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30 Abstract. The structure,of themmon-axisymmetric heat load distribution at the

31 divertor plates is determined mot only by the toroidal but also from the poloidal

gg spectrum of non-axisymmetric field, perturbations. Whether they are intrinsic, like

34 error fields, or they are applied through 3D coils, the non-axisymmetric fields produce

35 complex 3D edge magnetie topologies (footprints) that alter the properties of the heat

36 and particle flux distributions on the divertor target plates. In this manuscript, a study

37 of the impact of applied.3D/field poloidal spectrum on the footprint size and structure
is done for the DUI-D gtokamak using the resistive MHD code M3D-C1 coupled with

38 g

39 the field line ‘tracing code TRIP3D. To resolve the impact of the poloidal spectrum

40 of the magnetic perturbation, the relative phase of the two rows of in-vessel 3D coils

41 used to produce both a n = 2 and a n = 3 perturbation is varied, where n is the

42 toroidal harmonic of the magnetic perturbation. This shows that the largest footprint

43 is predicted when the relative phase of the two rows is close to zero, which is also where

44 the resonantcoupling with the plasma is maximized. These results suggest that it will

22 be challenging to decouple the footprint size from the requisite resonant coupling for

47 RMP-ELM control. The correlation between the measured heat load and particle flux

48 distribuitions at the outer divertor plates in DIII-D and the magnetic measurements

49 isfin good agreement with the predicted dependence of the magnetic footprint size on

50 the amplitude of the resonant component of the plasma response.
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1. Introduction

Although tokamak plasmas are ideally toroidally symmetric in the equilibrium state, the
presence of externally generated non-axisymmetric (3D) magnetic field perturbations,
about four orders of magnitude smaller than the equilibrium field (6B/B ~110~%),
results in symmetry breaking. These 3D perturbations can be intrinsic, such as error
fields, or purposely applied, and can have both detrimental effects, such as the loss of
confinement due to mode locking [1, 2], as well as beneficial effect suchias the suppression
of edge localized modes (ELM) [3]. One of the main impacts/of the'broken symmetry
is the generation of complex 3D edge magnetic topologiessthat allow magnetic field
lines from within the unperturbed separatrix to reach the plasma‘facing components,
potentially significantly altering the properties of the heat and particle flux distributions
on the divertor target plates as observed in severaldtokamakséxperiments like DIII-
D[4, 5,6, 7, 8,9], KSTAR [10, 11, 12], EAST [13},;ASDEX Upgrade [14, 15|, TORE
SUPRA [16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 273 TEXTOR [28, 29, 30, 31, 32, 33, 34],
TEXT [35, 36, 37], and other devices [38, 39, 40, 44, 42,43, 44, 45]. The intersection
between the field lines from within the unperturbed separatrix and the plasma facing
components are called magnetic footprints.

Controlling such interactions is fundamental since it can cause a localized stationary
heat and particle loads on the divertorstarget that exceeds thermal stress limits. This
can lead to excessive localized erosion. Fhe loads may also spread out of the designated
areas (an example could be the presence of heat fluxes that exit the divertor region and
strike the first-wall blanket modules in ITER), or it can lead to clustering of field lines
and thus local peaks in heat déposition'|41]. Although the most promising mechanism to
achieve such control is the sosealled divertor detachment (see [46] and references within),
the geometry of the divertor has a strong impact on it [47, 48] and the consequences of
the presence of 3D asymmetiies is'still an active area of study [12, 13, 15, 49, 50, 51, 52].
Understanding the physics meehanism that controls the connection of field lines from
the plasma volumerinside the unperturbed separatrix to the wall of a tokamak device
is therefore of fundamental importance to ensure the operability and desired lifetime of
future fusion devices.

Several (studies have been done to understand the dependence of the magnetic
footprints on etror fields [53], on applied perturbations with different toroidal [9] and
poloidal [10, 11].periodicities, on rotating perturbations [54], all showing the importance
of the plasma response to the external 3D perturbations on the shape of the magnetic
footprints. Im the enhanced confinement regime (H-mode) the plasma response was
found to strongly depend on the poloidal periodicity of the external perturbation applied,
whereitgean vary not only from a screening to an amplification of the perturbation [55],
but.also can excite different plasma modes [56, 57] leading to completely different
scenarios. It was indeed observed that in H-mode the plasma response to n = 2 applied
perturbations is characterized by the superposition of two modes, a resonant (m = ngq)
and a non-resonant (m > nq) one - where m and n are the poloidal and toroidal harmonic
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: at the rational surfaces and ¢ is the local safety factor -, whose amplitude depénds on
6 the poloidal spectrum of the applied perturbation.

