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Executive Summary

One of the essential problems for the successful operation of a fusion bumer is to arrange for the

exhaust of heat and particles in such a way that the following requirements are met:

(1)  the materials and components of the inner wall are not overheated or unduly eroded

(2)  the pumping system and the geometrical arrangement of the wall components allow
sufficient helium removal

(3) only limited amounts of wall-released impurities, recycled helium and injected impurities (for
edge radiation cooling) are able to penetrate the boundary layer into the plasma core

(4)  the methods used to satisfy the above requirements are compatible with a high energy

confinement and a practical fuelling scheme.

For the Next Step — ITER, the poloidal divertor is being developed to meet these requirements.
Both for widening the understanding of the physics involved in the exhaust issue and for exploring
possible alternative or complementing methods of exhausting particle and power, studies are also
being undertaken on other concepts, in particular limiter concepts, the ergodic divertor, and the
island divertor foreseen for Stellarators (see e.g. W7-X). An additional advantage of this
programme strategy is the fact that (i) synergisms exist between different approaches and
concepts and (i) most methods and processes (like diagnostics, wall treatment, modelling,

heating) which are developed on one system can be transferred to the others.

The stimuléting results from the Ergodic Divertor (ED) of TORE SUPRA (Association
. EURATOM-CEA Cadarache), as well as the ideas and experiments of Takamura et al. have
inspired KFA-Jiilich and its partners to develop the concept of the Dynamic Ergodic Divertor
(DED). The Association EURATOM-KFA liilich, therefore, proposes to build and install such a
system in TEXTOR-94 as an integral part of the research programme of the Trilateral Euregio
Cluster (TEC).

The beneficial effects of an ED, among which improved radiation efficiency of impurities and
better impurity screening (TORE SUPRA) are the most significant ones, are due to the
combined effects of increased electron density and decreased electron temperature at the
plasma boundary in conjunction with enhanced radial transport and reduced sputtering of
impurities. In the "near field" region of the helical coils (creafing the multipolar perturbation field)
the magnetic field lines are displaced radially even without resonances and ergodization. As a




consequence, the magnetic field lines can intersect the target plates which cover the helical coils,
resulting in high particle and heat fluxes there and establishing a multipolar helical divertor
localized in front of the perturbation coils.

The DED introduces a new element into the concept of the ED, namely a magnetic perturbation
with a phase velocity relative to the surrounding material structures as well as to the plasma. This
opens up a new experimental dimension of unexplored physics, but allows also operation as an ED
(i.e. DC-mode). Therefore, this approach is also of relevance for Stellarators, for which island
divertors and edge ergodization are preferred means of solving the exhaust problem. Since the
physics involved is complicated and only partly understood, a major part of the proposed effort will
be aimed at understanding the underlying physics and experimentally assessing the potential of the

proposed scheme.

The coil arrangement of the proposed DED consists of a quadruple set of four helical conductors,
installed on the inboard side of the TEXTOR vessel and aligned parallel to the magnetic field lines
(for Bpat = 1) at the nearby g=3 surface. Taking into account the available space, the technical
constraints (such as current density, skin effect, heat capacity, cooling aspects, etc.) and the physics
requirements, an m = 12, n = 4 perturbation field structure has been selected. This can be achieved
by using coils which cover about 30 % of the inboard vessel surface on the high field side and which
will be energized by a 4-phase current (up to 15 kA) at selected frequencies (DC, 50 Hz, 1 kHz and
in a band between 1 kHz and10 kHz). These frequencies correspond to phase velocities projected
on the poloidal coordinate of v = 12 m/s, 240 m/s, 2400 m/s respectively. The coils can be
connected in several ways allowing a certain range of different mode structures such as the m=6,
n=2 and m=3, n=1 modes. The poloidal velocities will then be higher by a factor of two or 4
respectively.

Application of a low frequency (50 Hz) is aimed at avoiding hot spots by spreading the heat load
evenly, either over the protection tiles of the helical divertor located at the high field side or over the
pump limiter located at the low field side. It is expected that the particle removal rate at the pump

limiter increases with an ergodic layer, as was found in calculations with the B2-EIRENE code.

The medium frequency of 1 kHz opens experimental access to the question whether a rotation of

the perturbation pattern which is faster than the transit time of recycling particles in the boundary




layer will affect particle transport and in consequence also the recycling process and the screening

efficiency.

By applying the upper frequency band of 1-10 kHz — the velocity of perturbation is then of the
same order as the natural diamagnetic drift velocity of the plasma — one can investigate whether the
rotating field will induce an angular momentum in the plasma and whether the resulting torque will
affect confinement and stability properties. A particularly interesting case may occur when the
plasma rotation coincides with the rotation of the applied perturbation field. In this context, the
DED also directly addresses questions of plasma confinement and stability.

It has been found (e.g. experimental tests on the linear PISCES device) that, for the proposed
frequencies and the relevant plasma parameters, the perturbation field penetrates nearly undamped
to the resonance layer where it couples to the plasma. Field line tracing studies (using the IPP-
Garching version of the "Gourdon-Code") show that sufficient ergodization will be achieved with
the planned coil currents and that TEXTOR-94 can operate either in the "island" or in the "ergodic"

regime.

The proposed DED will be an integral part of the overall research programme of the TEC

aiming at coherent concepts for energy and particle transport and exhaust.

The technical solution has been chosen to provide a wide range of experimental possibilities with a
limited investment, the aim being the exploration of the potential and the limits of the DED as a
means to influence and control plasma wall interaction. It is not expected that this solution could be
directly applied to future larger devices. Rather the primary benefit of the intended studies is seen in
the improvement in understanding of edge transport, island formation, effects of ergodicity etc.
which may lead to the incorporation of some features of the TEXTOR DED into other exhaust
concepts and may also stimulate the search for novel concepts and technical solutions which would
have potential for development towards ultimate application on a burning fusion plasma. The
planning of the dynamic ergodic divertor will considerably enhance the capabilities of the TEC

within its plasma-wall and exhaust oriented programme.







1. Introduction

1. Background, Metivation, Concept and Scientific Aims

K.H. Finken, G.H. Wolf,
Institut fiir Plasmaphysik, Forschungszentrum Jiilich, Association EURATOM-KFA, 52425 Jillich

" One of the essential problems for the successful operation of a fusion burner is to arrange for the

exhaust of heat and particles in such a way that the following requirements are met,

(1)  the materials and components of the inner wall are not overheated or unduly eroded

(2)  the pumping system and the geometrical arrangement of the wall components allow
sufficient helium removal

(3)  only limited amounts of wall-released impurities, recycled helium and injected impurities (for
edge radiation cooling) are able to penetrate the boundary layer into the plasma core

(4)  the methods used to satisfy the above requirements are compatible with a high energy
confinement and a practical fuelling scheme.

For the Next Step — ITER, the poloidal divertor is being developed to meet these requirements.
Both for widening the understanding of the physics involved in the exhaust issue and for exploring
possible alternative or complementing methods of exhausting particle and power, studies are also
being undertaken on other concepts, in particular limiter concepts, the ergodic divertor, and the
island divertor foreseen for Stellarators. An additional advantage of this programme strategy is
the fact that (i) synergisms exist between different approaches and concepts and (ji) most
methods and processes (like diagnostics, wall treatment, modelling, heating) which are

developed on one system can be transferred to the others.

Within this programme framework, and benefitting from fruitful partnerships — in particular with
ERM/KMS and the IEA-partners -, TEXTOR has contributed to the field of plasma wall
interaction and related confinement aspects, in particular to wall conditioning, particle — specifically
helium — removal and power exhaust by edge radiation cooling. Instrumental for these contributions
was a reproducibly operating tokamak system — equipped with a toroidal pump-limiter — which has
been specifically designed for these tasks and which includes powerful heating devices ICRH and
NI), refined capabilities for plasma positioning and versatile diagnostic equipment. In its recently




upgraded version, TEXTOR-94 is the central facility for the joint research programme of the
Trilateral Euregio Cluster (TEC).

Juxtaposed on this background, the stimulating results from the Ergodic Divertor (ED) of
TORE SUPRA, as well as the ideas and experiments of Takamura et al. have inspired KFA-Jiilich
and its partners to develop the concept of the Dynamic Ergodic Divertor (DED). The Association
EURATOM-KFA lJiilich, therefore, proposes to build and install such a system in TEXTOR-94 as
an integral part of the research programme of the Trilateral Euregio Cluster (TEC).

The DED introduces a new element into the concept of the ED, namely a magnetic perturbation
with a phase velocity relative to the surrounding material structures as well as to the plasma. This
opens up a new experimental dimension of unexplored physics, but allows also operation as an ED
(i.e. DC-mode). This approach is also of relevance for Stellarators, for which island divertors and
edge ergodization are preferred means of solving the exhaust problem. Since the physics involved is
complicated and only partly understood, a major part of the proposed effort will be aimed at
understanding the underlying physics and experimentally assessing the potential of the proposed

scheme.

The principle of the Ergodic Divertor can be approximately described by the following cycle of
particle transport: The open field lines near the plasma periphery guide the ionized particles of the
plasma (hydrogen, impurities and helium ash) to the wall where they are neutralized. There — no
longer coupled to the magnetic field lines — they may be scattered back into the plasma. If the
ergodic layer is thick enough, the backscattered neutral particles will be re-ionized before entering
the bulk plasma and — by collisions with the plasma flow from the confinement zone and as a result
of increased radial transport caused by the ergodization — they will be swept back to the wall. This
results in an enhanced density near the wall. In addition to the cooling of electrons by ionization and
radiation, the electron temperature is lowered by the enhanced heat conductivity along the field lines
in the ergodic zone; the ionization and excitation zones are broadened and shifted inward.
Moreover, impurity release due to energy dependend processes (e.g. sputtering) can be
reduced significantly. Thus, the combined effects of increased electron density and decreased
electron temperature at the plasma boundary in conjunction with enhanced radial transport are
responsible for the beneficial effects of an ED, among which improved radiation efficiency of

impurities and better impurity screening are significant (TORE SUPRA).




In the "near field" region of the helical coils (creating the multipolar perturbation field) the magnetic
field lines are displaced radially even without resonances and ergodization. This deflection depends
on the specific configuration and on the amplitude of the perturbation field. As a consequence, the
magnetic field lines can intersect the target plates which cover the helical coils with resultant high
particle and heat fluxes there, establishing a multipolar helical divertor localized in front of the

perturbation coils.

The distinguishing feature of the Dynamic Ergodic Divertor, however, is the establishment of a
rotation of the applied magnetic perturbation pattern. This is motivated by a variety of applications
which are related to the frequency range of the applied rotation.

The coil arrangement of the proposed DED consists of a quadruple set of four helical conductors,
installed on the inboard side of the TEXTOR vessel and aligned parallel to the magnetic field lines
(for Bt = 1) at the nearby q=3 surface. Taking into account the available space, the technical
constraints (such as current density, skin effect, heat capacity, cooling aspects, etc.) and the physics
requirements, an m = 12, n = 4 perturbation field structure has been selected. This can be achieved
by using coils which cover about 30 % of the inboard vessel surface on the high field side and which
will be energized by a 4-phase current (up to 15 kA) at selected frequencies (DC, 50 Hz, 1 kHz and
a band of 1 kHz to 10 kHz). These frequencies correspond to phase velocities projected on the
poloidal coordinate of vy, = 12 m/s, 240 m/s, 2400 m/s respectively. The coils can be connected in
several ways allowing a certain range of different mode structures such as the m=6, n=2 and m=3,

n=1 modes. The poloidal velocities will then be higher by a factor of two or 4 respectively.

Application of a low frequency — 50 Hz (vin = 12 m/s) is proposed for technical convenience — is
aimed at spreading the heat load evenly either over the protection tiles of the helical divertor located
at the high field side or over the pump limiter located at the low field side. Shifting the plasma
position and/or changing the plasma aperture allows control of the relative distribution of the total
heat and particle flux between these two main plasma facing components. This puts the proposed
DED programme in a unique position to answer a number of critical questions which address the
physics of mixed ergodic-island layers and how they can be used as an adaptive interface between

hot, well-confined plasmas and plasma facing components.
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In contrast to the 50 Hz case, the medium frequency of 1 kHz (v = 240 m/s) opens experimental
access to the interesting question of whether a rotation of the perturbation pattern which is faster
than the transit time of recycling particles — penetrating the boundary layer — will affect particle

transport and in consquence also the recycling process and the screening efficiency.

Last but not least, by applying the upper frequency band of 1 kHz to 10 kHz (v,;, < 2400 m/s) — the
velocity of the perturbation is then of the same order as the natural diamagnetic drift velocity of the
plasma — one can investigate whether the rotating field will induce an angular momentum in the
plasma and whether the resulting torque will affect confinement and stability properties. A
particularly interesting case may occur when the plasma rotation coincides with the rotation of the
applied perturbation field. Moreover, the currents induced in the plasma by the rotating field pattern
and their feedback on the resulting structure of the ergodized layer may become relevant at higher
frequencies. Thus, besides the issues of particle and heat exhaust, the DED also directly addresses

questions of plasma confinement and stability including locked modes and their interaction.

The technical solution for the DED on TEXTOR-94 has been chosen to provide a wide range of
experimental possibilities with a limited investment, the aim being the exploration of the potential
and the limits of the DED as a means to influence and control plasma wall interaction. It is not
expected that this solution could be directly applied to future larger devices. Rather the primary
benefit of the intended studies is seen in the improvement of the understanding of edge transport,
island formation, effects of ergodicity etc. which may lead to the incorporation of some features of
the TEXTOR DED into other exhaust concepts and may also stimulate the search for novel
concepts and technical solutions which would have potential for development towards ultimate

application on a burning fusion plasma.

The proposed DED will be an integral part of the overall research programme of the TEC

aiming for coherent concepts for energy and particle transport and exhaust.
The scientific aims of the proposed Dynamic Ergodic Divertor are summarized as follows:

e Study the effect of dynamic helical magnetic perturbation patterns on plasma-wall-interaction

and on plasma confinement; compare the DC operation with other ergodisation experiments

e Improve and optimise the exhaust of particles, in particular of Helium and of seeded impurities
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Study and optimise the concept of edge radiation cooling, particularly in view of the demands
for low Z4and good confinement

Distribute the remaining convective heat load on larger areas of the plasma facing components

Study the effect of different (higher) phase velocities, in particular on the resulting pattern of
islands and ergodization, on particle screening, on (shear-) rotation and confinement, and on
possible interactions between these processes

Study the effect of different mode structures of the perturbation pattern, such as m=3

Develop and evaluate analytical and numerical models necessary for extrapolation to

larger devices or for general use in other configurations (e.g. stellarators)

Improve and refine diagnostic methods for plasma parameters in ergodic layers and within

islands or island divertors
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2, Technical Lay-out

B. Giesen,

Institut fiir Plasmaphysik, Forschungszentrum Jiilich, Association EURATOM-KFA

Table I (General features of TEXTOR-94)

Major Radius Ro=175m

Minor Plasma Radius a <0.48 m (circular cross-section

Toroidal Magnetic Field B:<3T

Plasma Current I,<0.8MA

Long Pulse Capability At <10 s (® <9 Vs)

Exchangeable Liner Tiiner < 500 °C

Toroidal Pump Limiter ALT-II 8 adjustable blades; 8 ports

ICRH 2 antenna pairs; 4 MW, 25-28 MHz for > 10 s
NBI 2 injectors, 1 co, 1 counter; 4 MW, 60 kV for 10 s
Multi Pellet Injector up to 9 H, or D; pellets

2.1  General Design Features

A set of 16 helical coils will be installed on the inboard side of the vacuum vessel of TEXTOR 94
covering about 30 % of the inboard vessel surface (Fig. 1). The inboard side has been chosen mainly
because it implies minimum interference with diagnostic systems. The coils are aligned in parallel to
the magnetic field lines at the nearby q=3 surface; they follow the torus on the high field side for one
complete turn in toroidal direction. Two more coils will be installed for compensation of the stray
field generated by the feeders and the star point connectors. These compensation coils are located
inside the vessel above and below the set of ergodization coils, running in parallel to them. They are

connected in series but their currents are flowing in opposite direction.

