM suppression. The pre-
dictions presented in this manuscript will be validated against
MAST-U experimental data once available.

The paper is organized as follows. In section 2 the MARS-
F code is introduced, as well as the computational choices
made for this work. In section 3 the results of the simulations
are presented, with a particular focus on their dependence on
the applied poloidal spectrum. Section 4 explores three differ-
ent ways to directly measure the achievement of a favorable
plasma response, followed by the conclusions in section 5.

2. Computational setup

2.1. The MARS-F model

While an extensive description of the linear resistive MHD
code MARS-F can be found for example in [28], in this section
a brief overview of what is relevant for the present work is
presented. MARS-F solves the single-fluid, perturbed MHD
equations in full toroidal geometry, expressed as follows:

i(Qrmp + 1) E =V + (£ VQ)RY (1)
ip(Qrvp +1Q)v=—-Vp+jxB+Jxb

—p[2QZ>< v+ (v-VQ)Re
+ V- (pé)RPPVZx Vo

= pry kvl [v+ (€ - V) Vol 2
i(Qrmp +1Q)b =V x (v x B) + (b- VQ)Rp — V X (1j)
(3)

i(Qrmp +1Q)p=—v-VP—TPV v 4)
j=V xb. (®)]

R is the plasma major radius, qB and Z are the unit vec-
tors along the geometric toroidal angle ¢ of the torus and
the vertical direction in the poloidal plane respectively. {2
is the plasma toroidal rotation, {2gyp is the excitation fre-
quency of the RMP field and # is the toroidal harmonic num-
ber. The plasma resistivity is denoted by 7. The equilibrium
magnetic field, current and pressure are denoted by B, J, P
respectively, while b, j, p are their corresponding perturbed
quantities. p is the plasma density, £ is the plasma displace-
ment, and v the perturbed plasma velocity. x is a numer-
ical coefficient determining the parallel sound wave damping
‘strength’ [29]. k| = (n —m/q)/R is the parallel wave num-
ber, with m being the poloidal harmonic number and g being
the safety factor. v, ; is the thermal ion velocity. The parallel
component of the perturbed velocity is taken along the equi-
librium field line. The damping term does not play a signi-
ficant role at low-beta (as in the work presented here), but
it is essential for high-beta plasmas [30, 31]. In this work it
is fixed to ) = 1.5 for consistency with previous work on
MAST [24].

For the RMP calculations, the vacuum field equations out-
side the plasma and the coil equations (Ampere’s law) are
solved together with the MHD equations for the plasma.
The RMP field response modelling requires solving a lin-
ear antenna problem, where the source term is specified as
the current flowing in the magnetic perturbation coils. Since
this is a linear problem, for axisymmetric equilibria, only one
single toroidal mode number n at one time is considered.
The source current is assumed to have an e”? dependence
along the toroidal angle ¢. When looking for the steady-state
response from the plasma, a flat-top DC coil current is applied,
Qrmp = 0.

In addition, the effect of magnetic field perturbations on
the footprints on the outer divertor target surface is stud-
ied using the REORBIT module recently implemented in the
MARS-F code [32-34]. The module traces the field lines—
or the guiding-center drift orbit trajectories of test thermal
particles—for a given field, including both 3D perturbation
and 2D equilibrium field.

2.2. Equilibrium

The presented study is done starting from the experimental
equilibrium from MAST-U shot 45272 at t =605 ms, recon-
structed using magnetic diagnostics [35] and Motional Stark
Effect diagnostic [36] data. This equilibrium is characterized
by a plasma current I, = 750 kA, a toroidal magnetic field on
axis By = 0.59 T, and a normalized ratio of the plasma pres-
sure to the magnetic pressure Sy = faBr/I, ~ 2, where a is
the plasma minor radius. A contour plot of the flux surfaces,
along with the electron density, electron temperature, ion tem-
perature, plasma toroidal frequency and safety factor (g) radial
profiles, are shown in figures 1 and 2.
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Figure 1. (a) Poloidal cross section of MAST-U. In black the limiter, in cyan the position of the RMP coils, in magenta and green the
position of the arrays of saddle loops with their acronyms (CSA is the saddle loop array on the CenterStack Above the midplane, CSB that
Below the midplane, USL and LSL the Upper and Lower Saddle Loop arrays respectively and OML and OMS the Outboard Midplane Large
and Small saddle loop arrays respectively). The dotted blue lines are the experimental flux surfaces of the considered equilibrium, with the
solid blue line showing the experimental last closed flux surface (LCFS). The solid red line is the LCFS used for the MARS-F simulations.
In (b) there is the experimental safety factor (g) radial profile in blue and the modified g radial profile for the MARS-F simulations in red.

