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Abstract. Results from three-dimensional modeling of plasma edge transport and
plasma-wall interactions during application of resonant magnetic perturbation fields
for control of edge-localized modes in the ITER standard 15 MA Q=10 H-mode are
presented. The full 3-D plasma fluid and kinetic neutral transport code EMC3-
EIRENE is used. Five characteristic perturbed magnetic topologies are considered.
Two perturbation field amplitudes at full and half of the ITER ELM control coil
current, capability using the vacuum approximation are compared to a case including
a strongly screening plasma response. In addition, a vacuum field case at high qos, i.e.
increased magnetic shear has been modeled.

Formation of a three-dimensional plasma boundary is seen for all five perturbed
magnetic topologies. The resonant field amplitudes and the effective radial magnetic
field at the separatrix define the shape and extension of the 3-D plasma boundary.
Opening of the magnetic field lines from inside of the separatrix establishes scrape-
off layer-like channels of direct parallel particle and heat flux towards the divertor
yielding reduction of the main plasma thermal and particle confinement. This impact
on confinement is most accentuated at full RMP current and is strongly reduced when
screened RMP fields are considered as well as for the reduced coil current cases.



1 INTRODUCTION

The divertor fluxes are redirected into a three-dimensional pattern of helical
magnetic footprints on the divertor target tiles. At maximum perturbation strength,
these fingers stretch out as far as 60cm across the divertor targets, yielding heat flux
spreading and reduction of peak heat fluxes by 30%. However, at the same time
substantial and highly localized heat fluxes reach divertor areas well outside of the
axisymmetric power flux decay profile. Reduced RMP amplitudes due to screening or
reduced RMP coil current yields reduction of the width of the divertor flux spreading
to about 20 — 25¢m and cause increased peak heat fluxes back to values similar to
the axisymmetric case. The dependencies of these features on the divertor recycling
regime and the perpendicular transport assumptions as well as toroidal averaged effects
mimicking rotation of the RMP field are discussed in the paper.

1. Introduction

Application of resonant magnetic perturbation (RMP) fields is one of the two options
for control of large type-I edge localized modes (ELMs) considered for ITER [1, 2, 3, 4].
During application of RMPs to achieve ELM suppression at DIII-D [5, 6] the redistribu-
tion of the plasma fluxes to plasma-facing components (PFCs) into a three-dimensional
pattern was measured [7, 8, 9]. This has also been observed reliably during RMP ap-
plication on several other devices [10, 11, 12, 13, 14, 15, 16]. This general and very
reproducible effect is exemplified for the DIII-D case in figure 1. Here, the boundary
light emission in two different wavelengths of carbon and hydrogen is shown during an
RMP ELM suppressed H-mode plasma. A clear three-dimensional (3-D) distortion of
the separatrix is visible in the tangential view [17] causing a striated hydrogen emis-
sion pattern on the divertor targets, which corresponds to the intersection of a helical
structure with the divertor surface. The helicity of the divertor flux pattern is not
clearly visible here because of the limited toroidal coverage of the camera. However,
full 360 degree imaging of the 3-D divertor heat flux footprints at NSTX has demon-
strated its helical nature with RMP fields [13]. Additional experimental evidence for
the formation of a 3-D plasma boundary in DIII-D is discussed in [7, 8, 9, 18, 19, 20, 21].

This visible 3-D distortion of the plasma structure at the separatrix and on the diver-
tor target is a result of a non-linear perturbation of the separatrix generated by the
X-point in plasmas with a singular poloidal field null-point in the equilibrium magnetic
field [22, 23, 24, 25]. The application of RMP fields causes the decomposition of the
separatrix into a set of stable and unstable manifolds which form a complex, 3-D mesh
at the X-point [18, 26, 27, 28]. This results in the formation of helical magnetic finger-
like structures inducing a helical, 3-D magnetic footprint on the divertor target plates,
which has been evaluated also for ITER [7, 29]. Recently, the overall 3-D distortion of
the plasma boundary outside of the divertor has also been studied [30, 31], as well as the
impact of the applied RMP fields on energetic particle confinement [32]. These studies
emphasize the importance of understanding 3-D edge transport and PWI in tokamaks



1 INTRODUCTION
when RMP fields are applied for edge stability control.

One key question regarding the application of RMP fields for ELM control in ITER
[2, 7, 33] is the associated 3-D pattern of the plasma fluxes to plasma-facing components
(PFCs) and the resulting plasma-wall interactions (PWI) since both deviate from the
axisymmetric assumptions in modeling attempts for the ITER divertor design [34, 35].
This in fact represents a significant challenge, since several basic assumptions for the
required 3-D transport modeling do not have a complete physics basis even for present
experiments in axisymmetric situations. This concerns in particular the electromagnetic
response of the ITER plasma, as a highly conductive medium, to the externally applied
RMP fields [36] and the transport physics in the high temperature, very low collisional-
ity plasmas expected in ITER. Modeling of the 3-D edge plasma transport when RMP
fields are applied thus requires appropriate MHD and 3-D transport models to be avail-
able. In this paper, we present a first attempt to examine the likely effects of RMP ELM
control on edge transport and PWI at ITER. This represents a substantial challenge for
existing edge modeling tools, considering the ITER plasma size and unprecedented high
core and edge/pedestal plasma temperature and density coupled to a partially detached
divertor with high level of radiative energy losses to control power fluxes to the divertor
targets [34, 35]. The limitations of the tools used for the study presented with respect
to these challenges will be discussed.

The paper is organized as follows. First, the modeling tools will be introduced and
the magnetic field topologies considered will be discussed in section 2. In section 3, an
overview is provided on the transport features of the 3-D boundary induced, including
the 3-D divertor flux footprints. In section 4, the impact of the RMP fields on the
particle balance in all magnetic topologies considered is discussed, including the impact
of the RMP fields on the divertor recycling regime. A concern for ITER is that the non-
axisymmetric nature of heat fluxes to the divertor targets in the presence of RMPs will
lead to additional fatigue stress in the divertor components and 3-D material erosion of
the divertor surface. Rotation of the RMP field is thus being considered as an option to
smear out heat and particle fluxes. A toroidally averaged analysis of the 3-D modeling
results is presented in section 5 in order to mimic toroidally averaged fluxes resulting
from such a rotation. In section 6, the role of the perpendicular transport assumption
on the modeling trends is analyzed and, in section 7, a coil fault case is discussed in
view of possible further 3-D distortion of the divertor heat and particle fluxes due to
malfunctioning coils. The results are summarized and discussed with respect to the
consequences for ITER and further modeling enhancements required in section 8.
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2. Modeling assumptions and magnetic topologies considered

2.1. Plasma equilibrium and RMP coil setup

The reference plasma equilibrium for our modeling corresponds to the ITER Q=10 H-
mode scenario with a plasma current Ip = 15M A, toroidal field of By = 5.3T and a
resulting safety factor go; = 3.2. The equilibrium used in the modelling is a marginally
MHD stable solution as a representative case just before ELMs are destabilized with a
pedestal electron temperature of T, = 4.5keV [37]. In addition, we have also considered
a lower plasma current H-mode scenario with higher qg5 = 4.5. This case also works as
a representative equilibrium for the possible conditions for H-mode access in the current
ramp-up/down phases of the reference Q=10 scenario. The higher gq5 is anticipated to
change the shape of the 3-D plasma boundary structure as well as the internal transport
features due to increased magnetic shear [38] and resonant transport effects if stochastic
transport prevails [39, 40].

The general setup of the ITER ELM control coil set and of the two plasma equilibrium
shapes addressed is illustrated in figure 2. The structure of the 3-D ELM control field
considered in our studies has a toroidal mode number n=3 and two levels of currents
I in the ELM control coils were used for the 15MA case, i.e. I = 90kAt (maximum
design value) and I = 45k At. The phasing between the n = 3 harmonic fields created
by the three rows of ELM control coils was optimized for maximum radial extension of
the vacuum magnetic island overlap in an accompanying study presented in [3, 29]. This
analysis was done using the vacuum approximation, i.e. a linear superposition of the
unperturbed plasma equilibrium and the RMP magnetic field components. In order to
address the possible impact of a plasma response to the external RMP field on plasma
edge transport and PWI, a plasma response which strongly shields most of the interior
resonant components has been used based on the following analysis of generic plasma
response mechanisms in the ITER 15 MA, Qpr = 10 H-mode reference scenario.

