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The plasma response on externally applied resonant magnetic field perturbations is studied by means
of numerical simulations. It is shown that dependent on collisionality and perturbation strength,
plasma currents build up which can compensate the external field. These plasma currents are
accompanied by out-of-phase currents and poloidal flows at the resonant surfaces. With an
increasing perturbation field the screening of the externally applied field decreases and at a certain
level, the vacuum field approximation holds for the total magnetic field. © 2009 American Institute

of Physics. [DOL: 10.1063/1.3126548]

I. INTRODUCTION

Resonant magnetic field perturbations (RMPs) are
known to significantly change the magnetic field topology
and therefore the plasma dynamics in a tokamak device.'”’
Such resonant perturbations are, in general, characterized by
a magnetic field component perpendicular to the flux sur-
faces and a zero derivative along the unperturbed magnetic
field lines at particular (resonant) flux surfaces. They can be
caused by imperfections in the coil arrangements or by
means of additional RMP coils to introduce deliberately
large deviations from the usual axisymmetric tokamak con-
finement field. Ever since it is known that RMPs can support
an efficient control of edge localized modes for certain op-
erational windows, in particular, the use of RMP coil ar-
rangements has attracted increasing interest.*'*

Effects due to the presence of RMPs have been studied
theoretically and numerically on the basis of kinetic and fluid
models on different levels of complexity, one important as-
pect of it being the structure of self-consistent currents in-
duced in the plasma which might cause significant changes
in the magnetic field topology. A widely used assumption in
theoretical and numerical studies is the vacuum approxi-
mation, ~ which considers the total magnetic field in the
plasma region as a sum of the axisymmetric confinement
field and the vacuum field induced by the external coils. This
vacuum approximation neglects a possible screening of the
RMP field and the related change in the topology. More so-
phisticated approaches including plasma currents often em-
ploy the so-called magnetohydrodynamics (MHD) approxi-
mation which assumes particularly that pressure forces on
the electrons cannot compete with the electric field.'®!”
Other approaches consider cylindrical geometry and the
plasma response of basic resonant modes only.lg’lg More
complete models have been analyzed in Refs. 20-24 but are
also restricted to slab or cylinder geometry. In this paper the
occurrence of self-consistent screening currents in the frame-
work of a four-field drift-fluid model” ™ is studied. This
nonlinear four-field version of the dissipative drift-Alfvén
model includes electromagnetic plasma dynamics, avoids the
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MHD approximation and takes into account curvature effects
due the toroidicity of the equilibrium magnetic field. The
numerical simulations are performed with the ATTEMPT
code® for a variety of plasma scenarios quite close to
TEXTOR-like parameters.2 Special attention will be paid to
the collisionality dependence and the occurrence of a drop in
the screening efficiency with increasing RMP field. It is
shown that shielding currents are induced in the presence of
RMPs which can be strong enough to screen the RMP field

completely. The screening is increased if B, the scaled

plasma beta, is increased and decreased if é the scaled col-
lisionality, is increased. With increasing RMP field strength a
nonlinear effect leads to a drop of screening efficiency. This
nonlinear effect is manifest in a build-up of a static and axi-
symmetric radial electric field until it compensates the force
due to the radial pressure gradient. Thus, the screening cur-
rents are accompanied by zonal flows at the resonant sur-
faces. In addition, an out-of-phase current generally occurs
which is coupled to geodesic acoustic mode (GAM) dynam-
ics. These numerical results are in qualitative agreement
with experimental findings on poloidal rotation and GAM
dynamics.‘”_34 The paper is structured in the following order:
In Sec. II basic features of the drift-fluid model used for the
numerical investigations and its extension for RMP studies
are recapitulated; in Sec. III the numerical experiment is
specified and in Sec. IV simulation results are presented for a
variety of computations; in Sec. V the numerical results are
discussed and supplemented by means of simplified balance
equations to describe the new static plasma state in the pres-
ence of the RMPs; finally Sec. VI summarizes the results
with special emphasis on the relevance of the screening ef-
fects for standard tokamak operational windows.

