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The role of current layers in magnetic field stochastization
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Introduction. The design of the dynamic ergodic divertor (DED) for the TEXTOR tokamak
entails time-dependent currents in a helical coil system to produce magnetic perturbations that
are resonant at the q=3 surface inside the plasma [1]. The perturbations can break up the q=3
and nearby equilibrium flux surfaces to create a stochastic field. In the absence of perturbed
plasma currents, at times much longer than the resistive time, the stochastic magnetic field is
the superposition of the equilibrium field and the vacuum field produced by the ergodic divertor
coils.

The present paper concerns shorter timescales, on which the localized plasma currents in-
duced by the perturbation field play a role. The penetration of the perturbation field strongly
depends on the radial distribution of these currents [2]. The toroidal phase velocity of the DED
perturbations are found to have a strong effect on their penetration into the plasma. Moreover,
through the plasma resistivity the DED fields also apply a torque to the plasma, and the result-
ing plasma spin-up also affects the field penetration. These compound effects have been studied
numerically using a 2-dimensional (poloidal) slab model, and an overview is given here.

The model. On a 2-dimensional domain
�������	��
�����
���
��

(

��������

) perpendicular
to a dominant magnetic field component we consider the reduced MHD equations,
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Note that this model does not include fast magnetosonic waves, which have been also consid-
ered as the mechanism for DED field penetration [3]. Initial conditions are

� ���
,
� �8�:9; � ;

(with neutral surface at
���<�

). Boundary conditions are: periodicity

.= 
 � 
>�

, symmetry
of
�

in the neutral line
�"�?�

, and at
�@�<�

the plasma edge is modeled by ACB �?� , � B�A/D �?� .
Quantities are normalized to the box size

� �E�
, the poloidal Alfvén speed, and the poloidal

field
� B � ��&��F�E�G,H�I� . We consider a constant viscosity

0
and a resistivity which is almost

constant,
%CJ

, throughout most of the domain but increases to a large value
%�KML %>J

at the edge
according to

%N&O�P,Q��%-J � %RK2S-T7UV& * &�� * �G, ;XWRYX; ,
, with

Y ���76Z��[
,
%CJ\�^]_���a`ab

and
%�KM�^�26c�

. At
the edge a magnetic perturbation is propagating in the



-direction with a velocity A J ,

� &O�d�e�G,Q�f9; *g� Ja&h� *gi ` �cjk�ml ,2nCoRp�&k]Gqr
 � W 
R�s,-
 (2)

where

 �Mt 
 * A J�u and where

uv�_�w���
is the initial rise time of the perturbation.

Stationary state For
u"= x

the system approaches the co-rotating stationary state with
AGB ��� , A/D � A J , and

� � �zy
(see Fig. 1) which is the MHD-stable solution of the equation( �zy �w�

(no perturbed current) with boundary condition
�{y &O�d�w��,M�|9; *}� J~n>o�p�&)]/qr
 � W 
���, :
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Fig. 1: The steady-state flux function
�Vy

for
� J�� �26Z���

,
given by

�zy �f9; � ; *g� JVnCo�p�& ;v� DX�D l ,���������� ;v� B
j D l����������� ;v� j D l �
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For a system approaching this steady state, a measure for the field penetration is the field strength
on the neutral line normalized to the value at

u���x
, �� B �<&)]/q � JG, ` 9 
���nCo�p��V&k]/q W 
R�X,2���/TB-� � � D � .

The evolution of the plasma velocity towards the co-rotating steady state A>D � A J is moni-
tored by three normalized quantities, the maximum velocity on the domain �A�� �	���/T A/D W A J ,
the average over the domain � �ACDC� �^
 ` 9�f����� � � 
 AGD W A J , and the average over the neutral line
� �A/��� ��
 ` 9� ��� 
 A/D &����^��, W A J . The current perturbation is characterized by ��� and ��� , defined
as the maximal values of  Z�R¡ * �   on the entire domain and on the axis

�d���
, respectively.

The magnetic field penetration proceeds in entirely different ways in the sub-Alfvénic case
A J¢�^� and the trans-Alfvénic case A J¢£1� , which are treated separately.

Field penetration for
�R¤�¥:¦

. A sub-Alfvénic running perturbation causes the immediate
formation of a current sheet on the resonant surface

�"�§�
(Fig. 2), just as in the case A J¢�§� .

The penetration process strongly depends on the amplitude
� J

because the plasma acceleration
depends nonlinearly on the amplitude,

�R� �)AGDC� � * � ( �¨� D � � �w!�!�!ª©«� ;J . From a simplified
description of a stationary skin current,

& A J * AGD , � D � ��%7( � , one finds the scaling � ( �¨� D � � ©� ;J % 9 j ; & A J * AGD , ` 9
j ;

. The full model (2) is more complex, e.g. because the averaged force on the
plasma � ( �¨� D � � also depends on the phase-difference in



between

( �
and
� D � . However,

the conclusion remains true that larger
� J

, larger
%-J

, and smaller A J all lead to a faster perturbed
field penetration.