2.2. Plasma response assumptions and screening solution implemented

Two MHD codes which consider the problem in cylindrical geometry have been used:
the 4-fluid, drift-kinetic code ATTEMPT [41, 42] and the 4-fluid, non-linear MHD code
RMHD (38, 43]. Both models and the modeling results have been compared. The
main deviation in the physics models contained in the ATTEMPT code is that toroidal
rotation and perpendicular flows, i.e. parallel advection in general, are not included. In
addition, neoclassical toroidal viscosity, which is incorporated in RMHD, is also absent
in ATTEMPT. Hence, the ATTEMPT code approaches the diamagnetic limit of the
RMHD code. Another important difference between these codes is that the plasma
temperature is a radially constant quantity in ATTEMPT so that the pressure gradient
is determined entirely by the density. The evaluation of plasma response for ITER with
these two models has highlighted the following dominant physics mechanisms (more
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details for the RMHD studies can be found in [38]):

e Diamagnetic screening by steep pressure gradients and flows in the plasma edge:
due to the steep pressure gradients in the H-mode pedestal region, the components
of the plasma flow perpendicular to the magnetic field, including ion and electron
diamagnetic rotation, play an essential role in the screening of the applied resonant
fields by the plasma. Variation of the pedestal parameters has shown that the
diamagnetic rotation is the main contributor to the screening in the plasma edge
where plasma flows are small and resistivity increases.

e Parametric dependencies: the level of plasma screening increases with decreasing
resistivity, higher plasma toroidal rotation and for smaller RMPs amplitude due to
a smaller decrease of plasma toroidal rotation as inferred with RMHD. Typically,
the penetration of resonant fields into the confined plasma occurs in a narrow region
near the separatrix due to a higher resistivity and the locally small values in the
electron perpendicular drift velocities which prevent the occurrence of screening.

e Dependence on g-profile: for simulations in which the g-profile is matched between
toroidal and cylindrical approximations - leading to realistic radial positions of
resonances of the edge harmonics m=7:11 in the cylindrical approximation -
externally applied n=3 resonant fields are found to penetrate into the confined
plasma and to form an ergodic edge magnetic field region in ITER. The
perpendicular plasma velocity is strongly modified by the applied RMPs and is
close to zero in the n=3 case, which is favorable for the penetration of resonant
fields. When the current in the ELM control coils is applied with n=4 symmetry
there is a strong screening of the external resonant fields and the ergodic region is
limited to the very edge (approximately Wy > 0.96 in normalized toroidal flux W)
even for I = 90k At.

Based on this comparative analysis of the results obtained with ATTEMPT and RMHD,
a solution representing the strongest shielding factors for the resonant modes of the
applied external field as predicted by RMHD for n = 4 toroidal base mode was imple-
mented. To do so, this strongly shielding plasma response solution was transferred into
toroidal geometry using the plasma current sheath model described in [14, 44]. The
real calculated shielding factors from RMHD were used and helical current sheaths were
implemented into the plasma equilibrium - preserving V- B = 0 - such that all resonant
modes with n = 3,6 and m < 8 are strongly reduced and that all modes with m > 7
undergo vacuum-like field penetration. This results in an almost fully screened RMP
amplitude for Uy < 0.96 and vacuum-like penetration outside this flux surface. This
leads to a reduction of the radial extension of the stochastic magnetic field line domain
reduced from AWV y = 35% using the vacuum approximation to AWy < 5% when plasma
screening is included [38].

This approach, using a cylindrical model to calculate the shielding factors and then
translating these shielding factors into toroidal geometry, introduces some ambiguities
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related to the mapping of the plasma current density and safety factor profiles between
cylindrical and toroidal geometries. These uncertainties in the plasma response model
might have a substantial influence on the level of screening expected for ITER. Imple-
mentation of a more complete description of plasma response from MHD models in full
toroidal geometry such as M3D-C1 [45] or JOREK [38, 46] in the EM3C-Eirene model-
ing is a matter of ongoing research. Initial results using the total field from these two
full toroidal models ([46, 47]) shows similar impact on plasma edge transport and PWI
with 3-D RMP fields applied when compared to the case of strong screening used here.
The strong resonant screening response is also consistent with recent observations in
poloidally diverted L-mode plasmas with RMP fields at DIII-D, where resonant screen-
ing yields a strongly reduced level of 3-D effects on the visible edge plasma structure
and transport [9]. However, in other plasma conditions - e.g. high Sy H-mode - the
amplification effects of resonant field components are found to counteract the resonant
screening and might actually lead to increased geometrical extension of the 3-D plasma
boundary [36, 45, 47, 48].

The importance of mixed plasma response featuring both resonant field screening and
resonant field amplification [49, 50] has also been linked to the stability of the peeling-
ballooning modes [51, 52| and recently been identified as a possible required condition to
obtain ELM suppression at DIII-D [53, 54]. EM3C-Eirene studies for ITER incorporat-
ing such more complete plasma response description are on-going. The strong screening
response, together with the two levels of ELM control coil current and variation of the
magnetic shear addressed in the study discussed in this paper, represents a broad scan
across possible solutions of the magnetic topology. In this regard, the intention with this
paper is to scope out the possible range of impact of 3-D RMP fields for ELM control
at ITER on plasma edge transport and PWI.

2.3. Overview on perturbed magnetic topologies considered

Figure 3 shows the perturbed magnetic field structure obtained by magnetic field line
tracing for the ITER plasmas and ELM control current levels studied here. A strong
stochastization of the 15 MA ITER plasma edge is seen in figure 3,a in the vacuum
magnetic field structure for the maximum value of 1. = 90k At. A chain of large magnetic
islands is formed even at ¥ ~ 0.55 and the highly stochastic edge structure reaches
in as far as AUy =~ 0.35 from the unperturbed separatrix. As expected, the islands
inside the confined plasma as well as the extension of the stochastic edge layer are
significantly reduced to AUy = 5% when the strongly shielding plasma response is
considered a shown in figure 3.b. A similar effect is seen, when the ELM control current
amplitude is reduced from Io = 90kAt to I = 45kAt and vacuum RMP fields are
used as shown in figure 3.c. The stochastic layer extension is reduced to AUy = 0.15
because the island size on the interior resonant surfaces is strongly reduced. Larger
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magnetic shear for the gg5 = 4.5 plasma leads to a compression of the distance between
resonant surfaces and to an increase of the remnant islands in the formerly dominant
stochastic layer for I, = 45k At (see figure 3.d). In this case the region outside ¥y > 0.8
is considered as quasi-stochastic due to the strong transport along the field line which
takes place between the islands. A more systematic assessment of the stochastic layer
characteristics in ITER is discussed in [29]. The vacuum magnetic topologies considered
in this paper were selected of the basis on this extensive study.

2.4. The EMCS3-EIRENFE transport code package

For transport modeling, the EMC3-EIRENE [55, 56, 57] code package is used. EMC3
solves a set of reduced Braginskii fluid equations (Particle, Energy and Momentum) and
is iteratively coupled to the 3D kinetic neutral transport code EIRENE [58]. The latter
supplies the particle, energy and momentum sources and sinks from neutrals recycled at
PFCs to the EM3C code. EM3C-EIRENE was recently adapted to 3-D modeling of the
plasma edge transport during RMP ELM suppression experiments at DITI-D [59, 60, 61]
and has been satisfactorily benchmarked with the SOLPS code [34] I for axisymmetric
ITER plasmas in attached divertor conditions [62]. The model has also been used for
ITER startup limiter modeling [63] and has been employed successfully for analysis of
3-D edge transport and PWI in RMP ELM control experiments at ASDEX-Upgrade
and NSTX [64, 65] and for RMP experiments at LHD [66, 67].

The initial ITER divertor regime modeled in our studies corresponds to a fully attached,
medium recycling case at an intermediate density of n;gg = 5.0 x 10!m =3 at the inner
simulation boundary (ISB), corresponding to ng, = 3.2 x 10"m™3 at the separatrix
before RMP fields are applied. This regime is used in most of the paper to discuss
generic features of 3-D edge transport and PWI with RMP fields at ITER. In addition,
we have carried out variations of the target recycling flux in order to assess the impact
of RMP fields on the divertor recycling regime and at the same time study 3-D divertor
heat fluxes under high recycling, low temperature divertor conditions.

In this study, the code was pushed to the borders of its numerical stability, enabling
access to cold divertor conditions characteristic of high recycling divertor conditions at
T. =~ T; < 10eV. Dissipative divertor conditions with high radiation losses and partial
detachment - the ITER reference divertor scenario for the Q=10, 15MA H-mode scenario
- cannot yet be accessed. Work to improve the particle balance in EM3C-EIRENE al-
lowing the treatment of volumetric particle sources and sinks required to model detached
divertor conditions and improving its numerical stability is in progress [68]. Similarly,
the proper treatment of impurities is required to model divertors plasmas with high
radiative losses. This is not yet possible with EM3C-EIRENE in a numerically stable

1 With SOLPS, we refer to the Scrape-Off Layer Plasma Simulation (SOLPS) suite version SOLPS-4.3,
which was used at the time of the study presented as the standard version for ITER divertor modeling.
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fashion for the ITER scenarios considered and the effects from RMP fields included, but
is a matter of ongoing code development. Therefore, the first 3-D edge transport study
for ITER presented in this paper is restricted to the medium to high recycling divertor
regime where the EMC3-EIRENE code has been shown to be numerically stable. The
study presented here therefore represents a scoping study in terms of both, the different
magnetic topologies considered and the divertor regime just before onset of detachment
governed by hydrogen ionization losses as dominant energy loss mechanism. Based on
these constraints in the modeling approach, we present upper maxima for the divertor
target heat fluxes and for the convective heat and particle flows in the RMP induced

3-D helical SOL.