; In this manuscript, a detailed study of the predicted impact of the poloidal spectrum
9 of the applied perturbation on the magnetic footprints in H-mode with anrattached
10 divertor is presented, highlighting how specifically the resonant componént of the plasma
:; response plays a major role in determining the size of the footprints.«Model predictions
13 are done using the resistive MHD code M3D-C1 [58, 59, 60] coupléd with the field line
14 tracing code TRIP3D [61], as presented in Section 2. Section 3¢déseribesthe different
1 2 magnetic footprints that are obtained varying the poloidal spectrur? of the applied
17 perturbation, with particular focus on the impact of the plasma response. In Section 4
18 experimental observations in support of the predictions are presented, showing indeed
;g a correlation between the size of the 3D heat and particle fluxes with the resonant
21 component of the plasma response. In Section 5 the findings are discussed.

22

23 2. Modeling setup

24 'S

;2 The kinetic EFIT [62] reconstruction of, DIII-D [shot, #164362 at 3.4s provides the
27 equilibrium that is used as base for the'study. It has a single null topology, it is in
;g H-mode and it is characterized by plasma eurrentiof [, = 1.5M A, a toroidal magnetic
30 field on axis of By = 2T, a normalizedug.of By (= faB/I[%mT/MA]) = 1.5, and the
31 safety factor at the 95% poloidal flux surface qg5 = 3.7. The equilibrium reconstruction
gg is shown by orange solid linesiin Figure 1(a):

34 The shape of shot #164362-is'the so-called DIII-D/AUG similar shape [63]. Such
35 shape is characterized by having the outer strike point (OSP) located on top of the shelf.
;? This allows the outer footprintite be/fully visible by a camera looking at the divertor
38 plates from the top conversely 4o aanore DIII-D standard pumped shape, where the OSP
39 would be located clesesby the shelf and therefore not entirely visible to such diagnostic.
2(1) The resistive MHDycode M3D-C1 is used to estimate the impact on the equilibrium
42 of the presence offan externally applied 3D DC field. The field is applied using two
43 rows of coils located inside the vacuum vessel, above and below the midplane, as shown
2‘; in Figure 1(a)gthat représent the I-coils of DIII-D [64]. A 3D view of the coils can be
46 found for examplé indigure 1 of Ref [57]. For each toroidal periodicity (n) two separate
47 simulations are run for the upper and the lower row of coils. The GPU version [65] of
22 the field line tracing code TRIP3D is then used to estimate the location on the divertor
50 plates where magnetic field lines from the plasma side of the unperturbed separatrix
51 intérsect them using the outputs of M3D-C1 as input. Due to the linearity of the MHD
g g simulations, both the amplitude and the phase of each applied perturbation are modified
54 in thefield line tracing computations, allowing to study several combinations of the I-
55 coils. from two MHD simulations. Of particular interest in this study is the relative
g? phase between the upper and the lower row of coils (dubbed phasing or A¢yy, in the
58 rest of the paper), used as a proxy for the different applied poloidal spectra (m). Here
59 the phase ¢ is defined such that the current at a given angle ¢corr, is proportional to
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Figure 1. In (a) theequilibrium reconstruction of shot #164362 at 3.4s (in orange),
with highlighted thespoloidal position of two toroidal arrays of Bz magnetic probes
(red in the high field side andyblue in the low field side), the poloidal position of the
two rows of I-coils (magenta the upper row, cyan the lower row), the radial location
of the Langmauir probes used for this study (yellow squares) and a cartoon of the line
of sight of both the infrared and the D,, camera in green. In (b) a zoom of the lower
diverter.area. ‘A Poincaré plot of the field lines traced with the TRIP3D code is added,
highlighting, the field lines from within the unperturbed last closed flux surface that
reachatherdivertor/plates. In (c) the footprint left by the magnetic field lines in (b) on
the outer divertor in the toroidal direction.

cos(nocorr = ¢)4 and the relative phase as A¢y, = ¢y — ¢, where U and L indicate
the upper andithe lower row of I coils respectively.