All 18 coils (16 ergodization coils, 2 compensation coils) are mounted on an array of poloidal belt
segments (symmetric to the z=o plane). The belt segments are supported by the vacuum vessel. To
accommodate the coils and their support segments, the corresponding area of the TEXTOR-liner
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will be removed. The edges of the remaining part of the liner will be reinforced and also supported
by the vacuum vessel. For protection from contact with the plasma, the coils will be covered by
graphite tiles which act as divertor target plates and/or bumper limiter. Each individual coil is
enclosed in a stainless steel bellow. The coils are gas cooled at a pressure of 3.0 MPa to limit the
temperature in the coils to 200 °C during operation and during baking of the liner and the target

tiles.

Table II (Main characteristics and parameters)

Coils:

number of coils 18 (2 for field compensation)

turns per coil 1

conductor twisted copper wires

wires per conductor 42

diameter of wire 2.8 mm

current density 5.8 kA/om®

thickness of wire insulation 0.1 mm

insulation material __polyimide

Coil cooling:

coolant nitrogen gas

pressure 3.0 MPa

pressure drop 0.6 MPa

max. temperature 200°C

Electrical coil parameters

inductivity 6.6 nH

resistivity 1 mQ

time on/off 10s/360s

kind of current DC and 4 phase current

frequency DC 50Hz 1 kHz -5kHz 5kHz- 10kHz
current (peak) 15kA 15kA 10 kA 7.5kA
voltage (peak) 30V 69V 830V-41kV 3.1kV-62kV
voltage to ground 15V 345V 415V-21kV  1.5kV-3.1kV
Power Supply

number of units 9

voltage (peak) 600V

current per unit (peak) 1.5kA

transformer 600 V/60 V

total peak power 8.1 MW

In the standard set-up, four neighboring coils form one quartet. The whole divertor magnet consists
of four of these quartets. Each of them will be fed by a 4-phase rotating current and has a star point
connection; this makes also a symmetrical DC operation possible. The current in the individual coils
will be limited to a peak value of 15 kA for a duration of 10 s. The system is designed for the
application of the following frequencies: DC, 50 Hz and 1 kHz, and for a frequency-band from
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1 kHz to 10 kHz (see extension). In the band 5 kHz to 10 kHz the maximum design current is only
7.5kA.

A set of 9 identical frequency convertor units adjustable for the selected frequencies with a total
power of 8.1 MW will be used. Four pairs of them will energize the four quadruple sets of the

ergodization coils and one unit will be used to energize the two compensation coils.

2.2 Coil Design

In order to cope with the eddy currents and skineffects, to fulfill the cooling requirements and to
limit the temperature rise for pulse durations of up to 10 s, and to make optimal use of the available
space, a special conductor has been developed for the coils. It consists of six bundles of insulated
twisted copper wires. The bundles are also twisted and act like a spring which tolerates thermal
expansion of the interior parts. A glass fibre bundle supports the copper bundles from the inside.
(Fig. 2) Each copper wire (diameter 2.8 mm) is insulated. The insulation material (thickness 0.1
mm) is polyimide (max. working temperature 250 °C) which resists voltages of up to 10 kV. The
cable is wrapped in a woven glass fiber tube which protects from mechanical damage, this is
enclosed in a waved stainless steel tube (bellows) of 0.2 mm thickness. In longitudinal direction the
waved tube can handle expansions of 0.5 % and the twisted cable of 1 %. A test cable with a length
of 100 m has been produced and has successfully passed the relevant electrical tests.

The forces on the coils from electromagnetic interactions amount to 3.5 kN/m. The coils are
mounted to the poloidal belt segments by clamps which are also used as support for the target plates
(Fig. 3). The toroidal distance between these clamps is 244 mm. In close neighbourhood of the
feedthroughs, the coils are running perpendicular to the toroidal field. The magnetic forces there
amount to 45 kIN/m which requires the coils to be clamped every 100 mm.

The lay-out of the system takes into account heating by eddy-currents (at high frequencies),
especially inside the vacuum vessel and in the feedthroughs where high uncompensated currents
unavoidably flow close to the support structure. The vacuum-feedthroughs insulate the conductor
of the coils and the tube from the vessel and give access to the cooling gas. The present design of a
coaxial feedthrough (for two ,,in phase currents” of opposite direction) is shown in Fig. 4.
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The magnetic field of the coils has to penetrate the stainless steel tube (0.2 mm) and the carbon tiles
(12 mm) also at high frequencies. Table IT shows that the skindepths of both materials are much

larger than the thickness of the relevant components (tube: 0.2 mm << 4.9 mm / tiles: 12 mm << 33

mm) and that consequently the magnetic field reaches the plasma mainly undamped.

Table Il (Skindepth)

at frequency copper stainless steel carbon
DC © © 0
50 Hz 10 mm 74 mm 500 mm
1 kHz 2.1 mm 15.6 mm 1005 mm
10 kHz 0.66 mm 4.9 mm 33 mm

2.3  Cooling System

The coils will be cooled by nitrogen gas. The gas pressure is 3.0 MPa and the pressure drop is
about 0.6 MPa. Table III shows the adiabatic temperature rise of the conductor and the pulse

duration at the four selected frequencies.

Table I'V (Coil temperature and pulse duration)

f peak current AT copper At
DC 15kA 160K 70s
50 kHz 15 kA 120K 10.0s
1 kHz 15kA 120K 100s
10 kHz 7,5 kA 30K 10.0s

The average power of the cooling system is 70 KW. An external heat exchanger transfers the
energy to a water cooling system. The cool down time from 200 °C to 50 °C is about 6 min. A
- compressor with a power of 110 kW increases the pressure from 2.4 to 3.0 MPa after the

expansion of the gas. Specific tests are in preparation.
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2.4  Lay-out of the Power Supply Systems

The required 4-phase current system consists of two power units with a 90° phase shift (Fig. 5). The
ends of four coils are connected by a common star point. The star point is grounded by a 10 Q
resistor which reduces the voltage to ground by a factor of two. The voltage to ground limits the
current in the band 5 kHz to 10 kHz to 7.5 kA. For reactive power compensation, capacitors are
connected in series to each coil. To comply with the voltage limitation of the power supply units, all
L-C-branches have to be tuned to the same resonance frequency. In order to minimize cost, the coil
parameters (high current, low voltage) are adapted by transformers to the convertor parameters
(600 V, low current). For the power connections coaxial cables of low inductivity and high current
will be used. For DC operation, diode rectifiers will be instalied between the 1:10 transformer and
the ergodization coils. The 9 convertor units will be supplied from the existing 21 kV station of
TEXTOR-94 by one power transformer 21 kV / 400 V and 9 rectifier transformer 400 V / 568 V

(Fig. 6).

2.5  Frequency Convertor Units

Nine identical frequency convertor units are required. The output voltage of one unit is 600 V and
the peak current is 1.5 kA for 50 Hz and 1 kHz and 0.75 kA for 10 kHz. The driving voltage of
600 V has been chosen to minimize the cost of the power supply system (recommendation by

industry).

A rectifier transformer and a controlled rectifier supplies the DC intermediate circuit of the
convertor units (Fig. 7), and a 4-quadrant bridge with IGBT's produces the AC output voltage of
600 V (peak). The pulse duty cycle is 10s/360s.

The phase shift between the two power units is 90° to form a 4-phase (rotating) current system. In
order to change the direction of rotation, the phase shift of the power units have to be changed from
+90° to -90° in relation to the 0°- power units. One power unit with a phase shift of 45° feeds the

compensation coils.

The required frequency-synchronization of all power units will be enforced by one central control
unit. In order to compensate differences in the impedance of the individual loads, the current of each

unit can be controlled separately in a close feed back loop.
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2.6  Extension of the Dynamic Ergodic Divertor (DED) on TEXTOR 94

for Operation at more Frequencies

An extension of the DED for the operation of at least 5 additional frequencies in the range of 1
kHz to 10 kHz has been suggested by the Ad-Hoc group. A solution has been found, which
covers the entire range of frequency from 1 kHz to 10 kHz.

For this purpose the capacitor banks originally foreseen for an operation at fixed frequencies of
1 kHz and 10 kHz will be subdivided in 14 groups with binary steps. For the frequency range
from 2kHz to 5 kHz and 5 kHz to 8 kHz two matching transformers per power circuit
(altogether 18) are necessary. In the range of frequencies from 1 kHz to 5 kHz the max.
current is 10 kA and from 5 kHz to 10 kHz the max. current is 7.5 kA. With this extended
system all frequencies between 1 kHz and 10 kHz can be selected additional to the four
frequencies DC/15 kA; 50 Hz/15 kA; 1 kHz/15 kA; and 10 kHz/7.5 kA.

At currents higher than 1,5 kA, the power supply circuits have to be operated as oscillator
circuits . Therefore capacitors have to be switched in series to the coil inductivities. Because of

the narrow range of frequencies all 9 circuits have to be tuned to the same resonant frequency.

On service days this tuning can be done in advance for a set of selected frequencies. On
operational days the switch over to one of these frequencies will then be possible within 15 to
30 minutes. Shortening of that time seems to be possible if the operation on certain frequencies
will be repeated. The binary subdivision in 14 steps of the capacitance makes a precise tuning
of the oscillating circuits to the same frequency possible. This is necessary because of the

narrow frequency range of 40 Hz to 160 Hz at currents of 15 kA to 7.5 kA.

For detection of resonant effects in low power operation a tuning at the range of frequency
from 0 Hz to 5 kHz at a maximum current of 1.5 kA and from 5 kHz to 10 kHz at a decreasing
current from 1.5 kA to 0.72 kA is still possible and can be done infinitely variable from

discharge to discharge and if necessary during one discharge.
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Part II: Features of the Perturbed Magnetic Field

3. Characteristic Parameters of the Ergodized Magnetic Field

A. Nicolai,
Institut firr Plasmaphysik, Forschungszentrum Jiilich, Association EURATOM-KFA

The mode structure of the radial field component generated by the coil currents of the windings
allows computation of the characteristic parameters of the ergodized magnetic field namely the
Chirikov - parameter, the Kolmogorov length and the quasilinear diffusion coefficient; from these
parameters essential transport properties of the ergodic layer are derived. For these calculations it is
assumed that the currents induced in the plasma by the perturbation field may be ignored. This
assumption may be valid when the wave phase velocity is close or equal to the plasma flow velocity.
When there is a significant difference between these velocities it is believed that the assumpion

becomes invalid.

The Fourier components scale linearly with the coil current, which must be large to obtain a
significantly enhanced diffusion coefficient. The currents in the coils of the dynamic ergodic divertor
(DED) are assumed to control the transport properties of the plasma in the scrape off layer and the
loading of the first wall. The perturbation field generates an ergodic and a laminar edge region with
rather different properties; in this Section only the ergodic edge region is regarded.

In Hamada' and in 'intrinsic' coordinates’ the equilibrium magnetic field lines are represented by
straight lines. Both coordinate systems are based on axisymmetric equilibria. The latter system is
more convenient for the perturbatioh coil configurations; in this representation the toroidal
coordinates have their ordinary meaning (&' = ®@). The poloidal coordinate ®" is modified in such a
way that the magnetic field lines in the (®°,©®") representation are straight. To derive the
transformation from © to ® the Grad - Shafranov equation is considered for the poloidal flux

function ¥*

1 _ 8 L& 10y :
RZA(EAT)_[aRz+aZ2'RaR]T mp, R j,

R and z are the distances from the axis of symmetry and the equatorial plane, respectively. The

toroidal current density jo 1s given by
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The f - function is closely related to the toroidal flux function ¥ and is given by

fIY) = R, - Br
p(¥) is the pressure profile and R, the radius of the magnetic axis and By the toroidal field.

The dependence of @ = ®'(®) is derived from relations concerning the field line pitch in general
toroidal coordinates®, intrinsic coordinates and ordinary toroidal coordinates (r,®,®)°. The thus
obtained equation

de’ l B r
de 9 B, R

can be integrated numerically.

B = M
d R
is the poloidal field and
_
77 v

the safety factor. In the limit of a large aspect ratio plasma with circular cross-section an analytical

relation may be used”.
3.1  Fourier Components of the Radial Perturbation Field

The Fourier decomposition of the radial component and of the perturbation field at the radii of
different ¥ - functions is performed within the intrinsic coordinates. By this choice the magnetic
field lines are optimally traced and some toroidal effects leading to additional Fourier components
can be minimized. These effects are mainly due to the local inclination of the magnetic field lines on
the B,-value. On the high field side the slope is shallower than on the low field side and the

difference in slope increases with §3;.

Instead of labeling the Fourier components with ¥, the safety factor q is selected as label. The sine-

and cosine-components show a non trivial internal g-dependence and become:
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b (@ = 1dO'(@)]d® B.(0(0'(q),®) - sinm@’ (@) - n®)
bun(@ = 140" (@)]d® B,(0(0'(g),®) - cosm®’(g) - n®)

and

2 — 2 2
bmn - bmn; + bmnc

The calculations had been based on the following TEXTOR data®; minor radius a = 46 cm, major
radius R = 175 cm, plasma current I, = 420 kA, radius of the ergodization coils is assumed here to
be r. = 51 cm. This value is an older design value and not always consistent with other data in this
proposal; the new coil radius is at 53.25 cm and therefore the actual characteristic parameters are
overestimated by about a factor of 1.6 in the field amplitude in this Section. It is assumed that the
current is distributed parabolically to the plasma edge (a = 46 cm); this is a limiting assumption
because in general it has to be assumed - and has been measured’ - that the electrical current is
excluded from the ergodized layer with increasing ergodicity. The current in each conductor of I, =
10 kA was assumed as a reference case. The resonant (g = 3) flux surface is then located at
;=42 cm. Here and at the neighboring flux surfaces for q = m/n (m = 10, ..., 14; n = 4) the Fourier

analysis was performed.

Fig. 1 shows the case of the four phase helical windings at the inboard side of TEXTOR. They are
parallel to the field lines at the q=3 surface for B, =1 and 1/2 = 0.7 (typical value for TEXTOR).

The winding covers 1\5 of the poloidal circumference at the inboard side of TEXTOR, thus
entailing a rather broad Fourier spectrum in m. It contains four quadruplets (16 conductors). Each
conductor is approximated by 75 straight pieces, the endpoints of which are located on the model

helices. These helices are given (in intrinsic - coordinates) by

® -, =9-(0 -6,)
The starting points of the conductors are assumed to be distributed uniformly along the toroidal
circumference. Thus we get in ordinary space ¢ = (21/12)%(-1), 84 =(4n/5), j = 1,...,16. The
endpoints of the helical conductors are obtained by cutting the helices with the line 6 = {67/5}. The

arrows indicate the direction of the electrical current in the individual coils; those without arrows are

current free for the phase considered here.