The input power to the modeling domain in all cases modeled was Psor, = 100MW,
which is the typical level expected in ITER high Q)pr operation. Radial transport
is described by radially and poloidally constant perpendicular diffusion coefficients for
particles D, and heat y, in EMC3-EIRENE whose values were varied upwards from
0.4m?/s to 1.2m? /s for D, and x, = 3x D, as fixed ratio, respectively. The lower values
of the transport coefficients are similar to those used in ITER Qpr = 10 simulations
corresponding to a SOL heat flux decay length A\, = 4mm [34, 35]. A core particle
source () was defined in this study inside of the ISB and varied in the range of
Qc = 2.25 — 3.75 x 10*?/s. These values are required to maintain the target density at
the ISB (nrsp) during enhanced particle losses associated with RMP induced enhanced
particle transport - called particle pump-out in experiment (see e.g. [5, 40, 74]). This
level of Q)¢ is much is higher than the fueling associated with the I'TER neutral beam
injection at the full power (= 2.0 x 10% at/s), but less than 40% of the total ITER
stationary pellet fueling capabilities (~ 1.0 x 10?3 at/s).

3. Dependence of 3-D plasma boundary structure and transport on the
magnetic field topology

3.1. 3-D plasma edge structure and thermal confinement

Figure 4 shows an overview of the plasma edge parameters for the five representa-
tive magnetic topologies described earlier. The electron temperature T,(R, Z) and the
Mach number M (R, Z) of the plasma flow along the magnetic field at toroidal position
¢ = 0 deg are shown. The temperature maps visualize that for all cases where RMP
fields are applied, a 3-D plasma boundary is formed with the appearance of high tem-
perature finger structures at the X-point. These reach out towards the divertor target
and intersect them in some cases at locations far away along the target from the ax-
isymmetric strike point location. The result is a helical divertor target heat and particle
flux pattern producing significant 3-D divertor power loads outside the divertor power
decay length of ~ 5 —10cm typical for the 15M A, Q) pr = 10 standard H-mode scenario.
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When plasma screening is included, the radial reach out of the plasma fingers is reduced
and the outer lobes no longer reach the divertor target as seen in figure 4.c. A very simi-
lar trend is found (see figure 4,d) when I was reduced to 45k At, which is the minimum
value required to obtain island overlap at ¥ = 0.87 - the heuristic scaling requirement
for RMP ELM suppression between DIII-D and ITER [29, 69]. Increasing the magnetic
shear at the separatrix by increasing qq5, while maintaining I, = 45k At, leads to a very
dense mesh of high temperature fingers but with short radial reach out - most of which
do not reach the divertor targets as seen in figure 4 e.

The modeling with EM3C-Eirene shows that the application of 3-D fields can have a
large effect on the plasma thermal confinement and that the size of the effect depends
on the amplitude of the effective RMP field. The comparison of the axisymmetric case
(figure 4.a) with the case of RMP fields with I = 90k At in the vacuum approximation
(figure 4,b) shows a sizable decrease of the plasma thermal confinement, reflected in
the reduction of T, = 4keV — 1.8keV at the ISB. This is a consequence of the strong
perturbation to the edge magnetic field structure evaluated in the vacuum approxima-
tion which, causes a wide extension of the confined plasma to be connected along open
field lines to the PFCs [3, 29]. This leads to a high parallel heat transport along the
open, perturbed field lines and thus to a large decrease of the plasma temperature in
this previously confined plasma region.

It is important to note that such strong (factor 2) drop of the thermal plasma
confinement was not seen in experiment, where only small effects on the thermal
confinement are observed (on the level of a ~ 10 — 20% reduction compared to the no-
RMP profiles) [39, 40]. One of the potential explanations is that the plasma response to
the applied external RMP fields reduces the amplitudes of the resonant components in
the plasma and thus the extension of the region with open field lines at the the plasma
edge. This has been evaluated by including plasma screening as described before. The
results of the EMC3-EIRENE modeling for such conditions are shown in figure 4.c for
T.(R,Z). The strong degradation of the thermal confinement is eliminated to leave
a reduction of AT, =~ 10 — 15% only when compared to the axisymmetric situation.
Reducing Io to 45k At and using the vacuum field resonant amplitudes also leads to a
smaller temperature drop of only AT ~ 20% when 3-D fields are applied (see figure
4.d). The much more moderate reduction in AT for both the screened case and the
case at I = 45k At is due to the reduced width of the stochastic layer in both cases.
This level of AT is more compatible with observations during full ELM suppression at
DIII-D, as discussed in [39, 40, 70]. Similarly, for the higher qo5 case (see figure 4.e)
with I = 45k At, the radial extension of the perturbed open field line domain is only
AUy =~ 20% and consequently AT, =~ 25% is comparably small. In addition to the
effect of a much smaller stochastic layer width for the higher qg5 value, the magnetic
fingers at the X-point form a dense mesh with less radial reach out which in some cases
do not intersect the divertor targets. As a consequence, the effective connection length
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of the field lines in the open field line layer increases and this leads to a reduction of the
direct parallel energy losses.

3.2. 3-D helical scrape-off layer flows

The application of RMP fields has a strong impact on the sonic flow pattern for all four
magnetic topologies considered. This is shown in figures 4.f-j. For the axisymmetric
ITER case shown in figure 4.f, the usual 2D flow pattern at the plasma edge is found:
very low values of the parallel flow Mach number are seen in the confined plasma and
the main Scrape-Off Layer (SOL) region. The plasma flow speeds reach ion sound ve-
locity at the targets as required by the sheath Bohm boundary condition used in the
EMC3-EIRENE model. It is important to note that reversal of the plasma flow is seen
near the inner and outer strike points for the axisymmetric case. This is the result
of the highly localized particle source from the ion influx recycling pattern, which is
typical of vertical target divertors [71], and is discussed in more detail as part of the
EMC3-Eirene/SOLPS benchmark in [62].

When 3-D RMP fields are applied, a checkerboard pattern of counter streaming plasma
parallel flow channels is obtained around the X-point which extends deep into the con-
fined plasma as seen in figures 4g-j. The inwards extension of the counter-flow pattern is
determined by the effective resonant amplitude of the applied RMP fields. The generic
mechanisms behind this 3-D flow structure are analyzed in [28] on the example of DIII-
D. Here, we discuss the impact on edge transport during RMP field application for ELM
control at ITER. Outside the separatrix, in the region away from the divertor such as the
main chamber plasma top, counter streaming flows can be seen in neighboring helical
finger structures. Near the divertor this is modified to regions of strong and weak flow
in the same direction, as expected from the general flow pattern imposed by the Bohm
boundary conditions at the two divertor targets. The typical plasma parallel velocity
in these counter flowing channels can be as high as M = 0.3 — 0.5 even for positions
located inside the separatrix in the axisymmetric situation.

Depending on the level of the applied RMP field and the resulting plasma screening, a
substantial fraction of the field lines in the plasma region located inside the magnetic
separatrix (for the axisymmetric situation) can become directly connected to the PFCs
by the application of 3-D fields and thus cause the appearance of high parallel power
and particle fluxes to material surfaces [12, 29]. In addition, field line mixing due to
overlapping resonant island chains deeper inside of the plasma domain causes further
direct magnetic connections of the confined plasma to the PFCs through cascading
jumps between the resonant island chains [28] along relatively short connection length
field lines (SOL-like)with L. = 50 — 80m in ITER. The 3-D magnetic flux bundles
established by the RMP fields thus connect regions of the plasma with high plasma
pressure (in the confined plasma) with regions where the plasma pressure is lower (SOL
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and the vicinity of the PFCs) leading to the establishment of the 3D helical SOL flow
pattern shown in figure 4.g-j [33]. The feature of counter streaming flow channels is a
result of the shortest pathway to the PFC along the magnetic field line from the various
poloidal domains. Details on how the checkerboard pattern of counter streaming flows
is generated can be found in [28]. The plasma particle out-flux associated to these
SOL like flows channels from inside of the separatrix is a likely contributor to the
experimentally observed particle pump-out [5, 6, 40]. As described above, the real
inward extension of the SOL flow structures depends strongly on the ELM control coil
current amplitude and on the plasma response. We will discuss the dependence of
the stationary particle confinement in EMC3-EIRENE modeling results on the RMP
amplitude and the screening level in section 4.