In all the TRIP3D results presented in this manuscript, the phase of the upper row
of coils 18 kept constant and the phase of the lower row is modified, the amplitude of the
applied perturbation is amplified by a factor of 4 to reproduce an I. = 4kA of current
in the coils. The traced field lines are either started in the normalized flux surface (¢y)
range 0f10.9 < ¥y < 1 and followed both in the positive and negative direction, or
launched from the divertor plates. In both cases the field lines are traced until they
intersect the wall or reach a preset maximum number of toroidal turns, that is typically
about two times the electrons mean free path. For the area calculations (i.e., the total
surface of the plasma facing components that is intersected by field lines from within
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: the unperturbed separatrix), the latter method is used, and a field line is considered
6 part of the footprint if it computes at least a full poloidal turn. More details on how
; the field line tracing is done and how the footprints and their area are calculatedscan
9 be found in Ref. [53].

10 An example of the field line tracing results are shown in Figure 1.4Panel (b)shows
:; a puncture plot of field line (in black) crossing a poloidal cross seetion innthe region
13 of the lower divertor. The orange solid line represents the unperturbed last closed flux
14 surface. It can be seen that some field lines exit the unperturbed separatrix forming
1 2 clear lobes, and that the lobes closer to both the strike points iifersect the plasma
17 facing components. Panel (c) has an examples of the footprint left by such lobes on
18 the outer divertor plate. The horizontal axis is the toroidal anglepand the vertical axis
;g corresponds to the major radius. The blue shaded region highlights what will be called
21 the radial extent of the footprints, i.e., the difference between the largest and smallest
22 major radius at which a field line intersects the outér divertor plate. The footprint over
;i the full toroidal angle is periodic, such that thesadial profile at ¢ = 0° is the same of
25 that at ¢ = 360°, and for n = 2 there are two identical fo?)tprints with the second one
26 starting at ¢ = 180°.

27

28

29 3. Simulation predictions

30

31 In this section the impact on the magnetic footprints from external perturbations with
gg toroidal periodicity n = 2 andé,= 3 is presented, each with a variable poloidal spectrum.
34

;2 3.1. Impact of an applied n=2 magnetie,perturbation

37 The M3D-C1 MHD simulations atesdone both neglecting the plasma response (dubbed
gg the vacuum case) and including it (dubbed the total case). This allows study not only of
40 the overall impact of the applied perturbation but also highlights the predicted impact
41 of the plasma response on the magnetic footprints. Figures 2(a) and (b) show the
jé comparison between twafootprints for an n = 2 applied external field with I, = 4kA
44 and A¢yr, = 0 when the plasma response is neglected, (a), or included (b). Here the
45 y-axis is theddistance along the major radius from the unperturbed outer strike point
2? (Ros). Including the plasma response leads to thinner and longer main lobes compared
48 to the vacuum case. The presence of smaller secondary lobes is also shown.

49 The impact of changing the phasing of the applied perturbation is shown in
g? Figurer 2(¢)..«Here everything is the same of panel (b) except that in this case
52 A¢yp = 180°. The result is a footprint with a radial extension of about an order
53 of magnitude smaller.

gg A detailed scan of the phasing and its impact on the footprints is shown in
56 Figure 3. Here the dependence of the magnetic footprints on the phasing of the
57 applied perturbation is shown in terms of area (a) and in terms of extent (b) of the
gg footprint, both for the vacuum case and for the total case. A finer scan is done for
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Figure 2. Magnetic footprints at the lower outer divertor plate for: (a) upper
and lower n = 2 perturbations in phase, no plasma response, (b) upper and lower
n = 2 perturbations in phase, plasma response included, (c¢) upper and lower n = 2
perturbations in oppesition/of phase, plasma response included.

the total case than for the vaeuum case, but this does not affect the main results: the
phasing that correspondsito the largest and to the smallest footprints changes when
the plasma response is included in the modelling. It is also important to notice that
the plasma response has a different impact on the area compared to the radial extent
of the footprint. For 30° < A¢y < 240° the plasma response reduces the area of the
footprints compared to vacuum case, while it increases the area for the other phasing.
Moreovef, the largeést area is achieved in the vacuum case (max(Areayac) ~ 0.20m?
versus maz(Arearor) ~ 0.16m?). In terms of radial extension of the footprint,
the phasing,where such is reduced by considering the plasma response is reduced to
100° < Adpr < 240°, and the largest footprint is achieved when the plasma response
is included (max(Extentyac) ~ 0.06m versus max(Eztentror) ~ 0.09m). This is
consistent with what is shown in Figure 2 where the plasma response modifies the
magnetic footprints by “stretching” them. Despite the different impact of the plasma
response on the area and extent with respect to the vacuum case, in both cases the
largest footprint is predicted at A¢yr =~ 30° and the smallest one at A¢yp ~ 210°



Page 7 of 24

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - NF-104761.R1

Controlling the size of non-axisymmetric magnetic footprints using resonant magnetic perturbations?