Fig. 2 shows the radial component of the magnetic field in the resonant flux surface g=3. This field

can be described in good approximation by the sinusoidal waveform near the high field side but
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vanishes poloidally away from the perturbation coils. In the case of the four -phase AC - operation
the currents I; =1, x sin((2r/4)j + o), j = 1,2,3,4 in each conductor quadruple depend on the phase
o, which in Fig. 1 is chosen to be zero. This can be done without loss of generality because it turns

out that the impact of the phase on the Fourier amplitude is negligible.

The Fourier power spectra for the g-values 2.75, 3.0, 3.25 and 3.5 are plotted in Fig. 3a - 3e. The
dominant Fourier component has the mode numbers n = 4 and m = 12, however, the m = 11 and m
= 13 components are comparable in size. At the q = 2.75 surface the (m/n)-mode (11/4) will be
resonating, at q = 3 the (12/4)-mode, at q = 3.25 the (13/4)-mode and at q = 3.5 the (14/4) mode
and those mode amplitudes determine the island widths. The resonant modes reach values of about
2 - 30 Gauiss for the perturbation current of 10 kA. In detail the mode spectrum is even more
complex and higher modes like the (25/8) and even the (38/12) will be found back as will be
described in the next Section.

3.2  Island width, Chirikov Parameter and Kolmogorov Length

The characteristic parameters for the ergodicity of a magnetic field are the island width, the
Chirikov parameter and the Kolmogorov length. In a first approximation a single island forms not
yet an ergodic field structure but a subtorus winding around the primary plasma-torus. If several
small, radially distributed island chains are present in a tokamak the magnetic flux surfaces stay still
intact and the different islands form chains of subtori. If the island size grows such that different
islands start to overlap, the picture changes and flux surfaces get destroyed. The island get in
addition destroyed from the inside because higher order island chains develop inside a primary

istand. The magnetic field becomes ergodized®’.

According to the standard theory, the width of an unperturbed island is given by

}16r i
Amn = _ﬁ_ . LSH
m

The dimensionless quantity €, stands mainly for the Fourier component of the radial field:

bun
Br

Emn =
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The shear length Lsy depends mainly on the profile of the safety factor q :

2
_ 4R L
BT
dar

The Chirikov parameter ¢'° characterizes the ergodic structure due to overlapping islands and is
given by

8"(8,,,,, + 8m’n') . (qu
m| L ¥

)2

or )2 =

where (m,n) and (m',n’) are the mode numbers of neighboring Fourier components. To derive the
Chirikov parameter in the following Am = 1 and n'= n are regarded. This choice overemphasizes
possibly the role of the dominant Fourier modes and underestimates the influence of mode
combinations like (12/4) - (25/8) - (38/12) -(13,4) as will be discussed in the next Section.

The separation of initially adjacent field lines is characterized by the Kolmogorov length Ly:

4
3

Lk = 2 71q Ro O
Within the ergodic approximation, the particle transport is described by the quasilinear diffusion

coefficient

DQ = 27TqRo ' |8mn|2 Vi

where v is the thermal particle (ion) velocity parallel to the field lines.

q m/n 1(q) Bon D

25 10/4 387 cm 53G 1.6 cm
2.75 11/4 40.6 cm 16 G 2.7 cm
3.0 12/4 42 cm 30G 3.6 cm
3.25 13/4 439 cm 30G 3.5cm
3.5 14/4 45.1 cm 25G 32cm
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From the shear length - assuming a parabolic current profile (Lsy = 260 cm) -, a By value of 225 T
and the amplitude of the Fourier components treated above follows an uhperturbed island width of
A4 =6.8 cm at q = 3. The Fourier amplitude at the other resonant surfaces, the radial location, and

the island widths are summarized in the table:

The Chirikov parameters and the Kolmogorov lengths are calculated for the locations in between

two islands and are:

q r Omm'n Lk
2.625 39.7 cm 1.60 1551 cm
2.875 41.6 cm 2.61 | 877 cm
3.125 432cm 3.31 695 cm
3.375 445 cm 3.50 696 cm

The Kolmogorov length for g=3.125 is about 4 m long and this means that the correlation of the
field lines is destroyed before they finish encircling the axis of symmetry one time. The quasilinear
diffusion coefficient becomes about Dy = 2 m%s for T:= 100eV and r = 43 cm. The particle
diffusion due to the here considered ergodization is around one order of magnitude larger than the
(anomalous) diffusion coefficient D, without ergodization (D, = 1 m%s). Here the validity of the

diffusion model is assumed.
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Figure captions:
Fig. 1: Perturbation coil and current distribution used for the mode analysis.

Fig. 2: Perturbation field at the q=3 surface in the (©,®) plane.
Fig. 3 a-e: Fourier modes on different g-surfaces. The resonant modes are marked.

Fig. 4: Chirikov parameter as a function of the radius
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4. Ergodization of the Magnetic Field at the Plasma Edge

A. Kaleck', M. Hapler', T. Evans™
* Institut fiir Plasmaphysik, Forschungszentrum Jiilich GmbH

** General Atomics, San Diego, CA

4.1 Introduction

This part contains the field line tracing calculations. In subsection 4.2 the numerical tool
that has been used and an analysis of the magnetic field system will be shortly presented.
The technical realization of the connections of the helical perturbation coil system to the
power supply differs from the ideal configuration shown at the cover of this report. Addi-
tional coils are needed to compensate a net poloidal field. ‘

In subsection 4.3 the evolution of the stochastization of the magnetic field at the plasma
edge with increasing perturbation current will be demonstrated by Poincaré plots. It has
been found that it is not the CHIRIKOV parameter for the main islands which describes the
stochastization but the higher harmonics of the perturbation field dissolve the islands and

cause the stochastization.

Some effects of the dynamical phases are shortly shown, and some preliminary attempts to
obtain the limiter load and magnetic diffusion are reported. The results clearly show the
local effect of the perturbation field and it is demonstrated that the usual theory which de-
scribes the magnetic diffusion by the KOLMOGOROV length has to be reconsidered care-
fully. Since the enhanced diffusion by the stochastization of the magnetic field has to be
described in 2D by the behavior of the magnetic field lines at the plasma edge, one has to
take into account that there are confinement regions, bounded island regions and a stochas-
tic region. In the near future a model has to be developed as an input for fluid codes.

4.2 Description of Tools and Configuration

4.2.1 Numerical Tool - the Gourdon Code

For our calculations, the Gourdon Code was used which is described elsewhere. This ver-
sion of the code was provided by the IPP Garching with the kindly support of J. Kisslinger.
It has been adapted to standard UNIX systems.

This code integrates the ordinary differential equations for a magnetic field line with the
ADAM integration method:

RO B, Rdp B,
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with the toroidal coordinate ¢, and R, z the coordinates in the poloidal plane.

The magnetic field for line currents is calculated by the BIOT-SAVART formula . For the
plasma equilibrium field the y function was calculated by the DIVA equilibrium code.!

To save computer time, the magnetic field for a coil system is calculated once and stored
on a spatial mesh. During the field line tracing, the actual field is interpolated.

For the Poincaré plot of the Gourdon code the 6, r representation (@ is the poloidal angle,
and r is the minor radius around the plasma center at Ry = 175 cm) is used. The structure is
very detailed in r direction; by stretching the r dimension and retaining the full poloidal
extension the harmonic structure is well visible.

Accuracy tests are described in appendix 4.4.1.

4.2.2 The Magnetic Field System

4.2.2.1 The plasma equilibrium

0.0 T 0.0

120098 092233
Theto
r r
oo, e Tl e — - e e T a.n_
~ . -
~ -
400 3009 Wn-uvua- - el I‘u° ........ PR Thet’o . P Y

“Fig. 1: Poincaré plot of the unperturbed flux surfaces. The uppermost line is the
plasma boundary. The g =3 surface is represented by the three points. (The pump
limiter is sketched in the top left corner and the divertor target plate on the top.)
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The W function of the unperturbed plasma equilibrium calculated by the DIVA equilibrium
code from the IPP Garching' has been used. Fictive vertical field coils (the real TEXTOR
vertical field system was not used since TEXTOR has an iron core transformer and the
DIVA code works for vacuum field only) were designed ensuring a circular cross section of
the plasma boundary (Ro=175cm, a=46 cm) and for a B, =1 plasma. A parabolic
plasma current distribution was chosen with zero current outside the q =3 surface. The
toroidal field is created by an axial current I, = 1.675-10" A to have the g = 3 surface at
R=176 cm and r =43 cm.

| Fig. 1 shows the plot of the unperturbed flux surfaces. The plasma boundary (the upper-
most line) is an almost straight line with deviations less than 2 mm. 8= 180° corresponds
to the high field side, and the poloidal angle is from right to left.

4.2.2.2 The perturbation coil system

The perturbation system is designed to create a resonance at the g = 3 surface. It is shown

in fig. 2 and on the cover page of this report).

Fig. 2: Schematic view of the “ideal” coils.
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The current distribution in the coils is

. =10-cc-sin((j—1)§+mt) j=1..16 ' )

(Io = 15 kA is the maximum designed current and 0 < cc < 1 a current control factor.)

This creates an m =12, n =4 structure. (im=6, n=2 and m =3, n=1 structures will be

shown in appendix 4.4.4.)
Ideally the 16 helices are identical, starting and ending at a toroidal angle ¢; = (j—1)-(7/8).

To minimize the forces and the number of necessary vessel ports, the feeding conductors of

one quartet will be bundled in coaxial conductors as shown in fig. 3.

N

compensation

Fig. 3: Schematic view of the coil system. The four coils of one current system are
bundled to a quartet. Only four flanges on top and on bottom are needed for the coil
system. There are two additional compensation coils which need another flange on

top and on bottom.

This setup causes a net poloidal field (B,-0 # 0, » is the toroidal mode number) which may
affect the equilibrium. The reason for this net field is the asymmetry of the poloidal phase
distribution which creates a unidirectional B, field on the whole toroidal circumference.
Two additional segmented helical coils (also shown in fig. 3) on top and on bottom com-
pensate the net poloidal field. The currents in the compensation coils are
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- (T
1 :+—-cc-sm(z+mtj _ 3)

(see fig. 4)

For the following calculations the poloidal connectors were left out. (They produce a lo-
calized B, ﬁeld which seems to be intolerable. A technical solution which avoids this dis-
advantage has to be found.) Usually the phase @t = /4 was selected.

Fig. 4: Current distribution in the first four coils and the upper compensation coil.

The Poincaré plots for the compensated and the uncompensated field are shown in appen-
dix 4.4.2.

4.2.2.3 The perturbation field

The perturbation field has an n 2 4 structure and should have an m 2> 12 structure at the
q = 3 surface. The perturbation field normal to three different surfaces is plotted in figures

Satoc.

Near the plasma edge, the resonant structure of the field is well seen, but farther away from

the coils the higher harmonics decay rapidly.
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Fig. 5a: Perturbation field perpendicular to the plasma boundary at r
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Fig. 5b
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Fig. 5c: Perturbation field perpendicular to a surface Ro

Results of Field Line Tracing

4.3

Figures 6a to d demonstrate the evolution of the stochastization of the magnetic field at the

i rturbation current.

increasing pe

plasma edge with

4 islands appear as well as the 11/4 mode below and

the 13/4 and 14/4 modes above. Between the 11/4 and the 12/4 modes the 23/8 mode ap-
pears and between the 12/4 and the 13/4 modes the 25/8 and the 37/12 modes are visible.

3 surface the m=12,n

At the g
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Fig. 6d: Evolution of stochastization (cc = 1.0).

4,.3.1 Island Growth at Lower Perturbation Currents

The distance between the m = 12 and the m = 13 resonant surfaces is 2 cm at the high field
side (see fig. 6a). Fig. 7 is a plot of the m = 12 island radial diameter as a function of the
perturbation current. As expected, the island diameter grows proportional to cc',

Extrapolation to the full perturbation current (cc = 1.0) leads to an island diameter of
d =2 cm, i. e. the so defined CHIRIKOV parameter is equal to about unity and the main is-

lands should then start to overlap.

Following the standard formula (used by A. NICOLAI in section 3) one would expect an
extrapolated island diameter at the high field side of 3.4 cm (Bi24=4 G, Lsy =260 cm,
r=43 cm). In appendix 4.4.3 the deviation from the standard theory is worked out and it is
shown that there is an effect of the location of the perturbation coils at the high field side.
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d/em

1.0 4

0.5 J

0.1 0.2 0.3 cc

Fig. 7: Width of the m = 12 islands in r direction.

4.3.2 Onset of Stochastization

Since the CHIRIKOV parameter is just about unity for the maximum perturbation current,
the main islands will touch but not overlap. This will not lead to satisfying stochastization.
But the figures 6a, b and ¢ and in detail figures 8a, b and c show for increasing perturbation
current (cc = 0.2, 0.4, 0.5) the dissolution of the m = 12 islands by higher harmonics.>?

Fig. 8a: Dissolution of the m = 12 islands by higher harmonics (cc = 0.2). The sepa-

ratrix is almost intact.
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Fig. 8b — ¢: Dissolution of the m = 12 islands (b: cc =04, ¢: cc =0.5).

Also satellite islands occur (fig. 9).

Fig. 9: Anm = 12 satellite island system (cc = 0.6).

4.3.3 Ergodization at Full Perturbation Current

Fig. 6d shows the Poincaré plot for the maximum perturbation current at the phase ot = /4
(l c. 11, 12 =10.6 kA, 13, 14 =-10.6 kA)

The main islands still persist. Their width decreased only moderately and even the 23/8
mode still exists. The m = 12 islands show four pronounced satellite islands, the five sat-
ellite islands structure of fig. 9 disappeared. There is a closed field line interior to the
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m =11 islands chain. Exterior to this, there seems to be an almost complete ergodization
(except the four island chains). But there exist some “sticky regions” e. g. near the 23/8
mode and around the 14/4 mode where field lines may see a barrier. The situation is quite
complicated and not yet well understood. More detailed calculations and accuracy tests
have to be done.

The same holds for the region outside the plasma. The motion of the field lines is very
turbulent because of the near field perturbations. More about this in the section “Limiter
Load”.

4.3.4 Sweeping of the Perturbation Pattern

Figures 10a and b show for two different phases of the dynamical operation the clockwise
motion of the islands. In fig. 10a (@t = 0) the pump limiter points into a gap between two
islands and in fig. 10b (wt =) the pump limiter dips into an island. The spikes of the
m = 14 islands by this way sweep along the divertor target plate and so the particle load is
considered to be smeared out on its surface.

Fig. 10a - b: Two phases of the DED.

a: (ot = 0) The pump limiter points in between two m = 14 islands.

b: (ot =) The island chains moved half a period from right to left.

4.3,5 Limiter Load

Fig. 6d reflects only field lines from inside the plasma. By physical diffusion particles will
occupy field lines from outside which have a very turbulent behavior and there is no simple
correlation between the Poincaré plot and the limiter load. Further detailed discussions and
calculations are necessary.
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So far it has been tried to get an image of the limiter load by starting field lines at circles
around the plasma edge and tracing them until they hit one of the limiters. As starting
points the plasma boundary (usually R =175 cm, r =46 cm) and a circle 1 cm outside the
plasma (r = 47 cm) has been chosen. Table 1 is a list of the results.