Il. DRIFT-FLUID MODEL WITH RMP FIELDS

In this section the basic features of the drift-fluid model
used in the numerical investigations are outlined. The model
describes the deviations of particle density n, electric poten-
tial ¢, magnetic potential A, and parallel ion flow velocity

© 2009 American Institute of Physics
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from an equilibrium state. This equilibrium state is pre-
scribed by a constant background density gradient Vn,, but
equilibrium flows and equilibrium electric fields are not pre-
scribed. The electric fields evolve self-consistently in the
model, and the resulting statistically stationary and axisym-
metric piece is considered as the equilibrium profile. Elec-
tron temperature dynamics is neglected (7,=const) and cold
ions (7;=0) are assumed. The equations for particle balance,
the quasineutrality condition (V-J=0), Ohm’s law, and the
parallel ion momentum balance read

on

oY V(ng+n) + VMJH noV ;= npkK ()
T
+ =K (n), (1)
e
nom; ow noh;
;g E =- ;_OVE VW + V”JH + TeK:(I’l), (2)

0A m, (?JH m,
= e
ot 621’10 at  en

VI + VH” Vid-nJy,

3)

nomi—tl =—ngmVg- Vuy—T,Vyn, (4)
with auxiliary relations for the vorticity w and the parallel

current density Jj,

w=Vip, up)=-ViA. &)
The operators are defined by
d 4
a—ﬁ_t-i_vE v, (6)
B

Ve Vf =5 (Vo X Vi), (7)
BXV

;cm:v.( - f), (8)

u‘=— Vf—— (VA XVf), )

> _y2r_y.BB.

Vi=Vf-V.oo VS (10)

Here B denotes the equilibrium magnetic field, e is the el-
ementary charge, 7, is the classical parallel resistivity,35 and
m, and m; are the electron and ion mass, respectively. The
model is local, i.e., the background density n, the reference
magnetic field B, and the electron temperature 7, are treated
as constants, except in the background density gradient Vn,
which is also considered as constant. A detailed discussion of
the basic physics described by the model can be found in
Ref. 25 and references therein. The magnetic equilibrium
field is assumed to consist of nested circular flux surfaces
representing the plasma region just inside the last closed flux
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surface in a toroidal geometry with large aspect ratio. There-
fore
By BoRg

B=—e¢y+ e,
gR " R ¥

(11)

where R is the tokamak major radius and R=R+r cos 0 is
the distance from the torus axis. The g-profile is assumed to
be linear g=qy+qS(r—ry)/ ry, with magnetic shear § and ref-
erence minor radius r,. The transformation between the Car-
tesian coordinates (x;,x,,x;) and the toroidal coordinates
(r,0,¢) is given by

x;=Rcos ¢, x,=Rsin¢, x3=-rsinéf. (12)
The additional transformations
r—r, T
s=0, x= 0, y=—0 (g6- o), (13)
Ps qoPs
and
r—ry ro
o=0, x= . n=—— (q0-¢) (14)
Ps 40Py

introduce field aligned coordinates to simplify the analysis
for flute approximation (k;<<k,) and the numerical imple-
mentation. Here s is a parallel coordinate, field aligned in the
entire domain, and o is field aligned at the reference surface
at r=r, only. These definitions allow to rewrite the (conve-
niently scaled) operators in flute approximation as follows:

¢ df ¢ af
Ve V/= (9)((977 ondx’ (15)
K(f)=—w3<cossj—{]+sinsj—f(>, (16)
_if_fomar_aads
V= ds B(&xﬂn é’n&){)’ (17)
_ﬁ I
Vif= [7772 (18)

Thus, one obtains the following normalized version of Egs.

(D-(5):

L g} K (=) + V(U= ), (19)

‘Z—V: = {w}+K(n)+ V. (20)

B i e )+ V-9 -Gl Q1)

e% -V, (22)
where
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w=V2¢, J=-V2A. (23)

The dimensionless form of the local model equations
(19)-(23) forms the basis for the numerical investigations.
The transformation to the coordinates used here is explained
in detail in Ref. 30. The remaining set of dimensionless
model parameters are considered as constants in the local
model,

R, \? a m

é=(m> . B=ep. p=é&—, (24)
L, m;

A L L

L I (25)
CS 196 RO
where

nol cm;

,8: Molpd o _ & 1’ (26)