In divertor experiments, the g profile is not defined at the
X-point, where there is zero poloidal field. In the MARS-F
flux-based coordinate system, this would introduce a numer-
ical singularity, and so a certain truncation scheme must be
used to exclude the X point. Truncation effectively approxim-
ates the divertor configuration as a limiter configuration with
an otherwise similar shape, imposing a finite ¢ at the plasma
edge, g,. Although the truncation choice might have an impact
on the plasma response calculation, it has been shown that the
peeling response, the response that is of interest to obtain ELM
suppression, is not affected by the X point truncation [37]. The
truncated last closed flux surface (LCFS) and the resulting g
radial profile are shown in red in figure 1, with g5 * ~ 14.4 and
GgMARS ~ 10.4.

2.3. Toroidal perturbation

The set of coils used to produce the 3D perturbations in MAST-
U and considered for this work are organized in two toroidal
arrays located one above and one below the midplane. Their
poloidal location is shown in cyan in figure 1(a). The coils are

picture frame coils about 27 cm tall and they extend for about
20° in the toroidal direction. The upper row is comprised of
4 coils equally distributed, while the lower row has a total
of 8 coils. The upper coils are vertically aligned with every
other lower row coil. Each coil consists of four turns, such that
Irmp = 1 kA corresponds to Igmp = 4 kAL

Given the coils configuration, the applicable toroidal peri-
odicity with the least amount of sidebands [38] is n =2, and
the chosen equilibrium is found to be stable for n =2.

3. Plasma response to n =2 perturbation

3.1. MARS-F results

To study the impact on the plasma response of different applied
poloidal spectra, the relative phase between the applied field in
the upper and the lower row of coils (A¢p = pfOVER — pFPER)
is changed. As mentioned in section 2.1, the current in the coils

is described as

Icon. = Ipe! "), (6)



Plasma Phys. Control. Fusion 66 (2024) 065023

S Munaretto et al

density [10°m~3]

(a)

o

0.6

0.4 -

Te [keV]

0.2

(c)

0-0 T T T T
0.00 0.25 0.50 0.75 1.00

Yn

)]

]
|

o
|

frequency [kHz]
N w

[
1
—_
O
~—"

=
o o

0.8

0.6

0.4 -

T; [keV]

0.2 -

(d)

0.00 0.25 0.50 0.75 1.00
WUn

0.0

Figure 2. Experimental radial profiles used in the MARS-F simulations. (a) electron density, (b) toroidal frequency, (c) electron

temperature, (d) ion temperature.

where [ is the amplitude of the applied perturbation and ¢ the
phase. To mimic what can be achieved in the MAST-U exper-
iment, the changes in relative phase are obtained changing the
phase of the lower row of coils while maintaining the upper
row fixed. In this study the amplitude of the n = 2 perturbation
produced by the upper and lower row of coils has been main-
tained equal. However, this does not translate to identical coil
currents in the experiment due to the differing number of coils
in each row. The amplitude of the magnetic field normal to the
flux surfaces (8b,,) when the n = 2 perturbation is applied with
different A¢ is shown in figure 3.

The impact of the plasma response as function of A¢ is
more evident when the vacuum component of the field is
removed. This is shown in figure 4 for the same four differ-
ent applied perturbations. It can be noted that at A¢ = 90°
the strongest plasma response is located in the upper and
lower part of the plasma, while the field is negligible at the
low field side (LFS) midplane. At A¢ = 270° the situation is
the opposite, with most of the field concentrated in the LFS
midplane. A¢ = 0° and A¢p = 180° are a combination of the
two extreme cases. Also the response in the high field side
(HFS) is different, with a larger response for A¢ = 90° and
A¢ = 180° than for the other two cases.

Figure 5 shows the changes in the amplitude of the mag-
netic field tangential to the flux surfaces (6b;). Similarly to the
db, case, the amplitude at the top and bottom has a different

dependence on A¢ than the amplitude at the LFS midplane,
and the HFS response also changes with A¢.

It is important to notice that the particular A¢ dependencies
described in this manuscript are specific to this equilibrium, as
it is in general sensitive to quantities like gos and Sy [39].