Starting points Fom3 plasma center field lines hitting

Ro r target pl. | pump lim. | Liner
1] 1750cm | 46.0cm | 42.0cm 175.0 cm 4 % 96 % -
211750cm | 47.0cm | 42.0cm 175.0 cm 35 % 65 % -
311750cm | 46.0cm | 43.0cm 175.0 cm 22 % 78 % -
41 1750cm | 47.0cm | 43.0cm 175.0 cm 39 % 61 % -
5}11745cm | 460cm | 42.0cm 174.5 cm 91 % 8 % 1%
6| 1745cm | 470cm | 42.0cm 174.5 cm 63 % 27 % 10 %

Table 1: Limiter load

For the standard case the field lines starting from the plasma boundary all hit the pump lim-
iter (row 1). Those from farther outward split to 35 % to the divertor target plate (row 2).
Shifting the g =3 surface farther to the plasma boundary r,.3=43cm (usually
rg=3 =42 cm) is seen to be a tool of slightly controlling the limiter load (row 3 and 4).
Shifting the plasma 0.5 cm toward the divertor target plate shows an expected enhanced
loading of this limiter and therefore is a sensitive control of the distribution between the
two limiters (row 5 and 6). But shifting the plasma to the divertor target plate means
shifting it nearer to the perturbation coils. This will enhance the ergodization drastically as

one can imagine looking at fig. 11e and {.

Figures 1la to f are the poloidal projections of the field lines described in table 1. To
identify spots at the limiter surface detailed considerations are necessary as well as taking

into account the dynamical phases.

Figures 12a and b show for the standard and the inward shifted plasma position the trace of
field lines starting at the surface of the divertor target plate. This gives an image of where
the field lines hitting this limiter do come from. Some field lines are bended back to the
surface after less than 1 cm radial excursion, but there seems to be no regularity since the

region is stochastic.
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a, b: Standard plasma position.

s o 0 bt rir |

e, f: Plasma shifted inward 0.5 cm.

Fig. 11a - f: Poloidal projection of field lines starting on circles at the plasma
boundary for different plasma conditions (see table 1).

a, ¢, e: Starting points at plasma boundary.

b, d, f: Starting points 1 cm outside plasma boundary.
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Fig. 12a — b: Poloidal projection of field lines starting from the limiter surface.
a: standard plasma position, b: inward shifted plasma.

4,3.6 Diffusion of Field Lines

Usually the diffusion of field lines in an ergodic region is described by the KOLMOGOROV
length. This linear model has to be reconsidered for the case when — roughly speaking —
the longitudinal path of a particle between two collisions is larger than the KOLMOGOROV
length.

Fig. 13a — b: Traces of field lines of the main stochastic region (poloidal projection).

a: A bundle of field lines widens during 9 toroidal (i. e. 3 poloidal) turns, starting
point is at 6= 180°. Field lines go from right to left.

b: One field line during 100 toroidal turns.

Fig. 13a traces a bundle of field lines starting at the high field side in the stochastic region
for 9 toroidal (i. . about 3 poloidal) turns. The expansion of the bundle strictly happens in
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the bounded area in the vicinity of the perturbation coils.” (Due to the SHAVRANOV shift
the bundle converges at the low field side.) Once passing through the perturbation zone the
bundle is widened by more than a factor e, i. e. the KOLMOGOROV length is less than one
toroidal turn and the model mentioned above is questionable. Fig. 13b shows the trace of
one field line of the bundle for 100 toroidal turns. The field line covers a part of the sto-
chastic domain discussed in section 4.3.3.

A bundle remains tight when started in an island region (fig. 14a) and a single field line
during 100 turns covers a region which corresponds to the width of the islands (fig. 14b).

- T - I [ l ™
- Thate lad e wus rete
’ r ’ r

Fig. 14a — b: As fig. 13, the field lines start and remain inside the m = 13 islands

region.

The main stochastic region has two “de facto” barriers (as one can imagine from fig. 13b).
The lower barrier is located at the 23/8 mode and the upper one at the m = 14 mode (see
fig. 15).

Our conclusions from these calculations are that for this experiment the recent model of
magnetic diffusion has to be reconsidered and a model has to be elaborated which takes
into account the division of the plasma edge into three parts: the strong local stochastiza-
tion part, the bounded island zones and the confinement region at the low field side.

" One should notice that tracing back the bundle leads to exactly the same plot.
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Fig. 15: Upper and lower barriers of the main stochastic region.

Trace of two field lines during 100 turns. The upper one starts in the m = 14 islands
region, the lower one between the 23/8 and 11/4 mode.

4.4 Appendix
44.1 Accuracy Tests

The accuracy of the Gourdon Code was tested by tracing one field line a number of turns
and checked to which extend it came back to the starting point.

Field lines on closed surfaces or intact islands can be traced several hundred times around
the torus; with a step size of 1 to 2 cm, the starting point is missed by less than 107 cm.
Field lines of a stochastic region can only be followed about 40 turns with an accuracy of

10 cm. A smaller step size down to 0.1 cm does not enhance the number of reliable turns
significantly. '

Related to this number of reliable turns is the question of stability of the field line equa-
tions (1), i. e. the property of the cross section of a bundle of field lines to remain in a re-
stricted area. If the magnetic field structure turns the equations to be unstable, the cross
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section of a bundle turns to expand in one direction exponentially and two neighboring
field lines separate as '

!

5§=5, €* (4)

“where & is the distance of two field lines, [ is the distance along the field lines, and [, is the
KoLMOGOROV length (as already discussed in the last section).

For the maximum perturbation current of 15 kA and the phase wt =0, the KOLMOGOROV
length calculated in the stochastic region measuring the distortion of a bundle of field lines
in a poloidal cut (see fig. 13a) amounts to about

I, = 850 cm.
It is not surprising that in this case the number of reliable turns is limited to about 40.

For field lines on closed surfaces or intact islands, the accuracy is sufficient for more than
2,000 turns. For field lines within stochastic regions, one might make errors for an indi-
vidual field line. For some considerations one wants to know the behavior of field lines for
more than 40 turns. The domain wherein a stochastic field line is moving is interesting as

well as their radial excursion during a larger number of toroidal turns.

Rum mon Theto

Tt A7 e 08 2. =0 008 e - Theta e e

Fig. 16: Accuracy test: The accuracy is sufficient to distinct between the outer sto-
chastic region and the inner island/subisland system. The starting point for the bor-
der of the island region differs 10~ cm from the one covering the stochastic region.
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As demonstrated in fig. 16 it has .been found that a stochastic field line does not cross the
border to the intact island region during 3,000 turns, if the integration step size was small
enough (< 1 cm). Two field lines starting 10~ cm apart from each other show a completely
different behavior: one forms a closed island, the other covers a large stochastic region.

The situation is different and difficult to survey when starting field lines in a “sticky re-
gion”. Field lines starting from very proximate points (distance < 10~ cm) whether cover a
narrow band or a large region which in addition depends on the integration step size. More
investigations have to be done here.

Two more accuracy tests have been made:
e The approximation of the helical windings by polygons.

360 straight lines are necessary for one helix. The results with 720 straight lines do not
differ essentially.

o A 62x48x62 R, ¢,z mesh was used for storing and interpolating the magnetic field of
the perturbation coils (the periodicity 4 in ¢ direction was used). Comparison with the
direct field calculation does not show substantial differences.

4.42 Poincaré Plots and Net Fields without and with Compensation

Figures 17a and b show the Poincaré plots for the setup without and with compensation.
The asymmetry of the uncompensated system oscillates during the dynamic operation
which may lead to unwanted plasma motions. The R component of the net (n = 0) pertur-
bation field is plotted in figureés 18a and b. In the uncompensated case the amplitude
reaches values up to 200 G. After compensation as explained in subsection 4.2.2.2 (see
fig. 3) there remain two peaks of +70/-20 G at the very edge of the plasma.

Fig. 17a - b: Poincaré plots of the uncompensated (a) and compensated (b) setup.
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BR{n=0) BRmin = —14.3 BRmer = 208,82 8% (n = 0) BAmin = ~20.02 BAmor= 70,70

8R1n gouna

Fig. 18a — b: The net (n = 0) R component of the uncompensated (a) and the com-
pensated (b) field.

4.4.3 Geometrical Effects on the Island Width

As mentioned in section 4.3.1, the island width measured from the Poincaré plots is smaller
(by a factor of 0.6) than predicted by the standard formula used in section 3.2. Calculations
‘were made with three different positions of perturbation coils: 2) at the high field side, b) at
the low field side and c) at the upper and lower side (see fig. 19). All coils were led one
turn in toroidal direction and produced the same island system. In each case the Fourier
components of the m =12, n =4 mode were calculated in the intrinsic coordinate system.
The island width at the high field side measured from the Poincaré plots then were com-
pared with the results from the standard formula which are shown in table 2.

One has to take into account that the island width is a function of the poloidal angle. In our
case the island width at the high field side is by a factor of 1.4 larger than the mean width.

Fig. 19: Three different positions of perturbation coils: a) at the high field side, b) at
the low field side and c) at the upper and lower side
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Biss Asmdard Astandard | Apoincaré | Astancara 2t HES

at HFS atHFS | Apgincae at HES
a) HES 4G 2.5cm 34cm | 2.0cm 0.6
b) LFS 35G| 74cm| 104cm | 125cm 1.2
c)topand bottom | 22G | 59cm 83cm | 83cm 1.0

Table 2: Island widths for three different positions of perturbation coils.

The island diameters measured from the Poincaré plot are different from the standard the-
ory, depending on the position of the perturbation coils. An explanation for this difference
will be published in the near future.

From table 2 it can be seen that the position of the perturbation coils at the high field side
not only causes a smaller value of the Fourier component due the smaller distance between
the conductors. It has also an additional effect on the island diameter when the Fourier
components have the same value. Roughly there is a dependence from the coil position

3/2

which is proportional to (R/Rp)** (R is the mean major radius at the resonant surface

where the perturbation field acts).

4.4.4  Applying m/n = 6/2 and m/n = 3/1 modes

Fig. 20a —b: m/n = 6/2 and m/n = 3/1 structures at low perturbation current.

a: (m/n=6/2, cc =0.2) The major island chains 7/2, 6/2, 5/2 and 4/2 are well visible.

b: (m/n =3/1, cc = 0.1) The perturbation affects mainly the g = 3 and g = 2 surfaces.
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The design of the coil system allows also the use of mode structures different from m = 12,
n =4. By switching each two or four neighboring coils in parallel, m/n = 6/2 and min =3/1
modes can be created respectively. Figures 20a and b show Poincaré plots of these struc-

tures at low perturbation current.
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S. Near Field Structure of the Magnetic Field

K.H. Finken,
Institut fiir Plasmaphysik, Forschungszentrum Jiilich, Association EURATOM-KFA

The aim of this paragraph is an attempt of better understanding the magnetic field pattern and
particle flux to the limiter in front of the perturbation coils. In TORE SUPRA this layer is
called the "laminar zone" and the main difference to the ergodic zone is attributed to the
different connection length of the magnetic field lines which is long in the ergodic layer and

of the order of one toroidal turn in the near field.

In this section a new approach is tried. The total field is taken as a superposition of the
equilibrium field and the perturbation field. Instead of solving the magnetic field of a torus,
the cylindrical solution is discussed first. To arrive to an analytic solution the model is
further simplified: The toroidal field is substituted by a constant axial field, the current by
a current filament along the axis (this is a good approximation as long as the current in the
ergodic zone is zero) and in the first step of the approximation the perturbing field, created
by a helical current sheath at the radius a, has the form B(r,¢,z) = b(r) - explile+kz).

For the following considerations, a helical coordinate system is defined with unit vectors in
radial direction (€,), 2) in the direction of the perturbation current €, ; i.e. in helical direction
and 3) into the direction perpendicular to (1) and (2) i.e. €, ; = €, x €. In this coordinate
system the perturbation field components are in €, and €, , directions only; the main
component of the equilibrium field is in €, direction and a smaller component in the
direction &, byej) oq = (por/T - B/m) = (0.16-a/r - 0.177) T. The numbers are
selected such that they correspond to the TEXTOR data: B, = 2.25 T, m=(+R)/(n-a) =
12.7 (the slope of the helix), and the value b,y is such that the slope of the helical
perturbation current equals the pitch of the equilibrium field at r/a = 0.9 (resonance
condition). At this value of r/a=0.9 the value of b, , ., is zero. The helical equilibrium
field component is byeeq = b, = 2.25 T.

The differential equation for the perturbation field can be solved in form of a recusing
relation. For a steep slope of the helix, one obtains




blfeh.—pcrt = -l a, * ('2) * OOS((‘b)

o r -1
bhel_l.-pert =1- a, (;) : OOS(d))

The index "i" refers to the solution inside the current sheath and "o" to the outside one, 1*a,
is the perturbation amplitude at the current sheath and ® is the angle in the helical coordinate

system.

The total magnetic field components in the €-8,; | plane by, = (Bpej 1 oq T Phel L -pert)Chel L
+ b;_pert€; has some fix points, where the by, = 0. Fig. 1 shows the radii of these fix points
as a function of the perturbation field amplitude inside the current sheet. Depending on the
amplitude, two, three and one fix point solution can be found. The phase condition of the
"left" branch requires ¢ = 2ju/l, j=0,1,... and it is an "x-point"; this branch persists for
all perturbation amplitudes. The phase of the "middle" branch (0.9 < r/a < 0.98) and the
"right" branch are ¢=(2j + 1)«l where the middle one is an "O-point" and the right one an
"x-point". Above a perturbation amplitude of 1-a, = 12 ¥ 1.5 103 T (for 1=12) the middle

and right solution disappear and additional fix points remain in the current sheet and outside.

A field line tracing within the € -€,; , plane provides either closed or open curves depending
on the starting position and the perturbation amplitude. Examples of these contour plots - in
particular for contours near the separatrix - are shown in Figs. 2 - 5. At a low perturbation
amplitude of 12 + 2-10* T, an island like structure is found near the resonance surface r/a
= 0.9. With increasing amplitude the closed area increases and reaches fora, = 7.4- 104 T
the current layer. The solution of the three fix points is shown in Fig. 4. This case is
representative for a perturbation current of about 2.4 kA/mode in TEXTOR. Finally Fig. 5

shows the case corresponding to a perturbation current of 4.8 kA. Under the assumption of
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complete helical symmetry, the contour plots represent y-functions as well.

The complete helical coil system will show no ergodicity of the magnetic field lines because
only one Fourier component is present. This feature changes, if the helix is wound only over
strip e.g. 1/3 of the azimuthal circumference. Now the perturbed magnetic field contains
many Fourier components and both the axial and the helical symmetry are broken. Therefore

y-functions do not exist any longer.

It is assumed, however, that nevertheless the magnetic field pattern near the perturbation
coils and away from it can be composed of two parts: outside of the perturbation area the
field lines are taken from the equilibrium field only and near the perturbation coils it is
treated as sum of the equilibrium field and perturbation field. The analysis is performed again
in the € -€,; | plane. The effect of the finite strip width of the perturbation coils is taken into
account by following the field lines over a maximum length in helical direction of 2#R which
corresponds to one toroidal path in the torus. It is of particular interest to determine the area
from which the magnetic field lines intersect at least once the wall during one toroidal turn
(Az = 27R). To find this, starting points of the field lines wére chosen at r/a = 1 and field
lines were traced backwards. Examples of this analysis are shown in Figs. 6 and 7. In
agreement with the expectations, the field lines penetrate less deep for the lower perturbation
current than for the higher current. For the 10 kA perturbation current, about 50% of the

area with 0.85 = r/a 1 is covered.

