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Abstract Resonant magnetic perturbations (RMP) have been foundtigéén suppressing ELMs
in the DIII-D experiment [1, 2] Simulations with the M3D codfelicate that plasma rotation has an
essential effect on the RMP. When rotation is below a thiestioe RMP magnetic field is amplified
above the vacuum field, and acquires a helical structurenfdmnetic field is stochastic in the outer
part of the plasma, causing temperature and density loskighter rotation speed, the stochastic
layer is thinner. The temperature is similar to the initi@hmotating unperturbed state. Rotation and
the screened RMP cause a density loss which extends intdetsrag core.

|. Introduction

Resonant magnetic perturbations (RMP) have been foundtietfen suppressing ELMs
in the DIII-D experiment[1, 2]. The RMP is produced by extrooils producing a mag-
netic perturbation with toroidal mode number= 3. The vacuum magnetic perturbation
causes the magnetic field to become stochastic in the dyResf the plasma. It would be
expected that this would cause a large temperature andtyléoss where the magnetic
field is stochastic. Instead the density gradient is redutéae edge region, accompanied
by a large density pumpout in the core, while the temperasunet strongly affected. The
reduced pressure gradient stabilizes the peeling baligamiodes which appear to cause
ELMs. It is thought that the plasma rotation screens the RMR fthe plasma, producing
a thin stochastic magnetic field region at the plasma edg®, lthen the density pumpout
in the core must be explained. Simulations with the M3D c8fsghow that MHD effects
have some features of the experimental observations. Bixbence of toroidal rotation, the
RMP is amplified, acquiring a helical structure. There issslof temperature and density
in the stochastic magnetic field region. Plasma rotationees the width of the stochastic
magnetic field layer. The temperature loss is confined to dtye ewhile the density loss
extends into the plasma core. However, the density pumdmeérged experimentally [1]
is much larger than the MHD pumpout effect. In future worle MHD simulations will be
supplemented with kinetic modeling with the XGC [4] gyroé&tit code.

Il. Numerical MHD Simulations

Simulations with the M3D code [3] indicate that plasma notathas an essential effect
on the RMP, both on temperature and density. The simulatigre done starting from
an EFIT DIII-D equilibrium reconstruction, g126006, whigias made ELM stable by
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application of an RMP produced by the external | coil, withoidal periodn = 3. The
magnetic perturbations were calculated by Biot Savartutaiion of the field from the
coil current. The initial equilibrium is shown in Fig.1. Theguilibrium poloidal fluxi
is shown in Fig.1(a), the temperature in Fig.1(b), the dgnsiFig.1(c), and the vacuum
RMP magnetic poloidal magnetic fluxy,, », which varies toroidally asin(3¢) is shown
in Fig.1(d).

a max 0.10E+00 tm max 0.10E+00 den max 0.10E+01 ar max 0.13E-02
min —0.17E+00 t= 0.00 min 0.10E-02 t= 0.00 min 0.44E+00 t= 0.00 min —0.17E-02 t= 0.00

Figure 1:(a) initial magnetic flux contours of DIII-D equilibrium reastruction g126006. (b) initial
temperature contours in the equilibrium reconstructigri(itial density contours. (d) initial RMP
perturbationy.

First consider the case in which the RMP is applied, withotation. This is what would
have been predicted to occur, before the RMP experiments pexformed. The vacuum
RMP is included in the initial state shown in Fig.1(d). Besawf the RMP, the initial state
is not in equilibrium. The vacuum RMP produces a broad steihaagnetic field layer,
in approximately the outer third of the plasma. The inittaks is evolved to timé = 8774,
wheret, = R/v4 is the toroidal Alfvén time, where? is the major radius and, is
the Alfvén speed. The Lundquist number on axisis= 10°, which must be lower than
experiment for numerical reasons. The resistivity vare%a*/> self consistently, where
T is the temperature. At the bottom of the pedestak 10%.

The temperature is shown in Fig.2(a). As expected, therdasga cooling effect in the
outer plasma where the magnetic field is stochastic. This&t the RMP would have been
expected to da priori because of parallel thermal transport in the stochasticnetag
field. The density is shown in Fig.2(b). The density evolvesaslower time scale than the
temperature Density is lost in the outer plasma region, tieetemperature. The density
and pressure will eventually relax to a new equilibrium hwibnzero gradients only inside
the stochastic layer, where there are closed magnetic fllixcas.

The RMP perturbation is shown Fig.2(c). It can be seen treaRiMP field is amplified by
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the plasma response. It extends further into the plasmaa@qndras acos(3¢) component,
with a helical, ballooning like structure.

tm max 0.11E+00 den max 0.10E+01 ar max 0.26E—02
min 0.21E-01 t= 87.31 min 0.44E+00 t= 87.31 min -0.31E-02 t= 87.31

Figure 2:(a) temperature in the nonrotating RMP caseat8774. There is a large cooling effect
in the outer plasma layer where the magnetic field is stochastis is what the RMP would have
been expected to do. (b) density in the nonrotating RMP case-a8774. There is a large edge
density loss. (c) RMR) att = 8774. The RMP is amplified and couples to a helical structure
containingsin(3¢), cos(3¢) components.