Initially, the plasma is accelerated mostly in the resonant layer. The acceleration of the
plasma away from

� �|�
is slower. The decay of the resonant current sheet speeds up when

A J * A/D decreases and becomes comparable to
%¬J

, as can be seen from the increase of �� B in
Fig. 2a. A larger viscosity results in a somewhat slower penetration because viscosity tends to
slow down the resonant plasma layer.
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Fig. 2: Sub-Alfvénic case A J/�5�26c� , � J��\�26­��]�� . 02�H]®��� `°¯ ; evolution of ��� (a1), �� B (a2), � �A�DC�
(a3), � �A/�h� (a4), and �AG� (a5); distribution of the current ��¡ (b) and velocity A�D (c) at intermedi-
ate stage

u��±��²R���
.

Field penetration for
�R¤�³ ¦

. While for A J$�<� the plasma accelerates first at
���	�

and
later near the edge, in the trans-Alfvénic case A J$£w� it is the other way around: firstly, a skin
current sheet is formed near the edge

�g�E�
(phase I) accompanied by an accelaration of the
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plasma near the edge. Subsequently, this plasma motion penetrates deeper into the plasma due
to viscosity.

The further evolution (phase II) depends on the profile of AXD . If this profile remains suffi-
ciently smooth, the subsequent behaviour is as illustrated in Fig. (3), a case with large viscosity,0$�w��� `ab

. When A J * AGD drops below the Alfvén velocity at the resonant layer
���^�

, the cur-
rent starts to penetrate into the plasma (at

u��§��²����
, see Fig. 3). As a consequence, the plasma

acceleration increases in the entire domain.
As soon as A J * AGD �1� everywhere (

uQ�1]��R�R�
) the situation is analogous to the case A J¢�^� :

the current sheet at
� �´�

is formed, only to decay again as soon as A J * A/D © %CJ . Then �� B
begins to increase and the configuration tends to its final state.

At smaller
� J

, both phase I and II take longer. Larger A J prolongs phase I because of the
slower acceleration but has little effect on phase II because this phase always begins when
A J * A/D@µ � , irrespective of the value of A J . Contrary to the sub-Alfvénic case, for A Jg£¶�
a larger viscosity speeds up the penetration process because it enhances the penetration of A¬D
from the edge in phase I. This effect more than compensates for the extra drag on the plasma
in the current sheets at

�·�I�
(phase I) and

�·�f�
(phase II) by viscosity. The resistivity

%�J
has only a weak effect in phase I (when the current is concentrated in the edge region where%±L¸%CJ

), but in phase II a smaller
%�J

slows down the decay of the current sheet at
�d�^�

.

Fig. 3: Stable case A J/�8� ,� J/�8�76Z���
,
0¹�º��� `ab

; evolution
of ��� (a1), ��� (a2,b2), �� B
(b1), �AG� (b3), � �AGDC� (b4), and
� �A/��� (b5); distributions of �°¡
(c) and A�D (d) at

u��¢]R���R�
.
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Instability for
�a¤�³¶¦

. If the gradient of A�D at the end of phase I is large, a high frequency
small wavelength instability occurs. For A J»£�� , this velocity shear instability is not stabilized
by the magnetic field. Note that our numerical model is 2-dimensional. Adding a third (e.g.
ignorable) coordinate may give rise to further instabilities.

The consequences of the instability depend on when the instability occurs. For small vis-
cosity (e.g.

0��w�®��� `°¯
, see Fig. 4),

# A�D grows fast and a strong instability takes place before
A J * AGD �§� . It perturbs the entire domain (Fig. 4d,e,f) and causes a fast penetration of �C¡ ev-
erywhere. As the instability decays, a fast convergence of AXD to A J everywhere leads to the final
stationary state without going through the phase with a current sheet at

�d�^�
.

For slightly higher viscosity (
0¼�|[76Z�®��� `°¯

), the instability takes place after A J * A/D �½�
and is much weaker. Though the instability causes magnetic perturbations in the plasma com-
parable to the edge perturbation

� J
, the instability has a shorter wavelength and does not lead to

the fast current penetration seen for smaller viscosity. Hence the further evolution, with current
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sheet formation at
�d���

, is similar to the case without instability in Fig. 3.
The onset of instability is largely determined by the value of

# A�D , which obviously depends
on
0
. For smaller

� J
, phase I takes longer, giving viscosity more time to reduce

# ACD . Also a
larger value of A J slows down the plasma acceleration and thus reduces

# A-D . However, even-
tually A/D grows to a larger value, and

# ACD as well. Hence the larger A J delays the instability but
does not prevent it.
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Fig. 4: Strongly unstable case with A J/�8� , � J/�5�26­��� , 02�H�®��� `°¯ ; evolution of ��� (a), �AG� (b1), � �AGDC�
(b2), � �A/�h� (b3), and �� B (c); the distributions of ��¡ (d), AGD (e) and

�
(f) at

u��¾��¿����
.

Conclusions.
1. The penetration of a running magnetic field perturbation into the plasma depends strongly
and nonlinearly on its amplitude.
2. The plasma acceleration plays an important role in this penetration process: complete field
penetration is reached only after the plasma velocity has approached the perturbation phase ve-
locity.
3. For A JÀ�«� and for A JÀ£«� very different penetration processes are found. In the latter
case a velocity-shear instability can arise.
4. The dependence of the penetration process on plasma parameters could help the determi-
nation of transport coefficients and measurements of the plasma velocity.
5. Penetration of a rotating field is a promising method for plasma spin-up: a very smooth
velocity profile can be produced, controlled accurately by A J . The required magnetic field per-
turbation can be quite small.
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