. B e*nyIn A
m; Ve = 3(277)3/2620’”;/273/2-

In detail these are the ballooning parameter wp, representing
the curvature effect, due to toroidicity, i.e., the
1/R-dependence of the equilibrium toroidal magnetic field.
Furthermore, the ratio € of parallel scale length g,R, and
perpendicular background density scale length L |, the scaled

(27)

plasma beta [3, the scaled mass ratio g of electron and ion

mass and the scaled electron collision frequency C. The cur-
vature effect due to toroidicity provides a coupling of poloi-
dal modes. It is to be noted that a mixed representation is
used in the formulation of Egs. (19)-(23), i.e., s, X, and 7 do
not constitute a single coordinate system. The constant back-
ground density gradient is dny/dxy=—1 in scaled units, which
defines the scale length L | . Finally it is to be noted that Eqs.
(19)—(23) are completed by dissipative processes via the
extension

of
=S VA + Vi, (28)
where f=n, w, u, and S are the respective right hand side of
Eqgs. (19)—(22). The dissipation coefficients p, and w; are
prescribed in an appropriate range to provide sufficient dis-
sipation for obtaining a saturated plasma state, but without
disturbing the basic physics to be studied. As in previous
studies the perturbation field is included by the replacement
A—A+A" in the model equations,29 where

1

A¥ = E Age" kX cos(m,o + n.k,m)
my=—1
1
= > AgeloEL] cos[(m,. + n.qo) - n.gl,  (29)

my=—1

representing a current free RMP field, i.e., ViA*:O, with
resonances at g=(m,+n.qg)/n.. In this work RMPs with to-
roidal mode number n.=2 are considered, representing a
static externally induced perturbation field consisting of the
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three modes with poloidal/toroidal mode numbers 5/2, 6/2,
and 7/2, representative for TEXTOR-DED operation.

lll. NUMERICAL EXPERIMENT

For the numerical simulation the computational grid is
defined in the (o, x, 77)-coordinates with grid dimensions in
scaled units as

LMLy

"
N,]Trs

27
qops

The number of grid points is N, X N, X N, =16 X128 X 128.
The following set of parameters has been chosen to get close
to TEXTOR-like plasma conditions. The entire flux surfaces
in the range 2=¢g=4 around the reference radius r
=0.5 m are considered, with ¢y=¢(ry)=3 and magnetic
shear §=1. This corresponds to a radial extent of 0.34 m
=r=0.66 m. The dimensionless model parameters are cho-
sen as wp=0.046, 4=4.7, and é=17227. The parameters C
and ,é are varied in the range O.SSE, C=5.0. This repre-
sents roughly a plasma with physical parameters R,
=1.75 m, mi=2m[,, By=1 T, L, =0.04 m, and the following
combination of densities and temperatures:

L,=2m, (30)

R R ng T,

C B (m™3 X 10") (eV)
0.5 0.5 0.3 52
5.0 0.5 0.6 24
5.0 5.0 2.8 52
0.5 5.0 1.3 112

The scans over RMP field strength are done in the range
1X107 Tm=A,=3X%10" Tm. The dissipation param-
eters are prescribed as u, =u;=0.01 and the time step is
Ar=0.02L  /c,. It is to be noted that the corresponding un-
scaled dissipation coefficients D |, and D; and the classical
dissipation coefficients™

T
DS =324 e (31)
m;mgv,

o
£=2005p,, Sl=d0Cu (32)

Dy C I

T.m,v
D¢ =4_7u’
+ eng

are related by

D,

for m;=2m,. Thus, the perpendicular dissipation used is
about a factor of 10 higher than the classical diffusion, and
the parallel dissipation coefficient in the simulations is of the
same order as the classical one. The radial boundary condi-
tions used in the computations are Dirichlet zero for all de-
pendent scalar fields n, ¢, w, A, J;, and . The simulation
starts with a small random perturbation in the density n. Lin-
ear instabilities drive the evolution of a dynamical plasma
state and the computation is continued until a nonlinearly
saturated, i.e., statistically stationary, state is established.
This final plasma state is analyzed by means of time averag-
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FIG. 1. Illustration of the screening effect for the 6/2-configuration of a

TEXTOR-DED-like geometry for the parameters E:S.O and C=25. The
5/2- and 6/2-island chains of the vacuum field disappeared completely and
have been replaced by islands shifted by /2 in toroidal direction due to
out-of-phase currents.

ing over an appropriate interval to obtain the information
about the new equilibrium.