3.2. Singular value decomposition (SVD) calculations

To better understand the different dependencies of the plasma
response on A¢, SVD [40] is used, similarly to what was
presented in [41]. The SVD is a matrix factorization tech-
nique commonly used in linear algebra and data analysis.
SVD breaks down a matrix into three separate matrices,
which represent the original matrix’s essential components.
Mathematically, for an m X n matrix A, the SVD factorizes it
into the product of three matrices: U, W, and V:

A=UWV' (7N
where:

e U is an m x m orthogonal matrix. Its columns are known as
the left singular vectors of A and provide information about
the relationships between the rows of A.

e W is an m x n diagonal matrix (with possible zero entries)
that contains the singular values of A in descending order
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Figure 3. Predicted perturbed magnetic field perpendicular to the flux surfaces for 4 different applied A¢. (a) A¢ = 0°, (b) A¢ =90°,
(c) Agp = 180°, (d) A¢p =270°.
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Figure 4. Predicted plasma contribution to the perturbed magnetic field perpendicular to the flux surfaces for 4 different applied A¢. (a)
A¢ =0°, (b) Ap =90°, (c) Ap = 180°, (d) Agp =270°.
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Figure 5. Predicted plasma contribution to the perturbed magnetic field tangent to the flux surfaces for 4 different applied A¢. (a)
A¢p =0°, (b) Agp =90°, (c) Agp =180°, (d) A¢ =270°.
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Figure 6. Poloidal structure (right singular vectors) of the dominant (a) and secondary (b) modes and their dependence on A¢ (left singular
vectors) (c) as calculated by the Singular Value Decomposition of the predicted plasma contribution to the perturbed magnetic field
perpendicular to the flux surfaces. The singular value of each of the two modes is reported in the legend of panel (c).

on the diagonal. Singular values represent the importance or
‘strength’ of each dimension of the data.

e VT is the transpose of an n x n orthogonal matrix V. Its
columns are known as the right singular vectors of A and
provide information about the relationships between the
columns of A.

Figure 6 shows the results of the application of SVD to the
MARS-F simulations of figure 4. The rows of the matrix A
contain the dependence of 6b, on A¢, while each column
corresponds to a grid element. V and V|—the right singu-
lar vectors of A—are the two modes that compose the plasma
response, with V) the mode with a larger singular value. Uy
and U;—the left singular vectors of A—are their dependence
on Adg.

As already suggested by the plots in figure 4, the two
modes are characterized by one with a response focused
on the top and bottom of the plasma, while the other has
a response focused on the LFS midplane. The dominant
mode has an energy almost double that of the secondary
mode, and the 2 modes have a complementary dependence
on A¢, with the dominant mode peaking around A¢ = 120°
and having a minimum at A¢ = 300°, and the secondary
mode peaking around A¢ = 300° and having a minimum at
A¢p = 120°.

A similar result is also obtained for the tangential compon-
ent of the magnetic field, as it is possible to see in figure 7.

Also in this case the dominant mode is focused on the top and
bottom of the machine and on the HFS, while the secondary
mode is focused on the LFS midplane. Their dependence on
A¢ is slightly shifted toward larger values with respect to the
Ob, case. The apparent discrepancy in the energy of the dom-
inant mode can be explained by a different amplitude of V),
such that the product of the two does not change in the 6b, and
the db, cases.

If the SVD is applied to the total field (vacuum plus plasma
response), the results are similar, with the dependence of the
modes on A¢ shifted by about 60° toward lower values. This
can be seen in figure 8.

Although the modes extracted by the SVD do not provide
direct information on the physical mode structure, the plasma
response calculated by MARS-F at A¢ = 60° will provide
information about the dominant mode since the secondary
mode vanishes at such relative phase, while the opposite will
be true at A¢ = 240°. The spectrograms of the vacuum and of
total field in response to the applied perturbation for these two
cases are shown in figure 9. The dashed black line represent
the resonant components (m = nq), with the crosses identify-
ing the rational surfaces.

Itis possible to see that although both phases show a screen-
ing of the field for m < ng, only for A¢ = 60° is an ampli-
fication of m > nq present at the edge—the so called ‘kink-
peeling’ response, responsible for ELM mitigation [24]—
making this the most favorable RMP coil configuration to
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Figure 7. Poloidal structure (right singular vectors) of the dominant (a) and secondary (b) modes and their dependence on A¢ (left singular

vectors) (c) as calculated by the Singular Value Decomposition of the

predicted plasma contribution to the perturbed magnetic field tangent

to the flux surfaces. The singular value of each of the two modes is reported in the legend of panel (c).

observe it for this equilibrium. This is shown in more detail
in figure 10, where in panel (a) the amplitude of the m =ng
component is shown and in panel (b) that of the m = nq + 3.
For both phases the resonant component of the field is strongly
reduced, except at the edge where there is a higher resistiv-
ity. On the contrary, in the non-resonant case an overall amp-
lification of the field is evident for A¢ = 60°, that is larger
close to the edge, while a screening of the field at the edge and
an amplification toward the core is observed for A¢ = 240°.
Such behavior is consistent with previous DIII-D studies [41]
where the core/LFS mode was also found to be correlated with
a core-kink mode.

