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The impact of resonant magnetic perturbations (RMPs) on the plasma edge can be analyzed in detail
by three dimensional computer simulations, which take the underlying magnetic field structure as
input. Previously, the “vacuum approximation” has been used to calculate the magnetic field
structure although plasma response effects may result in a screening (or even an amplification) of the
external perturbations. Simulation results for an ITER similar shape plasma at the DIII-D tokamak
are presented for the full vacuum perturbation field and an ad hoc screening case in comparison to
the unperturbed configuration. It is shown that the RMP induced helical patterns in the plasma edge
and on the divertor target shrink once screening is taken into account. However, a flat temperature
profile is still found in the “open field line domain” inside the separatrix, while the “density pump out
effect” found in the vacuum RMP case is considerably weakened.

[http://dx.doi.org/10.1063/1.4714616]

I. INTRODUCTION

Resonant magnetic perturbations (RMPs) are applied at
the plasma edge of several magnetically confined fusion
experiments and are under consideration for ITER as well.
Resulting 3D effects on the edge plasma have been reported,
e.g., at DIII-D,'* TEXTOR,** NSTX,® JET, and MAST.®
The recent interest in RMPs is caused by their beneficial
impact on intrinsic edge instabilities (ELMs) in high confine-
ment (H-mode) plasmas: the application of RMPs can miti-
gate or even suppress ELMs, as demonstrated at DIII-D
(Refs. 7 and 8) and JET (Ref. 9), and recently also at
ASDEX Upgrade.'® Such an option could be of vital interest
for the ITER divertor, because extrapolations show that the
ELM induced large transient heat fluxes will significantly
reduce the wall life time.'"

However, the detailed physical mechanisms in RMP
edge plasmas are still not entirely understood quantitatively.
Recent simulations for RMP H-mode plasmas at DIII-D
have shown a significant striation pattern in both particle and
heat fluxes to the divertor target,'? but such a strong heat
flux striation is not observed in the corresponding experi-
ment.” Furthermore, a strong temperature reduction at the
plasma edge by RMPs is found in simulations'? but not in
the experiment. While the edge plasma is considerably modi-
fied by RMPs, the plasma itself can modify the magnetic per-
turbation field as well (plasma response), which might be a
solution for this mismatch. The plasma response is often
neglected (in the so called vacuum approximation) in 3D
simulations of the plasma edge (such as for DIII-D,'*"?
NSTX (Ref. 14), and ASDEX Upgrade') but is now taken
into account by the ansatz presented in Ref. 16 of introduc-
ing ad hoc helical current sheets on resonant magnetic surfa-
ces. As there are indications that RMPs are (partially)
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screened inside the plasma,lL19 we consider the case of

weak RMP penetration and compare this to the extreme
cases of full penetration (i.e., no screening, the vacuum
approximation) and full screening (i.e., the axisymmetric
configuration without RMPs).

We begin with an analysis of the magnetic field configu-
ration in Sec. II for an ITER similar shape plasma (regarding
elongation and triangularity) at the DIII-D tokamak. Both
the unmodified vacuum magnetic perturbation and the
screened perturbation are used to calculate the corresponding
magnetic field configuration, which is then used in Sec. III as
input for 3D edge plasma transport simulations with the
EMC3-EIRENE code.?’*! This code applies a fluid transport
model for the edge plasma, which is coupled to a kinetic
transport model for neutral particles. Originally developed
for stellarators, it has also been used to study 3D effects by
RMPs at the TEXTOR tokamak*?**~>* and then generalized
for the application in poloidally diverted tokamak configura-
tions.”> After a short description of the input parameters for
this code, the resulting impact of RMP screening on the edge
plasma, in particular on particle and heat fluxes to the diver-
tor targets, is discussed. While screening of RMPs has al-
ready been considered in effective 1D transport models,®
the present approach allows for a realistic 3D treatment and
to resolve the spatial distribution of divertor particle and heat
fluxes.

Il. MAGNETIC FIELD CONFIGURATION

The following analysis of the magnetic field configura-
tion and edge plasma transport is based on an ITER similar
shape plasma at the DIII-D tokamak (elongation x ~ 1.8
and average triangularity 0 = 0.5): discharge 132 741 at
3760 ms. This discharge is characterized by a plasma current

19, 052507-1
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FIG. 1. Poincaré plot of (a) the vacuum field configuration and (b) plasma response configuration. The radial profile of the safety factor ¢ is shown in the inset

of (b).

of I, = 1.5MA and a toroidal magnetic field of B, = 1.8T at
the vessel centre. The safety factor at 95% of the normalized
poloidal flux is gos = ¢(Wy = 0.95) = 3.52. The resonant
magnetic perturbation field is provided by the I-coils (a set of
six upper and lower rectangular coils located at the low field
side of the machine), which are powered by /., = 4kA in an
even configuration (same current direction in each pair of
upper and lower coil) with toroidal base mode number n = 3.
Error fields and their corrections are neglected at this point. A
Poincaré plot for the vacuum RMP configuration is shown in
Figure 1(a).

