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Abstract. It is found that asymmetries in heat flux arising from resonant field perturbations are eliminated as
density is raised to approach detached divertor conditions on DIII-D. It is shown that applying RMPs reduces the
core density and increases the inter-ELM peak heat flux to both the inner and outer targets in the divertor. Using
gas puffing to return the core density to the pre-RMP levels reduces the inter-ELM heat flux at the outer strike
point to a value just below the pre-RMP level; the heat flux profile is broadened slightly relative to the pre-RMP
profile. It is also shown that further increasing the plasma density eliminates the non-axisymmetric heat flux
broadening, even before the attainment of detached conditions. Both experimental evidence and modeling are
presented showing that neither detachment nor the elimination of the 3D field structure is needed to eliminate the
non-axisymmetric heat flux broadening. Measurements showing that a secondary peak in the ion saturation
current, observed at modest densities, is not present at high densities. Measurements are presented showing that
in cases where the application of RMPs leads to an increase in the core electron temperature, higher densities are
needed to induce detachment of the outer strike point. These results help alleviate concerns over potential heat
and particle load asymmetries that may arise with the use of 3D ELM control techniques, and are particularly
encouraging for future reactors where near detached conditions will be required in any case to reduce divertor
heat and particle loads.

1. Background

Scaling studies for ITER and future devices generally show that tools will be needed to
reduce or eliminate both the steady state heat flux and the transient heat flux from ELM:s.
RMPs have been shown to effectively suppress, mitigate or trigger ELMs on several devices
[1][2][3][4]. RMPs are therefore being considered as a tool to control ELMs in ITER [5].
However, RMPs also lead to localized hot spots on plasma facing components of the divertor,
and thus concerns remain about the compatibility of the steady state heat flux footprint with
the divertor structure [6].

Detachment has been shown to be an important tool to control steady state heat and particle
flux to the divertor. Concerns about the compatibility of detachment and RMPs have been
raised because of results showing that increasing density can increase heat flux to regions
further from the strike [7,8]. Although the heat flux to these regions is generally lower than
the peak heat flux in attached conditions, and therefore this spreading of the heat flux can be
beneficial, modeling shows that in ITER RMPs may increase the heat flux to more vulnerable,
highly shaped, regions of the divertor [6]. Additionally at DIII-D it has been observed that
higher levels of gas puffing are needed to detach the inner strike point when RMPs are
applied [9] and at NSTX it has been observed that adding RMPs can cause a detached divertor
to re-attach [10].
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Additionally, it has been observed that the RMP induced non-axisymmetries can appear in the
particle flux structure while the heat flux structure remains axisymmetric. At low densities
particle flux profiles in DIII-D have shown splitting while the heat flux profile remains
relatively unperturbed by RMPs [11]. At higher densities in DIII-D, and at NSTX, the particle
and heat flux profiles have similar structure [8][12]. Simulations have shown that changes in
fueling may be responsible for the differences between the heat and the particle flux structure,
[13] reinforcing the need to better understand the relationship between heat and particle flux
structures and their relationships to density and fueling.

Since changes in core conditions will generally affect divertor conditions [14] it is important
to understand how RMP induced changes in the core conditions will impact divertor
conditions. A reduction in core density, known as pumpout, typically occurs when RMPs are
applied to low collisionality plasmas. At DIII-D pumpout has been observed in low
collisionality plasmas, but is not typically seen in high collisionality plasmas even in cases
with ELM suppression [8]. No pumpout in high collisionality ELM mitigated discharges was
observed in ASDEX Upgrade [15], but RMP induced pumpout was seen at low density [15].

2. Using Fueling to Eliminate Pumpout Induced Increase in Heat Flux

It is shown in this section that applying RMPs can increase the peak heat flux between ELMs
to the divertor in cases with core density pumpout, but this increase is largely eliminated
when the core density is raised to the pre-RMP level. FIG. I.(a) shows that when RMPs are
applied the core density as a fraction of Greenwald density [16] is reduced from ne/ngw =0.37
to ne/ngw =0.26. Electron density here is the line averaged density measured by the
interferometer, [17] and nGWZIp/na2 where I, is the total plasma current and a is the average
minor radius of the plasma. For all the data used in this paper RMPs were generated using the
upper and lower I-coils in an n=3 even parity configuration.
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FIG. 1. The (a) line averaged electron density reduction in deuterium emission was correlated
as a fraction of Greenwald density, (b) gas with a reduction in the energy released by the

puffing rate, (c) Deuterium emission line ELMs measured by the fast magnetics.
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suppression with even parity RMPs [4], but were not achieved in this experiment.

The discharges shown throughout this paper had an edge safety factor of qys=3.5 which is
within the range where low-collisionality ELM suppression has been achieved in DIII-D. A
typical lower single null shape was used with the ion Bx VB drift direction towards the
divertor. The toroidal field was B, =1.9 T and neutral beam heating of 6 MW was used. In this
section a shape with moderate lower triangularity, which puts the outer strike point near the
inlet of the cryopump, was chosen to maximize pumpout. Data in subsequent sections was
collected in a shape with reduced lower triangularity to allow better diagnostic measurements
of the outer strike point.