IV. COMPUTATIONAL RESULTS

In this section, results of numerical simulations per-
formed in the parameter range sketched in Sec. III are pre-
sented. In order to solve the model equations (19)—(23) the
time-dependent three-dimensional (3D) ATTEMPT code™® has
been employed. Basic features of the screening effect in the
presence of RMP fields are elucidated and analyzed by

means of parameters scans varying the collisionalitity C, the

scaled beta B, and the RMP field strength. In addition, cer-
tain simulation results are compared to results of reduced
models in order to clarify the importance of particular physi-
cal mechanisms. Basis quantities of interest are the in-phase
and out-of-phase currents, the static zonal flows and their
relation to the screening efficiency.

It is shown that (1) plasma response currents can build
up strong enough to screen RMP fields completely. (2) The

screening is increased if ,é is increased and decreased if C is
increased. (3) A nonlinear effect leads to a breakdown of
screening efficiency with increasing RMP field strength. The
nonlinear effect is manifested also in a static radial electric
field rising until it compensates the radial pressure gradient.
(4) The screening effect is predominantly caused by pressure
effects, i.e., a competition of pressure forces and electric
fields. However also curvature effects show a significant
contribution by increasing the shielding of the penetrating
RMP field.
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FIG. 2. (Color online) Pattern of the time averaged current density corre-
sponding to the results of Fig. 1.

First an example of the RMP screening effect is pre-
sented, demonstrating the occurrence of significant plasma
currents and their implications for the magnetic field topol-
ogy. Then, in a second step, results from parameter scans
illustrate the dependence of the screening efficiency on
plasma parameters and RMP field strength. The section is
completed with results obtained by the use of reduced mod-
els, where in particular the cylinder approximation and the
neglect of pressure forces are considered.

A. In-phase and out-of-phase currents

An example for the induction of plasma countercurrents
is given in Figs. 1 and 2. These results are obtained by simu-
lations for B=5.0, C=2.5, and Ay=2X 105 Tm. The top
figure of Fig. 1 shows a Poincaré plot of the vacuum field
according to Eq. (29). The bottom figure illustrates the struc-
ture of the total magnetic field, in which the plasma re-
sponse, i.e., the self-consistent magnetic potential A is also
taken into account. The two-dimensional pattern of Fig. 2
shows the corresponding profile of the current density J; as a
function of the poloidal angle 6 and ¢ in the same poloidal
plane as considered in Fig. 1. It can be seen that in the total
magnetic field, the RMP vacuum field contribution is com-
pletely screened at the 5/2- and 6/2-surfaces, i.e., the island
structures opened by the RMP field disappeared due to the
build-up of a current density of symmetry cos(56—-2¢) and
cos(60-2¢), respectively. The 5/2- and 6/2-islands which
are visible in the Poincaré plot are shifted by 77/2 and result
from a current density of symmetry sin(56-2¢) and sin(66
—2¢), respectively. In all simulations for this study such
“out-of-phase currents” accompany the “in-phase” currents,
being responsible for the screening of the RMP field. Both
currents are well localized at the respective resonant sur-
faces, but spread out for increasing RMP field strength. Thus,
the RMP field structure is partly diminished and replaced by
a shifted structure of similar symmetry. An additional impor-
tant consequence of these plasma currents is that the out-of-
phase component couple to GAMs via Maxwell stress and
therefore are able to significantly change their frequency and
amplitude.34
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FIG. 3. (Color online) Screening efficiency at the respective resonant sur-

faces of the 5/2-, 6/2-, and 7/2-modes vs B for C=2.5 and A}=2
X107 Tm.

