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ABSTRACT.

The interaction between plasma rotation and perturbation fields is described by the ambipolarity
constraint and the parallel momentum balance, both emanating from the revisited neoclassical
theory, and the el ectrodynamical screening of the resonant perturbation field at the singular surfaces.
This screening depends mainly on the slip between the rotating plasma and the resonant field. The
neoclassical theory, vaidin the collision dominated regime and accounting for gyro viscosity includes
arbitrary plasmacross-sections, anomal ous viscosity, ponderomotive forces,Neutral Beam Injection
(NBI), pressure anisotropi zation and amomentum source due to ergodi city which hasaconsiderable
impact on the plasma rotation as demonstrated in TEXTOR.

To estimate the influence of the perturbation coils on the plasma rotation, the radial magnetic
field (proportional to the helical flux function) are Fourier analyzed (using ‘intrinsic’ coordinates)
and the total field is used for field line tracing thus obtaining the ponderomotive momentum input
and the extension A, of the ergodic layer at the edge. Both procedures account for the full plasma
geometry. Agisassumed to beindependent from therotational state because of the boundary condition
Vt=0. In a second step the obtained velocity profiles are used to compute the screening at the
singular layers and thus the reduction of the island width due to plasma rotation.

The mainresults canbe summarized asfollows: Using in the case of the TEXTOR Pulse No:
94092 the diffusion coefficient D,, = 2 10°m (typical for the 12/4 configuration) the observed
increase of vt by Av, = 5km/sec can be sec reproduced. Inside the plasma the slip prevents any
influence of the ponderomotive forces, thusyielding aconstant increase of the v,(r) - profile by Av,.

Assuming in the case of the error field correction coils (n=1) of JET the current I, , = 30kA and
using for the plasma background the data of Pulse No: 67951 in the static case an ergodized layer
(A(n=1) = 20cm in the vicinity of the unperturbed x -point) and large m=2, m=3 (n=1) islands
(W 2= =10cm) are obtained whereas in the n=2 configuration the analogous parameters are ~
A(n=2) 18cmand W _ =4cmi.e. Aestaysroughly the same and theisland width is strongly reduced
thus indicating the superiority of this configuration. Plasma rotation (v,,,,, = 180km/sec) reduces
the width Wmto small value. (However, tearing mode physics which may lead to mode locking is
not included in this consideration).

1. INTRODUCTION

The interaction between the poloidal or toroidal spin-up [1]-[35] and the perturbation fields, is an
important issue for fusion oriented devices and is therefore under investigation experimentally and
theoretically. The importance of the perturbation coils[26]-[45]is underlined by the fact, that they
are considered as a means to mitigate the ELMs.

The revisited neoclassical theory [2]-[6] which is essentially based on Braginskii’s equations
[7]-[8], alows within the framework of arigorous analytical approach the calculation of the two
dimensional velocity field on the flux surfaces and the perpendicular ambipolar electric field, i.e.
the quantitieswhich determinethe e ectrodynamical screening and which are believed to beimportant



for the L-H transition. This theory isvalid in collison dominated plasmas with steep gradients and
was able to reproduce the toroidal spin up in the divertor tokamak ALCATOR C-MOD [4], [5], [24].

Since the momentum input due to helical coils and due to the beam have a strong impact on the
velocity field, in [11] and [12] the respective source terms due to the ' ponderomotive forces' [14]
and the forces due to pressure anisotropization [10] were included in the neoclassical momentum
balances. Depending on theisland overlap the helical perturbations can act as meansfor ergodizing
themagneticfieldin particular inthevicinity of the separatrix and thusfor the’ ergodic’ momentum
source at the plasma edge [13].

The neoclassical equations were modified to account for anomalous viscosity aswell [11].

In the H -mode the region of the high confinement is -asin ALCATOR [12] -restricted to the
edge region where atemperature pedestal is build up dueto the steep velocity profile (thusdueto a
large velocity shear). However, the large pressure gradient in the pedestal regionin general exceeds
the ballooning-peeling limit and thus gives rise to the edge localized modes (Type | ELMSs) which
are supposed to be dangerousfor the divertor plate. Therefore at DIIID the use of perturbation coils
('l -coils, C -coils’) were under investigation and it was demonstrated that in wide range of plasma
parameters ELM suppression was achieved [43]. Although precise mechanism for thisisstill under
investigation, the additional parallel transport due to ergodization of edge region at the separatrix
[26] is considered as the main reason for the ELM suppression. In this context the reduction of the
normalized pressure gradient may lead to ELM -stabilization.

This underlines the importance of the width Ae of the ergodic layer at the separatrix.