Three time-slices from the discharge, indicated by vertical

Electron Density lines on FIG. I., were chosen for detailed analysis. Data at
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FIG. 2. The electron (a) density and  gradients inside the pedestal region are similar to those in the
(b) temperature profiles are shown

for the three time slices indicated in other two cases. FIG. 2.(b) shows neither the RMPs nor the
Fig. 1. added gas had a measurable effect on the electron
temperature.

Heat flux to the divertor is measured by the IRTV system [19,20]. Integration times of 62 us
are used. Each profile shown in FIG. 3. is the average of multiple frames captured during a
200 ms interval. In intervals with ELMs, only frames captured during the last 20% of the
ELM cycle were used.

As shown in FIG. 3.(a) before the RMPs are applied there is no measurable heat flux to the
inner strike point. During the RMP induced pumpout the heat flux to the inner strike point is
increased, but adding deuterium eliminates the heat flux to the inner strike point. This
indicates that the reduction in core density is largely responsible for the increase in heat flux.

The outer strike point shows a similar trend, but as is typical for discharges with the field
direction configured so that the B x VB drift is directed towards the divertor, the peak heat flux
to the outer target was much larger than the heat flux to the inner strike point. As shown in
FIG. 3.(b), applying the RMPs raises the peak heat flux to the outer strike point. When the
core density with RMP is matched to the pre-RMP level the peak heat flux is slightly reduced,
and the heat flux profile is broadened by the presence of the RMPs. These measurements
show that RMPs can reduce the inter-ELM heat flux at the outer strike point when compared
to cases with comparable core densities. Heat flux measured at the outer strike point at a
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single toroidal location has been found to be largely axisymmetric both in modelling and in
experiments, such as those presented in section 3, where the RMPs were moved relative to the

heat flux diagnostic. Away from the outer strike point larger toroidal variations may exist in
the heat flux.
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FIG. 3. The heat flux between ELMs to the (a) inner and (b) outer strike points
are shown for the three time slices indicated in FIG.1.

The magnetic configuration used for the measurements shown in this section limits the
outboard radial extent of heat flux seen by the IRTV camera due to shadowing from the
divertor shelf, which limits analysis of the heat flux outboard of the outer strike point. This
configuration was chosen because it is the configuration in which low collisionality ELM
suppression is typically achieved (due to proximity to a cryopump that aids low collisionality
access) and in which maximum RMP induced pumpout is observed. The next section features
data from a configuration with more extensive divertor diagnostic coverage.

3. Increasing Density can Eliminate Non-axisymmetric Structure in Heat and Particle
Flux

Since heat flux profile measurements are currently only available at a single toroidal location,
the non-axisymmetric structure is measured by moving the applied RMP field relative to the
diagnostics. By reversing the current in all the coils used to create the RMP fields, the
magnetic structures can be effectively shifted 60 degrees toroidally around the machine. FIG.
4. shows heat flux measurements with the coils in both the 0 and 60 degree configuration.
Although the lobe structures are not well separated in this discharge the effects of the RMPs
on the heat flux structure can be seen in the lower density case, with a core density of ne/ngw
=0.4, shown in FIG.4.(a). When the coils are moved from a 0 degree phasing to a 60 degree
phasing local changes of up to 0.4 MW/m’ can be seen in the heat flux profile, indicating non-
axisymmetric structure. F/G.4.(b) shows that at higher density, n./ngw =0.75, the heat flux to

the tiles is reduced and shows no measurable non-axisymmetric structure is seen.
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FIG. 4. The heat flux profile near the outer strike point is shown for a (a) moderate upstream density
and (b) high upstream density. (c) The ion saturation current measured at the target near the outer
strike point is shown for a lower density (blue) and higher density (red) case with RMPs.
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Simulations have shown that increased divertor density can reduce the non-axisymmetric heat
flux while raising the particle flux to the striations [13]. The Langmuir probes in the divertor
target tiles [21] are used to measure the particle flux. To increase the spatial resolution of
these measurements the plasma is swept radially relative to the probe area and the data is re-
mapped to a single equilibrium. In FIG. 4.(c) the re-mapped profiles for both the low and
high-density cases are shown. A secondary peak can be seen in the lower density case, but at
higher densities there is no apparent secondary peak.

3.1. Changes Seen in Divertor Electron Temperature and Density

The divertor Thomson scattering system measures changes in the electron temperature
consistent with lobe structures induced by the RMPs. As shown in FIG. 5., when RMPs are
applied a lobe in the electron temperature appears to extend from the x-point outwards
towards a point on the target about 10 cm outboard of the outer strike point. No such structure
appears in the case without RMPs [22]. The temperature in this lobe is about 10 eV above the
plasma that surrounds it. The plasmas shown in FIG. 5.(a) and (b) are attached with an
upstream density of Greenwald density is n/nGW=0.4. Although some structure is seen in the
electron density when the RMPs are applied it is much less pronounced than the structure
seen in the electron temperature.
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FIG. 5. The electron temperature in the divertor is shown a) without RMPs, b) with RMPs at a
lower density and c) with RMPs at a higher density.