0.2+

0.1

area [m?]

—e total
e - vacuum

O | I I

extent [cm]

].BIO
Adup

0 a0

Figure 3. Area (a) and radial extent (b) of the predicted magnetic footprints as
function of the phasing of the applied n = 2 perturbation. In red the vacuum case, in
blue the total (vacuum+plasima) case.

A S

conversely to the phasing 0f90° and 270° predicted by the vacuum case.

Such a change in, footprint size with the phasing, and therefore the poloidal
spectrum, of the applied perturbation - where the term size identifies both the area and
the radial extent - is consistent with the changes in the plasma response calculated by
M3D-C1. In Figure4 there are two different contour plots of the vertical magnetic field
produced by/the plasmayone for A¢y, = 0° and one for A¢y;, = 180°. An overall larger
plasma response near the unperturbed separatrix is predicted for the former phasing.

How such different plasma response leads to an impact on the magnetic footprint
is shown,in Figure 5. In (a) and (c) is shown the fraction of field lines that are lost
from within'the unperturbed separatrix as function of their starting ¢ for A¢yr = 0°
and A¢yr, = 180° respectively. The blue, red, green and cyan regions are the predicted
size ofsthe 7/2, 8/2, 9/2 and 10/2 magnetic islands by the SURFMN code [66]. In
(b).and (d) there are two puncture plots of the same cases, with the colors identifying
the minimum vy reached by the field line. At the larger plasma response along the
separatrix corresponds larger islands, and field lines starting from as deep in the plasma
as Yy ~ 0.93 are predicted to be able to leave the plasma volume to connect with the
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Figure 4. Vertical magnetic field (Bz) produced by the plasma as calculated by M3D-
C1 for two different phasing, of the applied n = 2 perturbation. In the figures it is
also indicated the'poloidal location of the I-coils, in green, and of the toroidal arrays
of magnetic probes,in black.

divertor plates, despite no overlapping islands are predicted for ¥ < 0.99. In such
conditions, field lines from the 7/2 island are lost across the gap with the 8/2 island
by field line tunneling through heteroclinic intersection of stable and unstable invariant
manifolds comprising the/separatrices of these two islands, as described in [4] and [67].
Conversely, in correspondence to the smallest plasma response along the separatrix, only
2 0.99 are predicted to be able to cross the unperturbed

~Y

field lines starting from
separatrix.

The plasma response observed along the separatrix in Figure 4 is mainly the
resomant component of the two main components of the plasma response to n = 2
perturbation [56]. As described in Ref [57], the two modes have a different poloidal
extension:/the resonant mode extends for the full poloidal length and is localized at the
edge, while the non-resonant one is localized at the low field side (LFS) midplane and
extend radially to the core. Such poloidal structure allows to use the plasma response
measured on the high field side (HFS) as a proxy for the resonant mode, while that
measured in the LFS as a proxy for the non-resonant response.
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Figure 6. Normalizedyarea and radial extent of the predicted magnetic footprints
as function of the/phasing of the applied perturbation compared to the normalized
predicted HFS and LFS magnetic plasma response.