The data are explained in the following way: Particles starting from outside the perturbation
coil influence follow the equilibrium field and move in the given representation along
horizontal lines (at the resonance layer r/a=0.9 they stay on the same phase while due to the
shear all other field lines follow the horizontal direction). These equilibrium field lines enter
the perturbation pattern at an arbitrary but predictable phase. If they end in the area marked
by the finite length field lines the particles will be swept to the wall within a toroidal turn.
If the enter the other area the particles will predominantly be swept towards the plasma core.
The perturbation field in this representation can be regarded as a vortex. One sees also that
the highest heat and particle flux would occur near the separatrix because there the field lines
penetrate deepest into the plasma.
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For the proposed perturbation coils an analysis following basically this idea has been started.
Up to now the magnetic field has been projected into the helical coordinate system and the
fix points described above have been found. As was found in Fig. 1 the three fix-point
solution is found for a small range of perturbation current amplitudes. The characteristic
value for this solution agrees within 20% between the cylindrical model and the proper coils.
It is therefore assumed that the simplifications in the model due to the cylindrical geometry
and due to neglecting the transition between equilibrium and perturbation limited fields are

not critical.

The near field model may not be of importance for TEXTOR only, it may also be
transferable to divertor scenarios of the stellarators like WENDELSTEIN 7X with its island
divertor concept and LHD (Japan) with a near field type divertor concept. At TEXTOR, the
near field will reach deep inside the island / ergodic zone and the evaluation and separation
of effects due to the near field and due to the "resonant islands” will not be trivial. There
will be an option to study preferentially the interaction with the islands or with the near field
by leaning the plasma either on the toroidal ALT-II limiter (remote from the perturbation

coils) or on the inner bumper limiter.
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Figure captions:

Fig. 1:

Fig. 2:

Fig. 3:

Fig. 4:

Fig. 5:

Fig. 6:

Fig. 7:

Solution for the fix points in helical symmetry. At a low perturbation field two
solutions exist, in a narrow band three solution exist and for higher amplitudes

only one.
Contour plot in the €,-€;,,;; plane for a low perturbation amplitude.

Contour plot in the €-&, , plane for a perturbation amplitude a, =
7.4+10% T; for this case the separatrix just touches the boundary r/a = 1.

Contour plot in the €-€,,, plane for a perturbation amplitude a, =

1.5-103 T; for this case three fix point solutions are found inside the

cylinder.

Contour plot in the €-€,., plane for a perturbation amplitude a, =
3.0-1073 T; this case corresponds to a perturbation current of 4.8 kA.

Contour plot in the €-&,., plane for a perturbation amplitude a, =
1.5-103 T; this case corresponds to a perturbation current of 2.4 kA. The
lines starting at r/a=1 represent magnetic field lines with a length of 27R, i.e.
they would wind once toroidally in the near field of the perturbation coil. The
radial scale is expanded relative to Fig. 4.

Contour plot in the €-€,,, plane for a perturbation amplitude a, =
3.0-103 T; this case corresponds to a perturbation current of 4.8 kA. The
lines starting at r/a=1 represent magnetic field lines with a length of 27R, i.e.
they would wind once toroidally in the near field of the perturbation coil. The
radial scale is expanded relative to Fig. S.
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6. Physics Considerations for the TEXTOR in-Vessel High Field Side (HFS)
Certurbation Coils

T. Evams,
General Atomic, San Diego, USA

6.1 General discussion of HFS versus LFS magnetic perturbation coils

The proposed system of perturbation coils to be installed inside the TEXTOR vacuum vessel is
unique in several respects. These coils will be wound toroidally around the TEXTOR centerpost
with a helical pitch matching the angle of the magnetic field lines on the q = 3 surface at the
equatorial plane on the High Field Side (HFS) of the discharge. The only other experiment with
internally mounted coils is Tore Supra'>. Tore Supra has six modular coils located on the Low
Field Side (LFS) of the plasma. The Tore Supra coils produce sizable poloidal harmonics ranging
between m=16 and 24 with either an n=6 or n=3 toroidal mode number depending on the toroidal
phasing of the currents in the six coil modules. Since the poloidal mode number of the TEXTOR
coils is centered at m=12 the radial decay of the perturbation field will be somewhat slower than in
the TORE SUPRA case. All other ergodic limiter experiments (e. g, TEXT* and JIPP T-ITU®)

have used modular coils located outside the vacuum vessel.

Since toroidal field variations produce changes in the size and the shape of the magnetic islands
driven by the perturbation coils there are interesting plasma physics effects to be considered when
analyzing the topology of the islands and their relationship to the production of an ergodic layer.
These are, in principle, independent of the location of the perturbation coils, from the resonant point
of view, once the geometric properties of the resonant conditions are established. Nevertheless, a
competing process for coils located in close proximity to the plasma is the non-resonant or so-called
near field effects of the coils. These near field effects compete with the resonant effects (i. e., islands
and ergodic layer effects) to influence the trajectories of the magnetic field lines when they make a
close approach to the perturbation coils. Thus, the location of the coils is important because the near
field effects will be competing either with radially narrow, poloidally elongated, islands for LFS
located coils or radially extended, poloidally compress, islands when the coils are located on the

HFS. These considerations are important to keep in mind when assessing the local field line
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intersection patterns on plasma facing surfaces in the two configurations and when analyzing the
plasma transport effects caused by the magnetic islands and the ergodic layer.

With respect to the island/ergodic layer transport considerations one must know the width of the
ergodic layer compared to the depth of penetration of the near field effects for a given coil current
and coil location. Since the near field effects increase with the current in the perturbation coils, the
depth of penetration of the near field effects into the edge plasma also increases with perturbation
coil current. As discussed in the paragraph about the "Structure of the Near Field" there is possibly
a close connection between near field effects and ergodicity; both effects may just be different
pictures of the underlaying physics. Detailed investigations are required on this field.

On Tore Supra the TRIPND field line tracing code’ was used to calculate the near field penetration
distance for the Tore Supra coils. Because of the relatively fast radial decay (i. ., higher poloidal
mode spectrum) of the Tore Supra coils and the modular coil design, rather larger perturbation coil
currents are required to produce the ergodic layer in Tore Supra. Additionally, since the Tore Supra
perturbation coils are located on the LFS the ratio of the local radial fields near the coils to the
toroidal field is larger than if the same set of coils were located on the HFS. The net results is that
the near field effects distort the field lines locally such that the entire ergodic region is pulled out to
the coils and the walls at each of the six toroidal coil locations. Thus, while the vacuum magnetic
topology appears to be ergodic the particles and heat are never feel the effect of the ergodicity
because they are lost to plasma facing surfaces around the coils modules before they experience a
significantly long residence time in the ergodic structure. Thus, Tore Supra is only able to produce a
truly ergodic layer (i. e., for the heat and particle fluxes) when the plasma of reduced radius is
positioned against the HFS wall and the current in the ergodic divertor coils is kept between 18 to
36 kA depending on the edge safety factor, the radius of the plasma, and the ergodic volume
required’.

In TEXTOR, a smaller perturbation coil current is required to produce the desired ergodic volume.
The GOURDON field line tracing code predicts an ergodic layer with a DED perturbation coil
current between 9 and 15 kA depending on the volume one wants to fill with ergodic flux (see the
paragraph on "Structure of the Ergodized Layer" in this document for additional details on the
GOURDON Code calculations for TEXTOR). A similar analysis of the TORE SUPRA coils with
the TRIPND field line tracing code gives an ergodic threshold current of 24 to 36 kA in order to
achieve the desired ergodic volume and edge safety factor. In TORE SUPRA the width of the
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vacuum field ergodic layer with an ergodic divertor current of 24 kA is approximately 12 cm (on
the LFS) and the near field effects of the perturbation coils dominate the outer 15 to 20 cm of the
plasma in this configuration. In TEXTOR, a 9 kA the ergodic layer is approximately 3 cm in width
on the LFS and 7 cm in width on the HFS. The near field effects of the TEXTOR HFS coils only
affect a small fraction of the 7 cm ergodic layer in this case. Moreover, with the resonant layer
positioned in the optimal configuration to achieve good power sharing between the inner bumper
limited and the ALT II limiter, results from the GOURDON code indicate that a sufficiently large
ergodic volume will exist between the core plasma and the region where local effects from the
perturbations coils dominated to effectively radiate a sizable fraction of the core heat flux to the

vessel walls.
6.2 What is expected to be learned from the TEXTOR HFS coil configuration?

As discussed in the previous section, the TEXTOR coil geometry is particularly interesting because
the ergodic layer is wider on the HFS of the discharge and the local perturbation coil effects do not
destroy the entire ergodic layer. Unlike Tore Supra, the ergodic and local effects will coexist in
TEXTOR and can be used to optimize the power and particle exhaust processes while maintaining
good core confinement conditions. This, combined with the dynamic capabilities of the ergodic field
structures and the extensive array of plasma diagnostics on TEXTOR, put the proposed DED
program in a unique position to answer a number of critical questions which are needed to better
understand the physics of mixed ergodic-island layers and how they can be used as an adaptive
interface between hot, well confined, plasmas and plasma facing components (PFCs) which need to
be protected from high heat fluxes.

It should be noted that experiments in Tore Supra resulted in very different plasma responses
depending the position of the plasma. With the plasma limited on the LFS near the ergodic divertor
coils the plasma density decreased dramatically and the recycling flux increased as soon as the
ergodic coils were activated. In this geometry the local perturbation field from the ergodic divertor
coils connected a relatively large fraction of the edge magnetic flux directly to the divertor coils and
the walls behind the coils. Thus, the edge of the plasma (i. e., r/a * 0.8) is connected to these PFCs
over a relatively short distance. The ergodicity of the field lines has no real effect on the heat or
particles because the effective connection length is to short for ergodic effects to play a role. If on
the other hand, the Tore Supra plasma is limited on the HFS wall and the ergodic divertor current is
kept as low as possible, while obtaining a reasonably wide ergodic layer without introducing
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significant near field effect (i. e., reducing the plasma radius and moving the plasma as far away
form the coils as possible), the plasma response is exactly opposite that in the LFS configuration.
" These effects have been carefully documented in both ohmic® and additionally heated plasmas’.
Therefore, based on the Tore Supra results for HFS versus LFS limited discharges, we see that
there are clearly some important physics issues which need to be sorted out in connection with the
effects of magnetic topélogy in the edge of the plasma. The TEXTOR DED program will be in a
extremely good position to address these unresolved ergodic layer physics issues both because of
the position of the perturbation coils and because of the availability of a comprehensive set of
plasma diagnostics which will be specifically tailored for these studies.

Based on our experience from previous ergodic boundary experiments we would argue that there
are a range of questions concerning phenomenon such as: plasma detachment, the properties of
MARFEs and their onset, disruptions and their avoidance, transport and fluctuations in ergodic
layers, the detailed properties of magnetic islands, recycling control, radiation control, and impurity
screening effects which can be addressed more effectively than in previous experiments with the
TEXTOR HFS perturbation coil design. In addition, the TEXTOR DED data will provide a
different view of the ergodic boundary and its effects on the core-PFC interface. This information is
essential for developing the analytical and numerical models which are required if one expects to
scale up the ergodic boundary concept for high power, reactor grade, plasma applications and for
developing effective edge plasma feedback control strategies which will be needed in power

reactors.
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Part III: Specific Aspects
7.  Parametric Variation of the Inboard Field Line Pitch Angle

A. Rogister,
Institut fiir Plasmaphysik, Forschungszentrum Jiillich, Association EURATOM-KFA

~ 7.1 Introduction

The rod array of the Edge Ergodic Limiter on TEXTOR has been designed to generate

magnetic islands on the g=g¢q, =3 magnetic surface (q is the safety factor), assuming
Bgz =2.25 Tesla (toroidal magnetic field at the centre of the cross-section of the last closed
magnetic surface, LCMS, or separatrix), I, = 0.42 MA (total plasma current), and

<ﬂpol>r=a = (16 z ]I‘P rdr) / (rB§°))2 =1

r=q

a is the minor plasma radius; ¢ is the toroidal angle, B;") (r) is the average of the poloidal
magnetic field, B, (r, %), over the poloidal like-angle x. If the major radius R at the centre

of the LCMS is 1.75 m, the nominal edge safety factor is q. = 3.24 [q(r) = 5r” BY) / ROI(r)
with the units: meter, tesla, mega-ampere]. We obtain here, by means of a large aspect ratio
expansion of the tokamak equilibrium, the equation of the pitch of the field lines on the outer

magnetic surfaces as function of (,BPO,>,Z , (internal inductance of the toroidal current), q(r) and

¢ (inverse aspect ratio). The relation to be satisfied between variations of these quantities
away from their design values in order to maintain a resonant drive of magnetic islands then

follows.

It should be noted that, up to first order in ¢ ~ a/R , the Shafranov shift A is of order &R ;
as a consequence, the theory does not distinguish between the major radii R®and R{” =R,
which refer, respectively, to the centre of the LCMS and to the magnetic axis, nor between

) © _
B¢,a and B¢’° = B¢,0.
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7.2 Geometrical Considerations

It is convenient to introduce orthogonal Gauss surfaces W(7), x(f) and ¢(F) such that

Y(r) =¥ are toroidal nested magnetic flux surfaces:

#

1 27
= — !d¢ desvh¢h B

vr

whereh, = [Vg F)[*, b, =[VFE)|,
x(#) = g, is the family of toroidal surfaces orthogonal to the formers and limited by the mag-
netic axis [equation: P(¥) = 0], and ¢(F) = ¢, are the planes orthogonal to the ¥(r) =¥ and

to the magnetic axis.

Within the framework of the large aspect ratio expansion, the flux surfaces ¥(¥) =¥ can be
identified with excentric circles. There exists therefore a transformation from
YFE)=¥ to P(F) = r,, where the r,’s are the circles radii. It is possible to show, from the
mere pressure balance and Ampere’s equations, that the metric of the Gauss space is fully

described by the equations™ (note that x = 0 in the outer equatorial plane of the torus):

h=1-Acosy (1a)
r A,

h, = r(l— I;T ar' cosz) (1b)

h, =R0(1+a cosx), (10

where ¢ (r)=r/R,, A'(r)=dA(r)/dr; the Schafranov shift A(r) is solution of the equa-

tion
. 1 ,d 87 dP
A =-R—O—A ?d; tn (B;o)zr)—mrgr‘, 2)
z

where P(r) is the plasma pressure. It is readily seen that the Shafranov shift is small (is of

order £ ) in comparison to the minor radius:

provided the local poloidal béta, or rather the local parameter
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o (r) 8z dP
= y ——
B @

is small in comparison to 1/& (is of order unity). We note that the related variable

a(r) = —(87qu2 / Bz) dP | dr = ea” is the key parameter of high-n ballooning mode theory®.

In this representation, the poloidal and toroidal magnetic fields are given, up to first order in

the € expansion, by the expressions

B, =B,, (1 — £ cos );), (3a)
B, =B (1- A cos 1), (3b)
A=¢e-A". (3¢c)

B,, is the toroidal magnetic field generated by the coils; BY (r) is the solution of the equa-

tion
1 d
yar

where J,(r) is the toroidal current density resulting from the induced loop voltage or other

= (rB®) = 7J¢, )

drives.