An important obstacle in the application of the perturbation coils could be the excitation of
islandsin the bulk plasmaand thus evoking disruptions. Therefore the screening of the perturbation
field due to plasmarotation at ahigh dlip -frequency is considered by applying the af orementioned
model in which the sourceterm due to the ponderomotive forces acountsfor screening and breaking.
Thus the impact of rotation on the island width can be assessed.

The paper isorganized asfollows: In section (2) the basic equations of the revisited neoclassical
theory are summarized and the characteristic quantities are given. In section (3) the el ectromagnetic
screening and in section (4) the source terms for a self consistent model are discussed. A short
summary of the treatment of the magnetic field structure by Fourier analysisandfield linetracingis
giveninsection (5). Finally, after some remarks about the geometry of the perturbation coils[section
(6)], results concerning more recent shots at TEXTOR and JET are presented in section (7).

2. AMBIPOLARITYCONSTRAINTANDPARALLELMOMENTUMBALANCE
Asmentioned already, the revisited neoclassical theory accountsin particular for steep temperature
and density gradients at high collisionality. Sinceit isacollision dominated theory, it is based on the
fluid equationsfor particle, momentum and energy conservation [2]-[6]. For atwo-component plasma
with the velocities JJ , the densities nj,the particle sources § (x, 1), thefriction forces Iﬂ’ (x,t) and
the momentum input S J-M (X, 1) (j=e,i) we get as momentum conservation equation
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P, E and B arethe scalar pressure, the electric and magnetic field, respectively. We project equation
(1) inthetoroidal direction and account for inertia, parallel, perpendicular and gyro-viscosity [7]-
[8], average over aflux surface, impose the ambipolarity constraint and get for the poloidally averaged
toroidal velocity u b [11]
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u, istheaveraged poloidal speed, 1, isthe perpendicular viscosity coefficient. Theradial coordinate
ristheeffectiveradiusr = \Z’p(;"F){ V () isthe volume of theflux surface y. M1 isametric quantity
of the order unity accounting for elongated cross -sections [11]. In the case of a circular cross -
sectionweget M, = 1 analyticaly. [2]. For elongated cross-sections M, can be evaluated numerically.
For a JET -plasmawith an elongation k= 1.7 we get M, = 0.95, i.e. close to unity, mainly due the
definition of the effective radius. We note that using the minor A, half axis of aflux surface as
radial coordinate would increase M, by vk [11].

We notethat asin[11] the classical viscosity must be replaced by an anomal ous oneto reproduce
TEXTOR -or JET -data. Here the growth rate of the ITG -instability (Ion Temperature Gradient -
instability) was used to define the diffusivity for the momentum transport in analogy to the energy
transport. The velocities Q and S are defined by [4], [11]
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with the velocity v = % 5'25”) and the well known ratio
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Theimportant quantity A= 5 -~ actsasaswitchfor thefinite Larmorradiuseffects. For large
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gradient lengths L the neoclassical result is retrieved, i. e. % is becoming small. The charge

exchange reactions are characterized by the charge exchange frequency v, =<ov>_ n,. <ov>_ is



the rate coefficient for charge exchange, and n, the neutral gas density. The source terms T,
TAN 1 Tixg 1 Tergo, @0COUNt for NBI, pressure anisotropization due to helical perturbations, for the
jx B - force at the singular surfaces and for the averaged radial current in the ergodized region [39],
[41].

We define the dimensionless quantities g = 4; h= \lj—f and x = %

Here we used the (constant, positive) velocity v, eé¢ I‘; T, |sthe temperature at the point P,
with radius rin and the length Lw: L (r,)isL;at P, . Inthecase of ALCATOR C-MOD [4] Pinis
the ’inflection’” point which is defined as the locus of vanishing curvature of the ion temperature

pedestal. In the case of TEXTOR (without temperature pedestal) P, is assumed to coincide with

theplasmaedge(i.e.r;, max 1S theminor plasmaradius). TheIengthL =L;(r;)isL; (‘S'”T)
atP_WithG= %90 107q 5'”T By handx’= x+ "'in we get the dimensionless equation (by
X 1+ Q ox Be Ly
multiplying Wlth Wheret = ”1'7”‘:“/’ Isthe characteristic time [11])
2
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Taking the parallel components of the termsin the momentum equation 1 and accounting in particul ar
for the gyro-viscosity tensor [4] we get a nonlinear relation between the poloidal and toroidal
plasmavelocities [4] in the case of large aspect ratio and circular cross -section.
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Herethe definitionsg* = 29 r‘;\f andh* = 1;1\? are used, to cast equation (7) in aconvenient form.
n

¢
Tergo accounts for momentum input by the averaged radial current due to ergodization.