N

3.2. Impact of an applied n=8 magnetic perturbation

A similar study has beencarried out also for applied n = 3 perturbation, and a summary
of the results is shown in Figure 7. In (a) and (b) what are found to be the smallest and
the largest magnetic footprints at the outer divertor plate. Area and radial extension
are predicted«to be comparable to the n = 2 case, but in this case the largest footprint
is found forl A¢gr =5 270°% and the smallest one for A¢yr, = 90°. To notice also that
the footprints due to a n = 3 perturbation, as expected, have three main lobes. In
(c) and (d) is shown a coarse phasing scan of the footprint size, both for the vacuum
case_and for that including the plasma response. The same considerations made for the
n = 2 case can be also made for the n = 3 case. In (e) the size of the footprints is
compared with HFS and LFS plasma response similarly to Figure 6. Also in this case
the dependence of the size of the magnetic footprints on the poloidal spectrum of the
applied. perturbation is similar to the predicted HFS Bz from the plasma response.
Similarly to the n = 2 case, also for the n = 3 applied perturbation the HFS Bz
plasma response is a good proxy for the amplitude of the mode dominant at the edge,
as can be seen in Figure 8. And also in this case field lines from the (m/n) 11/3 and
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Figure 7. In (a) and (b). the predicted magnetic footprint at the outer divertor plate
for an applied n =3 pertutbation with A¢yr = 90° and Ag¢yr = 270° respectively.
36 In (c) and (d) the'dependence of the magnetic footprint area and extent respectively
37 on the phasingdneluding, thé plasma response (in blue) in the calculation and omitting
38 it (in red). In (e) & comparison between HFS, LFS normalize plasma Bz field and the
39 normalized size,of the magnetic footprints.

42 12/3 islands can réach the divertor plates by tunneling effect only when the HEF'S plasma
response is the largest, while only field lines from ¢ 2 0.99 are predicted to be able to
45 cross the unperturbed.separatrix for the smallest predicted HFS plasma response (see
46 Figure 9). It is interésting, to notice that despite SURFMN predicts the 10/3 island to
47 be close toythe 11/3 for Ag¢y, = 270°, there are not field lines that escape the 10/3
49 island. fAs a cemsequence, the inner ¢y from which field lines can reach the divertor
50 plates.in the n = 3 case is ¥y =~ 0.94 similar to ¥y ~ 0.93 for n = 2.

53 3.3 Magnetic footprints and heat fluxes

55 So_far the discussion on the magnetic footprints has been done dividing field lines
56 that connect the divertor to the plasma volume from those that remain in the
scrape-off layer (SOL) or in the plasma, but such description might be misleading
59 when attempting a quantitative comparison of the magnetic footprints with heat and
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the SURFMN code. In (b) and (d) the respective Poincaré plots of the region closer
to the separatrix, with the colors representing the minimum ¢y reached by the field
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gi Figure 10. Details ofithe footprints shown in Figure 2(b) and (c). In (a) and (b)
35 the colors represent the number of toroidal turns a field line does before connecting
36 two points on the divertor, in (c) and (d) the minimum ¢y reached by such field line.
37 The white areafis tlie,serape of layer (SOL), a region characterized by field lines that
38 connect two pointg'of the divertor plates without crossing the unperturbed separatrix.
39 Note the different vertical axis in (b) and (d) compared to (a) and (c).

40

41

42 particle fluxes that reach the divertor plates. Several studies have been done in the
23 last 30 years térunderstand the transport in presence of a stochastic layer at the
45 edge [5, 18, 21,23, 24,430, 68, 69, 70, 71, 72, 73], highlighting the presence of a fine
46 structure inside/the(footprints. Such fine structure can be observed in Figure 10,
2; where thesfootprints of Figure 2(b) and (c) are plotted using colors to indicate the
49 number of toroidal turns a field line computes (top plots) and the minimum ¢y the
50 field line reaches (bottom plots) before connecting two points at the divertor. It is
g; possible to,observe that a region filled with short field lines that stay close to the
53 unperturbed separatrix exists in both cases. Such region is called the laminar zone
54 and is dominated by parallel transport. The laminar regions are embedded in regions
gg dominated by a mixture of field lines of different length that can reach deeper region of
57 the plasma. Such regions consist of ergodic field lines and are dominated by enhanced
58 radial transport [5, 24, 30, 69]. Although such considerations may help understanding
59

the experimental observation, the use of a convective heat-flux model that includes both
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ion and electron fluxes as well as effects due to the radial electric field is necessary to
achieve a quantitative agreement [14, 74]. In the following section experimental data
of heat and particle fluxes to the DIII-D divertor are presented, with the purpose-of
highlighting changes in the 3D structure correlated with the plasma response to the
applied 3D fields, and in particular with the resonant component of the plasma response,
rather than a quantitative agreement with the size of the predicted magnetiéfootprints.