B. Screening efficiency versus [3 and C

For a fixed RMP field strength of A;=2X 107> Tm, the
values of [3 and C have been varied. In Figs. 3 and 4 the
screening efficiencies 1v,,,=—Re(4,,,)/ Re(ﬁfn’n), the time
averaged countercurrent density .7;‘:’,1:(]” cos(mfB-ne)), and
the time averaged radial derivative of the axisymmetric com-
ponent of the force &h)/dx=dny+i—p)/dy are shown.
Here the brackets (...) denote a flux surface average and the
bar denotes a time average, taken over the diagnosis compu-
tational time interval. The Fourier components Km,n, K;m,
and J  are taken at the respective resonant flux surfaces ¢
=5/2, 6/2, and 7/2 and are compared to the corresponding
values of &h)/dy. The screening efficiency Vin.n 18 @ Measure
for the shielding of the radial component of the RMP field,
responsible for island formation. Thus, a value of v, ,=1
means that the original m/n-island chain (RMP vacuum
field) is completely suppressed at the resonant surface. A
value v,,,,=0 describes the case where the magnetic field is
determined just by the vacuum structure of the RMP field,
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FIG. 4. (Color online) Screening efficiency at the respective resonant sur-

faces of the 5/2-, 6/2-, and 7/2-modes vs C for B=2.5 and A}=2
% 10”7 Tm.

i.e., complete penetration. In Fig. 3, top, the screening effi-
ciency as a function of B shows a clear increase with increas-
ing B In particular the innermost resonance at g=5/2 goes
quickly into complete screening. The corresponding current
densities, shown in the midfigure, reflect this trend—at least
for the mode numbers 6/2 and 7/2. However, a much more
obvious correlation with the screening efficiency is found for
the force balance &h)/dy. Significant variations of these
quantities can be observed also in Fig. 4, but there the
screening is reduced for increasing C. Again the resonant
currents for m/n=6/2 and 7/2 follow the trends of v, , and
v, but &hy/ dx shows an even more pronounced correla-
tion.

C. Screening efficiency versus RMP field strength

In Fig. 5 results are shown for ,f%=5.0 and C=5.0 and
parameter A, varied in the range 1X1077 Tm=A,=<3
X107 Tm. The screening efficiency displays an obvious
trend to be decreased by increasing RMP field strength. In
particular, the screening of the 6/2- and 7/2-modes exhibits a
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FIG. 5. (Color online) Screening efficiency at the respective resonant sur-
faces of the 5/2-, 6/2-, and 7/2-modes vs RMP field strength for /AB:S.O and

C=5.0.

quite abrupt drop in a certain range of A,. The corresponding
countercurrents are first increased with increasing A but are

reduced again for higher RMP fields. As in the scans over 8

and C the correlation between YVin.n and (h)/ dx is striking. It
has to be noted that even though the background density
gradient &n)/dy=—1 is prescribed, a certain density profile
flattening occurs in the computation. However the strongest

contribution to the variation of h)/dy stems from the
changes in the radial electric field. Consequently a zonal
flow is generated by the RMP up to a level where the electric
field compensates the pressure gradient of the background
plasma. The reduced screening is manifest in the force com-

pensation &)/ Jdy— 0. The delay in the shielding of the dif-
ferent components of the model RMP can be explained by
the fact that the perturbation field is exponentially decaying.
Thus, the 7/2-surface is located at higher RMP level, i.e., the
transition effect first appears for the corresponding resonant
7/2-mode in the Ay-scan. An additional plot of the different
currents versus the local RMP field strength are shown in

Phys. Plasmas 16, 042317 (2009)
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FIG. 6. (Color online) In-phase currents at the resonant surfaces vs the local
RMP field amplitude from simulation (top) and obtained by half-analytical

estimate equation (33) (bottom) for ,é=0.5, C=05 (case Al), ,f%=0.5, c
=5.0 (case A2) and $=5.0, C=5.0 (case A3).

Fig. 6 and this proves that the plasma response is guided just
by the local magnetic field and that the different resonant
modes follow a very similar trend.

D. Impact of island overlap

As mentioned in the previous section, the delay in the
plasma response at the different resonant surfaces with in-
creasing RMP level is caused mainly by the exponential ra-
dial decay of the RMP field. In order to illustrate this obser-
vation, Fig. 6 shows the superposition of the in-phase
currents at g=5/2, 6/2, and 7/2 as a function of the local
effective RMP field amplitude at the respective surface.
Three cases are shown, representing simulations with [3
=0.5, C=0.5 (case Al), B=0.5, C=5.0 (case A2), and 3
=5.0, C=5.0 (case A3). It can be seen that the plasma re-
sponse currents behave very similar at the different resonant
surfaces. Thus, the overlap of the RMP island chains (mea-
sured often by the Chirikov parameter) is obviously not of
importance for the particular screening effect considered
here.

