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Abstract. Detachment of the divertor plasma during application of resonant

magnetic perturbation (RMP) fields is evaluated for hydrogen H-mode plasma during

the first pre-fusion power operation (PFPO-1) phase in ITER by 3-D plasma boundary

modeling with EMC3-EIRENE. Plasma response effects from a linearized, resistive,

single fluid MHD model are discussed, which includes partial screening of the externally

applied field - but also field amplification near the separatrix. This field amplification

is found to play a pivotal role for the magnetic footprint on the divertor targets, but

is sensitive to model parameters. Extensions of the footprint beyond the straight

portions of the ITER vertical divertor targets, optimized for high stationary heat flux

handling, may be possible depending on the level of toroidal rotation in the plasma.

Exhaust from the bulk plasma is guided by the helical corrugations (lobes) of the

perturbed separatrix, and this results in an upstream heat flux that is distributed over

these lobes with lower peak values than in the typical radial heat flux profiles seen

in the absence of magnetic perturbations. As a consequence, an earlier onset (with

respect to the upstream density) of detachment is found in the traditional strike zone

when RMPs are applied, but secondary, non-axisymmetric strike locations appear -

and those remain attached at temperatures above 10 eV. Neon seeding can mitigate

these non-axisymmetric heat loads, but this becomes less efficient for large magnetic

footprints.

(Some figures in this article are in colour only in the electronic version)
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1. Introduction

The ITER project aims at a burning plasma as the next step towards fusion energy

production [1]. This, however, implies that a significant amount of power needs to be

exhausted from the core plasma, and this occurs through a very thin scrape-off layer

(SOL) just outside the magnetic separatrix. Fast transport along magnetic field lines

results in small exposed areas on the divertor targets, and even though the tungsten

ITER divertor is designed to handle stationary heat fluxes of 10 MW m−2 [2, 3] (after

toroidally averaging over the monoblock surface shaping), dissipation of a large fraction

of this power is required before it can be deposited on material surfaces. Therefore, it

is anticipated to operate the ITER divertor in a partially detached state [4, 5, 6] which

is sufficiently deep to reduce peak heat loads, yet stable enough to maintain control

over the amount and location of the dissipated power. Extensive plasma boundary

modelling with the SOLPS-4.3 and SOLPS-ITER codes has been conducted to guide

the design of the ITER divertor [3, 7, 8] for operation in such a partially detached state.

Characterization of divertor heat loads and demonstration of their control is an integral

part of the “staged approach” towards burning plasma operation outlined in the ITER

Research Plan [1] with two pre-fusion power operation (PFPO) phases at lower power

and magnetic field.

Another major challenge is related to the control of transient heat loads from edge

localized modes (ELMs) [9], an MHD instability occurring in the edge of standard

high confinement (H-mode) plasmas, since peak ELM-induced power densities can

exceed the stationary loads by orders of magnitude and cause localized melting of the

tungsten divertor monoblocks. Suppression or mitigation of ELMs has been successfully

demonstrated in many present day tokamak experiments by application of resonant

magnetic perturbations (RMPs) [10, 11, 12, 13], which are now an integral part of the

ELM control scheme for ITER [14]. The perturbation field BRMP will be applied in

ITER through 3 rows of 9 in-vessel window frame coils (see figure 1). These can be

powered individually to produce a number of different toroidal base modes n, and fine

tuning of the perturbation field is possible by varying the phase of the perturbation

between rows.

Despite the small amplitude of the symmetry-breaking BRMP relative to the

axisymmetric equilibrium field Bequi (about 10−4 on the high field side to 10−2 on the

low field side just inside the separatrix), the impact of RMP fields on the boundary

plasma can be quite significant. Magnetic island chains appear where BRMP is resonant

with the helical pitch q = m/n (safety factor) of Bequi, and neighboring island

chains can overlap to form a layer with chaotic or so-called “stochastic” field line

trajectories. This island overlap is most relevant at the plasma edge in poloidally

diverted plasmas where resonances are located closer and closer together towards the

magnetic separatrix. The perturbed magnetic separatrix develops helical corrugations

(referred to as lobes) which become more dense and elongated towards the X-point,

which is a well known phenomenon in nonlinear dynamics in perturbed systems with
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Figure 1. In-vessel coils for application of resonant magnetic perturbations in ITER. A

scrape-off layer equilibrium flux surface and the divertor targets are shown for reference.

a hyperbolic fixed point [15, 16]. Magnetic field lines can thereby escape from the

chaotic layer in the bulk plasma‡ and are guided by the perturbed separatrix towards a

non-axisymmetric strike zone on the divertor targets [17]. This acts as a new exhaust

channel that can largely replace the traditional SOL (outside the magnetic separatrix),

and corresponding striation patterns in particle and heat loads have been observed in

contemporary experiments (ASDEX Upgrade [18], DIII-D [19, 20], EAST [21], JET [22],

KSTAR [23], NSTX [24]).

These effects, however, have not been taken into account during the design of the

ITER divertor since the SOLPS suite of codes exploits the traditional approximation of

toroidal symmetry in tokamak configurations so that model equations can be simplified

to two dimensions for efficiency. Nevertheless, symmetry-breaking effects from RMP

application can be taken into account by moving from SOLPS to the 3-D computational

model EMC3-EIRENE [25, 26]. This is less complete in terms of physics contained

in the SOLPS fluid plasma solver (B2.5) - for example, drifts and currents are not

yet included in the EMC3 code - but the kinetic neutral solver (EIRENE) is used

in both. Even though EMC3-EIRENE has been originally developed for stellarators,

it has already been extended for efficient application to poloidal divertor tokamak

configurations with RMPs [27]. Previously, an initial exploration of RMP effects in ITER

has been conducted [28], but only for attached divertor conditions because at the time

EMC3-EIRENE (when applied to ITER) was unable to properly access the detached

state due to numerical oscillations and missing volumetric recombination. Despite some

initial success in stabilizing the iterative procedure of EMC3-EIRENE through adaptive

relaxation [29], numerical access to a detached divertor state has remained challenging

for EMC3-EIRENE. Only recently has more robust stabilization been achieved based

on a linearization of the electron energy loss term from interaction with neutral gas [30].