3. SCREENING OF HELICAL PERTURBATION FIELDS.

In general the plasmarotates at aspeed different from that of the perturbing field. Thereforethedip
frequency o (likein aninduction motor) must be accounted for [14]. Thisfrequency isdefined asw
= w,— W 0, Is the plasma rotation frequency W, =M, —nQ, and w; the helical field rotation
frequency w; =mQ, (- nQ, .m, narethe poloidal and toroidal mode numbers, respectively. Q,
Q.82 1 Q2 € the poloidal rotation frequency of the plasma, the poloidal rotation frequency of
the helical field, thetoroidal rotation frequency of the plasmaand the toroidal rotation frequency of
the helical field, respectively. If the slip frequency is very large, no momentum transfer to the
singular surface can be expected because of the eddy currents which prevent the penetration of the

helical field. At low dip frequenciesthe eddy currentsare small enough to alow thefield to penetrate.



Outsidethesingular layer ideal MHD can be applied and the equilibrium condition under theinfluence
of the helical field

V= y(r)expli(mb — ng + wy1)] (8)

isgiven by theideal tearing mode equation’ [14].
dj
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j(r) is the plasma current density which is asumed to be parabolic in r, B, is the corresponding
poloidal field. Equation (9) allows to compute ' tearing mode stability index’

A = [r P } (10)
We assume here A’ < 0 so that the plasmais tearing mode stable [11]. Otherwise the tearing mode
physics would invalidate the subsequent considerations. According to the considerationsin [14] at
the singular surface the plasma acts roughly like the rigid armature of an induction motor because
viscosity and inertia prevent the large displacement of the plasma correlated to the large changes of
the magnetic field due to equation (9). The dependence of the flux function y in the singular layer
with the width &, can then inferred from Ampere’'s and Faraday’s law. The first one relates the
current density j to the jump of the magnetic field across the layer

]’tOjs= ! [rdl/)] = ! (A,ws"' 2]’711/)‘,) (11)
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v, istheflux function of the vacuum field of the perturbation coilsat r=rs. Onthe other hand Ohm’s
law connectsthe current density with the el ectric field generated by the oscillating magnetic fieldin
the singular layer with the electrical conductivity o

uojs = poEog = HOYsOs = iﬂowws% (12)

For vy, one getsin this (‘rigid armature’) approximation

2m
Vs=W oy iwT, (13)
With
T, = anrsés

The width of the layer can be estimated as [14]
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Here the hydrodynamic timeis
R
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T, isthe Alfvén -time
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n,istheion density at the singular layer. The shear parameter sis defined by

rq
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q
The viscous diffusion time can be expressed as
Tv= r%m,-ns
)

Finally, theresistivetimeis

TR = pors0(rs)

(14)

(15)

(16)

(17)

(18)

(19)

Accounting for the layer physics in the ‘visco -resistive’ regime [14], [15] in which the plasma

inertiais neglected, we get for the characteristic time t
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. A , _ 2,13 .
with fgeo— 1in[15] However, morerecently, in [28] and [27]. fgeo— (1+ 297" wasintroduced. In

contrast to [15] this factor accounts for the inertia[45] in the layer equation.

Real and imaginary part of expression (13) alow e. g. to compute the phase shift between v, and

2m

;. For static fieldsthe phase shift vanishesand = v, = isingeneral larger than y, (‘amplification’).

—A’
At high dlip frequencies, beyond the critical frequency

the flux function in the singular layer is considerably lower than v, .
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Since 5% = (%)”‘3 (%)”6 > = [, depends only very weekly on the plasma parameters, it

follows from equation (13) that the ‘ screened’ Fourier component is given by

1

BS — BV
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witha = ;—fn' which is of order unity sincein [11] the estimate A" = 5 was obtained.

4. MOMENTUM SOURCES
Theanalytic expressionsfor the momentum sources mentioned already before are given and discussed
here.

4.1.THE ROLE OF RADIAL CURRENTSDUE TO FIELD LINESTO CHASTIZATION
The electric currents under the condition of magnetic field line stochastization originate from the
radial excursion of thefield lines under the influence of the radial field of perturbation coils. Dueto
the generalized version of Ohm’s law the current density parallel to the field linesis given by

ji=oub - [~V + G(Vln n+171VinT,)] (22)

Replacing the parallel derivative according to b-v sin(a) % by the dr radial derivative (where a
isthe angle between the field line and the toroidal direction). We get

d T, d d .
Ji= o[- o D+ ~ (5 Inn+1.71 Eln T,)]sin(o) (23)

Projecting the obtained current in the radial direction and averaging over the unperturbed flux
surfaces [41] we obtain the radial current due to ergodization.