E. Comparison with reduced models

In order to clarify which effects might be dominant or
negligible in the build-up of the shielding currents a number
of simulations have been repeated with particular physics
switched off. Three variations have been considered: (i) the
parallel ion flow has been neglected, i.e., u;=0, (ii) the cur-
vature effect has been switched off, i.e., the geometry is re-
duced to a cylinder by K(n)=/K(¢)=0, and (iii) the so-called
MHD approximation has been used, i.e., the terms V,J; in the
density balance and Vn in Ohm’s law have been set to zero.
In Fig. 7, top, the results for case (i) are shown and no
significant difference can be found compared to the full
model simulations in Fig. 5. Case (ii), midfigure of Fig. 7, on
the other hand, gives a reduced screening efficiency, where
the drop in the screening appears for much lower RMP field
amplitudes than observed in the previous results. The con-
clusion to be drawn is that curvature effects additionally en-
hance the screening effect. However, the most striking dif-
ference comes with the neglect of pressure effects, illustrated
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FIG. 7. (Color online) Screening efficiency at the respective resonant sur-
faces of the 5/2-, 6/2-, and 7/2-modes vs RMP field strength for ﬁ:S.O and
C=5.0 and for different model reductions.

by Fig. 7, bottom. Without pressure forces the plasma current
is strongly reduced and consequently almost no screening
effect is left (for some RMP amplitudes actually an enhance-
ment of the RMP field is seen). Thus, only the inclusion of
pressure forces provides a significant build-up of screening
currents with the appropriate mode structure and the drop of
shielding with increasing RMP.

V. DISCUSSION

In the numerical simulations the following observations
are made:

e For TEXTOR relevant plasma parameters an RMP field
can trigger a strong plasma response, such that induced
currents modify the RMP vacuum field topology. A strong
screening can hinder RMP fields from penetration and out-
of-phase currents can introduce additional topological
structures. Such currents are directly related to important
plasma dynamics such as GAMs and blobs.

Phys. Plasmas 16, 042317 (2009)

¢ The shielding effect, preventing the RMP island chains to

open, strongly depends on the ratio C/ ﬁ? of collisionality
and plasma beta.

* A threshold is observed in the dependence of the shielding
effect on the RMP field strength. Up to a certain level of
the RMP the screening is almost complete, but for higher
RMP strength the screening breaks down abruptly. The ab-
sence of screening is of importance for the validity of
models based on the vacuum approximation to analyze the
topological features of plasma dynamics in RMP fields.

e In the simulations the response currents do not vary
strongly with the RMP field strength, but the radial force

balance &hy/dx is obviously strongly correlated with the
screening efficiency. The drop in the shielding for increas-
ing RMP level is accompanied by an increase in an in-
duced radial electric field (zonal flow). The zonal flow is
governed by the pressure gradient and the screening breaks
down when the electric field compensates the pressure
force, i.e., (dny+n)/dx) ={(dP/ dx).

* It is shown that these effects are apparently influenced by
the presence of toroidal curvature, whereas the parallel ion
motion does not have a significant impact. However, the
basic mechanism is found in the inclusion of pressure
forces in the electron momentum balance. If these are not
present, almost no screening appears.

e The overlap of the three island chains introduced by the
model RMP field does not seem to have a significant im-
pact on the plasma response at the resonant surfaces. This
allows to conclude that the screening effect is guided to a
large extent by local mechanisms and is less affected by
ergodization.

The importance of the interplay between poloidal plasma
flows and the screening efficiency for RMP fields is basically
well known. The radial component of the RMP exerts a
torque on the plasma at the rational surfaces and an electric
field is induced to establish a new stationary state.”” Here the
basic facts are recalled by inspection of a simplified model in
the framework of the drift-fluid-model used. Based on the
numerical results it can be concluded that the following sta-
tionary (in the simulations: time averaged) balance equations
describe the dominant constituents of the equilibrium plasma
state at the resonant surfaces

Cly=—BlA+A"ny— &}, (33)
{gw}=— BlA+A"J)}. (34)