Furthermore, volumetric recombination has been implemented into EMC3-EIRENE now

‡ In the following we will use the phrase bulk plasma instead of confined plasma for the plasma domain

inside the magnetic separatrix of the unperturbed equilibrium configuration, thereby acknowledging

the fact that some field lines may no longer be confined to this region once RMPs are applied.
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[31] and evaluated for ASDEX Upgrade [32].

With this upgrade of EMC3-EIRENE, we can now analyze the impact of RMPs

on divertor detachment in ITER for the first time, and we begin with an evaluation

for the first PFPO phase here (PFPO-1). During this phase, ITER hydrogen H-mode

plasmas will be first explored (among other targets) at reduced field (1.8 T) and plasma

current (5 MA) since for these conditions ELM energy loads are not expected to cause

tungsten monoblock melting [33]. These plasmas will operate at typical power levels of

(20− 30 MW) by the use of ECH (3rd harmonic) on its own (assuming that a presently

considered upgrade of the ECH power by 10 MW is implemented by the beginning

of PFPO), or in combination with ICH (majority heating) or NBI at reduced beam

injection energy later in PFPO-2 [34, 35]. These plasmas will have the same q95 ≈ 3

as anticipated for the fusion power operation (FPO) phase with a burning plasma

(Q = 10). This is an ideal test bed for RMP application, because resonances will be

at similar radial positions throughout the plasma (resulting in a similar magnetic field

geometry in the plasma boundary), while power handling requirements are much less

restrictive as for the FPO phase. It will therefore be possible to explore the transition

from attached to detached states, whilst during high power operation in FPO, the

attached divertor state will be completely inaccessible from the point of view of divertor

target power handling. Our focus is on application of RMPs with n = 3 toroidal

symmetry with a phasing that has been optimized for ELM control (by maximizing

the plasma displacement near the X-point which is often associated with the edge-

peeling response) [36, 37] based on MARS-F [38, 39]. We will begin with a brief

description of the EMC3-EIRENE model for the plasma boundary in Section 2, and

continue with a discussion of plasma response effects. In particular, in Section 2.1, we

evaluate plasma response with respect to the magnetic geometry from the externally

applied field (vacuum RMP approximation), and in Section 2.2 we address how model

assumptions for the plasma response affect simulation results. Then, in Section 3, we

investigate the impact of RMPs on detachment with focus on the particle flux roll-over

in Section 3.1, and include dissipation from Neon seeding in Section 3.2. Finally, open

questions are discussed in Section 4.

2. Plasma boundary modelling with RMPs

The boundary plasma in EMC3-EIRENE (as well as SOLPS-ITER) is based on a

fluid model in which local values for density ni, Mach number M (flow velocity u‖
normalized to sound speed cs) and temperatures Te, Ti are determined by steady state

balance equations (for an extensive description of the model equations see e.g. references

[25, 31]):

∇ · Γ = Sp (1)

∇ ·

(
mi u‖ Γ − τ

)
= −∇‖ p + Sm (2)
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Magnetic geometry

Model parameters

Simulation results

3-D plasma boundary model

Φgas, Φcore, PSOL, fpump,
D⊥, χe, χi

Bequi + BRMP divertor targets

Finite flux tube grid

reversible field line
mapping

n, M, Te, Ti,
nZ

EMC3

EIRENE
Sp, Sm,
See, Sei

Figure 2. The EMC3-EIRENE model for a 3-D plasma boundary: the magnetic

geometry (and divertor targets) is required input along with model parameters for

particle and power throughput, and anomalous cross-field transport. The resulting

3-D Te from RMP application is shown on the right.

∇ · qe = See ∇ · qi = Sei (3)

The compact form (1) denotes the balance between changes in particle flux Γ and

particle sources Sp from ionization of neutrals or sinks from recombination. Quasi-

neutrality ne ≈ ni is assumed, and Γ includes anomalous cross-field transport through

a model parameter D⊥ = 0.3 m2 s−1. Momentum along field lines is driven by the

pressure gradient, and can be transferred between ions and neutral particles through

charge-exchange. Viscosity τ is classical along the field line direction and implicitly

set to η⊥ = mi niD⊥ in the cross-field directions. The energy balance equations for

electrons and ions include conduction and convection on the left hand side, and are

coupled through an exchange term on the right hand side. Conduction along field lines

is classical while a model parameter χ⊥ = 1 m2 s−1 accounts for anomalous cross-field

heat transport. Both D⊥ and χ⊥ are set to the standard values used for the majority

of SOLPS-ITER simulations [3]. Furthermore, energy losses from radiation, molecular

dissociation, and ionization are included on the right hand sides of (3). This may

include energy losses from impurities in a trace approximation (which is defined here

as negligible contribution to ne, and thermal equilibrium with the main ion species

TZ ≈ Ti). Ionization and recombination is included in the impurity particle balance for

charge stage Z, and transport is determined by a balance between friction and thermal

forces.

Following the approach of SOLPS-ITER and other 2-D plasma boundary models,

equations (1)-(3) are solved for a fixed magnetic geometry. Unlike 2-D models, however,

EMC3-EIRENE needs to account for the symmetry-breaking perturbation field BRMP.
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A representation of the magnetic geometry in the form of a finite flux tube grid

is constructed first (as indicated in figure 2), and field lines are reconstructed from

this grid in EMC3-EIRENE based on a reversible field line mapping technique [40].

While this is done for numerical efficiency, it also detaches EMC3-EIRENE itself

from the model that provides BRMP (and Bequi). Historically, the so-called vacuum

approximation of the external perturbation field Bvacuum RMP is applied based on a

polygonal representation of the coils and the Biot-Savart law. However, the magnetic

geometry can be modified by an internal response Bresponse of the plasma. This plasma

response can be taken into account, but it has to be provided by an external model for

a total BRMP = Bvacuum RMP + Bresponse that can be used for tracing field line segments

to construct the finite flux tube grid. In the following we exploit recent MARS-F results

[36, 37] based on a single fluid, linearized, resistive magneto-hydrodynamics (MHD)

model for BRMP (see e.g. reference [41] for a brief review of present MHD models for

plasma response). At this point, no feedback from the plasma boundary simulation on

the plasma response is taken into account. As an intermediate step, however, the impact

of model assumptions that go into the plasma response will be addressed in Section 2.2.