3.3. 3-D divertor fluzes

The formation of a 3-D helical pattern of the divertor heat and particle fluxes is clearly
seen for all the cases in which 3-D RMP fields are applied. This leads to the splitting of
the strike point into three lobes (i.e. symmetric to the toroidal base mode of the applied
3-D RMP field) which channel substantial particle and power fluxes to the divertor tar-
gets. In figure 5, the divertor toroidal and poloidal heat and particle flux distributions
at the outer target (OT) and inner target (IT) are shown from left to right in the same
order as for figure 4. Qualitatively, the splitting width of both, heat and particle fluxes,
is higher at the OT and smaller at the IT for all magnetic topologies considered. This is
a consequence of the upward bending of the separatrix lobes at the high field side seen
for example in the temperature pattern in figure 4. The separatrix lobes are stretched
out substantially for the vacuum case at full current, but they are deflected towards the
upper marginal X-point rather then intersecting the divertor target in the vicinity of
the IT. Therefore, the heat and particle flux patterns show a narrower striated footprint
on the IT then seen at the OT. We will focus on a more detailed discussion of the OT
flux pattern, in order to assess the strongest effect for divertor flux splitting.

The maximum splitting width at the OT obtained in the modeling is about 60 c¢m for
the 15 MA plasma equilibrium at I = 90kAt using the vacuum approximation. The
splitting is substantially reduced for the other magnetic topologies considered since the
effective RMP fields are decreased either by I or by the inclusion of plasma screening.
This is due to the decrease of the radial magnetic field at the separatrix which reduces
the spreading of the separatrix fingers leading to a reduced splitting of the associated
power and particle fluxes when they reach the divertor targets [9, 14, 44].

In the experiments at DIII-D, clear splitting of the divertor particle fluxes is observed
when RMP fields are applied to suppress ELMs in low collisionality plasmas. However,
only very low power fluxes are measured for the lobes reaching far away from the un-
perturbed strike point [7, 12, 19]. In contrast, the ITER EMC3-EIRENE simulations
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show substantial power fluxes in all the three lobes with relatively long decay lengths,
so that the power fluxes in regions well away from the unperturbed separatrix can be
significant. Their magnitude depends on the effective amplitude of the RMP fields ap-
plied. Including plasma screening therefore leads to a concentration of the heat and
particle fluxes in the lobes closer to the unperturbed separatrix as shown in figure 5 ¢
and f. This is in qualitative agreement with the experimental trends as discussed in [70].

A quantitative comparison of the modeled heat and particle fluxes at the OT is shown
in figure 6. Here, the heat and particle flux profiles along the outer divertor target
are plotted at the toroidal angle ¢ = O0deg. The strike point splitting not only affects
the level of heat and particle flux far away from the unperturbed separatrix strike line,
but also the modeled peak heat ¢sp and particle ['sp fuxes close to the unperturbed
strike line location. Larger splitting leads to a higher heat flux spreading and thus
reduced gsp and Dgp since the level of SOL power input is kept constant in these sim-
ulations (100 MW). Therefore, for the case with 15 MA plasma and I = 90kAt in
the vacuum approximation, the peak heat flux at the outer divertor decreases down to
Gsp = 10MWm™2 from a value of §sp = 24MWm~2 for the axisymmetric case. For
the other cases with lower effective RMP fields, the decrease of the peak heat flux is
smaller (Gsp = 17TMWm™2 for Ic = 90k At including plasma screening, § = 21MWm ™2
for the vacuum case with I = 45kAt and ¢ = 19MWm~=2 for the high g¢5 vacuum
case with I = 45kAt). Simultaneously, the radial splitting of the power flux is re-
duced with the lobes reaching up to < 25¢m away from the unperturbed strike line for
the screened case and the I = 45k At cases (cf. 60 cm for the I = 90k At vacuum case).

These results show as a general trend that the peak heat fluxes can be reduced by the
3-D fields with the real magnitude of the reduction depending on the level of plasma re-
sponse or the applied RMP amplitude level. However, the heat flux is shifted away from
the unperturbed strike line inside of the helical magnetic footprint pattern, and hence
localized regions of peaked heat fluxes on areas of the divertor which is not designed to
handle such heat flux levels can occur. This result is obtained in the modeling discussed
so far with a fully attached divertor solution and the extent to which it may really
occur in the partially detached, highly dissipative divertor solution at ITER needs to be
assessed. However, the heat flux spreading seen in the modeling so far combined with
possible facilitation of localized energy losses in the outer lobes as recently discussed
for the DIII-D divertor during RMP ELM suppression [70] possibly aids the power han-
dling in the ITER divertor. In this regard, the application of 3-D resonant fields could
potentially be a feasible tool for the control of stationary power loads in view of the
narrow power SOL decay lengths predicted for ITER [72, 73].

The striation of the divertor heat flux is also seen in the particle fluxes, as shown in
figure 5 and 6. In this case, the level of particle flux obtained for the simulations when
3-D resonant fields are applied is lower than the axisymmetric solution because the level
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of plasma recycling in the 3-D solutions is lower. This is a result of the particle balance
in EMC3-EIRENE, which leads to a lower integrated divertor flux when 3-D fields are
considered (unlike the integral divertor power flow which is the same in the two cases).
This modeling result for the divertor particle flux and the dependence of the divertor re-
cycling regime on the 3-D magnetic topology will be discussed in more detail in section 4.

4. Particle balance and divertor recycling regime with 3D fields

4.1. Particle balance and particle pump-out

The achievement of ELM suppression with 3-D RMP fields in low collisionality plasma
experiments at DIII-D is typically accompanied by a reduction of the plasma density
- called density pump-out[6, 39, 40]. The ITER modeling study presented here shows
a similar effect, however not in form of a reduced plasma density but as an increased
source level required to maintain a fixed density at the ISB. Since high plasma density
is mandatory for ITER to maintain a high fusion gain, we keep the density fixed at the
ISB for the various magnetic field topologies addressed. In order to resolve the impact
on the particle confinement and identify the experimentally observed density pump-out,
we must discuss the particle balance in terms of the relation of plasma sources and sinks
and the actual particle confinement time. This will be addressed in this section.

For the modeled cases discussed so far in this paper, a fixed density at the ISB of
nrsg = 5.0 x 10m =3 was used. At fixed ISB density, the particle pump-out is seen
as a change of the overall plasma source Qiy = Q¢ + Qree. We use EMC3-EIRENE
such that Q. is provided from core fueling . inside of the ISB and Q.. = f Iee as
the integral recycling flux on the divertor targets [ I';... Here, Q. is adjusted in the
iteration procedure of the model such that the particle balance matching the requested
density at the ISB n;gp is established.

This specific approach to maintain n;sp has a consequence for the comparability of
the heat flux result across the various magnetic topologies. If we keep Q). fixed, Q..
will increase linearly (linear recycling regime) or almost quadratically (high recycling
regime) which can cause a substantial reduction of the divertor heat flux in particular
in the 3-D helical footprint pattern [70]. Since in this first step of our analysis we target
the investigation of the impact of the magnetic topology on the heat flux pattern, we
want to avoid or at least mitigate this effect of the perturbed particle balance on the
heat flux distribution. We therefore adjust ). to minimize the change of @Q,... The
combined increase of (),.. and (). to maintain n;gp is then a measure for the level of
particle pump-out seen in the modeling result for each magnetic field topology. Table
1 provides an overview is given of Q,., the integral target heat flux [ ¢ the energy loss
due to ionization of neutrals F;, and pumped fraction ep = Q./Q, e of the divertor
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particle flux of the simulations considered in this section.

No. Scenario QreclkA] [ Gargetl MW]  EiolMW]  €pump
1 no-RMP 281.5 94.41 5.49 0.012
2 vacuum, 90kAt 133.5 96.3 2.67 0.042
3 vacuum, 45 kAt 67.2 92.1 7.8 0.008
4 screened, 90 kAt, fixed density 16.2 90.18 9.81 0.33

5 screened, 90kAt, fixed flux 281.25 95.1 5.19 0.012
6 vacuum, high qgs5, 45 kAt, 132.0 93.3 6.63 0.041

Table 1: Integrated divertor fluxes and power losses for all magnetic topologies
considered in this paper.

The axisymmetric solution (No. 1) was obtained with a constant core particle source
of Q¢ = 36004 = 2.25 x 10**particles/s. For the RMP cases (No. 2-6), this value had
to be increased to Q¢ = 5400A = 3.75 x 10*?particles/s to maintain the same njgp
for similar @,... Both core fueling levels applied are well within the pellet fueling ca-
pabilities of ITER, but the increase required to compensate the higher particle out-flux
from the core plasma when RMP fields are applied is noticeable (a 60% increase with
respect to the axisymmetric solution). The adjustment of the total particle source by
increasing Q¢ in our modeling still leaves Q),.. as the actual adjustable particle source
level by the iteration procedure in EMC3-EIRENE such that constant n;sp is obtained.
Hence, the eventual integrated target particle fluxes shown in table 1 still vary over a
factor of 5. To explore the sensitivity of the results to the remaining change of Q.,
two cases were considered for the screened magnetic field topology: one in which the
density of the plasma is fixed (No. 4) and one in which the particle flux at the divertor
target was fixed (No.5) to the same value of the axisymmetric solution. A factor of ~ 20
reduction of ),.. below the no-RMP reference value is seen, when n;gp is kept constant
at the elevated level of Q)¢ for the I = 90k At and I = 45k At vacuum field case. This
means that the additional core fueling required for both vacuum cases is substantially
higher then that required for the screened case and emphasizes that the perturbation of
the particle balance due to the 3-D plasma boundary structure potentially has signifi-
cant implications for the plasma neutral fueling scheme. The actual source level again
depends on the resonant field amplitudes required to obtain ELM suppression and on
the plasma response to this RMP field level.