It is important to notice that the original matrix to be
decomposed A is created by rows that are each a linear
combination of the calculated plasma response to the upper
and to the lower row of coils. This means that the ori-
ginal matrix is the combination of two linearly independ-
ent vectors. As a consequence it is expected that the SVD
of the A matrix provides only two non-zero singular values,
that correspond to the only two independent modes shown.
Moreover, the SVD applied to the vacuum field results in
the combination of the even and odd parity cases, also as
expected.

4. Impact on measurable quantities

Since a direct measurement of the poloidal structure of the
magnetic field is challenging, in this section the same analysis

is performed on quantities that could be measured on MAST-
U, in order to identify a method that could be used as a proxy
to measure the peeling plasma response. In particular three
quantities are considered: the magnetic field at the wall, the
plasma displacement, and the 3D footprints at the divertor
plates.

4.1 Magnetic field at the wall

Figure 11 shows the real component of the magnetic field per-
pendicular to the wall for A¢ = 120° and A¢ = 300° due to
the plasma response, as it would be measured by 10 000 1 mm
long sensors equally spaced along the wall. The horizontal axis
corresponds to the toroidal angle and the vertical axis to the
distance along the wall from the HFS midplane in the clock-
wise direction (s). It is possible to notice that at A¢ = 120° a
larger HFS response is expected compared to A¢ = 300°, as
well as a more broad LFS one.

Figure 12 shows the result of the SVD applied to predicted
measurement of the magnetic field perpendicular to the wall.
This figure shows that it is possible to identify at the wall the
presence of two modes, with a dominant one larger at the HFS
and off-midplane in the LFS and a secondary one that is peaked
at the LFS midplane. At the same time, their dependence on
Ag is sligtly different, with the dominant mode peaking at
about A¢ ~ 150°, about 30° more than the optimal relative
phase.
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Figure 8. Poloidal structure (right singular vectors) of the dominant (a) and secondary (b) modes and their dependence on A¢ (left singular
vectors) (c) as calculated by the Singular Value Decomposition of the predicted perturbed magnetic field perpendicular to the flux surfaces.
The singular value of each of the two modes is reported in the legend of panel (c).

This difference is due to the distance of the wall from the
LCEFS. This can be seen in figure 13, where the SVD is calcu-
lated at three different computational surfaces located outside
the separatrix. While the magnetic field normal to the closest
surface to the LCFS has a similar decomposition to that of
figure 6, as shown in the subplots (b) and (c) of figure 13, the
poloidal structure of the two modes becomes less distinguish-
able moving farther away, see for example the HFS response
in panels (b), (d) and (f). As a consequence their dependence
on A¢ also changes, both in terms of minimum and maximum
locations and sharpness.

In MAST-U there are six toroidal arrays of saddle coils [35],
two in the HFS, one above and one below the midplane (called
CSA and CSB respectively), two overlapping but of different
size in the LFS midplane (called OML and OMS where the
trailing character stands for large and small respectively), one
in the LFS above the midplane called USL, and one in the LFS
below the midplane called LSL. They are shown in magenta
on figure 3. In figure 14 the SVD applied to their predicted
measurement is reported. Such a set of arrays is predicted to
be sufficient to reproduce the predicted poloidal shape of the
plasma response at the wall.

4.2. Plasma displacement

The plasma displacement is another quantity that could be
measured. Figure 15 shows the amplitude of the perpendicular

displacement (&,,) of the LCFS as function of the coils’ relat-
ive phase and the poloidal angle. It is evident that the depend-
ence of the displacement on A¢ at the top and bottom of the
machine is different from that at the LFS midplane.

This is highlighted also from the SVD applied to &,. The
results are shown in figure 16. Panels (a) and (b) are the pol-
oidal cross section of the Real and Imaginary part of the two
modes. Panel (c) shows their amplitude as function of the
poloidal angle (in equal-arc coordinate) and panel (d) their
dependence on A¢. As suggested by figure 15 the dominant
mode is peaked off midplane and reaches the largest displace-
ment for A¢ ~ 120°, while the amplitude of the secondary
mode is larger on the LFS midplane.