T,
<Jir>=0)< sin® (o) > [E, Y (L, "+ 1.71L77 Y] (24)

L,= —dr/dInnand L;= -dr/d In T are the e-folding lengths of plasma density and electron
temperature of the prescribed plasma background. Here it is assumed that < The Isaperturbation
which does not perturb the magnetic field of the background plasma, i. e. alow beta approximation
is made where the magnetic field is large enough.

Since the mean sgquared displacement perpendicular to the unperturbed field lines after moving
by the distance L, in the toroidal directionisD,, L, (D,, isthefield line diffusion coefficient and L,
the (somewhat modified) Kolmogorov length) we get the estimate <sin’(a) > = [I):FL :

A morerefined analysis can befound in [41]. Because of ambipolarity the radiaIKcurrent density
(24) must be compensated by the averaged radial component of the perpendicular current density
<Ji,r >




<ji’r>+<j//,r>=0

The unperturbed perpendicular current density and the ambipolarity constraint to be imposed on
this current density, was considered in section 2. The additional toroidal momentum input is given
by the Lorentz force density

Tergq - BB < j_L,r >

Analogously we have for the poloidal momentum input
Tergop: B¢ < ji,r >

By<iu> 4T = _ 2 ByR<jLr>

The respectlvedlmensmnlesssourcetermsareTergot n M.Voo, ergo, 3 g, Mo

[3] isthe parallel viscosity coefficient.

4.2. NEUTRAL BEAM INJECTION

Due to neutral injection [6] the momentum deposited in aradial volume element AV =2aR2ardr
during the time At is[11] A(mv, N,)AV = mN At | V. dl isthe line element along the beam path,
2Eb the speed of the neutrals and Imfp the rFnean free path length due to charge exchange.
Using the beam -, the torus - geometry and the charge exchange cross -section we get [11]

m _ N0<C7V>cx 1
Y ez = 2R 2y 26k 100 10' Rkev R,[mr [m]ve

V0 =

4.3. PRESSURE ANISOTROPIZATION DUE TO THE HELICAL PERTURBATIONS [10]
The helical perturbations modulate the absolute value of thetotal fieldB =B, (6) [1+Z b (6,

0)]. B(8) =/ B2 + B2, isthe axisymmetric Tokamak field and theb_ (6, ¢) aregivenby b_ (6,
0 0,9 0,6 m,n m,n

BHmn B mn - . .
$) =4/ ﬁ sin(mé-n¢ + ¢, ). Bo,. , (Be,,,) are the Fourier components of the perturbing
poloidal (toroidal) field [11] and ¢,, , arethe phases. Dueto the pressure anisotropi zation introduced
by the modulation we get as braking term <eyp - VII >= Kvg [20],[32] with [10]

_ /TP ¥ (Bo.9Bo,,+ Bo.pBp,)" 14
VT;RO m,n BO4 |m - I’lq'

(25)

This expression is derived for the plateau regime and it is valid in the vicinity of of the rational
surfacewith q = % . However, at the rational surfaceitself the Pfirsch -Schliter regimeis entered.
In this regime the expression (25) must be modified, thus a singularity does not appear. More
detailsare givenin [11].

In anal ogy to NBI the dimensionless source term due to the braking by helical perturbationsis
given byT =1y 2 g



44, THE TORQUE DUE TO THE J xB FORCESIN THE SINGULAR LAYER
Due to the aforementioned screening the dependence of the momentum density transferred to the
singular flux surface, on the slip frequency is given by [14], [11]

Tem 8> m’Ry WT, )

T; P, (26)

JxB=1EM= 4o 5 7o UATP 05 Ry (=AY +(T,)>

inrg— 8g/2<r<rg+ ¢ /2and T, 5 = 0 elsewhere. ¥, is the vacuum flux function at the singular
surface [14]. For the numerical treatment the discontinuous source term defined by the equation
(26) isreplaced by a continuous one asin [11].

5. MAGNETIC FIELD STRUCTURE

Fourier analysis of the radial field performed at the singular surfaces provides the input for the
preceding rotation model, field line tracing is here the main method to demonstrate the destruction
of of the flux surfacesin the vicinity of the x -point.

5.1. FOURIER ANALYSISOF THE PERTURBING MAGNETIC FIELD
The Fourier sine -coefficients of the radial field B, are given by

1

Bin = 5

jz 40" jz dpB,I6(67).¢] sin (m6* — ngp) 27)
0" istheintrinsic angle with the property that afield line®” - 6,= 1/q (¢ - ¢,) becomes astraight
line on the specific flux surface [17]. (¢, - ¢,) isthe starting point.