[11. Magnetic Screening

The perturbed poloidal flux) is quite different in the presence of rotation. The applied
flux is shown in Fig.1(d). In the case of no rotation, the RMR fhcreases in the plasma,
in Fig.2(c). With rotation, the initial flux is excluded frothe plasma, depending on the
rotation and plasma resistivity.

The growth of the poloidal flux perturbation in the absenceotdtion can measured from
the maximum amplitude of the = 3 magnetic fluxy in a planep = 0, out of phase with
the applied RMP, at a fixed time after applying the RMP. Measithe out of planeos(3¢)
perturbation allows a clean separation from the applied RMtch is proportional to
sin(3¢). The results, shown in Fig.3(a) indicate a scaling withstagty asS—'/2. The out
of plane growth of the perturbation has a Sweet Parker megm®ebnnection scaling. The
critical rotation required to prevent the growth of the pdoations, is evidently adequate
to to screen the RMP itself from the plasma and heal the sstichaagnetic field. In turn
this causes the temperature to be well confined. This suggesitical scaling of rotation
asS~1/2.

The modification ot/ z,,p by rotation is seen in Fig.3(b). This a plot©f,,p in the plane
¢ = m/6, where thecos(3¢) dependence of the RMP is maximum. The abscissa is the
distance along a ray from the magnetic axis to a point on thendbay where)ry p is



a maximum. The solid curve is the applied RMP. The dashedecgrthe perturbed flux
along the same ray, with rotation.

Amplitude vs. Resistivity resonant flux profile
0.01 T 0.0014

0.0012 -

0.001 [

0.0008 -

0.0006 -

amplitude
resonant flux

0.001 | O
0.0004 |

O@ 0.0002 |

0.0001 L -0.0002 L L L L L
1e-06 le-05 0 0.2 0.4 0.6 0.8 1 12

resistivity (a) x (b)

Figure 3:(a) amplitude of enhanced magnetic flux as a function oftietis 7, with fit to /2. (b)
Profile plot of perturbed flux with rotation at= 0, 5274. The profile is taken along a ray from the
magnetic axis to the boundary, whefgy,; p is a maximum. The rotation reduces the amplitude of
the perturbed flux in the plasma.

It can be seen that the perturbation is reduced by the ratagibhough not completely
screened from the plasma. The rotation profile is broadnt&icen the equilibrium recon-
struction data. The magnitude of the rotation was increasedmpensate for the artifi-
cially low S value, to a peak value of toroidal velocity = 0.075v4. The experimental
peak toroidal velocity is about an order of magnitude lowensistent with the maximum
S being two orders higher in the experiment. In ITER, the tdabrotation is expected to
be an order of magnitude less than in DIII-D, ivill again be two orders higher, so that
the screening of RMP should occur in ITER [5]. There is stitioacern that the non reso-
nant part of the RMP, which would not be expected to expeeeauceening, might damp
the toroidal rotation. Then, the poloidal rotation would/@#o provide screening.

V. Rotation and Density L oss

Plasma rotation has several effects on the density and tatope. The most important
effect is that the stochastic magnetic field layer is narrpivecause the RMP is screened
by rotation. The effects of the case without rotation nowuncee a narrower layer near the
magnetic separatrix. In the stochastic layer, the tempezas rapidly cooled, followed by
density loss on a slower sound wave time scale.

Rotation also modifies the MHD equilibrium [6, 7], even withidhe RMP. It causes the
surfaces of constant density and pressure to deviate frerm#gnetic surfaces. The tem-
perature is a flux function, because of high parallel thewnalduction. In the simulations
in Fig.4, the toroidal velocity function is taken from theugdbrium reconstruction. It is
peaked on axis, and zero outside the magnetic separatrix.

The deviation of the density from being constant on flux ste$ais proportional to the
inverse aspect ratio, and the ratio of the velocity to thendapeed squared. In the exper-
iments, the aspect ratio is rather low and the parallel artdfoidal velocity is a fraction
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of the sound speed. The toroidal rotation causes an outlsbétdf the density surfaces,
which can evidently cause density to leak onto open fieldline