It is important to notice that the dependence of the two
modes on A¢ matches that of the plasma response (see
figure 6), making it a good quantity to measure the depend-
ence of the plasma response on the coils’ relative phase.

4.3. 3D footprints

It was shown in previous work [42] that also the geometry of
the heat and particle fluxes at the divertor plates depends on the
poloidal spectrum of the applied RMP. In this section the field
line tracing capabilities that have been recently incorporated
in the MARS-F code [32, 34] are used to explore the possib-
ility of using the 3D footprints at the divertor plates [43—46]
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the total perturbation including the plasma response (orange and red). The amplitude is normalized by the maximum value in figure 9(a).
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Figure 11. Real component of the perturbed magnetic field perpendicular to the MAST-U wall for A¢ = 120° (a) and for A¢ = 300° (b).
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Figure 12. Poloidal structure (a) and A¢ dependence (b) of the 2 modes producing the predicted perturbed magnetic field perpendicular to

the MAST-U wall as computed by the SVD.

to infer the plasma response dependence on A¢. A correla-
tion between the magnetic footprints and the heat fluxes can
be found considering a 3D version of the Eich-profile [47, 48],
that shows how the field line penetration depth (which corres-
ponds to one minus the minimum unperturbed iy that per-
turbed open fields can reach) plays a crucial role in determ-
ining the heat fluxes to the plasma facing components. In this
section the impact of the applied perturbation on both the size
of the magnetic footprints and the penetration depth will be
presented.

In figure 17, on the top two Poincaré plots showing island
overlapping and on the bottom the correspondent magnetic
footprints in the upper outer divertor are shown for two dif-
ferent applied A¢, 90° on the left and 270° on the right. The
plots in (b) and (c) are made following 200 equally spaced
field lines launched both toward positive and negative toroidal
angles from the LFS midplane, with 0.98 < Vioy < 1. The
colors correspond to the initial 1/ty, the abscissa to the pol-
oidal angle in the equal-arc coordinate system used by MARS-
F and the ordinate to 1/%y. The plot in (a) corresponds to the

plot in (b) mapped on a poloidal cross section, with the solid
black line showing the limiter in MAST-U. The plots in (d) and
(e) are made following field lines launched by a grid with 360
points in the toroidal direction (abscissa) and 200 points from
s=1.945 m to s = 1.96 m, with s the distance from the HFS
midplane along the wall, in the clockwise direction (ordin-
ate). The colors correspond to the minimum unperturbed ¥y
reached by the field line, with in white the field lines that have
always ¢y > 1. The amplitude of the applied perturbation is
set to Irmp = 1 kA. These parameters are used for all the sim-
ulations in this section, except when otherwise specified.

The presence of island overlapping allows field lines that
would have been otherwise confined within the LCFES to cross
the unperturbed separatrix (¢y = 1) and become open field
lines. For A¢ =90° a larger stochasticity is observed with
respect to A¢ = 270°. This corresponds to field lines that can
reach the divertor plates from /1)y ~ 0.98 when A¢ = 90°,
while for A¢ = 270° the minimum /1)y = 0.99. Likewise for
A¢ = 90° the extent (As) of the magnetic footprint is of about
10 mm, while for A¢ = 270° itis reduced to about 7 mm, with
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6 toroidal arrays of saddle loops as computed by the SVD.

As defined as the difference between the largest and the smal-
lest value of s for which the minimum vy < 1. Figure 17(a)
moreover shows that such perturbation allows field lines from
within the unperturbed separatrix to reach the divertor plate
not only close to the main outer strike point, the outer upper
(OU) one in this case, but also the outer lower (OL) and the
inner upper (IU) ones.

A more complete scan of A¢ is shown in blue in figure 18.
In (a) the dependence of the penetration depth and in (b) that
of the footprint extent on A¢ are shown. These plots show
that both the penetration depth and the As vary with A¢, but
their dependence is different, with the largest footprint (As ~

11 mm) observed at A¢ = 60° and the smallest one (As ~ 6
mm) at A¢ = 240°, while the largest penetration depth (1 —
W vmin = 0.028) is observed at A¢ = 90° and the smallest one
(1 — Ywmin =~ 0.007) at A¢p = 300°.