For large aspect ratios and circular cross-section 6 and 0 almost agree, but, in particular in the
vicinity of the separatrix of an elongated plasma, they significantly disagree.
A formulaanalogousto (27) holdsfor the cosine-coefficients By, .In thefollowing the geometrical
sum

an =4 Bmm2 + Bmm-2 (28)

of both is envisioned because this sum is decisive for the island width and is almost independent
from the phase ¢, , = arctg ( m”°) 100 gridpoints were chosen in the toroidal and in the poloidal
directions, respectlvely Since the coil configuration envisaged in the following mainly have a
periodicity in ¢ and not in 6, the Fourier decomposition

_ 1 2n
By (h0%) = o j dpBL0(0°).9) sin ng (29)

is envisaged as well. The coefficients B (T, (:‘)*) depend on the effective radius r and the intrinsic
angle 6, whereas the coefficients (27) depend on r only.



5.2. FIELD LINE TRACING BY MEANS OF THE GOURDON CODE [31]

To investigate the edge region under the influence of the perturbation coils, theisland structure and
the ergodic region around the unperturbed separatrix hasto be resolved concerning the size and the
phase of the (remnant) islands which have a strong poloidal dependenc because of the vicinity of
the x -point. Also the structure of the ergodic region around the unperturbed x -point has asignificant
poloidal dependence. Thereforethe edgeregionisresolved using the(r, 0) -representation mentioned
below.

We assumethat the equilibrium magnetic field and theradia perturbing field can be superimposed
independently. Thusthe obtained total magnetic field vector can be used to track thefield lines[31].
This presuposes A’ < 0 and that the dlip frequency between the perturbing field and the plasma at
the singular surfaceis small. The field line equations are given by

1 0R _ Bg

Rop = By (30)
Lo _B. a1
Rdp By (31)

R, z, ¢ arecylindrical coordinates. The cylinder axisisthe symmetry -axis of the plasmaequilibrium
[36]. The magnetic field of the nonaxisymmetric conductors is computed by means of BIOT-
SAVART's law.

This field is stored on a spatial mesh set up in the R, z, ¢ domain which the field lines are
expected not to leave. The field needed during field linetracing is computed by interpolating within
the mesh. For the Poincaré -plot two representations by means of different coordinate systems are
used to store the intersection points with the plane ¢ = const.[17]:

1. Cylindrical coordinates R, z around the axis of symmetry and
2. Toroidal coordinates (polar coordinates around the magnetic axis). The toroidal coordinates (r,
0) are defined by

r=4/ (R - R())2 + 22 (32)

and

0 = arctan
R

(33)

— IR

r 0
v a andxmag— LX Z—Hareused

to enhance thevisibility of theisland structures. L, and Ly arethelengths of thex -and y -axis. The
first representation gives a realistic view of the island shape and size, the second enhances the
vigibility of the island structures, in particular at the plasma edge, but distorts the islands at the
plasma center.

R, istheradius of the magnetic axis. Cartesean coordinates Yirag = L

10



In the examples given below 600 turns per initial point had been chosen so that the number of
intersection points with the plane ¢ = 0 is much larger than that of the initial points which are
uniformly distributed on a line z = const. between the radii R ;, and R .. Since the field lines
starting atinitia pointsradialy inthevicinity of R reach sometimesthe limits of the computational
domain, thefield line tracing is interrupted giving rise to intersection points which are outside the
bulk of theintersection points. These points appearing in Figs.4 -22 have no significance and should
be ignored.

6. PERTURBATION COILS
Severa conductor configuration had be foreseen, mainly in the vicinity of the plasma edge, at
DIIID, TEXTOR and JET. Here we concentrate on the latter two.

6.1. DYNAMIC ERGODIC DIVERTOR AT TEXTOR

The perturbation coilsat TEXTOR [11] have the dominant Fourier components in resonance with
the q = 3 surface, i. e. the pitch of the conductors correspondsto the (mean) field line pitch at the
g = 3 surface. To control the penetration depth, the winding can be switched as mixture of a(m =12,
n=4),(m=6,n=2)anda(m=3, n=1) winding. The cail currents are then given by

li=1g[(1-p, - p3)S|n(J +mt)+p25|n(J +oot)+p33|n(1 + wt)]

j =1,..,16. Themixing factorsare p, = p, = 0forthe(m=12,n=4) -, p,=1, p,=0for the (m =6,
n=2)-and p,=0, p;=1for the(m=3, n=1) -winding.