A self-consistent solution for the plasma boundary is obtained by iterating between

EMC3 and EIRENE for the left and right hand sides of (1)-(3), respectively. Model

equations are constrained by the total particle throughput (gas puff Φgas as scan

parameter and fixed core fueling Φcore = 5 · 1020 s−1 from neutral beam and/or pellet

injection which is balanced by pumping), and power input is set to PSOL = 30 MW as

representative for PFPO-1 for H-modes at 1.8 T with 5 MA of plasma current. Recycling

on the divertor surfaces (release of neutral particles after recombination of the incoming

ions and electrons) is set to 100 %, which implies that the density at the core boundary is

a dependent parameter determined by the particle throughput. Pumping of neutral gas

from below the dome is accounted for with a sticking factor of fpump = 0.72 %, and the

dome support structure (dashed lines in figure 4) is approximated by semi-transparent

surfaces with a reflection probability of 50 %, consistent with SOLPS-ITER modeling

(see e.g. figure 3 in reference [3]). Radiation from impurities is not included here

(because impurity seeding is not anticipated for PFPO-1), but will be briefly explored

later in Section 3.2.

2.1. Comparison to vacuum RMP approximation

The externally applied perturbation field (without plasma response) leads to the

formation of a set of fairly large island chains at positions where the helical pitch

q = m/n (safety factor) has a rational value. A layer with chaotic (often referred to as

stochastic) field line trajectories results when adjacent island chains begin to overlap.

This magnetic geometry is shown by the Poincaré plot in figure 3 (a), where the position

of the resonances for the n = 3 RMP field has been marked by horizontal lines. The last

closed magnetic flux surface is located at a normalized poloidal flux of ψN = 0.65 which

is located below the m = 6 resonance). However, an approximate flux surface can be
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Figure 3. Simulation results for Te (colour shaded regions) based on (a) the vacuum

RMP approximation and (b) with plasma response included for the same particle

throughput of Φgas = 3 · 1022 s−1. Poincaré plots show the magnetic geometry with

red points corresponding to field lines that connect to the divertor targets. The radial

position of the resonances q = m/n for the n = 3 RMP field is indicated by black

lines.

found between the m = 6 and m = 7 resonances at ψN = 0.77, and this is taken as the

inner boundary for the EMC3-EIRENE simulation. Within the first 100 field periods,

field lines have a standard devition of δψN = 3.6 · 10−3 from this approximate surface.

It can be seen that remnant island chains are present throughout the edge, but also

that the chaotic regions are connected with field lines escaping to the divertor targets

(red). Nevertheless, only a few field lines connect from ψN < 0.82, and this indicates

the presence of a ghost surface which is known to coincide with isotherms [42]. Indeed,

the resulting Te in figure 3 (a) from EMC3-EIRENE remains rather flat at either side

of ψN ≈ 0.82 at values of about 560 eV and 420 eV, respectively.

The Poincaré plot in figure 3 (b) shows the magnetic geometry with plasma

response included. The ideal MHD plasma is expected to shield the resonances of the

external perturbations, but reconnection of field lines and formation of island chains is

possible with finite resistivity. It can be seen that resonances are still mostly screened

throughout the plasma, but a small chaotic layer with escaping field lines (red) exists

outside ψN ≈ 0.94. Higher temperatures can be sustained on good flux surfaces, and

Te ≈ 750 eV is found at the inner simulation boundary. This is about a factor of 2 higher

than in the vacuum RMP approximation at the same radial position. Earlier EMC3-

EIRENE simulations for DIII-D [43] and ITER [28] have shown a similar deficiency of

the vacuum RMP approximation which is recovered once a screening plasma response

is taken into account. However, unlike the ad hoc screening applied in those earlier

simulations, the present plasma response is a result of an MHD model in full toroidal

geometry. The important difference is that the MARS-F plasma response can include

a field amplification near the separatrix (as we will evaluate quantitatively in Section

2.2), and it is this local field amplification that plays a pivotal role for the strike pattern

of field lines connecting from the bulk plasma onto the divertor targets.

A cross-section of the magnetic geometry in the divertor region is shown in figure
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Figure 4. Magnetic geometry of the (a) unperturbed (reference) configuration, (b)

vacuum approximation for the RMP field, and (c) plasma response scenario predicted

by MARS-F. The radial connection R is evaluated as the minimum of ψN along each

field line. Poincaré plots (black) show the extend of the chaotic field line domain.

4 for the vacuum RMP field and the plasma response case in comparison to the

unperturbed configuration. While Poincaré plots highlight the presence of remnant

island chains and chaotic layers, they provide little insight into how field lines connect

between bulk plasma and divertor targets. For this we define the radial connectionR of a

field line as the minimum of ψN that this field line reaches along its way. An unperturbed

field line never leaves its associated flux surface, and so contour lines of R are equivalent

to the flux surface contours in the unperturbed configuration in figure 4 (a), both inside

(orange) and outside (blue) the separatrix (which is added for guidance). Perturbed

field lines, on the other hand, can escape the bulk plasma guided by the perturbed

separatrix, and this is evident in figures 4 (b) and (c) by the orange colours which fill

out the helical lobes formed by the perturbed separatrix. The darker orange colours

in 4 (b) compared with (c) show a deeper radial connection, consistent with a broader

chaotic layer in the vacuum RMP approximation already found in figure 3 (a). What is

notable here, however, is that the size of these helical lobes is similar in 4 (b) and (c)

despite the screening nature of the plasma response.