4. Experimental observations

4.1. Ezxperimental setup

An experiment with the intent of confirming or confutingsthis predietion was performed
on DIII-D. The discharges considered are all in H-modes withyanequilibrium similar to
that used for the M3D-C1 runs shown on Figure 1. They have [, ~ 1.2M A, By ~ 2T,
Oy =~ 1.75, q95 ~ 4.2 and the outer strike point on the shelf at Rpg ~ 1.45m. These
discharges are also characterized by a low pedestal densi’w (Neped = 2.3 X 10719m=3),
a fully attached divertor and the presence of edgé localized modes (ELMs). A small
set of simulations have been done to prédict. the impact of a different gg; with respect
to the equilibrium used for the simulations. The equilibrium has been modified using
the SEGWAY code [75]. As shown,in figure 11, the results predict that the change in
Qo5 from qo5 >~ 3.7 to qo5 ~ 4.2 is small enough to result in negligible changes to the
footprints sizes and no changes in the phasing dependence, despite the expected lower
amplitude of the plasma response measured in the HFS [76].

The DIII-D I-coils are twe rows of six picture frame coils each, with the capability
to produce independently n = 2 field with any desired phase and n = 3 with only
two phases. In these discharge} theI-coils are mainly used to create n = 2 magnetic
perturbations with varying peloidal spectrum. Two different styles of perturbations were
applied, one dubbed “phase-flips” and one called “rotations”. In the phase-flips method,
the polarity of the current, in.the coils is “flipped” every ¢ = 100ms (i.e. the applied
perturbation is shifted by:180°), in the “rotations”, the current in the coils oscillates such
that the n = 2 field rigidly rotates with a frequency of 3Hz. Both the perturbations aim
at moving the three-dimensional magnetic footprint in front of the toroidally localized
diagnostics used to observe it. In the rotations the magnetic footprint rotates with the
perturbation so the diagnostics can see the whole 3D structure after a full period. In
the phase-flips $wo different cross sections of the footprint at 180°/n from each other
are observed.

Three(different diagnostics were used to look at the footprints at the outer strike
point:

e_a camera to look at infrared emission (IR) as proxy for the heat fluxes in the divertor
region;

e a camera to look at D, emission from the divertor region as a proxy for the particles
flux [77];
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Figure 11. The solid lines are the amplitude of the n = 2 component of the poloidal
plasma response at' the HES,midplane, the dots the footprint extent. In blue for the
36 case with gg5 = 3.7,\in orange for qg5 = 4.2.

37 N
39 e an array of nine Langmair probes located from R = 1.5m to R = 1.72m [78].

a1 The magnetic plasma response is measured by two toroidal arrays of Mirnov probes
42 part of the 3D magnetic diagnostic system [79, 80]. A cartoon of these diagnostics is
43 shown in Figuresl.

46 4.2. n=2 rotations

48 Figure 12 shows the observed heat flux, D, emission and floating potential (V) for the
49 discharge #178518 where the I-coils were producing a rotating n = 2 field in phase up
to 48 and atyA¢y, = 180° thereafter. In (a) there are the time-traces of the phase
52 of lthe applied perturbations and their difference. In (b) the amplitude of the n = 2
53 component of the plasma response measured by the LFS and HFS Bz toroidal arrays.
(c) and (d) are contour plots of the infrared and of the D, emission respectively. For
56 these two plots, only the inter-ELM phases are plotted and the amplitude of each time
U slice is normalized by the amplitude of the signal at the outer strike point, in order to
highlight the radial structure of the heat and particle fluxes. For each plot, a contour
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Figure 12. In (a), phase of the applied n = 2 perturbation. In (b), amplitude of the
n = 2 component of the poloidal plasma response at the wall measured by two toroidal
arrays. In (c), (d), and (e) the time evolution of the radial profile of the normalized
IR emission, nermalized..D4 emission and floating potential respectively. The data are
for discharge/#178518 of DIII-D.

line is drawn at about 5'em from the Rpg. In (e) there is a contour plot of the V. This
is obtained combining the measurement of the nine Langmuir probes, with each time
trace smoothed In this case the vertical axis is the radial position of the probes and
the colors correspond tothe measured voltages since the outer strike point is about 5em
away from the closest probe, preventing the same normalization used for the other two
signals. Ardashed black line indicates the location of the Rpg.