6.2. ERROR FELD CORRECTION COILSAT JET

A n=3coil system, located on top of the P4 -poloidal field cails, isenvisaged at JET to achievethe
ergodization of the separatrix region [28]. Available now arethe Error Field Correction Coils (EFCCs)
[16] producing n= 1 and n = 2 modes for the error field correction. The EFCCs (Fig.7) were
implemented at JET to compensatethefield errors %B ~10~* and thus to avoid locked modeswhich
may lead to disruptions. Mainly the(m=2,n=1), (m=1,n=1) (m=3, n=1) modes are considered
to play a significant role. The EFCCs are mounted at the outer limbs of the yokes. The toroidal
extension of one coil is 700 and the shape is approximately that of square with aside length of 6 m.
The maximum distance of the conductors from the axis of symmetry is 7m. The maximum current
ineach coil (with 3turns) is48KkA, i.e. 16kA per turn. The EFCCs can be configured for n=1where
two neighboring coils are switched in parallel and the two opposite coils have the opposite current
direction (Fig.8). n=2 can be achieved by choosing current direction to change in neighbouring
coils (Fig.9). The EFCCs are supposed to produce Fourier components of the same order as the
saddle coils used before [11], i. e. of the order 107 Tedla
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7.RESULTS

The magnetic fields of the aforementioned coils are analyzed by Fourier decomposition and field
line tracing. Depending on the slip frequency between the plasma and perturbing field the islands
predicted by field line tracing may be suppressed (large slip) or may be generated as prodicted (low
dip) as pointed out in section 3. Furthermore, depending on the sign of A’ theislands may grow (A’
> Q) or the’vacuum’ size maystay(A’ <0).

7.1. TEXTOR

The spectrum of the DED at the g = 2 surface and the possibilitiesto brake or accel erate the plasma
were discussed in [11]. Here we consider the screening and the change of the plasmarotation by an
ergodic zone as described insection 4.1.

The main parameters of the investigated shots are T, = 1.3keV, T = 1.63keV, n__ =
3x10"%cm %, n=16,B = 2.23T, Puw,, =0-25MW, Py, =0,pl asn?3curre3nt |,=300KA, inthe
caseof PulseNo: 94092and T, =2.2keV, T, =2.1keV,n_ =3.4x10"cm ~, n=1.6,B 0 =2.25T,
Puwg, = 0-35 MW, Py, = 1.3MW, plasmacurrent | ;= 300kA in the case of Pulse No: 97613

To show the effect of an ergodlc layer between Fe, = 40cm and e, = 43cm (typical for the 12/4
configuration) field line stochastization with the typi cal parameters D = 2x10°mand L 40mis
assumed in addition. The gradient lengths of density and temperature in this layer are L = L, =
0.05m according to the experimental data of the af orementioned shots. The temperature at the inner
rim of ergodic layer is 100eV.

The unperturbed maximum toroidal velocities vy, = 40 km (Pulse No: 94092, sec Fig.3 and
Vimex = 140km/sec (Pulse No: 97613, Fig.4 can be reproduced within sec an accuracy of 10%. In
the case of Pulse No: 94092 the toroidal velocity increases by ~ 5km/sec if the ergodic layer (I, 4 =
6kA)isswitched on (Fig.3). To avoid the modelocking, the NBI of Pulse No: 97613 is predominantly
in the counter direction. Therefore Tergo (I,4 = 20kA) effects a reduction of v, by Av, ~ 20km/sec
(Fig.4). Thevelocity gradient staysin both cases outside the ergodic layer amost the same, i. e. the
ponderomotive forces due to the Fourier components of the 12/4 configuration are negligible. This
is confirmed by the screening factor (blue curvein Fig.5). These results agree within the errorbars
(= 3km/sec) with the experimental findings.

Figure 6 demonstrates the plasma braking at the q = 2 surface for IDED = 2kA. The screening
factor outside the g = 2 surface isfs = 1. However, experimentally, alocked mode appears due to
the fact that the slip frequency is zero. Therefore the tearing mode physics dominates which is
beyond the scope of the considerations here.

7.2. JET
The choice of the JET -data corresponds to Pulse No: 67945 [44] in which the configuration of
Fig.8 was used: Mgjor radius R = 296cm, minor half axis a= 85cm, effectiveradiusr, =120cm,

plasma current Ip: 1.6MA, toroidal field B,= 1.84T, NBI = —power P, = 18MW, Tirex= Tkev,
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maximum electron density n,_ =4.5x10"cm™> and maximum toroidal speed v, = 180km/sec.
The configuration of Fig. 9 is treated here as well, however, a comparison with the experimental
data was not possible (yet). Figure 10 shows the spectrum for the n = 1 configuration. The(m =1,
n = 1) component is the largest because of the good overlap with sin(6” - ¢). The(m =2, n= 1)
component is comparable to the (m = 1, n = 3) component and both are around 20% of the just
mentioned component because both components have a considerably reduced overlap with the
repective sin -function.