In order to mimic a plasma response, we apply helical
current sheets (which are phase aligned with the external
field) at the plasma edge on resonant surfaces with poloidal
mode number m =7-11. The current sheets are tuned for a
maximal screening of the corresponding modes of the exter-
nally applied perturbation field on these surfaces (which are
located between Wy = 0.76 and Wy = 0.96). Details of this

(a) ; , ; (b

method are presented in Ref. 16 with examples for COM-
PASS and JET including an estimate of the numerical error.
In the present case, we use 4096 filaments for a discretization
of each current sheet. In the future, we plan to link the choice
of screening surfaces (and screening factors allowing for
incomplete screening) to MHD modeling of the plasma
response to RMPs.

A Poincaré plot of the resulting field configuration is
shown in Figure 1(b). The same plot is shown in blue in
Figure 2(a) with a focus on the edge region in comparison to
the vacuum field configuration in red. It can be seen that the
last closed magnetic flux surface in the case with plasma
response is pushed outward to Wy ~ 0.96, which is deter-
mined by the outermost screening surface, while for the case
with vacuum perturbation field, it is located at ¥y ~ 0.79.
Outside of Wy = 0.96, a domain with “open field lines” con-
necting to solid surfaces stays, even in our case with “strong
plasma response.” In particular, a perturbation of the separatrix
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0.9 E

0.95

FIG. 2. (a) Poincaré plot of the vacuum field configuration
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persists as well, which will be discussed below. Furthermore,
it can be seen that screening within Wy = 0.96 is not perfect,
but small island chains persist, e.g., the m = 10 island chain at
Yy = 0.94 and some higher order island chains. This imper-
fect screening is related to the finite discretization of the helical
current sheets and the singular behavior of the island width d at
small remaining perturbations 0B (i.e., d ~ \/0B).

For the subsequent analysis of plasma transport in these
magnetic field configurations, we introduce a measure for
the “openness” of the plasma edge: the field line loss fraction
=27 Z(Wy) is calculated by distributing initial points in to-
roidal and poloidal direction on an unperturbed flux surface
at Wy. Then, we carry out field line tracing from these initial
points and calculate the fraction of field lines lost to the wall.
Field line tracing is stopped after some finite cut-off length
Linax- We choose two different values for Ly,,x guided by the
mean free path for electrons Amfp: Linax,1 = Amfp and Lmax 2
= 4/mip, Where Amgp is evaluated for n, = 10Ym3 and T, =
650 eV (the reason for this choice will become clear later). It
can be seen in Figure 2(b) that significant field line losses

Phys. Plasmas 19, 052507 (2012)

occur on a few /pgp in the plasma response case just outside
the last closed flux surface.

Another impact of the “plasma response” is a modifica-
tion of the helical lobe structure, which is formed by the sep-
aratrix manifolds."*'? This is shown in Figure 3 by the local
field line connection length L. at a cross-section in the
X-point region and at the inner strike point. The helical lobes
are much shorter in the case with plasma response, which
indicates that a less pronounced pattern will be imprinted on
the edge plasma as well. The size of the magnetic footprint
depends on the number of screening surfaces (as shown for
COMPASS and JET using the Melnikov function'®) and will
further diminish if more screening surfaces are included,
e.g., at m = 12,13, ..., or increase if fewer screening surfa-
ces are selected. Two other examples of a “plasma response”
are shown in Figure 4: (a) screening on the m =9—11 surfa-
ces and (b) screening on a single surface at m =9. The direct
comparison of the footprint of the m=9-11 screening case
with the m =7-11 one in Figure 3(b) shows that the size of
the footprint is only weakly affected by the inner resonances
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FIG. 3. Field line wall to wall connection length L, at a poloidal cut at ¢ = 0 deg in the X-point region (left column) and at the inner strike point (right col-
umn) for (a) the vacuum approximation, (b) the plasma response case, and (c) the axisymmetric configuration without perturbations.
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() Screening at m = 9 - 11 (b)
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FIG. 4. Connection length at the inner strike point: (a) with screening at the m = 9-11 surfaces and (b) at a single surface at m =9. (c) Field line loss fractions