Although noene of the three contour plots shows a clear line splitting, all of them
showsthe presence of a 3D structure rotating at the same frequency of the applied
perturbatien up to 4s, then such structure is more difficult to observe. In agreement with
the predicted dependence of the size of the footprint only on the resonant component of
the plasma response, the large non-axisymmetric structure is observed when the HFS
plasmaresponse is larger and it is dimmed when the HFS plasma response is smaller,
despite a constant LFS plasma response as shown in Figure 12(b).

Another example in agreement with the prediction of a dependence of the footprint
size on the resonant component of the plasma response is shown in Figure 13. Here the
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Figure 13. In (a), phase of the applied n = 2 perturbation. In (b) the time evolution
of the radial profilé of the mormalized D, emission. In (c), amplitude of the n = 2
36 component of the poloidal plasma response at the wall measured by two toroidal arrays.
37 The data are for diseharge #178521 of DIII-D.

40 D,, emission from shot #178521is shown. This discharge is similar to that of Figure 12
41 except for the applied phasing. In this case A¢yr, = 90° is applied until ¢t = 4s and it
is changed to A¢p = 270° after, as shown in (a). This change in phasing has a large
44 impact on the LES plasma response but it is negligible on the HFS one as shown in
45 (c). The normalized D, signal in (b) shows that the change in size of the 3D rotating
structure beforg and after 't = 4s is also negligible. A similar behaviour is observed in
48 the floating potential data, while no data about the heat fluxes are available for this
49 discharge.

52 4.8. n=2 phase flips

54 The phase-flips method allows to explore more phasing in a single discharge, but provides
55 information only about two locations of the footprint. For n = 2, a phase flip allows to
observe two radial profiles at A¢ = 90° from each other. Looking at Figure 2(b) and (c)
58 it is clear that two radial profiles at 90° from each other are predicted to be more different
59 for A¢yr, = 0° than for A¢gy, = 180°. In the case of A¢y, = 0°, the radial profiles at
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Figure 14. In (a), phase of the applied n = 2 perturbation. In (b), amplitude of the
n = 2 component of the poloidal plasma response at the wall measured by two toroidal
arrays. In (c) the time evolution of the radial profile of the normalized IR emission. In
(d), (e), (f) and'(g) theraveraged normalized IR emission radial profile for the different
applied phasing, in blue when ¢y = 180°, in red when ¢y = 0°. The data are for
discharge #178513 of DIII-D.

¢ = 0° has for example field lines intersecting the divertor at 0 < R — Rpg < 2.5cm and
between R — Rgg ~ 6cm and R — Rps =~ Tcm while the radial profiles at ¢ = 90° has
field lines intersecting,the divertor for most of the region with R — Rps < 4cm. In the
case of A¢yr =(1802 both radial profiles have filed lines only in the first 1.5c¢m from
Ros.

In Figure 24 the application of the phase-flips method is shown. Four different
phasing are applied in the shown time interval, each one with a clearly different plasma
response and heat fluxes at the divertor. In the first 600ms, A¢yr, = 60°, the amplitude
of the n = 2 plasma response is of about dBZEY = 2G in the HFS, and of about
SBLES"="1G in the LFS. A change of the radial profile of the heat flux synchronized
withuthe phase flips can be seen in the contour plot. Figure 14(d) shows the averaged
radial profile when the upper row of I-coils has a phase of ¢y = 0° and ¢y = 180°.
The two profiles differ especially between about 2 and 5¢m from the outer strike point.
The following 1.2s are characterized by two phasing with large LFS plasma response
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(6BLES > 2@G) and a change greater than 1G between the first and the second phasing,
while the HFS plasma response stays small (§BZES < 1G). For the whole tim@interval,
the heat fluxes radial profile does not obviously change, as shown both in, the conteur
9 plot and by the averaged radial profiles in panels (e) and (f). In thegdast 600ms of
10 the plots the HFS plasma response returns to about d BZES = 2G while the LES one

stays constant. A change in the radial profile synchronized with the phase flips is again
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Figure 15. In red and blue the averaged amplitude of the n = 2 plasma response
45 measuredsat'the HFS and LFS respectively as function of the applied phasing. The
46 greén dets are the maximum standard deviation between the normalized heat flux
47 radial profiles at ¢y = 180° and ¢y = 0° for a given phasing, normalized by the largest
48 value!’ The standard deviation is calculated in the range of Om < R — Ros S 0.1m.
49 The data correspond to discharges # 178512, 178513, 178514 and 178515.