Figure 18 also highls the importance of considering the
plasma response in such calculations. The orange traces in
both plots correspond the same scan done without consider-
ing the plasma response. It is clear that neglecting the plasma
response would lead to a completely different result, with
field lines penetrating much deeper in the plasma (minimum
Ynmin == 0.9) and smaller As variations as function of A¢, as
well as different dependencies on Ag.
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SVD.

Figure 19 shows how the dependence of the penetration
depth and of As on A¢ changes with the amplitude of the
applied perturbation, from Ixpp = 0.5 kA to Irmp = 2 KA. Tt is
evident that a larger applied perturbation corresponds to a lar-
ger footprint that can reach deeper in the plasma. The depend-
ence of the penetration depth and of As on A¢ is maintained,
but while As changes almost linearly for a given A¢, the pen-
etration depth has a larger change between Igxyp = 1 kA and
IRMP = 1.5 kA than between IRMP = 1.5kA and IRMP =2KkA.
Moreover the overall variation in penetration depth is main-
tained to about 0.023, while the total variation in As increases
from 4 mm for Ixpp = 1 KA to 8 mm for Igpp = 2 KA.

Comparing these results with those in section 3.2 it is pos-
sible to observe that As varies with A¢ in the same way of the

edge mode when the vacuum field and the plasma response
are combined, while the penetration depth follows solely the
plasma response edge mode dependency on A¢. This sug-
gests that both the amplitude of the heat fluxes and their size
could be used to estimate the amplitude of the edge plasma
response, although the largest footprint might not correspond
to the largest heat fluxes to the plasma facing components. It
is also important to highlight that in [42] the footprints were
calculated considering only field lines that could make a full
poloidal turn, while here W yni, < 1 is used as threshold. If
only the field lines that make a full poloidal turns are con-
sidered, the maximum and minimum values of As would be
close to those of the penetration depth, but the overall As
dependence becomes more complex at larger values of Iryp,
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(e) the 3D footprints generated in the outer upper divertor by such perturbations.
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Figure 18. Dependence of the penetration depth (a) and of the
magnetic footprints extent (b) in the outer upper divertor as a
function of A¢ when the plasma response is included (blue) or
neglected (orange) in the calculations.

showing a bifurcation between A¢p = 120° and A¢ = 180°,
as if the magnetic footprints were the intersection of two or
more lobes. Although this is an interesting behaviour, it is out-
side the scope of this work, and it will be addressed in a future
publication.

5 4 I I I I I \
60 120 180 240 300 36

Ady,

Figure 19. Dependence of the penetration depth (a) and of the
magnetic footprints extent (b) in the outer upper divertor as a
function of A¢ for different amplitudes of applied RMP.

The previous two figures focused on the outer primary
strike point. How the footprints change as a function of the
divertor location is shown in figure 20. It is interesting to notice
how the penetration depth is almost constant between the three
locations chosen (except for two A¢), while the dependence
of As as function of A¢ largely varies.
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Figure 20. Dependence of the penetration depth (a) and of the
magnetic footprints extent (b) as a function of A¢ on the different
divertor plates. OU corresponds to the Outer Upper divertor, OL to
the Outer Lower divertor and IU to the Inner Upper one.

5. Conclusions

In this work we studied the possibility of measuring the
dependence of the perturbed magnetic field produced by the
plasma in response to an applied 3D perturbation with n =2
in MAST-U on the poloidal spectrum of the applied field. It
was shown that poloidally distributed measurements of both
the perturbed magnetic field at the wall and the displacement
of the LCFS can be used to identify the two modes compos-
ing the plasma response, one poloidally localized at the LFS
midplane and one above and below the midplane, and their
dependence on A¢. In particular the displacement of the LCFS
can be used as a proxy of the plasma response perpendicular
to the flux surfaces. It is also shown that the poloidal position
of the existing set of magnetic sensors would allow to measure
the A¢ dependence of the 3D perturbed magnetic field at the
wall, although the expected field produced by the plasma is
less than 1 G/kA in most cases, making it challenging for the
current magnetic diagnostic system. Last, the size of the foot-
prints and their heat fluxes at the divertor plates are shown to
have a clear dependence on the applied A¢, suggesting they
could also be used to infer the changes in amplitude of the
plasma response. Like for the magnetic field perturbations,
the 3D footprints are also found to be small, with a variation
in size between applied relative phases within As =1 cm for
1 RMP = 2 KA.

The modeling results obtained provide guidance to the
RMP experiments planned in MAST-U, for the purpose of
measuring the multi-modal plasma response with the goal to
optimize the applied poloidal spectrum in order to achieve
ELM control.
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