within Lnax = Amfp-

at m =77 and 8: The tip of the perturbed separatrix (marked by
the green dot) is shifted from AL,—¢9_1; =2.3 cm
at @ =50 deg to AL,,—7_1; =2.2 cm at ¢ = 60 deg. The
beginning of field line loss region is determined by the outer-
most screening surface which is in both cases located at
m=11, but the magnitude of field line losses is slightly
increased if the inner resonances are present (see Figure 4(c)).
On the other hand, a single screening surface can already make
a big difference, for the size of the footprint as well as the be-
ginning of the open field line region: The tip of the perturbed
separatrix at ALy, = 5.7 cm and ¢ = 20 deg in the vacuum
approximation is pulled back to AL,—9 =4.5 cm at ¢ =
60 deg (see Figure 4(b) and the last closed magnetic flux surfa-
ces is pushed outward to Wy = 0.91 — 0.92.

The main part of the unperturbed (no RMPs) scrape-off
layer (SOL) is characterized by a connection length of
L. 250 m (blue), while L. <50 m in the far SOL only
(white). The radial width of the main SOL is AR = 7 mm at
the HFS midplane, which expands to AL = 4 c¢m (along the
wall) at the inner strike point. In the presence of RMPs, this
thin layer (i.e., the blue domain in Figure 3) is wrapped
around the separatrix manifolds, which leads to an expansion
of the helical magnetic footprint (up to AL = 8.5 cm at ¢ =
75 deg for the vacuum approximation and AL = 6 cm at
@ = 15 deg for the “plasma response” case). It can be
expected that significant particle and heat fluxes onto surface
structures will develop in these regions as well, fed by cross-
field transport into this thin layer. This suggests, in combina-
tion with the magnetic footprint pattern for the ITER divertor
calculated in Ref. 28, that particle and heat fluxes might also
reach the tungsten tiles region, despite a restriction of the
main helical lobes to the graphite tiles region.

lll. EDGE PLASMA SIMULATIONS

The edge plasma transport model in the EMC3-EIRENE
code is based on a set of steady state fluid equations. Trans-
port parallel to magnetic field lines is considered within the
classical transport theory by Braginskii,”® while anomalous
cross-field transport is taken into account by free model pa-
rameters for particle (D ) and electron and ion heat transport
(x, and y;, respectively). These parameters are set to D =
0.2m?s ! and y, = ;, = 0.6 m? s~! throughout this pres-
ent work. Earlier simulations have shown that such low val-
ues are required in order to obtain pronounced striation
patterns on the divertor target'* (which are indeed observed

experimentally, at least for the particle flux). The code
requires a field aligned grid for a fast reconstruction of mag-
netic field lines (see Ref. 25 for details) and the correspond-
ing grid generator has been advanced to include the
magnetic field generated by current sheets.

A closed, perturbed magnetic surface at Wy = 0.78 is
taken as inner simulation boundary (ISB). The total particle
I''sg and energy input Pisg across this surface are set as
boundary conditions for the code. The values of I'isg =
1.1-10?' s7! and Psg = 6.3 MW have been taken from ear-
lier simulations'® based on similar experimental conditions.

The resulting spatial profiles of electron density n, and
temperature 7, in the X-point region are shown in Figure 5.
As already suggested by the magnetic field structure analysis
above, the helical lobe pattern of the edge plasma n, and T,
is much weaker (i.e., shorter excursion of the lobes) in the
“plasma response” case than in the vacuum approximation.
The clear alignment of the #n, and T, pattern with the under-
lying magnetic field structure is caused by the fast parallel
transport compared to cross-field transport. Because of the
very high parallel electron heat conductivity, the impact of
open field lines on 7, is much stronger than on n,: a large
temperature reduction with respect to the unperturbed case is
found throughout the plasma edge.

A. Midplane profiles

Radial profiles are extracted at the LFS midplane in
Figure 6 for a more detailed analysis. Because of the uncer-
tainty regarding the anomalous cross-field transport in the
simulations—in particular, the missing edge transport barrier
effects in the present model—we do not show experimental
profiles in comparison to the numerical ones, but rather
discuss the respective tendencies. It can be seen that the T,
profile in the vacuum approximation (green line) is flat in
the entire region with open field lines, at a level of
T, =~ 600 — 650 eV. This is a significant reduction compared
to the axisymmetric case (red line), but this is not observed
in the corresponding experiment (only —30% at ¥y = 0.8,
see Figure 1 in Ref. 30). The temperature reduction at Wy =
0.8 in the “plasma response” case (blue line), on the other
hand, is only —12%, but a significant temperature reduction
is also found in the open field line region (there, however,
this open field line region is restricted further to the edge).
The slope of the T, profile is steep in the confined region
with a sharp transition at the last closed flux surface. The
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FIG. 5. 2D cuts of plasma parameters at ¢ = 0 deg: (a)—(c) electron density and (d)—(f) electron temperature for the vacuum approximation, the plasma

response case, and the axisymmetric configuration.

reason for this sharp transition is that as one moves radially
outward across this particular position, immediately a signifi-
cant fraction of field lines intersect the divertor target within
a few electron mean free paths (see Figure 2(b)). In the vac-
uum approximation, however, the field lines loss fraction
increases much more smoothly with radial position.