In order to quantify the impact of RMP fields on the particle balance, a single reservoir
particle balance model as applied for analysis of RMP particle transport experiments at
TEXTOR [39] and DIII-D [74] was applied to the EM3C results. Because a converged
EMC3-EIRENE solution represents a stationary plasma/neutral state, the time depen-

dence of the particle balance vanishes (% = 0) and the solution of the single reservoir
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model can be simplified to %‘ji = Q,ec. Here, 7p is the particle confinement time which
is a quantitative measure for the level of particle pump-out seen in a converged, i.e. sta-
tionary EMC3-EIRENE solution. A constant value of the recycling coefficient (R < 1)
is assumed on all the recycling surfaces and the particles removed I, are injected in
the simulations by the core source Q¢ coming from the inside of the ISB. In stationary
conditions Q¢ = I'pump and the ratio € = Q¢/Qre. provides the the pumping fraction
of the recycling flux wich is displayed in table 1. The assumption of a core particle
source at the position of the ISB corresponds to a realistic situation for ITER with
pellet fueling only if the position of the inner boundary in the simulations ¥y (/SB) is
not deeper than the pellet penetration depth inside of the plasma. This is fulfilled for
the cases which account for screening in table 1 (cases No. 4 and 5).

For all perturbed topologies considered, the application of 3-D RMP field leads to an
increase of the required Q),; compared to the axisymmetric, no-RMP case. However,
for the value of ). used and the boundary condition of fixed nrsp, a decrease of @, ¢.
is seen in the EMC3-EIRENE simulations compared to the value in the axisymmetric
situation. This is due to the need to increase @), by about 50% for the two RMP cases
to keep the same n;sp as for the axisymmetric situation and to maintain a moderate
change in ... While the increase in (). is sufficient to compensate the additional con-
fined plasma out-flux created by the 3-D edge magnetic field structure - it also causes a
decrease in the target recycling flux in the EM3C-Eirene simulations due to the model-
ing assumptions applied.

A strong impact of RMP field screening on the particle balance can be seen when com-
paring the exhaust fractions ep from cases No. 2 and No. 4. The core particle source
(). was the same for both cases and a factor of 20 lower value for f [targer is required
for the screens case at fixed n;sp. Accordingly, the relative amount of particle source
which is supplied from the core domain is a factor of > 10 lower for the screened case
than for the I = 90k At vacuum RMP case. This shows that the total particle source
from the vacuum field case at I = 90k At in vacuum to the screened case at the same
nominal I value was largely reduced. Hence, the density pump-out for the screened
case (No. 5) is much weaker than for the vacuum RMP case at I = 90kAt (No. 2)
or Ic = 45kAt (No. 3) - all using fixed n;sp as boundary condition. The reason for
the particle pump-out within the modeling approach of EMC3-EIRENE is the strongly
reduced inward extension of direct parallel flow channels from AWy ~ 35% in vacuum
at full current to AUy ~ 15% only for the screened case [40] as discussed before.

In order to quantify the effect of 3-D fields on the plasma particle confinement time it is
important to maintain comparable divertor recycling conditions (i.e. particle flux and
pumped flux). This has been achieved by carrying out a simulation (including plasma
screening, case No. 5 in table 1) in which the value of the divertor particle flux is used
as boundary condition when RMP fields are considered and set to the same value of the
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axisymmetric case (case No. 1). Analysis of these simulations show that the helical SOL
flow pattern created by the RMP fields and the associated increased particle outflow
from the plasma leads to a decrease of A7p relative to the no-RMP case of Atp = 35%
for the case with full I = 90kAt, Atp = 16% for the case with full I = 45kAt and
A71p = 20% for case including plasma screening. The actual magnetic field topology
defined by the RMP amplitude required to suppress ELMs at ITER and the plasma
response will therefore define the modification of the particle balance and hence the
level of increased fueling and tritium throughput.

4.2. Particle balance and divertor recycling regime

In the case of the fully attached divertor concerned so far by these simulations, the
losses due to neutral recycling processes are much lower than the SOL power input
(see table 1). As a consequence, the choice of boundary conditions for the modeling
of power balance plays only a minor role. This is shown for the total heat flux reach-
ing the divertor target for the screened RMP case (No. 4 and No. 5 in table 1) in figure 7.

Although the magnitudes of the peak heat fluxes are similar for the two cases, the spatial
structure of the heat and particle flux profiles is different at various toroidal locations.
This is caused by the much higher divertor densities for the simulation which uses Q..
as boundary condition (case No. 5 with outer divertor density nosp = 8.2 x 109m=3)
than the case in which control of n;sp (case No. 4 with outer divertor density
nosp = 8.0 x 10"m™3) is used. The strong impact of the choice of this boundary
condition on the divertor target flux is reflected in the order of magnitude difference
between the values of the particle flux shown in figure 7 for these two cases. The larger
divertor densities in case No. 5 versus No. 4 affect the local ionization of neutrals at the
3-D plasma fingers in the divertor region leading to narrower structures of the target
particle flux in the lobes away from the unperturbed separatrix strike point for case No.
5. This, modeled in attached, linear recycling divertor conditions, leads to a similar
change in the heat flux deposition profiles.

Thus we conclude that for these divertor conditions, the neutral recycling losses are too
small to affect the total and the peak divertor fluxes. However, changes to the ioniza-
tion pattern associated with the increased density are large enough to cause measurable
changes in the spatial structure of the divertor target particle and heat fluxes. This is
a very important finding and demonstrates that significant effects on the spatial dis-
tribution of particle and power fluxes are expected to occur for the high density/high
radiation divertor conditions with which ITER must operate for the control of divertor
power loads. Modeling of these ITER divertor relevant conditions requires an upgrade
(in progress) of the particle balance treatment in EM3C-EIRENE.

To further investigate the divertor recycling behavior with RMP fields in comparison
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with the axisymmetric situation, a divertor recycling flux scan was performed from a
sheath limited divertor regime with divertor densities of 1 x 10'%m 73 to a high recycling
divertor with divertor densities of 6 x 10'm =3 and low divertor temperatures (5-10 eV),
but still in the attached divertor regime. The strongly screened RMP case was used for
this scan as it still provides significant 3-D effects, but because of the reduced width of
the stochastic layer, the prominent and probably exaggerated (when comparing to ex-
periments) effect of the direct SOL-like connection from the interior and hence a strong
particle pump-out is mitigated. As shown in figure 8, overall a larger recycling flux is
required when RMP fields are applied compared to the axisymmetric situation to obtain
a given upstream density n;sg. This is consistent with the decreased 7p found when
RMP fields are applied as discussed earlier and also with the more localized ioniza-
tion pattern at the divertor (and thus reduced penetration of neutrals into the confined
plasma) shown in figure 7.

It is important to note that the cases considered include screening of the applied ex-
ternal fields and thus only a largely reduced depth of the confined plasma is affected.
Despite this, the structure of strong parallel flows (co and counter streaming) created in
the confined plasma is found to have a major effect on the particle balance as illustrated
in figure 8. In addition, the dense mesh of counter streaming flow channels created by
the 3-D fields at the plasma edge represents a significant momentum sink to the plasma
ions flowing out from the confined plasma, but also to the ions which are created at the
plasma edge by the ionization of recycling neutrals. The balance between the inward
directed particle fluxes driven by thermal-forces (parallel gradients in collisionality) and
frictional forces is perturbed by the 3-D flow pattern and this found to reduce the ef-
ficiency of fueling by the ionization of recycled neutrals at the plasma edge as studied
numerically at ASDEX-Upgrade in [75] and also seen in TEXTOR experiments [39].

The preceding discussion of the impact of the RMP fields on the particle balance has
highlighted the strong perturbation to the plasma source-sink relation induced by the
3-D helical SOL flow structure induced. This new 3-D SOL extends into the formerly
confined plasma region and hence enhances outward particle transport and at the same
time it reduces plasma fueling from recycled neutral sources. However, while providing
a self-consistent explanation of the loss in global particle confinement within the EMC3-
EIRENE modeling framework, these are not the only mechanisms which can contribute
to the experimentally observed changes of particle confinement. Other mechanisms for
instance that have been identified to play a role in the experiments are the reduction
of radial electric field shear [39, 76, 77|, possibly causing the measured increase in the
turbulence driven particle flux [53, 78], or the impact of magnetic flutter on ambipo-
lar particle confinement [79, 80]. While the magnitude of these or other mechanisms
may be important in present experiments, their extrapolation to ITER requires a self-
consistent treatment of the transport channels together with the neutral particle sources
and sinks. Using EMC3-EIRENE, these dedicated transport aspects driving radial par-
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ticle and heat transport are introduced as radially and poloidally constant perpendicular
transport coefficients D, and x,. They can be adapted to different values including a
radial dependence to account for new findings on the radial transport mechanism [70].
In the study presented here, radially and poloidally constant transport coefficients were
used. This numerical analysis supports that the identified effects of RMP fields on par-
ticle confinement (enhanced particle losses due to particles fluxes from the main plasma
to the PFCs along the field lines and reduced fueling efficiency of recycling neutrals due
to the associated 3-D edge plasma and flow structure) are likely to provide a lower limit
for the magnitude of the effects of RMP fields on core particle confinement in ITER.
Further quantitative analysis of the impact of the applied RMP fields on particle trans-
port and fueling - in particular for pellet fueling - will be performed in future studies.