In Figure 15 the difference between radial profiles measured at different ¢y for
53 different phasing is quantified. The red and blue lines are respectively the HF'S and LFS
>4 plasma response normalized like in Figure 6 with their error bands. The dots correspond
to theimaximum standard deviation between the normalized heat flux radial profiles at
57 oy = 0° and ¢y = 180° for several discharges. As predicted by the M3DC1-TRIP3D
58 simulations, the most different profiles - those with the larger standard deviation - are
found when the HFS plasma response is maximized, while no 3D structures seem to
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be present at the minimum HFS plasma response despite the presence of a large LES

plasma response.
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Figure 16. In (a),hmse of the applied n = 3 perturbation. In (b), amplitude of the
n = 3 component/of the poloidal plasma response at the wall measured by two toroidal
arrays{ln'(c) the time'evolution of the radial profile of the normalized IR emission. In
(d) and<(e) the averaged normalized IR emission radial profile for the different applied
phasing, in blueswhen ¢y = 180°, in red when ¢y = 0°. The data are for discharge
#178534 of DIII-D.
4.4. n=38

As mentioned in Section 4.1, the six I-coils per row of DIII-D allow to produce n = 3
field withronly two phases, therefore only phase-flips for A¢yp = 0° and A¢yr = 180°
can be explored. For such phasing, Figure 7 shows that the footprints are expected to

be ‘similar.

Figure 16 is the equivalent of Figure 14 for the n = 3 case. In agreement with the
predictions, the LFS plasma response changes between the two phasing, but the HFS
one does not, leading to comparable radial heat flux footprints at the two ¢y and A¢yr
observed. Indeed, the profiles at ¢y = 0° and ¢y = 180° are different from each other,
but that difference does not change when the LF'S plasma response changes at ¢t = 2.6s.
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: 5. Discussion and Conclusions

6

7 In this manuscript it is reported a detailed study of the impact of the peloidal speetrum
g of the n = 2 and n = 3 applied perturbations on the footprint of the fieldilines that
10 connect the plasma inside the unperturbed separatrix to the divertor plates.

11 The simulations show that a poloidal spectrum that maximizes the:resonant plasma
:g response will also maximize the size of the magnetic footprints, and the poloidal
14 spectrum that minimize the resonant plasma response will also minimize the footprints’
15 size. This is in agreement with what was previously observed both.in ' KSTAR [10] and
1? in ASDEX Upgrade [14] where the application of a n = 2sperturbation with a non-
18 resonant poloidal spectrum was observed to lead to smaller footprints compared to the
19 application of a resonant one.

;? This can be explained by the fact that the resonant plasma response has a poloidally
2 global impact on the magnetic field lines and thatsit is radially localized at the edge,
23 therefore it is predicted to have a large impact_ om field lines that live near the edge
;‘; before connecting to the divertor plates. On the contrary, the non-resonant response
2% is dominated by local plasma response with a larger core component. This results in
27 having an impact only on a limited part ofithe field line path, such that the overall
28 impact on the magnetic footprints is negligible'eompared to the resonant one. The
29 . . . .

30 simulations show also that in H-modey,conversely from the L-mode regime [14], the
31 plasma response has a large impact on'the magnetic footprints at the divertor plate.
32 The experimental data presented in Seetion 4 do not show clear discrete 3D lobes,
2431 but rather smeared 3D heat and particle fluxes at the divertor plates. The smearing of
35 the heat fluxes is thought to be due tothe presence of a radial electric field in the near
g? scrape-off layer that can Consid\erably shift the footprints toroidally [74], and possibly
38 also to the presence of frequent ELM crashes that redistribute the heat and particle
39 fluxes at the divertor plates: Such physics is not included in the MHD model used to
40 predict the magneti¢ feotprints. As predicted by the MHD simulations though, the
2; 3D structure is moreérevident in correspondence of a large measured resonant plasma
43 response and it isinot visible when the resonant plasma response is small. The structure
44 is found to besindependent of the amplitude of the non-resonant component of the
22 plasma response,

47 One of the consequences of these findings is that it will be challenging to decouple
48 the RMP-ELM control problem, for which the resonant coupling is a requisite [82], from
gg the presence of large region of heat and particle fluxes. Although this may be seen
51 adyantageousas the power load is spread on a larger surface, it means also that a larger
52 area, of the machine might need to be dedicated to being able to contain and withstand
- it.

55

56

57

58

59
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