The bar denotes a time-average and temporal correlation in
the nonlinearities is neglected, i.e., the equilibrium is deter-
mined predominantly by the parallel force balance enyE|
+Vp.=engmJ, and the quasineutrality condition V-]
=V-(Jpo+J))=0, with the static polarization current J,
=m;ngVg- Vvg/B. The modification of the axisymmetric ra-
dial pressure profile (the equilibrium profile), usually appear-
ing in the numerical simulations, has been neglected for sim-
plicity. The analysis is done for a single mode RMP,
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A* = Alekax cos(n.k,7), (35)

which is resonant at y=0, where g=¢,. The approximate
balance equations (33) and (34) are fairly justified a poste-
riori by the numerical results and predict a plasma response
current which is controlled by the ratio /§/ C. This reflects the
basic fact that a high collisionality C suppresses the rise of a

response current and that a high ,é enforces the magnetic
flutter response which can provide the screening. In order to

proceed in the simple analysis, the fields .7”, &, and A are
assumed to have the functional form

F=Fo(x) + f. cos nk,m+ f, sin nk, 7, (36)

with constant coefficients f. and f,. Furthermore it is as-
sumed that the axisymmetric component of the vorticity wy,
1.e., the zonal flow contribution, is dominant. The effects due
to poloidal fields in the plasma response are neglected
(9A/x=0), thus restricting the analysis on radial magnetic
plasma response only. Taking everything into account one
obtains from Ohm’s law, Eq. (33), the following set of equa-
tions:

A

A n; N
Cly= —2”—Ace"*k’ixd>s, (37)
A A ong 0
CJ. = n*knﬁAs<—0 - ﬂ) (38)
ax  Ix
. . } ng 9
Cly=-nk,BA +A L'.e”*an)<ﬂ - ﬂ) , (39)
ax  Ix
and from the quasineutrality condition, Eq. (34),
& -
PR YR (40)
ox ox
Using Eq. (37) and twice integrating Eq. (40) gives
P B
O =- %AéAc.e”*kn". (41)

ax 2C

By inserting ]C:nikf/\w J‘Y:nﬁkiAs, and x=0 into Egs. (38),
(39), and (41), and introducing the abbreviations

a= s b= n*kzﬁ2
n.k, C 2C

, (42)

the following set of nonlinear equations is obtained for A,
A, and d¢py/ dx at the resonant surface:

3 Ay \?
1+az<ﬂ_ﬂ)
‘ (ano &¢0> ax’
abl — - —
dx dx
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FIG. 8. (Color online) Functional relation of RMP level A" and radial elec-
tric field d¢,/ dx, according to Eqgs. (43) and (44). In the shaded region the
solution for de¢hy/ dx is not unique and a bifurcation takes place.

1 9
bA: dx’

s =

an d
AC:aAS(—O—ﬂ>, (44)
dx Ix

which must be fulfilled for a given set of values for ﬁ é‘ and
A’. An immediate consequence of Eq. (43) is that the electric
field must be in the range dngy/ dx < de¢y/ Ix <O0. In addition,
the relation (43) implies a bifurcationlike behavior for the
radial electric field d¢y/ dx as a function of the RMP ampli-
tude A_. Figure 8 shows the possible solutions of d¢/ dy for
0<A’L'f<4 X 10~ Tm and é‘=,[§=5.0, i.e., the same param-
eters underlying the results of Figs. 5 and 7. It can be seen
that for low and high RMP levels A’ only one unique solu-
tion is found, i.e., d¢py/ Ix =0 and d¢py/ dx=—1, respectively.
However in between these two limiting cases a transition
region exists, where three solutions for the radial electric
field are possible. This is a typical result for a bifurcation
mechanism. The electric field can jump suddenly to another
solution branch and a hysteresis is possible, dependent on the
way the RMP field is changing. In view of this result the
breakdown of the shielding effect observed in Figs. 5 and 7
can be understood as a consequence of a bifurcation process
where the induced plasma currents and electric fields rear-
range abruptly when parameter A approaches a certain
threshold. Of course the transition occurring in the results
shown does not show a sudden jump, rather a smooth tran-
sition which is caused by additional plasma dynamics not
included in the derivation of Egs. (43) and (44). These model
equations would allow to estimate quantitatively the RMP
level in the transition range. Unfortunately this cannot be
achieved in the framework of such an oversimplified model.
Comparison with the numerical results shows that the thresh-
old for the transition from complete shielding to almost com-
plete RMP penetration does not reproduce the right depen-