Below we will evaluate the resulting impact on the (outer) divertor target, and

for this we first discuss the unperturbed configuration as reference case: the toroidally

symmetric magnetic footprint on the outer divertor target is shown in figure 5 (a),

and the resulting heat load is given in figure 5 (d). The primary SOL (with R shown

in white) connects a layer of a few mm radial width from the outboard midplane to

the target, and this is where the power exhaust originates from upstream (as we shall

quantify in section 3.1). Downstream (within the divertor), heat flux is then spread out

into the private flux region (PFR) and into the near SOL. The latter is shown in light

blue in figure 5 (a), and the resulting heat loads are evident in 5 (d). In the following, we

will refer to the first ∼ 8 cm from the reference separatrix strike point as the traditional

strike zone. No significant heat flux reaches the far SOL (indicated by medium to dark



Divertor detachment in the pre-fusion power operation phase in ITER during application of resonant magnetic perturbations9

Figure 5. Upper row: magnetic footprint on the outer divertor target for

configurations in figure 4, lower row: resulting heat loads obtained for the same

particle throughput of Φgas = 3 · 1022 s−1 for the RMP cases (a lower throughput of

Φgas = 1.5 · 1022 s−1 is selected for the reference for comparable upstream densities).

Only 1/3 of the torus is shown because of the n = 3 symmetry of the RMP field.

blue colours) 20 cm or more away from the separatrix strike point.

This is fundamentally different once RMPs are applied: as discussed above, the

perturbed separatrix guides field lines from the bulk plasma towards the targets, and

this is evident by the orange colours in figures 5 (b) and (c). Let sψ denote the maximum

distance from the reference separatrix strike point from where field lines still connect

into the bulk plasma (i.e. R < 1). The strike pattern is non-axisymmetric as a result of

the helical nature of the perturbed separatrix, and the similar size of the helical lobes

observed in figure 4 (b) and (c) is confirmed here. As it turns out, sψ = 48.5 cm is

even a bit larger in the plasma response case (compared to sψ = 38.4 cm in the vacuum

RMP approximation) despite screening of most resonances, and the corrugation of the

separatrix continues as ripple into the SOL beyond sψ. Figures 5 (e) and (f) show that

heat loads are aligned with the magnetic footprint (the same can be observed for particle

loads), and in particular that most heat flux is exhausted along perturbed field lines

connecting from the bulk plasma - rather than from the upstream SOL with R > 1

(i.e. the former SOL has become a marginal extension of the new exhaust channel,

although toroidal variation of the heat load is still found beyond sψ from the residual

power exhaust that does cross the perturbed separatrix).

Although the general outline of the heat load patterns are the same with and

without plasma response, substantial differences are found for the heat load peaks. Here

we have selected a higher throughput of Φgas = 3 · 1022 s−1 for the RMP cases compared

to Φgas = 1.5 · 1022 s−1 for the reference case, because this results in comparable

upstream densities of n(RMP )
up = (1.67± 0.28) · 1019 m−3 (plasma response case) and

n (ref.)
up = (1.80± 0.07) · 1019 m−3. Traditionally, the upstream density is evaluated at
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Figure 6. Flow profile inputs for MARS-F plasma response predictions for different

assumptions of the ratio of toroidal momentum to thermal confinement times τΦ/τE .

the outboard midplane, but this is not a suitable approach with RMPs because of

helical variations of the plasma associated with the perturbed separatrix. Therefore,

we take the average along the inside of the reference separatrix (but excluding 1/8 of

the poloidal circumference on either side of the X-point) as a proxy for the upstream

density. This nup is both similar in value to the traditional approach for the unperturbed

configuration, and at the same time less sensitive and more representative for the RMP

cases. By comparing the heat load pattern to the radial field line connection, it can be

seen that heat load peaks correspond to the deepest connection into the bulk plasma.

In particular, the heat load peak of 4.8 MW m−2 in the vacuum RMP approximation

exceeds that of 4.1 MW m−2 in the unperturbed reference configuration. Heat loads

are more favourable in the plasma response configuration, at least with respect to the

peak value of 3.4 MW m−2. Here, the radial connection is not as deep as in the vacuum

RMP approximation, and heat loads are more evenly distributed. The location of the

heat load peak, however, is significantly further away at over 30 cm from the reference

separatrix strike point, and this can have significant impact on divertor performance as

we will show below.

Common in both RMP cases with and without plasma response is that heat loads

in the traditional strike zone are substantially reduced with respect to the unperturbed

reference. This indicates an earlier onset of detachment, and in section 3.1 we will

elaborate on this by detailed evaluation for the 3 strike points marked by the small

coloured squares in figure 5 (f) compared to the one marked in (d). From now on

we will put the vacuum RMP approximation aside and focus on the plasma response

case. Before an analysis of RMP effects on detachment, however, we next address the

importance of reliable plasma response predictions.

2.2. Sensitivity on plasma response parameters

Application of MARS-F for plasma response requires smoothing of the X-point geometry,

and this can affect the edge-peeling amplification [44]. The magnetic footprint in figure

5 (c) is based on X-point smoothing which results in a safety factor of qa = 3.73 at

the MARS-F plasma boundary (i.e. resonances up to m = 11 are included). For

comparison, less smoothing with qa = 4.07 (which includes the m = 12 resonance)
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results in a magnetic footprint size of sψ = 42.7 cm that is only 12 % smaller. However,

the edge-peeling response is more pronounced with too much smoothing: at qa = 3.41

(only resonances up to m = 10 included), the footprint size is with sψ = 114.2 cm more

than a factor of 2 larger. Nevertheless, the lower sensitivity at higher qa values (i.e.

when approaching the true X-point geometry with less smoothing) provides reasonable

confidence in the presented results.

The plasma response case discussed above is based on the assumption of low toroidal

rotation consistent with expectations for ITER. Flow profiles for the MARS-F plasma

response predictions have been computed by ASTRA transport simulations, and the key

parameter considered here is the ratio of toroidal momentum to thermal confinement

times τΦ/τE. Since no reliable model exist to predict intrinsic rotation in ITER, ASTRA

modelling assumes that 10 MW of the additional heating is provided by NBI with the

associated momentum source leading to the modelled rotation profiles; otherwise the

modelled rotation for RF-only heated plasmas would be zero. It should be pointed out,

however, that the assumption τΦ/τE = 2 leading to the high rotation profiles in figure 6

approximates well the results of first principle modelling [45]. The resulting flow profiles

are shown in figure 6 for three different assumptions of τΦ/τE which we will refer to as

low (red), moderate (green) and high rotation (blue) in the following. These cases have

been analyzed with respect to ELM control in reference [37], and we extend this analysis

here for its implications on the plasma boundary.