Figure 11 showsthe anal ogous spectrum for the n = 2 configuration. The (m =1, n=2) component
isthe largest component, followed by the (m = 2, n = 2) component. From this one can expect that
the resonances are far inside and hardly disturb the confinement.

Asareference for the subsequent field line tracing resultsin Figs.14 (R, Z - representation) and
15 (r, O - representation) show the unperturbed case, i. e. the assumed equilibrium with KAM -
surfaces. A single null plasmawith g(r = 0)=0.9 and gg5 = 4 was chosen. We note that in this case
the points marking the field lines are not always uniformly distributed of a specific flux surface.
However, this bunching depends on the rationality of q - value of the flux surface and does not
mean that the KAM - property is affected.

The results of the Fourier analysis are confirmed by the field line tracing shown in Fig. 16 (n =
1) and 18. As expected, the n = 1 configuration (I, = 30kA) generates pronounced islands at the g
= 2 and q = 3 surfaces (Fig.16). The islands are mainly separated by KAM - surfaces with small
islands inserted. The ergodization of the separatrix region is clearly visible; at the x - point (of the
unperturbed separatrix) the thickness of the ergodized layer is around 20cm.

The environment of the unperturbed x - point isshownin Fig.17 with atwo times higher resolution
(the number of theinitial points had been doubled). The poloidal rangeis[230° - 300°]. Theq=3
islands near the unperturbed x - point are at their tipstoward the x -point somewhat eroded indicating
that the ergodization of the x - point region is effective. Thisis compatible with the fact that in this
region no remnant island are visible just in contrast to Fig.19.

The Poincaré plot (Fig.18) generated for the n = 2 configuration with I,y = 30kA is consistent
with the spectrum (Fig.11) aswell. The(m =3, n=2) and (m=4, n=2) island chainsare visible but
the island widths are rather small, corresponding to the small Fourier components. At the x-point
(of the unperturbed separatrix) the thickness of the ergodized layer isroughly the sasme asinthen
=1 case.

The environment of the unperturbed x - point isshown in Fig.19 with atwo times higher resolution
likein Fig.17. In the ergodic region around the unperturbed x - point remnant islands are inserted
which originate from resonances with g > 3 flux surfaces.

Figure 20 showsthe screening dueto plasmarotation (for m = 2). Here we note that the anal ogous
curve for m=3 israther similar to that in Fig.20.

In Figure 21 the screening is ataken into account by reducing the field of the EFCCs according
to the screening factor fg: the ergodized sheath at the boundary stays almost unaffected, whereas
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inside the unperturbed separatrix the radial extension of the q =2 - islandsis strongly reduced. An
analogousresult is obtained for the n = 2 configuration (Fig.22). Here the islands almost disappear.
AsinFig. 18 the ergodized region at the x - point contains small islandsjust outside the g=3 which
seem to be more pronounced than in Fig.18. This could increase the transport parallel to the field
lines.

8. CONCLUSIONSAND DISCUSSION

Theinteraction between plasmarotation and the perturbation fields seemsto provide the possibility
to screen off the perturbation field in the plasmainterior and to provide the necessary ergodization
at the edge. The experiments and the calculationsat TEXTOR and JET show that the rotation level
islarge enough to avoid the penetration of the external field leading to modelocking. The ergodization
of the plasmaboundary in TEXTOR isstrong enough to generateradial currentsleading asignificant
change of the plasma rotation.

In the case of the EFCCs (n=1) at JET the current I, is limited at around 35kA (=75% of the
maximum possible current). Increasing the momentum input could extend the window for Ihel.
The ergodization of the boundary region isin spite of the long distance between plasma edge and
the perturbation coils strong enough to mitigate the ELMSs.

In fact, the screening in the boundary layer is negligible thus allowing for agood penetration of
the field in this region. An improvement should be possible by using the EFCCs in the n=2
configuration because the cal cul ation predict much smaller vacuum islands which are almost removed
by the screening effect. The boundary region contains in this case remnant islands which may
possible allow a complete ELM - mitigation.