The critical parameter for the spontaneous or external generation of magnetic islands is the

pitch of the undisturbed magnetic field lines:

V2= [Z@ - ©)
The safety factor q(r) being defined by

q=fven L= éﬁ;‘}zo . ©
one also has

vir,z)=q(r) {1 - (6‘ + A"+ ]%dr'j cOS Z} ¢

The interpretation of the safety factor v(r, x) is best given by considering first an infinite

plasma cylinder, Ro being then an axial periodicity length. It is evident that a complete helical

current carrying rod array, covering the entire magnetic surface r = 1o, should have the same
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periodicity as the equilibrium magnetic field on the rational magnetic surface r = r, on which
magnetic islands are to be generated; thus
i, B, .

iR, BO()R,

The safety factor q(r) and, by extension, the pitch angle v(r, x) = (dd)/ d)()l_3 are thus mere

m.|§

q(r.)=

geometrical factors related to the periodicity of the helix: cylindrical geometry introduces, by

comparison with slab geometry, a factor proportional to r; in toroidal geometry, the Shafranov

displacement of the centre of the magnetic surfaces leads to the additional factor h, (r, x) /.

7.3 Variations of the Pitch Angle of the Field Lines

In the proposed experiment, the current carrying rod array does not cover the full range of
poloidal angles but, rather, is limited to % ]— 6, +m0, + n[ with 6, of the order of ©/3. As

a consequence, the relation between the toroidal and poloidal current components, on the one

hand, and the corresponding magnétic field components, on the rational surface r = 1, defined

by q(rs) =m/ £, on the other hand, will be

ih, (ro,x = ﬂ') _ BM[I + s(rs)]hz(rs,x = ﬂ')
i Bof1-5(n)|  BO()1+AG)|R]1- o)

Noting that ro/rs = 1 + (1o - 1:)/1s, where the ratio (ro-r)/1s is also small (say of order &), the

]=v(rs,;(:7r). @)

ratio hx(ro,n)/ hx(rs,n) can be approximated by ro/r, the correction being of order &;

likewise, the ratio Ro[l - s(ro)] / Ro[l - e(rs)] can be approximated by unity; thus

i B r,—r, >
st

where both A’(rs) and (ro - rs)/rs are of order €.

The above considerations refer to the reference discharge for which the rod array is designed.
If other discharges are now considered, in which A’ is varied by modifying either the plasma
pressure of the internal inductance [Eqs. (10a), (10b) and (11) hereafter], then the parameter of

which the variations have to be discussed is
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r,z)= q(r){l + (a +A + j.r%dr'ﬂ . ®)
One finds

vr,7) _ 53(r) Y

Arz) - ) (5‘9 +on'+8] d’) : (%)

it is noted that 8¢ = 8[(5r/ r) -—(6RO / Ro)] is necessarily quite small (at least of orders?); it

thus can usually be neglected, a significant pressure scan (i.e. one corresponding to variations

of order unity of the poloidal béta) entailing a range of variations of A’ of order ¢,

Srdr'A' /1" is likewise negligible.

Integrating Eq. (2), with the requirement that A’ be finite (actually vanishes) on the magnetic

axis, yields:
RA’' = rBE,")Z i '(Bff’z —8727"%) 7 dr' @)
_ r(%— (B - B,,OJ .
Here B = ;;Loi (10a)

is the plasma to poloidal magnetic field Jocal pressure ratio,

167 [Prar
(ﬂpo,>=%i’;m— (100)

is the ratio of the average kinetic pressure, within the magnetic surface of radius 1, to the local

poloidal magnetic pressure at r and

2 J.Orr'dr'B](f)2

£ = J2RO2 (11)
4
is the internal inductance of the toroidal current. Hence, in leading order,
, r (o
oA =—}_?:(—2_+5<ﬂpo’>) , (12)

assuming the ranges of 5<,Bl,°,>and 8¢, to be of order unity; we have neglected the local

poloidal B . Equation (9a) then yields:




% (2 s(p,) (139)

Assuming that all of the plasma current flows within the magnetic surfaces of interest, one has
I(r) = I, thus oI =4I ,, and

oB ol
M _Zpo O % Ry (13b)
qs B¢,0 Ip ’; R()

n 3

According to the observed "profile resiliency" °, the temperature profile and thus (if the

variation of the bootstrap current is negligible) the current density profile may, to a good
approximation, be considered as having a canonical form, g, being fixed. Under those
conditions, &, =0 if

9. =q.r /a (14)
and hence the radius r, of the rational surface are held fixed. The pitch v(r,7) of the field lines

therefore cannot be held constant on the initial surface r, when varying the pressure. The pitch

V(rs + or,, 7r) on the surface g, +dg, can however be identical to the initial pitch V(i;,ﬂ) if

L2 f{p) 13)

If q. is increased (decreased) in ohmic discharges, the current density profile has been

observed* to shrink (to expand), J(i/a) being a canonical function of ¢'*r / 2">a . The width of

the current channel is thus proportional to ¢,". Since, outside the current channel, the radius
r=r, of the surface q=q; is also proportional to g, it follows’ that &¢ ,.(rs) =0. Once again,
the pitch of the magnetic field line V(rs,ﬂ) cannot be preserved on the initial rational surface,
i.e. with &, =0 and &, =-rdq,/2q,, when varying the pressure. One can however obtain
é'v(r;, ) = 0 on the surface g, + dq, where

&, &, 20, t,
= -+ - —
9 4. L R,

58,0 (16)

Owing to the experimental design, the rational surfaces qs = 3, g, = (12£1)/4, etc, have a
special significance. Thus &g, =%1/4, etc, in Egs. (15) and (16). If &g, =0, then
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&, =r0q,/2q, =+r,/ ms, etc, § being the shear parameter which, in the currentless outer
layer of cylindrical cross section tokamaks, is equal to 2; m = 12 is the reference poloidal mode

number.

It might thus be expected that the effect of magnetic islands will be felt for discrete sets of

values of < ,Bp,,,>, separated by "quantum" jumps 5<,8pa,> of order R, /12r, ~1/3.

In Appendix, analytical forms of <ﬁpa,> and £, are given for certain families of pressure and

current density profiles.

7.4 Appendix

In accordance with approximations mentioned in the text, we consider pressure and current

density profiles of the form

P() = B1- (r/a’)] r<a <r, (A-1a)
P(r)=0 a<r, (A-1b)
and J() = J, [1 ~(r /a')z]# re<a’ <r, (A-22)
J@r)=0 a <r (A-2b)

Defining p=r/a’, it follows immediately that

ma*? J
» = =, (A-3)
u+1
p+l
21 [1— 1-p* ]
0 = =2 ( ) , p=sl (A-4a)
ca ol
271 1
BY =—%—, (A-4b)
ca p
pz e 2
I [1—(l—x) ] dx/x
=0 , p<1 (A-5a)

i [1 ~(1-p)" ]2
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£i=£,.(p=1)+2lnp, p21 (A-5b)
_2m’(P) 1- (1 —~ pz)M ]

B~ 6o psi (o)

(B} =(Boa) (p=1). p=1 (A-6b)

where (P) = 2_[: Prdr/a®=(a’/ a)2 P, /(A +1) is the volume average pressure.

The internal inductance of the toroidal current (A-2a) can be cast in the form

S o vl S

’
n'=0  a'=u+l n'+1

n-1

for p entire [this result follows immediately from the identity 1—y" = (1 - y) Z ™ ]. Assum-
n'=0

ing p=3, which is typical of tokamak ohmic discharges, yields £ ,.(p = 1) =145. If the plasma

current is 420 kA, the toroidal magnetic field By = 2.25 Tesla and the major radius Ro = 1.75
m, the q=3 surface has a minor radius r = r, = 0.44 m; if the current channel is limited by the

surface q = 2.5, then 2’ = 0.40 m. Hence £,(r=r,) = Z,.(r = a') + an(rs /a') = 164.

Assuming further No = 5 x 10 m®, Top = T = lkeV, 4 = 3 (N o T o 73y yields
</3po,>(p > 1) =023, <,Bpal> values of order unity require larger densities and larger tempera-

tures; in view of the high density limit, auxiliary heating is then required.

With the above data, A’ (r =1,) = 0.264 and A(r = 1,) = -0.012, the latter result implying that
the dependence of the poloidal magnetic field on the rational surface q=3 is very weak.

However, if <,Bpo,> =1 and, as above, 1,(r = rs) =164, then A’(r = rs) = 0458 and

A(r=r)=-0207.
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8. Penetration of the Rotating Magnetic Field into the Plasma

D. Faulconer, R. Koch,
Laboratoire de Physique des Plasmas-Laboratorium voor Plasmafysica, Ecole Royale

Militaire-Koninklijke Militaire School, Bruxelles-Brussel, Belgium, Association EURATOM-
Belgian State

8.1. Introduction

For present purposes the TEXTOR dynamic ergodic coil array can be viewed as a toroidally
extended multipole antenna on the inboard side of the tokamak, the conductors of which lie on
a given magnetic surface and run almost parallel to the magnetic field thereon (coil and field
helicities match exactly in the outer plasma on the q=3 surface (q is safety factor)). Standard
phasing of the currents in the individual conductors presents a predominantly m=12, n=4
current excitation to the plasma (~exp(-iot); mn are poloidal, toroidal mode numbers,

respectively).

Under normal TEXTOR running conditions Ohmic current I, is antiparallel to By; viewing the
poloidal section with inboard side to the left, both I, and the j (toroidal) direction are taken to

point out of the page giving for the component of the wave vector parallel to B,,.

m-—n
k, = 7 (1.1)

The wave K's are calculated on the inboard equatorial plane in slab approximation. We shall
adopt the following conventions: the minor radius direction is 7, the toroidal direction z and the
poloidal one y, forming the reference frame (r,y,z). We shall consider a second reference frame
(x, yr , zy) with z; the direction of B,, x=-r and y7 the direction transverse to B, lying in the
magnetic surface; for g=o , (x, y1, /) = (-,-),2). In these coordinates an arbitrary vector w is
written (wy, wr , w;)). We shall first work in the system (x, yr, z/) linked to the magnetic field.

The transverse component of the wavevector is:
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(3

kT = N (1.2)
r[l+ (—’:—) ]
Rq

and ky is to be determined from the dispersion relation. Here

g/ %) (a;+1)

7= 1-(-/5))"" 43

Imposing q(0)=1, g(.42)=3, and plasma radius ry=.46 (mks units), one has a;=2.6; the wave
properties are evaluated at the plasma edge (r=.46) giving from the above formulae (Ry=1.75,
R=1.29) q(.46)=3.6, k=26, k/,=-51. For the calculations a value B,=3.4T was taken,
corresponding to Bo=2.5T on-axis, with 7,=5. 1018m3 as edge density for a deuterium plasma

and 7,=T~=100 eV.

8.2 Wave propagation at low frequency

In order to investigate the penetration of the field created by the coils, we shall first determine
which are the waves that can propagate inside the plasma. To do so, we adopt a WKB point of
view where the field is assumed to vary as exp [i(kx-ot)] and examine the plasma dispersion
relation in two limits: an augmented version of a cold collisional plasma and a warm collisional

plasma.

The waves in the plasma are described by Maxwell’s equations (in the WKB limit V=iK) :

VxH=]j,—iwgE 2.1

VxE=ioB , B=yH (2.2)

where j, is the particle current described by a conductivity tensor o

j,=0E (2.3)

and Egs.(2.1-2.3) can be recast in terms of the dielectric tensor £




2=I+i§/a}ao 2.4
w’=

VxVxE=—¢E (2.5)
c ‘

Plasma wave descriptions differ by the choice of approximations leading to different
expressions of the dielectric tensor. In the cold plasma limit,

25 _

dk

and the system allows two propagation modes : (1) the compressional Alfvén wave or fast

wave or magnetosonic wave, that we shall refer to as the fast wave (FW) and (2) the shear

Alfvén wave that we shall refer to as the shear wave (SW).

In the warm plasma approximation, finite ion gyroradius corrections are kept up to first order
in temperature [O(kerz,. )] while a full kinetic description is kept in the parallel direction,

involving the Fried & Conte dispersion function. In this warm plasma description there exists

an additional (kinetic wave) solution.
8.2.1 Augmented cold, collisional dispersion relation

Our point of departure is the cold, collisional, linearized momentum equation for the a-th

particle species in absence of zero order particle drifts

5;; = q(E +v, X Bo) -m,v,v, (2.6)

m

a

vi=(me/mj)ve is used for ion collision frequency with ve put equal to 105 Hz for the edge

conditions above. With dependence ~expl[i(k-r-ot)],

i(0+ivy) ~Ocg, 0
(0Hve -0k, (0HVe)?-0Zy
_ Dca i(0+ivy) 0 qoko
* (03+iVa)2'03%a (@ +iVa)2'(°%a Mg
0 0 i
B CALCTE 2.7)
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whence the vector of complex oscillation amplitudes, Ary=va/(-iw) and the conductivity tensor

i= Z n,q,v, =0 E. The case of a rotating plasma can be dealt with via replacement of ® by

its Doppler-shifted value w-k,vo,.

For o=e the denominator of the 3,3 element of the above tensor is modified to

0+ive-k//ZkpTe/mewn in order to account for the effect of parallel electron pressure. Solubility

of the wave equation kx(kxE)+ko2£'.E==O requires the following dispersion relation be

satisfied (k2=ky2+kT2)

el - €

2 4
4 2 _12[e3 2 -9 . K 2|
ark’ -[|[21—=2 +¢ ko-k24—+ 1)k + g5 k4L -2 + L _2K2k% | = 0
T[T 3o A, L79g e 4 (2.8.1)
where a second (finite ion Larmor radius) thermal correction,
a1=1+(ko2e3kp Tie 1mi0ci2)opi2[ 1/(0ci2-02)-1/(40ci2-02)] (2.8.2)

has been included to render the shear Alfvén wave “kinetic”; €11=e22= €1, €12= -€21= i €2, €33=

£3 have been used.

In order to determine accessibility of the coil fields to the q=3 surface, scans of ky=V(k12-kT2)

were made for frequencies extendihg to 107 Hz, the expanded upper limit allowing contact to
be made with the familiar ICRH range. For the plasma parameters noted in Section 1, values
for both waves are plotted simultaneously on Fig.1, a given plot showing either the real or the
imaginary parts of the two kx's (only the roots with positive Im{kx} are retained); note that the
plotted function is shown as zero when its absolute value becomes less than 1, with use of
logarithmic (base 10) scales outside this region. The compressional wave shows vacuum
dispersion, kx=\/(kA2-kT2-k//2) ~ ik (ka=0/va, va=Alfvén velocity), giving reasonably good
penetration across the 4 cm between the plasma edge and the q=3 surface (recall kx in mks
units). To the contrary, the shear wave wavenumber has prohibitively large imaginary part over
all but the upper end of the region relevant to the dynamic limiter, around 104 Hz. In fact ky

becomes large enough to invalidate our neglect of finite Larmor radius effects.
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It is striking that the exclusion of the shear field becomes more complete as the frequency
drops, in contrast to the classical skin depth behavior. In view of the large k; values in
question, one can derive an approximate dispersion relation for this wave by balancing the

quartic and quadratic terms in the full dispersion and using | £3| >>les},|€1]

2 - £3 ( 2
1(J_shear ~ are kser - k%/) 29
Let us see in what sense this formula contains the classical behavior. Taking Tj low enough to
have ar ~ 1 and assuming ko2le1>>k/2 (i.e. ©02>>k/2va if ©2<<wci2), one has k)2 = ky2e3 ~
ko2(g3-1) = ko2i033/0080=io0033; further assuming kT small such that ky~k gives for the skin

depth of the shear Alfvén wave

S Im{Kkyshear} Im{ Vo033 } Ho®O33 (2.10)

where we have neglected kj2kpTe/mew in 033=a)pe2ao/(-ico+ve+ik//2kBTe/meco) and taken
ve>>0 to find o33 real. Thus for small enough kj the classical behavior of increasing
penetration with decreasing o is recovered. However, over the relevant range, <104, ky; is far

greater than such values and w2<<k/2va2.