As shown in figure 8, the divertor conditions change with increasing recycling flux in
a very comparable way in the screened RMP case compared to the axisymmetric case,
despite the strong modification of the recycling behavior by the application of RMP
fields. Divertor densities of up to 6 x 10%m=3
target recycling fluxes and correspondingly the divertor temperatures decrease to values

are obtained for the highest divertor

of T, = 6eV and T; = 11eV with increased neutral ionization losses at the divertor. This
divertor regime is at the threshold for the onset of volume recombination as localized
domains in the divertor show temperatures at 2el an below. Due to the limitations
in the present particle balance model in EM3C-Eirene described in section 4.1, it is
not yet possible to model lower divertor temperature/detached divertor conditions with
RMP fields for ITER using EMC3-EIRENE. The missing capabilities of EMC3-EIRENE
are presently being implemented and it is planned to continue these studies once an
upgraded version of the code is available.

5. Toroidally averaged heat and particle loads onto the ITER divertor

The toroidally asymmetric divertor target heat and particle fluxes created by the appli-
cation of RMP fields can potentially lead to a long-term, non-toroidally uniform erosion
pattern of the divertor target material. A proposed solution to average out such non-
toroidally uniform erosion in ITER and also to make use of the heat flux distribution
in the helical target footprints to spread heat flux across a larger divertor area is the
rotation of the RMP field applied [2]. This can be achieved by the temporal variation
of the current in the ITER ELM control coils, while maintaining the relative toroidal
phase of the currents in the three rows of ELM control coils constant (see figure 2) to
ensure that the resulting resonant components of the RMP field applied remains as con-
stant as possible through the temporal cycle [29]. The resulting heat and particle fluxes
correspond to the toroidally averaged profiles obtained in the present simulations, i.e.
the time averaged divertor power and particle fluxes at any toroidal location correspond
to the toroidally averaged profiles over 1/3 of the toroidal length of the divertor target
(n=3 symmetry is applied for the RMP field in our study). These toroidally averaged
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divertor heat q(Syqu) and particle flux I'(syq) profiles for the five magnetic topologies
considered in the present study are shown in figure 9 at the OT and the IT of the
ITER divertor. It is important to note that the particle flux profiles have been scaled
by different factors so that they can be plotted in the same scale because of the impact
of the particle balance boundary conditions chosen on divertor recycling as described
in section 4. The modeling assumptions for the results in figure 9 are those in table 1
using n;sp as boundary condition for the screened case, i.e. case no. 4 in table 1 is used
for as screened case for this analysis. The lower part of figure 9 shows the toroidally
averaged decay lengths of the divertor particle Ar; and heat fluxes )\, at the inner and
outer targets and their toroidally averaged peak values I and q.

This toroidally averaged analysis points out that the peak heat flux is reduced to
about 40% of the axisymmetric (no-RMP) peak flux value for the 15 MA plasma with
Ic = 90k At in the vacuum approximation. The other cases have very similar toroidally
averaged peak heat fluxes with a relatively small reduction of 9 — 14% compared to the
axisymmetric case. These values are similar to thos obtained directly from the toroidally
asymmetric power fluxes in section 3 because the peak heat flux values correspond to
those of the lobe close to the unperturbed separatrix, which is almost toroidally sym-
metric, as shown in figure 5.

In contrast, A\,; and Ar, at the divertor can be modified by the 3-D edge plasma
transport. For the 15 MA plasma with I = 90kAt in the vacuum approximation,
Mg+ s approximately twice as large as that for the axisymmetric case leading to a wider
average footprint for the divertor heat flux due to the 3-D RMP fields applied. For
the case at /o = 45kAt and the one including screening, in fact, a reduction of A,
and Ar; by 10% with plasma screening included and of up to 45% for the cases with
I. = 45k At are obtained. These modeling results shows that for these two perturbed
magnetic topologies, even though the additional edge transport caused by the 3D fields
is sufficient to decrease somewhat the value of the divertor peak heat flux, the additional
parallel transport caused by 3D edge magnetic field structure in the lobes away from
the separatrix leads to the concentration of the power fluxes along the target. This
yields more peaked toroidally averaged divertor heat and particle deposition profiles
than that caused by anomalous diffusion across the magnetic field in the SOL of the
axisymmetric plasma which are broadened by the magnetic flux expansion at the divertor
target. This finding might be an issue when the application of RMP fields for ELM
control with divertor concepts such as the snowflake [81] or the super-X [82] divertor
are considered, because these advanced divertor concepts rely on operation with very
large flux expansion at the divertor targets.
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6 PERPENDICULAR TRANSPORT DEPENDENCE

6. Dependence of the 3-D heat and particle flux pattern on the
perpendicular transport coefficients

In this section we explore the impact of the level of transport perpendicular to the
magnetic field on the 3-D SOL transport features and on the divertor target heat and
particle fluxes. The perpendicular transport level is provided as input to the modeling
in the form of particle and heat diffusion coefficients D and x . They are free modeling
parameters, which in this study are set as fixed parameters in the entire radial modeling
domain. Their values are taken based on experience with other models - for instance

SOLPS for ITER case considered (34, 62].

For this assessment, we use the case at full RMP coil current and in the vacuum ap-
proximation (case No. 2 in table 1). We address two choices of anomalous transport
coefficients; D; = 1/3 x; = 0.4m?/s (the same value as used in all cases discussed so
far and shown in table 1) and a case with D; = 1/3 x, = 0.8m?/s, i.e. an increase
of the perpendicular transport coefficients by a factor of two. The modeling result is
shown in figure 10 as 2-D maps of the divertor heat flux footprint and as 1-D divertor
heat flux profiles along the divertor surface at toroidal angle ¢ = Odeg. The increased
perpendicular transport leads, as expected, to an increased widening of the heat flux
pattern in the poloidal direction. However, we also see a significant elongation along
the outwards direction of the helical finger structure, i.e. a longer decay length along
the central line of the lobes at the divertor. This spreading of the heat fluxes causes a
reduction of the peak heat flux densities clearly seen in the 2D profiles (figure 10.a-b)
and, in a more quantitative way in the radial cut of ¢ (swwi) at ¢ = 0deg shown in
figure 10(c). The peak heat fluxes in the three striated lobes are thus reduced from
8.1,8.3,6.3MW/m? to 4.2,5.7,3.9MW /m?, respectively when the transport coefficients
are increased.

An important outcome of these studies is that the shape of the heat flux profiles with
RMP fields applied is modified in a very different way when the transport coefficients
are varied with respect of the axisymmetric situation. In the axisymmetric situation
an increase of the transport coefficients by a factor of 2 would lead to an increase of
the heat flux decay length by a factor of v/2 assuming a high recycling regime and a
decrease of the peak heat flux by a factor of v/2. In the case with 3-D fields modeled
for ITER, the increase of the anomalous transport coefficients leads to a change in the
sharing of the heat flux between the lobes and to a higher peak heat flux in the second
lobe, further away from the separatrix, than in the first one near the separatrix. This is
the result of the fact that numerous open short connection length field lines are present
in the plasma periphery [12, 29] as a consequence of the strong edge stochastization with
I. = 90k At in the vacuum field assumption. In these circumstances the increased radial
transport leads to significant flux of plasma energy and particles into the second and the
further outwards lobes resulting in a higher power flux at the position of these outward
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lobes than into the first lobe closer to the separatrix. For more detailed studies of the
edge magnetic field line topology following the application of 3-D resonant fields the
reader is referred to [27] and [59]. Although both studies were carried out for DIII-D,
the discharges considered for DIII-D have ITER similar plasma shape, safety factor qos
and magnetic shear so that the results of that study are relevant to ITER matter of the
required rescaling to take into account the different plasma dimensions.