dence on plasma beta ,é and collisionality C. This indicates
that radial profile effects such as density profile flattening,
induced poloidal fields, etc., have to be taken into account to
obtain a reliable quantitative result. In addition, the modifi-
cation of the screening mechanism due to curvature effects is
shown to be significant, and this has been neglected com-
pletely in the simple analysis. Nevertheless, the simple esti-
mate provides some insight into the physics, even though
one must be aware that a thorough analysis of the RMP
penetration requires more sophisticated analytical treatments
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or a numerical approach (at least) like the one presented
here, taking into account the details of the 3D plasma dy-
namics and equilibrium magnetic field topology. For very
high RMP fields the vacuum approximation might be a rea-
sonable approach to describe the magnetic field topology, but
the results presented here prove that strong shielding of RMP
fields occurs for RMP levels up to 102 T and plasma den-
sities and temperatures in the range of 3Xx10'%-3
% 10" m= and 50-100 eV. These are quite usual conditions,
e.g., in TEXTOR-DED, and for such operational regimes one
has to be aware of a significant self-healing plasma response
preventing island structures to open.

VI. SUMMARY

Numerical simulations of four-field dissipative drift-fluid
dynamics have been carried out for TEXTOR-like geometry
and plasma parameters. This approach extends previous stud-
ies by inclusion of plasma currents, two-fluid pressure effects
and toroidal geometry. The plasma response in the presence
of static resonant magnetic perturbations has been studied for
different plasma parameters and different levels of RMP field
strength. The basic result is the occurrence of significant
countercurrents, providing a shielding of the RMP field, such
that a complete screening of the vacuum RMP field is pos-
sible. In addition out-of-phase currents occur which can have
a strong impact on the resulting magnetic field structure, in
such a way that the resulting confinement field structure is
shifted by 7/2 in the toroidal direction compared to the ex-
ternally induced RMP vacuum field. The vacuum approxima-
tion for the confinement field structure is not valid under
such conditions. The screening depends strongly on the col-

lisionality and the plasma beta, i.e., increasing C reduces the
shielding, whereas increasing beta enhances the shielding ef-
fect. When increasing the RMP field amplitude for fixed
plasma parameters one finds that the strong screening effect
for low perturbation levels disappears and a new plasma state
is established at higher perturbation levels where almost no
screening of the RMP remains. The transition to the un-
screened RMP field is relatively sharp and the threshold am-
plitude depends strongly on the plasma parameters. This
transition is accompanied by the build-up of an electric field
generating a static zonal flow in the vicinity of the resonant
flux surfaces. The basic effects can be described quite well
by simplified static versions of Ohm’s law and the quasineu-
trality condition. On the basis of this analysis a bifurcation
mechanism in the interplay of induced currents and poloidal
plasma rotation could be identified. For increasing RMP lev-
els the rising radial electric field tends to compensate the
pressure force until the screening disappears. The simplified
analysis could be justified by inspection of reduced models.
This proves that parallel ion flow does not play an important
role in the simulation results and pressure forces acting on
the electrons are a prerequisite for the observed screening
effect. Curvature does not change this effect qualitatively but
have a significant impact on the threshold value for the bi-
furcation like breakdown of RMP shielding. With regard to
the plasma parameters in the simulations one can conclude
that for common tokamak scenarios and moderate RMP field

Phys. Plasmas 16, 042317 (2009)

levels (and below), the self-healing effect of the plasma can
alter the vacuum structure of externally induced magnetic
fields quite strongly.
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APPENDIX: SCALING AND PARAMETERS

The scaling to obtain the dimensionless form equations
(19)—(23) is chosen as

T )
d)—> Ps ed)’ psnOn’
eL | L,
2
A P5q90R0BBy n PsqoRoCs
R T
1 1
Ryenyc L
J Psq0 (; 0Cs : t_)_it, (A1)
L] Cy
V2 v
Vzl - _zL V)— ” >
P; qoRo
K— , B—ByB
BOLLPY

The quantities n, and g, represent a density and pitch param-
eter at the reference radius ry. The parameter L, denotes a
typical background radial gradient length. The major radius
is denoted by R, and By, is the reference magnetic field. The
other quantities have their usual meaning.
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