We have highlighted the impact of a screening plasma response above, and noted

that local field amplification is possible as well. To distinguish between these competing

effects, we resolve the poloidal harmonics of (the radial component of) BRMP. More

precisely, we evaluate the Fourier spectrum of the perturbed flux Φ = J BRMP · ∇ψ

Φmn =
1

4π2

∫ ∫
dθ dϕ e−i (mθ−nϕ) BRMP · ∇ψ

B · ∇θ
(4)

which includes the Jacobian J−1 = B · ∇θ of the straight field line coordinate

system ϕ, θ, ψ. Furthermore, we introduce the normalized harmonics

b̃1
mn =

1

B0R2
0

Φmn (5)

based on the toroidal field B0 and major radius R0 of the magnetic axis. The

radial dependence of b̃1
mn is shown in figure 7 (a-c) for the three flow profiles from figure

6, and b̃1
mn from the external field is shown in the inset of figure 7 (a) for reference.

Screening of the resonant field is found for all plasma response cases throughout most of

the plasma, in confirmation of the narrower chaotic layer and shallower radial field line

connection compared to the vacuum RMP approximation discussed in the previous

section. However, screening is weaker for the moderate and high rotation plasma

response case, which results in deeper field line connection compare to the low rotation

case.

Here we also find confirmation for the extent of the magnetic footprint, since

amplification of the non-resonant harmonics at the very edge is evident in figure 7 (a-c).
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Figure 7. (a-c) Fourier spectrum of the perturbation field for the three different flow

profiles from figure 6. The positions of the resonances for n = 3 are marked by red

symbols, and the Fourier spectrum of the external field is shown as inset in (a) for

reference. (d-f) The resulting magnetic footprints on the outer divertor target. The

yellow bar marks the extent of the straight portion of the vertical target in which the

top surfaces of the tungsten monoblocks comprising the target are toroidally bevelled

to protect leading edges. The green bar marks the divertor baffle with lower stationary

power handling capability.

These findings are qualitatively the same for the three different plasma response cases,

but quantitative differences in the kink or edge-peeling (m > nq) response can have a

huge impact on the resulting magnetic footprint size. Moderate amplification is found

for the low rotation case, while strong amplification is found for the moderate and high

rotation cases. Even though some variation is to be expected, it is remarkable how the

rather small difference between the red and green flow profiles in figure 6 compared to

the blue one results in the big difference of the edge-peeling response found in figures 7

(a) and (b). The stronger amplification is reflected in the size of the magnetic footprints,

as can be seen in figures 7 (e) and (f) compared to (d). Both moderate and high rotation

cases have magnetic footprints where field lines connect from the bulk plasma to the

curved divertor baffle region up to 120 cm away from the reference separatrix strike point.

Although it comprises the same tungsten monoblocks as in the straight portions of the

ITER vertical targets, this baffle region (delimited by the green vertical bars in figure

7) will have lower stationary heat handling capability. This is because the monoblocks
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Figure 8. Heat loads for the high rotation plasma response case shown in figure 7 (f)

at the same throughput of Φgas = 3 · 1022 s−1 as the RMP cases in figure 5.

forming the straight portion of the target are toroidally bevelled on the top surface

to magnetically shadow any leading edges arising as a result of radial misalignments

between toroidally neighbouring units [33]. In addition, the baffle region is designed

with a much deeper bevel, extending over several monoblocks on the toroidal wings of

the outer vertical targets to mitigate the consequences of downward going disruption

current quench plasmas [46]. As a result of the much steeper field line incidence angle,

the stationary loads on these areas would limit the allowable stationary heat fluxes which

could be allowed to extend up to the baffle region. Finally, the pumping efficiency for

particles recycled high up on the baffle would be much lower in comparison with particle

interactions concentrated deep in the vertical targets. In the following we will evaluate

the resulting heat loads for such extreme magnetic footprints. We have initially chosen

the high rotation case for the comparison below in order to cover the range of rotation

in the set of available MARS-F data, although in retrospect it is the moderate rotation

case that would make a more suitable worst case scenario because of the slightly larger

magnetic footprint. Nevertheless, we expect that results are similar enough (with respect

to the huge difference to the low rotation case) so that further differentiating between

the moderate and high rotation case would not add any more insight.

The outer target heat loads for the high rotation plasma response case are shown

in figure 8: virtually no heat loads appear within 20 cm of the reference separatrix strike

point, significant heat loads ∼ 3 MW m−2 appear at the outermost part of the magnetic

footprint far beyond the optimized high heat flux region (yellow). Note that already

a small heat load of ∼ 0.5 MW m−2 corresponds to a parallel heat flux of 10 MW m−2

that could be deposited on any monoblocks leading edges. Therefore, heat loads beyond

the optimized region should be avoided, or at least adequately mitigated. Heat loads

on the curved baffle are toroidally localized to a region of about 20 deg, and so a slow

(several Hz) rotation of the perturbation field may be sufficient to mitigate these loads.
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Nevertheless, it is desirable to use this capability only when needed to minimize fatigue

lifetime consumption of these coils. In Section 3.2 we briefly explore impurity seeding for

supplemented power dissipation as a possible solution. In any case, such an extended

footprint would be significantly more challenging in the burning plasma phase with

100 MW of power exhaust.

Even though the high rotation case may be less likely in the ITER PFPO phase

than the low rotation case discussed in the previous section, it may still be relevant

because of its similar footprint size compared with the moderate rotation case (which

could be considered an upper limit of a qualitatively low rotation scenario). Whether

the high and moderate rotation cases imply the same ELM suppression threshold as

the low rotation case, however, or if a lower RMP strength is sufficient (resulting in

a not quite as large a footprint), is another question that remains to be investigated.

Regardless, figure 7 shows how uncertainty from an initial choice of model parameters

propagates through the chain of models (ASTRA→ MARS-F→ EMC3-EIRENE), and

may become a serious issue for predicting divertor loads. Further quantification (and

verification for present experiments) is therefore advisable, but would go beyond the

scope of this paper. In the following recycling analysis, we will continue to focus on the

low rotation case.

3. RMP effects on detachment

We have hinted at an earlier onset of detachment in the discussion of figure 5, but

this was only based on one comparison of heat loads. A characteristic feature of

detachment is the roll-over of the divertor target ion (recycling) flux with increasing

upstream density, and this requires evaluation of the trend through several simulations.