7. Impact of RMP coil failure on toroidal heat flux pattern

The ITER ELM control coil set is designed to have redundancy so that it can meet its
design criterion in case of the failure of a small number of ELM control coils. This is
discussed in detail in [2, 29]. To address the impact of such a coil malfunction on the
divertor flux results discussed so far, we address here a worst case in which three ELM
control coils are not functional in the standard Q=10 H-mode scenario for ITER and
based on the I. = 90k At reference coil current case in the vacuum approximation. The
three failing coils are aligned to the edge magnetic field line pitch angle, as shown in
11.a to induce the strongest distortion of the optimized resonant field amplitudes in this
RMP setup [29]. We thus consider a case in which the current in the coils highlighted
in red in figure 11.a is set to zero while the amplitude and phase of the current in the
other coils is adapted to recover some part of the spectral components lost due to the
absence of current in these three coils. The vacuum island overlap was used as figure
of merit in the accompanying study [29] to assess how far ELM control could be recov-
ered based on this criterion. The values of the re-optimized currents are included in
figure 11.a in [k At]. For reference, the level of vacuum island overlap obtained with this
re-optimization is the same as that for the full set of ELM control coils operated with
Ic = 45k At (case No. 4 in table 1) and the heat flux results obtained should thus be
compared with those for this case.

The resulting 2-D divertor heat fluxes along the entire 360 degree toroidal angle at the
IT and the OT for the ELM control coil configuration and currents in figure 11.a are
shown in figure 11.b. So far, the n = 3 symmetry in the RMP field applied was used
to reduce the modeling domain to 120deg toroidally. However, in order to assess asym-
metries born from non-harmonic perturbations do to the three malfunctioning coils, we
need to assess the full 360deg divertor flux pattern. Such asymmetries, for example one
of the helical lobes at the divertor being significantly shorter that the other two, can
result in different requirements for the rotation of the heat flux pattern to avoid thermal
fatigue of the ITER divertor target [2].

Our calculations in figure 11 b-c show, however, that the n=3 toroidal symmetry of
the heat fluxes at the divertor remains practically unaffected. They are very similar to
the result with all ELM control coils operating at I. = 45kAt and using the vacuum
field approximation (case No. 4 in table 1 and figure 5). Some effects are nevertheless
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seen particularly at the inner divertor. Here, a more extended heat flux along the lobe
reaching the divertor at 360deg than at 240deg and 120 deg is found, but the level
of this asymmetry is small. Consistent with this, we find that the effect of the 3-D
resonant perturbation with three failed coils on the thermal and particle confinement of
the confined plasma is similar to those of Case No. 4 in table 1. Indeed applying the
re-optimization method described in [29], it is possible to maintain the same level of
vacuum island overlap and a very similar 3-D edge magnetic configuration for the worst
case with failure in three field-aligned ELM control coils compared to the case in which
all 27 ITER ELM control coils are utilized.

8. Discussion, Conclusion and Outlook

The results of 3D fluid plasma and kinetic neutral transport modeling with EMC3-
EIRENE presented in this paper show that during application of RMP fields for ELM
control at ITER, a toroidally asymmetric pattern of the divertor heat and particle fluxes
will be produced. The features of this pattern depend on the level of current in the ELM
control coils I and on the plasma response to the edge magnetic perturbation applied.
For typical conditions in the ITER 15 MA @Q = 10 scenario and the highest level of
I. = 90k At without plasma response effects, the area over which heat and particles is
deposited at the divertor are much larger then in the axisymmetric case. This signifi-
cantly decreases the peak heat flux values on the divertor but, however, still significant
heat fluxes in the order of 2 — 5MWm ™2 can occur to areas at the outer divertor tar-
get which are strongly shaped and where such heat flux levels would be problematic
[Pitts2011]. This spreading and the reduction of the associated divertor fluxes is more
moderate for cases with lower I, = 45k At using the vacuum field approximation and
when a strongly screening plasma response is included. In all of the cases studied (with
attached divertor conditions and moderate ionization energy losses) the resulting max-
imum peak and particle fluxes when 3-D fields are applied are equal or lower to those
corresponding to the axisymmetric situation (without RMP fields) with the same mod-
eling assumptions.

The RMP fields have in addition a strong impact on the energy and particle confine-
ment of the main plasma. For the highest I values and without a plasma response,
the modeled effect on the thermal confinement of the ITER 15 MA @ = 10 scenario is
significant. The temperature at the inner simulation boundary is reduced by a factor
of two. This strong decrease of global energy confinement is reduced when a strongly
screening plasma response is considered as well as when [ is reduced to 45kAt. The
thermal confinement loss is limited to below 20% and hence to a level more similar to
that seen in experiments (decrease of energy confinement by = 10%.).

The application of 3-D fields also has a significant effect on the particle confinement.
With full I = 90kAt, a reduction of the particle confinement time 7p of A7p &~ 35%
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compared to the axisymmetric case is found. This is due to the formation of a checker-
board pattern of SOL like plasma flow channels which connect the confined plasma with
the PFCs allowing plasma particles to directly flow out of the confined plasma. These
flow channels affect the net particle flow out of the confined plasma and the magnitude
of the divertor particle fluxes that are achieved for a given level of edge plasma density,
i.e. the divertor recycling regime. At the ams time, these flow channels can also alter
the edge momentum flux due to the counter streaming flows, which is found to affect
the efficiency of the fueling by recycling neutrals and could affect plasma detachment
behaviour [57, 75]. It is important to note that these helical SOL bundles also persist
at lower I and even with strong screening included. A still significant reduction of
Atp ~ 15 — 20% is therefore found in the modeling result for these cases. Because of
the difficulty measuring the total wall recycling flux in nowadays toroidal devices, no full
experimental particle balance assessment and no direct measurements of 7p with RMP
fields are available. Therefore, a quantitative comparison of the modeling results with
experiments concerning the impact on the particle confinement is not possible. This
is a significant gap since the results presented here indicate that significantly increased
fueling might be necessary to recover the density required for a fusion gain of ) = 10.
A detailed assessment in comparison with nowadays experiments is important as this
result directly affects the demands on the ITER pellet fueling capacity as well as the
issue of compatibility with the Tritium throughput allowance.

Analysis of the toroidally averaged heat and particle flux profiles shows that the shape
of the toroidally averaged divertor target flux profiles is defined by the specific shape
of the helical magnetic footprint induced by the RMP fields. Thus, the toroidally av-
eraged heat flux patterns are wider than in the axisymmetric situation for the case at
I. = 90k At and without plasma response. On the contrary they are narrower when
the strongly screening plasma response is included. In the latter case the channelling
of the heat flux from the core plasma into the helical structures created by the RMPs
leads to a faster decrease of the toroidally averaged heat flux profiles away from the
separatrix than in the axisymmetric situation. In the latter, the effective divertor area
for power deposition is determined by energy diffusion across the 2D magnetic surfaces
and parallel transport along the field lines. The modeling indicates that the 3-D he-
lical SOL structure induced by the RMP fields might actually counteract the natural
spreading achieved by magnetic flux expansion in the axisymmetric case. Increasing
the radial transport coefficients yields an enhanced filling of the helical divertor lobes
with RMP fields applied. This represents a quite different mechanism compared to the
axisymmetric case. Without RMP fields, the two fold enhanced perpendicular heat
and particle diffusion levels addressed in this study yield a v/2 increase of the divertor
flux decay length and of the peak flux levels. In contrast, with an applied RMP fiel,
a strong influx into the helical lobe pattern results in a localized increase of the heat
and particle fluxes at the positions of the helical lobe footprint. Hence, the impact of
increased perpendicular particle and energy fluxes on the wetted area on the divertor
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8 DISCUSSION, CONCLUSION AND OUTLOOK
can be significantly larger when RMP fields are applied.

A critical gap in the analysis presented is modeling of a dissipative, i.e. detached and
highly radiative divertor solution including direct compareison to suitable experimental
data. This also involves the necessity of demonstrating ELM suppression combined with
a detached divertor and use of active control means like gas injection to maintain such
a highly dissipative divertor. Modeling of this regime leads to numerical instabilities
when EMC3-EIRENE is used for the tokamak situation due to the scaled nature of the
particle balance. However, high density, radiative divertor operation is required for the
control of divertor power fluxes at ITER [34, 35]. Therefore, understanding the effect
of RMP fields on this divertor regime is very important, as the use of RMP fields for
ELM control in ITER must be compatible with the requirements for stationary power
load control. In order to address this, a number of improvements are currently being
included in the code to allow progress in the simulation of more realistic dissipative
divertor solutions. These efforts include:

e improvement of EMC3-EIRENE stability for low divertor temperatures/high
divertor densities (first results reported in [68])

e gencralization of the particle balance in EMC3-EIRENE to enable inclusion of
volumetric particle sources and sinks as required for the modeling of divertor
detachment

e inclusion of a more realistic description of impurity transport in the EMC3 domain
[56]

An additional and very important outstanding issue concerns the modeling of the ero-
sion/deposition balance in a radiative divertor when 3-D fields are applied. The 3-D
plasma edge structure and, in particular, the helical flow channels that it induces [40] can
potentially significantly affect the resulting erosion deposition balance on the divertor
targets and the main wall. On-going studies address these issues through an improved
description of the toroidally asymmetric 2-D impurity source with TRIM data for phys-
ical sputtering in EIRENE and then assess the erosion and deposition features on the
3-D EM3C-EIRENE background plasma using ERO [83, 84] or the Monte Carlo Impu-
rity model MCIT [85].