At ITER the main problem is that the momentum transfer from a high energy beam decreases
with increasing energy (assuming the same power). Since an energy of 1 MeV isenvisaged [46], a
decrease of the momentum input by afactor ~ 3 could lead to arotation speed considerably lower
thaninJET . Inadditionit followsfrom the global momentum balancethat this speed scalesinversely
with the major radius which is roughly twice as large as that of JET. Since the power at ITER is
roughly twice as large than that at JET, the effect of the major radius is presumably compensated.
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Figure 1. The Dynamic Ergodic Divertor (DED) at Figure 2: The DED can be switched to the m=12, n=4
TEXTOR hashelical windingswhich areroughly parallel  configuration, where two neighboring conductors the
tothefield linesin the g=3 surface. Here thewindingis  opposite current direction. Thisisthe configuration with
switched in the m=3 and n=1 configuration the highest mand n

—— w/o DED 140~ —— w/o DED
—— wDED

V,, (km/s)

JG07.285-3¢
JG07.285-4c

| | | | I 1 L 1
10 20 30 40 10 20 30 40

Radius (cm) Radius (cm)

Figure 3: In the case of co-injection the ergodic  Figure 4: In the case of counter - injection the ergodic

momentum input (Pyg=0.35MW) increases the toroidal  momentum (Pyg, =1.3MW) input decreases the toroidal

velocity by 5 knmvsec in the boundary region. Except for  velocity by 20 km/sec in the boundary region . Except for

this region the gradient of the profile stays unchanged. thisregion the gradient of the profile stays unchanged as
in Fig.3. The sign of the ergodic momentum input is the
sameasin Fig.3.
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Figure 5: Toroidal velocity and screening for Pulse No:  Figure 6: The braked solution demonstrates the action of
97613 The ponderomotiveforcesarewell screenedinthe  the ponderomotiveforceat the = 2 surface. Thissolution
plasma interior. is obtained for IDED > 2kA.
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Figure 7: The Error Field Correction Coils (EFCCs) are mounted at the outer limbs of the yokes. The toroidal
extension of one coil is 70° and the shape is approximately that of square with a side length of ~ 6m. The maximum
distance of the conductors fromthe axis of symmetry is 7m. The maximum current in each coil (with 3turns) is48 kA,
i.e. 16KA per turn.
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Figure 11: The analogous spectrum for the n
n=
component, followed by the the (m=2, n=2) component.
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Figure 10: Spectrumfor then=1 configuration. The (m=1,
n=1) component isthe largest because of the good overlap
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Figure 12: Theradial field of then=1- coil configuration
(Fig. 8) at the 6= 3 surface. For 6= 0the dependence B,
=~ sin(¢) can be seen which is the main reason for the
large B, ; - component in Fig.10. Also the modulation by
the B3,1- component isevident in accordance with Fig.10.

Figure 13: Theradial field of then=2 - coil configuration
(Fig.9) at the g=3 surface. For 6 = 0 the dependence B,
~sin(2¢ - "1,) can be seen which is the main reason for
the large B2,1 component in Fig.11. Since the coils have
the"natural’ mode number n=2 almost no modulation of
of the aforementioned dependence can be seen.

Z=2.00m R =5.00m
2000 08.09.06 14.11.01 2000
00, s <
z z
L —s00 500
<
5
S
R 000 —zeno |3
9]
R =1.00m Z=-2.50m

Figure 14: Unperturbed configuration; Since mainly the x-point region isof interest here, onedivertor coil wasassumed
below the lliptical and triangular plasma with JET - dimensions (R, = 296cm, a=85cm, d = 0.3 1, = 120cm).
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Figure 15: The configuration as in the Fig. before using the (r, 0) representation.
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Figure 16: The Poincaré plot generated by the n=1 configuration in (Fig.8) is consistent with the spectrum (Fig.11).
As expected, the n=1 configuration generates pronounced islands at the g=2 and g=3 surface. The ergodization of
the separatrix region is clearly visible; at the x-point the thickness of the ergodized layer is around 20cm.
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Figure 17. The Poincaré plot generated by the n=1 configuration in (Fig.8) for theenvironment of the x - point in the
poloidal range [230°-300°. The number of initial points hade been doubled to in crease the mean density of the
inter section points with ¢ =0. The ergodic region around the unperturbed x - point does not contain remnat island in
contrast to Fig. 19.
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Figure 18: The Poincaré plot generated by the n=2 configuration in (Fig.9) is consistent with the spectrum (Fig.11)
aswell. The (m=3, n=2) and (m=4, n=2) island chains are visible but the island widths are rather small.
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Figure 19: The Poincaré plot generated by the n=2 configuration in (Fig.9) for the environment of the x - point in the
poloidal range [ 230°-300°]. The number of initial points have been doubled to in crease the mean density of the
intersection points with ¢ = 0. Remnant island are inserted in the ergodic region around the unperturbed x - point.
This region seems to be somewhat smaller thanin Fig.17.
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Figure 20: Thetoroidal plasmarotation effects at the beginning of the current rise in the EFCC
- coils a screening factor which is very small in the plasma interior.
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Figure 21: The screening effects a strong reduction of the island size but does not remove it mainly because theisland
width is proportional to,/ B/ B, (Br/BO << 1)
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Figure 22: Asin Fig. 21 the screening effects a reduction of the island size and removes it almost.
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