8.2.2 Warm collisional plasma

The warm collisional plasma dispersion relation is obtained by truncating the general dielectric
tensor expression of Stix [1992] to first order in (k’r/). The explicit developments are given in

[Bhatnagar et al. (1983)]. In addition, electron-ion collisions are introduced via the simple

collision term (—ait)=-uf in Vlasov’s equation, using the expressions for slow ions and fast

electrons given in the NRL plasma formulary. The essential modification is that o is replaced
by o+iv in the Z dispersion function, as defined in [Descamps et al. 1991] (plus in certain
other places in the dielectric tensor). These elements are implemented in the dispersion code

HOTRUF.
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Cases were run for the same parameters as in Section 2.1. The results are given in Fig.2. There
are problems of numerical stability at frequencies below 10 Hz. The two non-FW roots are of
the same order of magnitude, namely that of k,~7;'. This means that both of these roots are

strongly affected by temperature corrections and have values that lie outside the validity range
of warm plasma theory. By exclusion this implies that there exists no root with low |kl| <<r;}

other than the FW.

Including the results of Section 2.1 in the picture, the conclusion is that only the FW will
transmit long wavelength (A>>1;) magnetic structure and that the additional wave(s) that may
exist in the plasma : (1) are most probably strongly damped or evanescent with e-folding length
~ ry; and (2) have a dispersion that is strongly dependent on the details of the plasma model. In
conclusion, the magnetic perturbation will be transmitted by the FW that has the vacuum

dispersion and the other polarisations will be blocked at the plasma surface (E,= 0).

8.3 Polarisation : the low frequency limit of the FW

It is well known that the FW equations can be obtained by taking the zero electron mass limit
in the dielectric tensor. This amounts to taking &, — co which in turn implies E,—0. The FW
equations are then usually written in terms of E, and B, (see e.g.[Koch, 1986]). However, in
the dynamic ergodic divertor (DED) problem, considering electric fields is not very
illuminating because at low frequency the current excitation of the DED coils generates nearly
no electric field. In this respect, one can anticipate that in the low frequency limit, the E~=0
condition won’t affect anything other than the electrostatic component of the field, not present
here as there is no excitation charge. We thus shall express the FW equation in terms of the
magnetic field using Eq.(2.1):

2.4

E=-"—7 (kxB) 3.1
(/)]

Using this in Eq. (2.2) gives

k2B =—kx[z  (kxB)] (3.2)

The FW equations are obtained by taking the limit &, — co. We also take the low frequency
limit
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2
Pi

&=0, g=io/we) ~—5
w

ci

B, k, 0
kKleB=k B, |-kB,k, |+ 0 (3.3)
0 0) \k’B,

or, separating components

‘ 2 602 Bx . kx
R

(€ - 75)B. =0 (3.5)

A

At low frequency (i.e. for w/k,<<V)), these yield respectively

B
B= kk—’ (3.6)
k? B;=0 => k’=0. , 3.7

These equations are equivalent to the magnetostatic field equations :
kxB=0
k.B=0

The first relation implies Eq.(3.6) and subsequently the second one implies Eq.(3.7)

Conclusion: At low frequency the FW equations are identical to the magnetostatic field

equations.
Corollary: The E,=0 condition on the FW should not affect the magnetic field penetration.
The condition for the FW equations to reduce to the vacuum magnetostatic field equations is

@ .
il <<V,, i.e. (for op»oe)

z

k,

@,
>> ko~ (3.8)

c1

Under the edge conditions defined in Section 1, this amounts to

lk,|>> 13k, ~2710°m™ (at 10 KHz) | (3.9)
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Note : Eq.(3.6) shows that the limit where the current is purely parallel (=>B,=0, k;=0) is

singular. Examination of the coupling problem will shed more light on this.

8.4 Field coupled by a wire current to an infinite plasma slab.

In this section, we compute explicitly the magnetic field induced by the current flowing on an
infinitely thin wire placed in front of the plasma at an arbitary angle o to the z-direction see
Fig. 4.1. The geometry is that of Fig.4.2 and the space is assumed infinite in the y and z
directions. Note that we place the origin of the r coordinate at the conductor location. In this
infinite space case, the angle between By and the toroidal direction is irrelevant, so we take
B,=B,1, Note that the direction of By is independent of r so that the theory investigates
coupling to a plasma with a constant g. The effects of the variation of ¢ will be discussed in

Sections 5 and 6.

8.4.1 Wire current spectrum

We consider a current I =1 A on a filamentary wire at an angle o to the By direction :

0 0
J=|tga|o(y—ztga)d(r)=|tga| J(y,2)6(r) 4.1)
1 1

The current spectrum follows from

J(k, k,) = f_";e""”‘"“ﬂa(y —ztga) dydz =S (k, +k, tga) (4.2)

We define the components of k along (subscript /) and perpendicular to (subscript p) the

direction of the current:

ki=k, cosa + k, sina, k,=k, cosa -k, sina (4.4)
The current spectrum can be rewritten
J(ky, k) = (k1 / cose) 4.5)

8.4.2 Coupling theory
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We compute the coupling in the slab geometry shown in fig.4.2. We use the formalism of
[Koch et al, 1986] where all field components can be derived from B; (TE part of the field) and
E, (TM part). It is assumed that only the FW exists inside the plasma and that £,=0 everywhere

in the homogeneous plasma, and in particular at its surface.

B, = 4, D(,0)j,, J,=6(k /cosa)tga (4.6)

with  D(r,0)= 2ShPC +al+ic, 22 ship(r+a)l 4 by for -a<r<o 4.7.1)
psh[p(a+d)]|+i& H" ch[p(a+d)]

H: =k —kl,p’ =k +k, —k,, ky=0/c | (4.7.2)

and &, is proportional to the surface impedance of the plasma :

& =[ £y } (4.7.3)

B

Z “x=—a

This TE part of the field couples to the FW inside the plasma. The TM part follows from

E, = 1 S(r,0) (k,k,j, —iH"j,) (4.8)
e,
) sh[p(r +a)]sh(pd)
with S(r,0)=- for -a<r<0 49
(r9) psh[lév(a+d)] (4.9)
and k,k,j, — Hj, = (——k — k) 5k, / cos @) = —k, 5(k; / cos ) (4.10)
cosq

This implies that E,ocw. The TM part of the field is blocked by the infinite parallel conductivity
of the plasma E(r=-a) =0.

The other magnetic field components are given by

1 ok _ dB
=L g i, L @11)
1 io dE,
B, = g [-k.k, B, +-67 = (4.12)

8.4.3 Surface impedance of the FW at low frequency

As we have seen, at low frequency the FW becomes the vacuum wave. Taking ©—0, £,—0,

we obtain for the k; of the FW
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k}=kle, —kI > k]

Recalling that the FW equations have constant coefficients, we thus obtain an analytic

expression for &; :

fk2_k2 .

BT TE

which is the same value as for vacuum, and hence there is no reflection at the plasma surface.

Because &; takes the same value as for vacuum, the expression of B, is the same as for

coupling to vacuum :

B, = p, e” sh(pd) 5k, /cosa)tga  for -a<r<0 (4.14)

We now compute the other B-field components from Eqgs.(4.11) and (4.12). We first note that
the TM contributions ( E,) to these fields all decay like o’ at low frequency and can thus be

neglected in this limit. Accordingly, in the region -a<r<0

7.2 B
B = 'IE% — (4.15)
H® sina
k; B,
B, =—3 _tg_ (4.16)
’B
Bi=B, sina+Bzcosa=-;{—2’ cosa (4.17)

where we have used k;=-k, tg a which follows from Eq.(4.2). The magnetostatic components

of the field created by the wire in vacuum are obtained by taking ko—0 ie. H*— -k’ and are

B =-iB,/sina (4.18)
B, =-B./tga (4.19)
B =0 (4.20)

Thus, we conclude that the magnetic field generated by the wire in the region -a<r<0 is

identical to the magnetostatic field generated by the wire in vacuum as long as: (1)
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k? << kZsuch that Egs.(4.15)-(4.17) become identical to the vacuum equations (4.18)-(4.20)
and (2) the FW equations reduce to the magnetostatic equations for vacuum. Note that this
latter condition (lk,| > 13 ko) enforces the former (k,>ko). Under these conditions, the facts
that (1) the field in -a<r<0 is identical to that for vacuum and (2) the FW equations reduce to
the vacuum field equations, imply that the field in presence of plasma is everywhere identical to
that in vacuum. The stronger of the conditions for being in the vacuum limit is Eq.(3.9) which
is equivalent to saying that the region | k,| <13k, should contain only a small part of the
current spectrum. The corrections to the vécuum field components due to finite frequency are

small in proportion to .

When the angle o—0, Eqs.(4.14)-(4.16) show that B,—0 but that B, and B, remain finite.
However, at the same time the current spectrum Eq. (4.2) tends to &(k,) which selects only
k=0 in violation of the condition |k,|>>13k;, . This implies that there is a limit to the smallness
of the angles o for which the field is as in vacuum. Again employing Eq. (4.2) one has that &,=-
k, tgar should be much larger in magnitude than 13%,. Considering now the array of DED

conductors, we have noted that k~26m™. Thus we get the condition

13k,
tga > —561 ~10™ for £~10kHz (4.21)

The angle given by Eq.(4.21) is extremely small so that, in the framework of this theory, we
conclude that the magnetic field induced by the DED conductors will be identical to that

induced in vacuum.

8.5. Field coupled by a ribbon current to a periodic slab

Although it will not alter significantly the conclusions reached in the previous section, the
quantization of k-space resulting from the doubly periodic nature of a torus adds a number of
subtleties to the computation of the coupling. We shall now assume that space is periodic in z
(period 27zR=8.1m) and y (period 277¢=2.89m), so that k~=n/R and k~=m/r, . Due to the
periodic nature of space, it is no longer possible to consider a single current of infinite length
like Eq.(4.1), because it is not periodic. We thus have to consider a current of finite length and
the associated feeders. Although the latter can be ignored in a purely magnetostatic

computation, they cannot be ignored in electromagnetic computations [Koch 1986]. We shall
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consider a conductor that also has a finite width w=2.8cm, located at a distance of d=1.5cm
from the conducting back wall and of a=2cm from the plasma (see Fig.4.2.). Its thickness is

Zero.

As the coupling code BRACC [Descamps et al., 1991] is available we have used it to check the
correctness of the theory of Sect.4. BRACC was originally designed to compute the coupling
of ICRH antennas to the FW. It assumes g=co and the parallel plasma conductivity to be
infinite (£,=0 everywhere in the plasma). It was modified to allow considering antennas making
an arbitrary angle o with the z direction (instead of purely poloidal). We consider an antenna
centered at y=2z=0. In order to allow it to be rotated by 90° without hitting the boundaries of
the periodic space we have taken a length /=2.88m. Unfortunately, the code being designed to
compute the field radiated by the FW inside the plasma, the number of poloidal and toroidal
modes is rather limited (jn|<400, |m|<50). We examine the behaviour of the B,, B, field
components on a magnetic surface inside the plasma (r=cst) in a region near the antenna center
(so that the finite antenna length plays no role). It was first checked that, as follows from
Section 3, the plasma density plays a negligible role in the problem, i.e., taking n,=5 10"® m? at
the edge gives the same result as taking n,~=0. Second it was checked that the magnetic field in
the plasma has the same structure as that of the vacuum field surrounding a conductor and
rotates with the conductor. Figure 4.3 shows the distribution of the magnetic field components
for the case where the conductor is rotated by o=5°. This field distribution is as expected. Fig
4.4 shows the variation of the y and z components of B at y=z=0 at the plasma surface
(r=-2.01 cm) and inside the plasma (¥ = -2.5 cm). The relation between the two reflects the
17| dependence of the field. As the angle o is decreased from 90° to 0° the B, component
behaves approximately as sino. and the B, component as cosa as should be for the vacuum

172

magnetostatic field. The progressive drop of the modulus (Bf, +B?) as o is decreased from

90° to 0° is due to the fact that the poloidal representation is poorer than the toroidal one (the
maximum £, is 109m™ for which k, w/2=1.52<m). On the contrary, the strong drop in the B,
magnitude near a=0 is a genuine effect reflecting the fact that only the FW field is coupled and
not the total vacuum field. In particular, if for a=0 one takes an antenna that is exactly 2zR

long, one will obtain B,=0 because in such a case the %, spectrum is reduced to the £=0

contribution, a part of the spectrum that one anticipates to be strongly reflected. One should
further note in Fig.4.4 that the strong drop in magnitude near a=0 sets in at angles a~2° much

larger than the limit angle given by Eq.(4.21).
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This behaviour is explained by a more detailed analysis of the coupling model in the periodic
case (to be published). The drop in field magnitude near a=0 results from the partial or
complete reflection of the Fourier components with |k/{<13k,. In BRACC, the effect is strongly
magnified by the hypothesis g=co. For a realistic value g=3.6, the field reduction when the
current is aligned with the magnetic field is by less than 2% and the width of the reduction zone
is £1°. The "more irrational” q is the less the reduction. For g=3, the reduction is by 18%. The

width of the reduction zone is larger for smaller ro, R.

The strongest reflections discussed above are a result of assuming g to be constant and
rational over the plasma edge region. This is a highly contrived idealization unsuited to
studying wave access to a localized internal rational surface, since it leads to the k,=0 rational
surface condition, when satisfied, existing simultaneously in r throughout the whole plasma
edge region of interest (as with g=c0). We thus relax the assumption of a flat g profile and
examine the variation of %, about the rational surface of a dominant mode of excitation.

Imposing the condition for reflection after expansion of k, about the rational surface at ;.

m

lk,|= B zﬁ‘_n+ﬁ%_q’(rl)q'(rlw <13k, (5.1)
or using q(r;=m/n :
IAd <[5 13k°R| (5.2)
n" q'(r)
or equivalently :
lAq < % 13k0R| (5.3)

Thus one has absence of reflection to within 4r (4q) of the rational surface (¢ value). For
TEXTOR, using m=12, n=4, | Ar| is seen to be orders of magnitude below the distance

between the edge and the g=3 rational surface, showing good penetration.
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8.6. Coupling to the singular layer

In the preceding sections, we have adopted the point of view of " high frequency-short
wavelength waves ", where all relevant propagation modes are examined but where the
corrections due to gradients of the equilibrium quantities are neglected. This analysis has led to
the conclusion that the coupling is essentially that of the magnetostatic vacuum field. However,
nonuniformity of equilibrium quantities introduces an important modification (cf Eq.(6.3)

below).

The standard theory of tearing modes gives in the ideal MHD limit the equation [Goldston &
Rutherford Eq (20.14)] which we rewrite

7% ou
3 l:po:uo(w2 —k;Vj)EL:l '—kzpoﬂo(a)2 - k/z/’V:)u =0 (6.1)

with po the mass density and k= kg; _ To make the connection with previous theory let us first

consider the uniform plasma limit. In this case, we can factorise Eq.(6.1) as follows:

K2V )L_ —k2 =0 (6.2)

The first factor is the degenerate form of the shear wave equation [obtained by taking the limit
of e5—w in Eq.(2.9), which implies k2, -k, ~ @’ /V; —k, = 0] while the second factor is
the FW equation. This identification reflects the fact that the zero electron mass limit was taken

in deriving the MHD equation (6.1).