As the density is increased, the lobes in the electron temperature move away from the target
plate. As shown in FIG. 5.(c), although structure remains in the electron temperature, there is
no longer a clear secondary peak at the target. The electron density also shows no secondary
peak at the target. At this higher density the divertor is not yet detached.

4. Comparisons of Measurements with EMC3-Eirene Modeling

The EMC3-Eirene 3D edge fluid modeling code [23,24] shows that when upstream density is
increased while all other quantities are held fixed, the experimentally observed changes in the
divertor electron temperature are reproduced. In the lower density calculations shown in FIG.
6.(a) the lobes in the electron temperature in the divertor extend to the target plate. As the
density at the upstream simulation boundary is increased the lobes in the electron temperature,
shown in FIG. 6.(b), are preferentially cooled near the target plate. This change in structure is
qualitatively similar to that shown in FIG. 5.
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In these simulations the magnetic field structure and perpendicular transport coefficients are
held constant while the density at the core simulation boundary, chosen to be at the
normalized enclosed flux surface ¥,=0.7, was varied. A “vacuum” model for the 3D magnetic
field structure is used — this does not include plasma response fields to RMPs. Since the
plasma response can change with density, the “vacuum” field was chosen to test the effects of
increasing core density in the absence of changes in the magnetic field structure.
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FIG. 6. The electron temperature in the divertor calculated for (a) lower and (b) higher upstream
density conditions. (c) The electron temperature at the target plate calculated by the EMC3-Eirene
code is shown for a variety of upstream densities.

Examining the calculated electron temperature at the target plate, shown in FI/G.6., it can be
seen that increasing the core density causes a reduction in both the temperature at the outer
strike point and a reduction in the local peaks away from the outer strike point. The electron
temperature peak at the outer strike point is largely axisymmetric, showing less than a 10%
variation toroidally. The secondary peaks show much larger toroidal variations in the lower
density calculations, but these peaks are gradually eliminated at all toroidal angles as the
upstream density is increased.

5. RMPs Increase the Detachment Onset Threshold

Examining two high-density cases shows evidence that RMPs raise the detachment onset
threshold for the outer strike point. FIG. 7. shows the ion saturation current profiles measured
by Langmuir probes near the outer strike point for two relatively high-density plasmas. The
case without RMPs shows a strong reduction in the saturation current at the outer strike point
and the peak in the saturation current is moved radially outboard. This structure is
characteristic of detachment at the strike point. The profile with RMPs shows a peak in the
saturation current near the outer-strike point. This profile is characteristic of the outer strike
point being in the high-recycling regime.
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wv . . . . . .
2 the divertor plasma is in the high-recycling regime
<20f 1 with RMPs (red), but detached at a slightly lower
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A slight reduction in the core temperature possibly caused by the presence of a rotating MHD
mode in the case with no RMPs may be responsible for the differences in detachment between
the cases with and without RMPs. The electron temperature is 10 to 20 percent higher across
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the core profile in the case with RMPs. In the case with no RMPs a rotating mode with a
toroidal number of 2 is present for the steady state portion of the discharge. In the discharge
with RMPs this mode only appears after the RMPs are turned off. This dramatic modification
of the MHD modes by the RMPs was not observed in the other discharges presented in this
work and appears to be correlated with the high densities used in this set of discharges.

The differences in the level of divertor detachment between the cases with and without RMPs
cannot be explained by differences in core density. The line-averaged density in the case
without RMPs is found to be 8.1x10'" m™ while in the case with RMPs it is 8.3x10" m™.
Notable, just inside the separatrix at ¥,=0.99 the density is 20 percent higher in the case with
RMPs and there is no measurable difference in the density at the separatrix with and without
RMPs. Other parameters such as plasma current, magnetic field strength and auxiliary heat
power were held fixed between the two cases.

6. Conclusion

It has been shown that while the relationship between core and divertor conditions are largely
similar to what is observed in axisymmetric plasmas some notable modifications are observed
when RMPs are applied. In cases where RMPs cause density pumpout, but no measureable
change in the core electron temperature, the associated increase in heat flux is largely
eliminated by raising the core density. When the application of RMPs causes an increase in
core electron temperature an increase in the divertor detachment threshold as a function of
density is seen. RMPs can cause measurable broadening of the inter-ELM heat flux at
moderate densities, but this broadening is eliminated at high densities. Lobes in the electron
temperature structure are induced by the RMPs and extend to the floor at moderate densities,
but at high densities these structures move away from the floor. The cooling of these
structures is consistent with cooling seen in the simulations in which the core density is
raised. Modeling shows that the electron temperature near the target plate becomes largely
axisymmetric as the density is raised, consistent with the measurements which show the heat
flux becomes axisymmetric at high densities.

This work is suported by the U.S. Department of Energy under DE-AC04-000R22725!, DE-
AC52-07NA273442%, DE-FG02-08ER54999%, DE-F02-04ER54698* and DE-AC04-94A1.85000.
DIII-D data shown in this paper can be obtained by following the links at https://
fusion.gat.com/global/D3D_DMP.
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