In the following, density scans are conducted through an incremental increase of the

gas puffing rate Φgas, and the role of power and pressure losses in the divertor volume

is evaluated in section 3.1. Then, supplemental dissipation from Neon seeding is briefly

explored in section 3.2.

3.1. Recycling characteristics

The density dependence of the recycling flux is evaluated at the 3 example strike points

with field line connection from the bulk plasma for the plasma response RMP case

from figure 5, and shown in figure 9: SP 1 (green) in the traditional strike zone at

s1 = 2.3 cm from the reference separatrix strike point (connecting from within 4 mm

distance at the outboard midplane), SP 2 (yellow) at the edge of the traditional strike

zone at s2 = 7.0 cm, and SP 3 (blue) in the reference far SOL at s3 = 34.7 cm. It

can be seen that nup at recycling flux roll-over for SP 1 is significantly lower than for

the reference case without RMPs (red) evaluated at the same location, and that the

detachment transition has already occurred at SP 1 in the simulation shown in figure 5

(f) but not in (d) without RMPs. SP 2 is just at the roll-over point, while SP 3 remains
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Figure 9. Density scan of the local ion (recycling) flux Γt on the outer divertor target

evaluated at 3 points of the RMP strike area compared to the reference case without

RMPs. Squares mark the simulations shown in figure 5 (d) without RMPs and (f)

with RMPs, except for the magenta point which links to profile of the same colour in

figure 10 (b) for a partially detached reference state at higher nup.

Figure 10. (a) Distribution along the outer divertor target of the projected heat

flux q̂ from the divertor entrance (solid) and its contributions from heat conduction

(dashed) in comparison to where field lines connect from the bulk plasma (gray, taken

from figure 5 (c)), and (b) actual heat load Qt on the outer divertor target with and

without RMPs. Coloured points link to figure 9, and black dashed lines are fits to (8).

attached throughout the entire density scan.

Partial detachment traditionally refers to the state where the plasma at the strike

zone near the separatrix is detached while the plasma at the strike zone further away
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remains attached. Qualitatively, this characterization may apply to the RMP case as

well, but one should note that it is quantitatively very different because of the different

exhaust mechanisms (SOL field lines with plasma provided by cross-field transport

through the separatrix vs. transport along perturbed field lines directly from the bulk

plasma). The implications of this difference become clear by evaluating exhaust from

the bulk plasma at the divertor entrance. Figure 10 (a) shows the upstream heat flux

at the divertor entrance mapped to the target:

q̂ = qu ‖
Bt

Bu

sin θ (6)

which is the heat flux that would be deposited on the target from a parallel heat

flux qu ‖ entering the divertor (evaluated just above the X-point) without any form of

dissipation. For the sake of this argument, qu ‖ is mapped onto the target and not to the

outboard midplane as is usually done for evaluation of the SOL width in the form of an

e-folding length, because our focus is on the relation between q̂ and the actual deposited

heat flux qt. Nevertheless, the exponential character of the conductive heat flux can be

seen in figure 10 (a) for the unperturbed reference case (red dashed line). The total q̂

includes convection, and residual effects of a flow-reversal near the separatrix can be

seen here. The plasma heat load (not accounting for contributions from neutral particles

and radiation)

Qt = qt + εΓt. (7)

on the divertor target is shown by the red line in figure 10 (b), and it should be noted

that this includes the released potential energy ε ≈ 13.6 + 2 eV from recombination of

the incident ion and electron flux into atoms and further recombination into molecules.

It can be seen that the peak heat load in the unperturbed reference (red) does not occur

at the separatrix strike point, but rather a few cm into the SOL. This is because of

diffusion into the private flux region and losses from neutral gas interactions (excitation,

molecular dissociation and ionization), as we shall evaluate below. The resulting profile

is well captured by a convolution of an exponential with a Gaussian [47]

Qt ≈
Q0

2
exp

[(
S

2λ fx

)2

− s− s0

λ fx

]
· erfc

(
S

2λ fx
− s− s0

S

)
, (8)

as evidenced by the black dashed line on top of the red one in figure 10 (b). Here,

characteristic parameters are the peak heat flux projected from the divertor entrance

(Q0), the radial decay length (λ) of a purely exponential parallel heat flux profile,

the effective flux expansion on the target (fx), and the power spreading factor (S) for

diffusive heat transport into the private flux region between the X-point and the divertor

target. It should be noted that s0 is included as a fit parameter here, while s is already

defined as the distance from the separatrix strike point. This is because (8) accounts

for broadening of the heat load profile from diffusion, but not for localized losses e.g.

from neutral gas interactions. The latter may have the net effect of removing the initial
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Figure 11. Ion density (a) and temperature (b) at the outer divertor target for

the RMP case (green) compared to the reference case (red) at the same upstream

density. Profiles for a partially detached reference case at higher upstream density are

shown in magenta, and strike points from field lines connecting from the bulk plasma

are highlighted in gray. Colored points link to figure 9. (c) Pressure and (d) power

balance between divertor entrance and target for the example strike points.

part of the exponential heat flux that went into the convolution, resulting in (8) with

an offset s0. In this regard, s0 may characterize the extent of partial detachment in

the axisymmetric equilibrium configuration. As discussed above, the red reference point

marked in figure 10 (b) is still attached, and s0 = 1.1 cm < s1 (i.e. the example strike

point position) supports this observation. A partially detached state at higher density

can be identified by the magenta mark in figure 9, and the corresponding Qt is shown

by the magenta profile in figure 10 (b). The shape of this profile is still represented by

(8), but now s0 = 3.1 > s1 consistent with detachment at the reference point s1. The

heat flux width implied by (8) is given by [48] (note that our definition follows reference

[47] in that S already includes the flux expansion factor fx)

w ≈ λ fx + 1.64S (9)

which increases from 11.6 cm in the attached case to 17.5 cm in the partially

detached case. Nevertheless, this is still much smaller than the magnetic footprint

splitting with RMPs.