While parallel heat convection is supplemented by the
very powerful parallel heat conduction, there is no other par-
allel particle transport mechanism than directional flow.
Therefore, the impact of RMPs on the density is much
weaker, both in the vacuum approximation and in the
“plasma response” case. In the latter case, the density is
almost restored up to the level of the axisymmetric configu-
ration. In particular the experimentally observed density
pump out (density reduction of factor 2 at Wy = 0.8, see
Figure 1 in Ref. 30) is not found in the simulation. This ob-
servation, and the flat 7, profiles, suggest that (at least for
the current assumption of prescribed cross-field diffusion
coefficients in the code) the present RMP screening ansatz
overestimates the plasma response effect, while kinetic cor-
rections to the parallel electron heat conductivity in the fluid
model are most probably required. However, we keep in
mind that there are indications that the radial electric field is
modified during RMP application,’'** resulting in a modifi-
cation of cross-field transport as well.

B. Divertor particle and heat loads

The distribution of divertor particle and heat loads
(Ttarget and Garger, Tespectively) is modified as well, if a
plasma response is taken into account. As can be seen in
Figure 7 for the inner strike point (ISP), the pattern of the tar-
get loads is in both cases aligned to the corresponding mag-
netic field structure in Figure 3. In general, the heat flux
decays much faster than the particle flux, which is related to
the different source type: power sources are located in the
core (i.e., at the inner simulation boundary), while there is a
large contribution to particle sources by the recycling flux in
the SOL. Both particle and heat fluxes in the “plasma
response” case are more concentrated at the main strike point
at AL =0, and the main peak increases by Al =
17% and Agiarger = 35% with respect to the vacuum approxi-
mation. However, a significant splitting of the target loads
persists in the “plasma response” case. In particular, a pro-
nounced secondary peak in the target heat flux is found in
the simulations but not so much in corresponding experi-
ments.”® Nevertheless, the reduction of the secondary heat
flux peak (at AL =~ 3 cm) in the “plasma response” case is
stronger (—30%) than the reduction of the secondary particle
flux peak (—17%), which is at least the correct tendency
regarding experimental observations.
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FIG. 7. (a)—(c) Target particle loads and (d)—(f) target heat loads at the inner strike point for the vacuum approximation and the plasma response case. Profiles
are extracted in (c) and (f) at ¢ = 0 deg and compared to the axisymmetric configuration.

The third peaks (at AL ~ 6 cm) are almost completely
eliminated, down to the level of the axisymmetric configura-
tion. A comparison with Figure 3 shows that these peaks are
located at the strike location of a thin layer around the sepa-
ratrix (blue region), i.e., the former scrape-off layer (SOL) of
the axisymmetric configuration. The reason for this
expanded particle and heat flux striation pattern observed in
the simulation is cross-field transport into this layer, which is
the regular mechanism in axisymmetric scrape-off layers.
Such an expansion is also found in the “plasma response”
case, where the second peak is already located in the regular
SOL. Furthermore, there is also experimental evidence of
this expansion by D, and Cj; light,28 which is related to the
target particle flux.

IV. CONCLUSIONS

A plasma response has been taken into account in 3D
plasma edge transport simulations by an ad hoc screening of
the external RMP field in the plasma up to the ¢ =11/3 sur-
face at Wy = 0.96. The implementation via helical current
sheets on resonant magnetic surfaces is flexible enough to
allow more realistic scenarios obtained from MHD modeling
in the future. For the present assumption, it has been shown
that the helical patterns in the plasma edge and on the diver-
tor target are considerably modified compared to the vacuum
approximation. The strong temperature reduction in the vac-
uum approximation can indeed be mitigated by RMP screen-
ing; however, the experimentally and numerically observed
“density pump out effect” is then considerably weakened as
well. Furthermore, a flat temperature profile persists in the
remaining “open field line domain” inside the separatrix,
which indicates that the parallel electron heat flux is overes-
timated in the fluid model. The beginning of this “open field
line domain” is determined by the outermost screening sur-
face; however, in case of partial screening, it may extend fur-
ther inside. The secondary peak of the striated target heat

flux is more reduced than the corresponding particle flux,
which is in tendency the behavior expected from experimen-
tal observations.
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