When the RMP is applied, the density loss is enhanced. Theaotvelocity was increased
for numerical reasons, to give sufficient screening neasdparatrix, to a maximum value
(on axis)v, = 0.075v4. Starting from profiles in the eqdsk file 9126006, the eqitlim
was evolved untit = 727,. At this point the evolution was continued, both with and with
out an applied RMP, until = 12774. The density without the RMP is shown if Fig.4(a),
and the with the RMP is shown in Fig.4(b). Comparing the dgresintours, it can be seen
that the RMP produces a shrinkage of the density. The lostityeis spun off in a blob
which accumulates in a low magnetic field region near the tdfigp4(a),(b). The density
profile as a function o — Ry, in the midplaneZ = 0 att = 12774, without the RMP,
is shown in Fig.5(a) (solid line). The density profile wittetRMP turned on is shown in
Fig.5(a)(dashed line). The density loss is largest at tige dolit extends to the plasma core.
If the initial density profile is more peaked, the central signloss can be substantial. The
temperature in the same case, at the same times, is showg.#(d}i(d). The tempera-
ture with rotation but without the RMP is shown in Fig.4(cheladdition of the RMP, in
Fig.4(d), causes the temperature to cool and contractubecaf a thin stochastic layer
inside the original separatrix. The density and tempeeatespond differently to the pres-
ence of the stochastic layer. The density is spun off, wii&temperature rapidly cools
because of thermal conduction along the magnetic field.lifles temperature profiles are
compared in Fig.5(b), without the RMP (solid line) and witie tRMP. The temperature
perturbation is localized to the edge. The temperatureigmad reduced at the separatrix,
but increases slightly further in.

den max 0.93E+00 den max 0.92E+00 tm max 0.10E+00 tm max 0.11E+00
min 0.36E+00 t= 127.20 min 0.36E+00 t= 126.92 min 0.00E+00 t= 127.20 min —0.11E-18 t= 126.92

Figure 4:(a) density at timg = 12774 in the rotating case with no RMP. There is density loss
because of the rotating equilibrium effect. (b) densityiraett = 12774 in the rotating case with
RMP. The density loss is enhanced by the RMP. (c) temperatuimet = 12774 in the rotating
case with no RMP. (d) temperature at time 12774 with rotation and RMP.
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Figure 5:(a) density profiles for the previous cases. The solid lirfecis Fig.4(a), and the dashed
curve is from Fig.4(b). There is some loss of density, whiktereds to the center of the plasma.
(b) temperature profiles as a function Bf— Ry at Z = 0 for the previous cases Fig.4(c),(d).
The temperature loss penetrates less into the plasma, anof plae outer temperature gradient is
steepened.

Poloidal rotation has a large effect on the density. In faete can be a density discontinuity
and possibly shocks at the magnetic surface where the flovansdnic [8]. There will
always be a transonic magnetic surface if the poloidal flowdezero at the magnetic
separatrix, where the poloidal sound frequengy{¢R) must vanish. In that case, the flow
IS supersonic at the separatrix and becomes subsonic it@ddasma. It is numerically
problematic dealing with the shocks, which are enhancedbyneed to use higher flow
speeds than in experiment, in order to screen the magndtic Blevelopment of a free
boundary Grad Shafranov solver with flow is in progress, tp separate the effects of
flow from the effects of the RMP.

In future work, the radial electric field will be obtained fnosimulations using the XGC
[4] edge kinetic neoclassical code.

There is a resemblance between RMP and ELMs. Both relax gsspre profile at the
edge. In both cases, the temperature profile change is2edalo the separatrix, but the
density profile change is larger and extends to the plasn&a Tbis is seen by comparing
the RMP density profiles in Fig.5(a) with ELM density profiiesFig.6(a), which shows
profiles at several different times during an ELM crash ofuhstable DIII-D equilibrium
g113207. Evidently this is a plasma decompression due &spre loss at the edge. The
temperature is much less affected, comparing Fig.5(b) Rigt6(b). Although the density
perturbations extend to the core, and can be rather largedeaked density profile, MHD
can only partially explain the large density pumpout obsdrin DIII-D. Other kinetic
effects that might explain the pumpout are being investigatsing XGC [4].

V. Conclusions

Numerical simulation with the M3D nonlinear MHD code versfithat plasma toroidal
rotation can screen an RMP magnetic field from the plasmaicred the width of the
stochastic magnetic layer and reducing parallel thermadligotion. Poloidal and toroidal
rotation can also cause density loss. When the rotation adl stime RMP can be amplified
and acquire a component aligned with the magnetic field)sirna a ballooning mode. This
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Figure 6:(a) density profiles in an ELM, at different times, as a fumctof R — Ry at Z = 0. The
solid line is the initial density, which relaxes to a loweadient. The density perturbation extends to

the plasma core. (b) temperature profiles for the same casgemperature perturbation penetrates
much less into the plasma than the density perturbation.

component grows as'/?, and can extend deep into the plasma. Plasma rotation suffici

to prevent amplification is also adequate to screen the RbMR the plasma. Rotation and

the screened RMP cause a density loss which extends intdakea@ core, but is small

compared to the density pumpout observed in DIII-D [1]. Tesults suggest that RMP

screening should be effective in a high temperature exgarisuch as ITER.
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