We have seen that particle flux roll-over has already occurred at SP 1 (green) in

the RMP case at the same nup, and that low heat loads are found here. From figure 10

(a) we find that power exhaust is distributed over field lines connecting from the bulk

plasma in the RMP case (green): qualitatively the same q̂ is connected to the SP 1 in the

traditional strike zone and SP 3 in the far SOL, in stark contrast to the exponential-like
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Figure 12. Neutral density nN = nH + nH2 at ϕ = 75 deg with RMPs for

nup = 1.6 · 1019 m−3 (i.e. the simulation marked with squares in figure 9) Dashed

gray lines are projections of field lines connecting to strike points SP 1 - 3. The purple

line highlights the range which is used in SOLPS-ITER simulations for evaluation of

the divertor neutral pressure [3] (with a similar range at the inner divertor)

shape of q̂ in the reference case. As a result, q̂ for SP 1 is significantly lower than in

the reference case, which motivates the earlier detachment transition with RMPs. This

is supported in figure 11 by much lower Tet = 0.65 eV compared to Tet = 9.5 eV, and

lower pressure despite a factor 2 higher nit. The ratio fm = pt/pu of total (static +

dynamic) pressure at the target and divertor entrance is shown in figure 11 (c), and it

can be seen that momentum dissipation has already set in at SP 1 with RMPs - but not

in the reference case without RMPs, or at SP 2 with RMPs which is just at the roll-over

point. By integrating (3) along a field line, we can link qt to q̂:

qt = q̂ − Q⊥ − QN , (10)

and evaluate QN and Q⊥ from simulation results. Here, the integrals QN and Q⊥
represent, respectively, the heat flux spent on excitation, molecular dissociation and

ionization of neutral gas, and the net heat flux lost (on this field line) from cross-field

transport. Figure 11 (d) shows the integrated balance (10), and the additional εΓt (that

is not provided by q̂) is included as an extension on the left hand side. It can be seen

that both neutral gas interactions and cross-field transport play a major role for SP 1,

which together dissipate almost all of q̂. This is similar to the detached state of the

reference case at higher nup (magenta), while most q̂ is still deposited on the target for

the same nup (red).

Further into the SOL, on the other hand, SP 3 remains attached at this nup, and

no pressure drop between divertor entrance and target is found. Unlike the partially

detached state of the reference case, however, significant heat loads are deposited in

the far SOL at SP 3 connected to high q̂ (whereas q̂ is negligible here in the reference

case). Figure 11 also shows that a high Tet ≈ 30 eV is found at SP 3, with a value of
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nit ≈ 5 · 1019 m−3 that is an order of magnitude lower than at SP 1 (but still an order of

magnitude higher than in the reference case at the same location). The high Tet is related

to a shorter field line connection L3 = 14.6 m from the divertor entrance to the target

compared to SP 1 with L1 = 35.5 m (because field lines pass the X-point at a greater

radial distance), which brings a tighter coupling between the bulk plasma upstream and

the divertor plasma downstream. But it is not just a matter of how RMPs restructure

the upstream plasma, RMP effects on detachment are also determined by the recycling

properties of the divertor. The vertical targets in ITER are designed to favour reflection

of recycled neutral particles from the SOL towards the private flux region (in order to

efficiently pump from below the dome). Therefore, as can be seen in figure 12, density

buildup from recycling is more efficient at SP 1 and (to some extent at) SP 2, while SP

3 is starved from recycled neutral particles and remains in a low (linear) recycling state.

This is opposite to observations in an open flat divertor configuration at DIII-D with

RMPs [49, 50] where the divertor geometry favours the reflection of recycled neutral

particles towards the far-SOL plasma [51]. The divertor neutral pressure (which is

about a factor 2 higher than the value in the volume below the dome, as shown in figure

12) is found to be in the range of 0.5 − 7 Pa for the density scan in figure 9. The opacity

of the divertor plasma is high and increases with density: only a fraction of about 10−3

of the ionization occurs inside the bulk plasma. The opacity remains high when RMPs

are included, but increases somewhat less at higher density)

The present results appear to contradict observations at ASDEX Upgrade [52]

where the heat flux striations from RMP application are washed out in the detached

state. This requires further evaluation, and in the following we motivate that this

qualitative difference is likely attributed to the magnetic footprint size sψ relative to the

heat flux width w (and in particular the power spreading factor S) of the unperturbed

configuration. For ITER, we have found that w is still considerably smaller than sψ,

even after broadening in the partially detached case. Hence, the heat load striation

pattern with RMPs is dominated by parallel transport along perturbed field lines from

the bulk plasma. In ASDEX Upgrade, on the other hand, sψ ≈ 1 − 2 cm appears to

be rather small (approximated from the envelope of field lines with long connection

length in figure 5.10 in reference [53] and figure 9 in reference [54]). Already the

attached configuration (32217) exhibits a qualitative difference: the heat flux width (9)

of the unperturbed configuration is given by λ fx = 1.80 cm and 1.64S = 2.56 cm [55]

(which already includes the flux expansion factor fx = 4.88 for this ASDEX Upgrade

discharge). Hence, almost all of the observed heat flux striation in this case is attributed

to the ripple in the scrape-off layer beyond sψ which is caused by the corrugation of the

separatrix, rather than from transport along perturbed field lines directly from the bulk

plasma. In the detached case at high density (32922), S increases by a factor of 15 [52]

so that the heat load pattern is entirely dominated by cross-field diffusion. Therefore,

qualitative differences between ITER and ASDEX Upgrade are to be expected as long

as the prediction of sψ relative to w holds.
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Low rotation

High rotation

Figure 13. Heat load profiles on the inner (left) and outer (right) divertor targets for

the low rotation (upper row) and high rotation plasma response case (lower row) for

Φgas = 3 · 1022 s−1.

3.2. Neon seeding

A second route to detachment (besides increasing the upstream density) is through

dissipation from seeded impurities. Presently, neon (Ne) is the favoured species for the

burning plasma phase in ITER, but options include nitrogen and argon. In the following

simulations, Ne is seeded through a gas puff from the top of the device along with the

main species. The source strength is scaled to match an average concentration of 1 %

at ψN = 1. Pumping of impurities is not implemented at this point, but removal of

impurities is approximated by a recycling coefficient of 99 %. As mentioned in section 2,

the impact of impurities on the main species in the EMC3-EIRENE trace approximation

is an additional cooling term See,imp in the electron energy balance (3). Dissipation from

impurity radiation depends on the electron density and temperature, and its efficiency

may therefore be impacted by RMPs.