The first systematic assessment of 3-D edge transport and divertor particle and heat
fluxes during the application of RMP fields for ELM control in ITER presented in this
paper has highlighted their strong sensitivity to the real 3-D magnetic field topology of
the plasma. Besides the expected strong relation between the resulting field stochas-
ticity and thermal confinement, the generation of helical parallel plasma flow channels
has been demonstrated. Since these 3-D transport features depend very sensitively on
the actual resonant field amplitudes in the plasma and on the effective radial magnetic
field structure perturbing the separatrix, obtaining reliable predictions for the plasma
response at ITER is urgent. This is highlighted by the fact that recent experimen-
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8 DISCUSSION, CONCLUSION AND OUTLOOK

tal results consistently show that a dominant kink-mode plasma response amplifies the
local resonant field amplitudes in the region of the pedestal top, which increases the ra-
dial field components perturbing the separatrix. This amplifying response seems to be
mixed into a general screening response on rational surfaces with sufficient diamagnetic
electron flow. Therefore, the strongly screening plasma response used in this study is
only one possible plasma response solution and the real resultant 3-D boundary shape
could be more similar to the vacuum field approximation. Combination of advanced
plasma response modeling in full toroidal geometry with EMC3-EIRENE to obtain a
self-consistent SOL modeling result during RMP ELM control at ITER is an important
next step. The study presented here highlights that the development of the EMC3-
EIRENE code for modeling of detached plasma scenarios should be accompanied by
progress in understanding and modeling of the plasma response to 3-D fields [36]. A
reliable extrapolation of plasma response effects to ITER is needed in order to specify
a 3-D magnetic topology which is produced in the plasma. This, alongside at least the
highlighted improvements to EMC3-EIRENE, is essential to obtain a solid physics-based
evaluation of the effect of RMP fields applied for ELM control in the ITER radiative
divertor conditions and the associated erosion/deposition balance.
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Figure 1: Divertor light emission patterns showing the formation of a three-dimensional
plasma boundary during suppression of edge localized modes by resonant magnetic
perturbations fields at DIII-D. A tangential view in the light of double-ionized carbon is
shown in the middle figure. The left and right figures show the Balmer-alpha emission
of deuterium at the inner (ISP, left side) and the outer (OSP, right side) divertors.
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Figure 2: ITER plasma equilibria used in this study (figure a, b), layout of the ITER
ELM control coil set (figure ¢) and ITER divertor geometry with the inner and outer
divertor strike zones areas analyzed in these studies (figure d).
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Figure 3: ITER perturbed magnetic field topologies considered visualized as Poincare
plots from field line tracing. The effect of the linear reduction of the ELM control coil
current is shown in figure a (90kAt in vacuum) to figure ¢ (45kAt in vacuum) for the
15 MA Q=10 plasma. The effect of plasma response shielding all resonant modes with
n = 3,6 and m < 8 and allowing vacuum like penetration for all modes with m > 7 on
magnetic field topology for 15 MA @ = 10 plasmas with 90 kAt is illustrated in figure a

(to be compared with figure a for the vacuum case). The effect of increased edge shear
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at high go5 = 4.2 and with 45kAt in the vacuum approximation on the edge magnetic
field topology is illustrated in in figure d. The two flux surfaces used as inner simulation
boundary for all cases are depicted as red and green colored field line traces.
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Figure 4: Electron temperature (upper row, figure a-e) and Mach number of the plasma
parallel flow (lower row, figures f-j) for the 3-D magnetic field topologies studied. The
formation of a three-dimensional, helical scrape off layer is seen with high temperature

plasma fingers reaching the divertor targets target.
depends on the resonant field amplitude at the separatrix (including plasma response
effects) and the temperature of the plasma in the stochastized edge layer. The helical
fingers lead to a direct connection between the plasma inside the 2-D plasma separatrix
and the plasma facing components which creates plasma power and particle flows from

the confined plasma to the plasma facing components.
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Figure 5: Divertor heat and particle flux distributions at the outer (upper block) and
inner (lower block) divertor targets for the four 3-D magnetic topologies studied and
the axisymmetric (no RMP) reference case. In each of the two blocks, the upper row of
figures corresponds to the heat flux and the lower row the particle flux to the divertor
target. A pronounced striation of both heat and particle fluxes is seen at both divertor
targets. The helical extension of these lobes is determined by the effective resonant field
amplitudes at the separatrix and the actual level of the fluxes that reach these upstream
location which are a result of the the stochastization of the plasma inside the separatrix
by the applied fields.
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Figure 6: Heat and particle flux density profiles for 15 MA Q=10 plasmas. This figure
shows the reference axisymmetric case (noRMP -blue profile), the case with 90 kAt in the
ELM control coils and the edge magnetic field in the vacuum approximation (vacuum
RMP-red profile) and including plasma screening (screened RMP - green profile) at
toroidal angle of ¢ = Odeg. A pronounced reduction of the peak heat flux and associated
broadening of the heat flux profile is seen for the vacuum RMP case. The changes to the
heat flux for the screened-RMP case are much smaller and lead to toroidally averaged
profiles for the screened RMP case which are comparable to the axisymmetric case as
shown in figure 7. The strong reduction of the particle flux density when 3-D fields are
applied is associated with the effect of the 3-D fields on the particle balance resulting
from the modeling assumptions in the EMC3-Eirene code version used.
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Figure 7: Divertor heat (left)) and particle (right) flux density profiles at ¢ =
—20, 20, 60deg for two ITER 15 MA Q=10 cases with I = 90kAt including plasma
response. Colored profiles are shown for modeling in which the target recycling flux
was used as boundary condition and black profiles show results in which the upstream
density at the inner simulation boundary was used as boundary conditions. The use of
target recycling as boundary condition leads to much larger (by a factor of 10) particle
fluxes at the divertor than the case in which the plasma density is used as boundary
condition. Despite this large difference in particle fluxes the peak heat fluxes and total
power fluxes to the divertor are similar for the two cases, as divertor is attached and
the ionization losses remain low in both cases. A visible effect of the recycling flux on
the heat flux profiles is the change of position of the peaks in these profiles associated
with the intersections of the lobes with the divertor targets.
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Figure 8: Upstream (inner simulation boundary (ISB) and inner (ISP) and outer
(OSP) divertor plasma density and temperature and total ionization losses versus total
recycling losses for a recycling scan study. The axisymmetric case is compared to a case
with ELM control coils with I. = 90k At including plasma screening for ITER 15 MA
Q=10 plasma conditions. The reduction of the particle confinement by the application of
3-D resonant fields is identified by the fact that a substantially increased recycling source
is needed to achieve the same density at the inner simulation boundary when screened
3-D fields are applied compared to the axisymmetric case. The achieved divertor density
and temperature range shows that for both cases with screened 3-D fields and without
them a high density, low temperature divertor can be obtained corresponding to a high
recycling regime. The detailed results discussed in the paper correspond to the highest
density /recycling flux in these simulations.
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Figure 9: Toroidally averaged heat and particle flux density profiles for the five
magnetic topologies studied. A significant reduction of the peak heat flux and widening
of the heat flux profiles is only observed with the 3-D field case with ELM coil current
I. = 90kAt in the vacuum approximation. For all the other cases the reduction of
peak heat flux profiles is negligible and together with it the heat flux profile does not
change significantly. For some cases with 3-D fields the heat flux profiles can actually be
narrower than in the axisymmetric case due the effective channeling of the heat flux into
the perturbed separatrix topology which can overcompensate the heat flux spreading
effect of diffusion across the field and the magnetic flux expansion at the divertor in the
axisymmetric case.
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Figure 10: 2D distributions of heat flux density for the 15 MA Q=10 case with
I. = 90kAt in the vacuum approximation and two levels of perpendicular transport
coefficients (figures a and b). Figure ¢ shows the heat flux density profiles taken at
¢ = 0deg). Increasing perpendicular transport coefficients results in a spreading of the
heat fluxes radial outwards into the helical lobe pattern modifying the relative magnitude
of the peak heat fluxes in the lobes at various distances to the separatrix strike point.
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Figure 11: Divertor heat flux density profiles for a case corresponding to failure in
three field aligned ELM control coils (i.e. the worst three ELM control coil failure
scenario). Figure a illustrates the layout of the unavailable three ELM control coils and
the currents used in the remaining 24 coils. The full 360deg distribution of the divertor
target heat flux density at the outer and inner divertor targets are shown in figures
b-c¢ respectively. Figures b-c¢ show that the heat flux density profiles when three ELM
control coils are not utilized lose the perfect 120deg symmetry obtained when all the
27 coils are operating. However, the differences of the heat flux density profiles with
respect to this perfect 120deg symmetry situation are small, as shown by the toroidal

cuts of the profiles in figures b-c at pht = 120,240 and 360deg in figure d for the outer
divertor target.
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