Heat loads are shown in figure 13 for the inner and outer targets, and for the two

different plasma response cases discussed in section 2.2. Our focus here is on the impact

on the outermost non-axisymmetric peak, because heat loads to the traditional strike

zone are already significantly reduced as discussed above. Toroidal locations for the

profiles are chosen such that far-SOL peaks are captured, as can be seen in the insets

for guidance. For the low rotation case (in which the magnetic footprint stays on the

vertical target), it can be seen in figure 13 (b) that a moderate reduction of − 32 %
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can be achieved for the outermost peak on the outer target. This is promising, keeping

in mind that the PFPO phase has lower upstream pressure than the burning plasma

phase, which may limit divertor density and impurity radiation here. This is supported

by figure 13 (a) which shows a stronger reduction of the peak heat load by − 64 % at

the inner target, consistent with higher density (3 · 1020 m−3 vs. 4 · 1019 m−3) and lower

temperature (4 eV vs. 25 eV) here compared to the outer target peak. Heat loads peaks

in the traditional strike zone are reduced to values below 0.2 MW m−2 on the inner

target, and 0.7 MW m−2 on the outer target at densities of 3.6− 5 · 1020 m−3.

The beneficial impact of Ne seeding is much less effective for the high rotation

plasma case in which the magnetic footprint extends onto the curved divertor baffle.

It can be seen in figure 13 (d) that a small reduction (− 17 %) of the heat load onto

the curved baffle is possible, despite the rather small density of 6 · 1018 m−3 there. The

high heat load at this location is caused by the high temperature of 75 eV, which can

pose an issue regarding the exposed edges of the monoblocks and tungsten sputtering.

Even on the inner target, the heat load peak corresponds to a relatively low density of

2.5 · 1019 m−3 and high temperature of 46 eV, and only a moderate reduction (−19 %)

of the heat load to a level of 2.6 MW m−2 is found. Significantly higher peak densities

of 3 − 4 · 1020 m−3 at temperature of ∼ 1 eV are found in the traditional strike zone,

but heat loads are small there to begin with. It should be noted, however, that the

high rotation case is considered to be less likely than the low rotation case since it

requires 10 MW of NBI injection. Nevertheless, since a similar extension of the magnetic

footprint may already be present at moderate plasma rotation (with similar results

expected for heat loads), it is essential to verify plasma response models with respect

to their impact on the plasma boundary.

4. Discussion and conclusions

Following substantial upgrades of EMC3-EIRENE for modelling of the detached

divertor plasma state [31] (numerical stabilization at low divertor temperatures and

implementation of volumetric recombination), an assessment of RMP effects on the

edge and divertor plasma in ITER has been presented which for the first time goes

significantly beyond an earlier exploration of the attached divertor state [28] (which will

be completely inaccessible during burning plasma operation from the point of view of

divertor target power handling). Here, we have focused on hydrogen H-mode plasmas at

5 MA/1.8 T at the standard q95 ≈ 3 during the first pre-fusion power operation phase,

because these plasmas allow for exploration of (how RMPs affect) the transition from an

attached to a detached divertor state. Exhaust from the bulk plasma is guided by the

helical corrugations of the perturbed separatrix, and this results in a more distributed

heat flux at the divertor entrance compared to the traditional exponential-like profile. As

a consequence, an earlier onset of detachment (i.e. at lower upstream density) is found

in the traditional strike zone when RMPs are applied, but secondary, non-axisymmetric

strike locations appear - and remain attached with target plasma temperatures above
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10 eV. It is important to note that even higher upstream temperatures are expected for

the burning plasma phase at full power, and this may lead to even more problematic

conditions downstream (power fluxes and tungsten sputtering) at the far-SOL strike

locations. Further developments of EMC3-EIRENE (e.g. E×B drifts, and heat flux and

viscosity limits) are required in order to catch up with contemporary 2-D models, and

this may improve the reliability of predictions for RMP effects on the plasma boundary.

For example, the upstream heat flux in the perturbed bulk plasma can be of similar value

as the free streaming limit due to the low collisionality, and this may underestimate the

broadening of the upstream profiles from cross-field diffusion.

An initial assessment of Neon seeding has shown that the non-axisymmetric far-

SOL heat loads can be mitigated. However, impurity radiation does not appear to be as

effective at the far-SOL strike locations compared to the traditional strike zone, which

is consistent with lower density in the far-SOL. In particular, dissipation from impurity

seeding is found to be more effective for the inner target (where the magnetic footprint

tends to be more compact) than for the outer target, and becomes ineffective when the

magnetic footprint extends beyond the straight, optimized region onto the curved baffle

region. Further investigation for higher upstream density or impurity concentration is

suggested.

The present simulations include plasma response effects from a linearized, resistive,

single fluid MHD model, and it has been shown that a significant temperature drop

in the edge from application of the vacuum approximation of the RMP field can

be avoided once screening of the RMP field is taken into account. However, it is

also shown that the MARS-F plasma response includes field amplification near the

separatrix, and this is found to play a pivotal role for the magnetic footprint on the

divertor targets. A significant extension of the footprint beyond the optimized high

heat flux regions of the ITER vertical targets is found to be possible, but is sensitive

to model parameters related to the level of toroidal rotation in the plasma. Therefore,

further evaluation and verification of the plasma response is key for reliable predictions

of divertor heat and particles fluxes. A variety of MHD models exist besides MARS-

F that predict the plasma response (IPEC [56, 57], GPEC [58], HINT [59], JOREK

[54], M3D-C1 [60, 61]). A review of MHD models is given in reference [41], but it

is found that different models come to different results when applied to a selected

configuration [62]. Presently, no plasma response model exists that reproduces both

upstream and downstream observations [63]. Further evaluation of the sensitivity of the

plasma boundary to plasma response model parameters (and verification for present

experiments) is advisable. Ultimately, however, a self-consistent integration of the

plasma response and the boundary plasma may become necessary to provide a full

physics model to provide accurate predictions for ITER.
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