Taking the low frequency limit, replacing u,=-B./(kB,o) and using &, =k,B,¢/B:0, Eq.(6.1) can

be rewritten in a form given by [Wesson, 1981]:

2 i
d f -k’B, = _kB, B, (6.3)
dr k.B,
(The prime denotes d/dr)

We thus recover the well-known result that there exists a singular layer in the plasma where

%,=0. In passing, note that this condition is none other than the Alfvén resonance condition

w=k,V, for low frequency. However, in the present case, the singular layer only exists if
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B, o ji #0. Otherwise there is no singularity. In the near vicinity of the layer where &,=0, the
validity of ideal MHD breaks down and Eq.(6.3) must be replaced by other equations taking
finite resistivity into account. The region where finite resistivity plays a role is known as the

" resistive layer " and its thickness is

Gmp)"

 (k,By)"

where y is the growth rate of the tearing mode and m the resistivity. A clear exposé of the

theory can be found in [Goldston & Rutherford 1995].

8.7. Experimental verification and acknowledgements

Experiments have been performed on PISCES to investigate field penetration. A filamentary
excitation was iriserted inside the plasma. Measurements of the external field with and without
plasma gave identical results up to 1kHz. Technical problems prevented meaningful
measurements at higher frequency. We wish to thank Dr. R. Doerner and Prof. R.-W. Conn
from UCSD for their help in making these measurements.

8.8. Conclusion

In conclusion this analysis has shown that the field of the DED coils is expected to penetrate
the plasma in the same manner as the vacuum magnetostatic field generated by the coils, up to
the resistive layer defined by £,=k.B¢=0. This conclusion is valid for all frequencies considered
(f<10kHz). We have investigated only what is known as the " outer " problem in tearing mode
theory. The computation of the interaction with the singular layer has been done in previous
work [Lazzaro & Nave, 1988 and others] where the outer solution and the coupling to the

exciting current use the equivalent of Eq.(6.3).
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Fig.1. Plots of the real and imaginary parts of the radial component of the wavevector k, for the two
waves of the augmented cold plasina dispersion relation.
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Fig.4.1. Filamentary current
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9. Considerations on Diagnostics during Operation with the Dynamic Ergodic Divertor
on TEXTOR-94

K H. Finker?, G. Van Oost’

! Institut fiir Pasmaphysik, Forschungszentrum Jilich, Association EURATOM-KFA
°Laboratoire de Physique des Plasmas - Laboratorium voor Plasmafysica,

Association "EURATOM-Belgian State", Ecole Royale Militaire - Koninklijke Militaire School,
Brussels

Operation with the Dynamic Ergodic Divertor operation will open a new or modified access to a
series of physics questions. To address these different questions the use of some specific diagnostics
is required. In the following, the goals, put in order according to the applied perturbation frequency
are outlined, the requirements on diagnostics are discussed and some details of the relevant

diagnostic equipment are given.

During static or quasistatic operation (DC and 50 Hz) the most important goals are (1) improved

particle (in particular He) removal, (2) high performance operation with optimized radiative mantle
together with sufficient density and impurity control and (3) investigation of the potential of the
helical near field divertor. In addition, the specific structure of the plasma boundary imposed by the
perturbation will be investigated. The latter questions relate to (4) an island dominated structure (at
a low perturbation current) and (5) an ergodized boundary structure. At a perturbation frequency of
about 1 kHz the recycling of particles on the pump limiter or on the divertor target plates may start
to become modified; topic (6) are the physics questions related to this point. The basic idea behind
the high frequency operation of the DED (in the range from 1 kHz to 10 kHz) is the assumption

that either the (toroidal) plasma flow or wave structures such as tearing modes or MHD-modes will
be accelerated by or locked to the imposed moving perturbation pattern. The resulting questions
will therefore be (7) the determination of the plasma flow and (8) the influence on mode locking,

disruption avoidance and confinement improvement.

), 2): The topics (1) and (2) have already been treated carefully for several years. The
diagnostics on particle and helium removal (probes in the pump limiter ALT-II and
the plasma boundary, gas flow measurements in the exhaust systems, CXRS for
helium and impurities, modified Penning gauge for He) and for high confinement
radiative mantle experiments (feed-back controlled gas injection, emission




3):

4),5):
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spectroscopy, tomography, plasma energy diagnostics) are installed and need
adaption only on those locations where flanges will be required for DED feed-
throughs. Speciﬁc questions for particle removal and optimized seed impurity
radiation resulting from the DED operation relate to the width of the particle,
temperature and power decay lengths. These questions can be treated by the
different atomic beam diagnostics (thermal and energetic Li beams, He beams,
diagnostic beam), scanning probes, Thomson scattering, (in phase gated) CCD
cameras and IR scanners. Most of these diagnostics are in operation and have
sufficient spatial and temporal resolution; a specific diagnostic hydrogen beam is in
preparation and a spatially highly resolving Thomson scattering system will be
provided by the FOM partners which also allows to detect details of the electron
velocity distribution.

The analysis of the helical near field divertor requires e.g the knowledge of particle
and power fluxes and their spatial distribution on the divertor target plates. For
these measurements, IR scanners, (in phase-gated) CCD cameras and spectroscopic
systems are available. In addition it is foreseen to measure the electrical current and
voltage on selected graphite tiles of the divertor target plates which are mounted on
insulated structural material.

The Poincaré plots show detailed structures such as islands, dissolved islands and
barrier zones poloidally and toroidally distributed all around the torus. Poincaré
plots mean just a mapping technique and they do not imply that the local values of
the magnetic field in the island or ergodic zone away from the perturbation coils
differ from the unperturbed equilibrium field. This may change - and is then
important for the understanding of the confinement and events such as "snakes" -if
the plasma reacts in such a way that the islands are filled with particles (and that
they therefore require confinement currents). To resolve the fine island structures or
the structure due to the ergodized magnetic field, the diagnostics must be sensitive
to density, temperature or magnetic variations in the plasma edge and must have a
good radial (range of several millimeters) and - for rotating perturbation fields - a
good temporal (1/100 of the inverse DED frequency) resolution. On TEXTOR-94
these requirements are fulfilled by several atomic beams, scanning probes, Mirnov

coils, Thomson scattering and microwave reflectometry. For low frequency
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magnetic field measurements Hall probes will be tested. The coarse 3/1 and 2/1
islands can be resolved by bolometry and by ultrasoft X-ray tomography from FOM
(photon energy 50 - 500 eV).

©): At frequencies above 1 kHz we possibly expect a decoupling of the recycling flux
from the primary flux to the target surface. This decoupling may result in a phase
delay between these fluxes, a smearing out of the recycling flux or even a reduction.
The recycling process may be important for the confinement. The recycling flux can
be measured spectroscopically (H,; standard technique for 7). A gated intensified
CCD camera is available allowing iterative exposures as short as 1 ms duration. For
power flux measurements at one spot, IR diodes with a microsecond time resolution

are in preparation.

: It is estimated that the fast rotating DED pattern results in a force of a few Newton,
sufficient for imposing a plasma rotation or a plasma flux locking in the wave field.
(In addition, a toroidal momentum of similar magnitude can be imposed to the
plasma core by neutral beam injection.) The toroidal and poloidal rotation velocities
will be measured by CXRS and by emission spectroscopy. In case such a differential
rotation changes the energy confinement, this effect would be measured by standard

diagnostics.

(8): Tearing modes and MHD activities are measured on TEXTOR-94 by Mimov coils
and by densely positioned ECE-channels. This technique can be applied for the
questions of mode locking and unlocking. A related question is the development of
disruptions. Also this question has been studied on TEXTOR-94 and will remain of

continuous interest.

Ergodization of the magnetic field in the core may deteriorate the plasma confinement. A sensitive
method for detecting magnetic field perturbations in the core plasma is the analysis of synchrotron
radiation from runaway electrons and microwave mode conversion. The synchrotron technique has
been developed on TEXTOR-94 and can most likely be applied for interesting ergodzation studies.
Cross-polarization microwave scattering has been studied on TORE SUPRA and its installation on
TEXTOR-94 is planned by the FOM group. The modification of transport due to the DED, in
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particular at high frequencies, may lead to distortions of the electron velocity distribution which can |

be detected by the high resolution Thomson scattering.

Details to diagnostics

I) Emission spectroscopy (edge and core)

2)

b)

d)

Various line resolving spectroscopy systems in the visible, UV, VUV and X-ray spectral
ranges (standard for plasma physics) for determination of fluxes and densities, penetration
depths, velocity distributions, toroidal and poloidal rotation of hydrogen isotopes and

impurity ions.

* 26 bolometric channels for tomographic reconstruction of the radiation profiles. The system

is used for feedback control of the radiative mantle (important for DED). Time resolution:

20 ms; poloidal resolution: m < 3.

72 soft X-ray channels for radial and time resolved MHD mode analysis in core plasma

(tomography). Time resolution: 50 ms; spatial resolution: 2 cm.

The FOM institute plans the installation of a multilayer-based soft X-ray camera system for
the investigation of multi-charged ion transport. The system images in particular the plasma
boundary in the ultrasoft x-ray region with photon energies between 50 eV and 500 eV
(radiative mantle, important for DED). Time resolution: about 0.1 ms, spatial resolution:

1 cm.

II) Atomic beams

a)

b)

d)

Thermal Li beam for n, measurement in SOL (10" m® < n, < 10° m®).

Time resolution: 0.5 ms, (for profile: 10 ms); spatial resolution: 1 mm.
Double Li beam for radial and poloidal density fluctuations and phase velocities in the SOL.

35 keV Li beam for the measurement of n.- and Ti-impurity-profiles (by CXRS)as well as
poloidal rotation velocity. Range: outer 30 cm of plasma cross section. Time resolution: 4
ms; spatial resolution: 5 mm.

Laser ablation (e.g. 6 €V Li) for n.- and Te-profile measurements in plasma edge. Single

shot; spatial resolution: 1.1 mm.
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He beams (superthermal and supersonic) for ne-, Te-profile measurements as well as for
fluctuations. Range: 2x10"® m?® < ne < 2x10” m>; 10 eV < T, < 200 eV. The supersonic
beam has larger penetration depth and allows electron temperature fluctuation
measurements. One beam will be located at the high field side just in between the DED

coils. Time resolution > 0.3 ms; radial resolution: 1 mm.

The CXRS by means of the neutral heating beam provides the core and edge profiles of
impurity densities, ion temperatures of hydrogen isotopes and impurities and of their
toroidal velocities. Time resolution: 40 ms; spatial resolution: 15 radially distributed

channels where each channel can feed three independent spectrometers.

The CXRS hydrogen (deuterium) diagnostic beam provides similar information as in (f) but
without heating the plasma. The beam is modulated (thus increasing the sensitivity) and also

provides the poloidal plasma rotation velocity.

I Probes

a)

b)

d)

Two fast scanning probes located at different poloidal and toroidal locations provide
boundary profiles of n., T, floating potential, poloidal electric field and their fluctuations
(100 kHz). Single or multiple exposures; 80 ms in, 80 ms dwell and 100 ms out.

Rotating electric double probes for measuring Mach number and flow direction. A novel
"sandwich" probe for determining the perpendicular flow component is under development.

In addition a rotating and radially fast scanning manipulator is being built.

A rake probe with 9 radially distributed pins can measure the electrical field in the boundary

plasma during the whole discharge.

For magnetic field measurements both a Hall probe and a pick-up probe will be developed.
The Hall probe has operated successfully in the PISCES (UCSD) plasma source up to
frequencies of 1 kHz; at higher frequencies pick-up probes seem more attractive (very
important for the DED),
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The pump limiter ALT-II is equipped with several diagnostics for measuring the particle
exhaust flux, including Langmuir- and flux probes located in the collecting scoop area.

IV) Imaging systems

a)

b)

For DC operation of the DED, normal calibrated CCD cameras provide information on the

* spatial distribution of the fluxes of hydrogen isotopes and of different charge states of ions

both on the pump limiter ALT-II and on the divertor target plates. To observe the flux
distribution during the AC operation, the cameras have to be gated in phase with the DED.
The gating time should not exceed 1/100 of the inverse frequency; however, multiple
exposure during the time of a frame (20 ms) is allowed. This technique of gating an
intensified CCD camera has been applied on TEXTOR-94 during pellet injection

experiments.

Two IR-scanners (sensitive in the range 3 mm < I < 8 mm) have been used extensively for
determining the temperature distribution on limiters, the power flux density, the power
decay length and - in combination with other diagnostics - the power balance. Studies of
disruptive discharges have demonstrated that a time resolution as short as 0.1 ms can be

utilized. The systems are well suited for observations of the divertor target plates.

The same IR scanners are used for the detection of the synchrotron radiation distribution
by runaway electrons. This measurement is sensitive to magnetic field perturbations in the

plasma core.

V) Microwave diagnostics

a)

b)

20 ECE channels provide a spatially well resolved electron temperature profile. Several of
these channels are grouped very densely for detailed measurements on MHD islands around
rational g-surfaces. The time resolution (sampling rate 10 - 25 kHz) is sufficient to resolve
details of the rotating island patterns. (important for the DED resonant mode
investigations). The FOM investigates possibilities to extend this system to allow correlation
ECE.

Broadband reflectometry (26 - 37 GHz) allows the measurements of density low frequency
fluctuations and island structures in the range of 0.8 - 1.7x10" m?,
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A 10 channel pulse-radar refleciometer (18 - 57 GHz) can measure density profiles in the
range of 0.4 - 4x10” m>. The absolute radial resolution is about 1 cm, the relative
resolution will be better depending on details of the density profile.Repetition rate 2 ms for

four points on the density profile.

A three wave correlation spectrometer with variable amplitude modulation frequency and
poloidally separated antennae will allow density fluctuation measurements in the density

gradient zone as well as poloidal structures and motions (in preparation).

A collective millimeter wave scattering diagnostic system measures density fluctuations
between 150 kHz and 2 MHz. The k-vector varies between 9 cm™ in to core to 36 cm™ at
the edge of the plasma.

A cross-polarization microwave scattering system has been developed on TORE SUPRA
to detect magnetic field fluctuations. The FOM institute plans to install two independent
antennae emitting in O-mode (with tiltable mirrors) at the LFS and an array of receiver

antennae in X-mode at the HFS.

VI) Laser diagnostics

a)

b)

The FOM institute plans the installation of a spatially highly resolving Thomson scattering
arrangement for measuring n. and T, over the whole plasma diameter (up to the boundary).
It has a spatial resulution of 2.5 mm and a wavelength resolution of 5 nm (150 channels
both for spatial and for spectral resolution); it has been developed in particular for the

detection of plasma filamentation.

The laser induced fluorescence diagnostic (in the UV and VUV spectral region) allows the
determination of density and velocity distributions of atomic hydrogen isotopes and light
impurities in the boundary layer. The spatial resolution ranges from 1 mm - 1 cm. The

typical detection limit lies around 5x10™ m®.

VII) Magnetic diagnostics

As standard magnetic diagnostics TEXTOR has an m=2 coil to detect precursors of
disruptions, an m=3 coil to detect higher order MHD modes, a compensated magnetic loop
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to measure the diamagnetic energy and an array of 12 poloidal and 8 toroidal Mirnov coils
with a sampling rate of 20 kHz.
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Part IV: Modelling - Results and Developments

10 Modelling of Plasma and Impurity Behaviour in a Tokamak with a Stochastic
Layer

M.Z.Tokar’
Institut fiir Plasmaphysik, Forschungszentrum Jiilich, Association EURATOM-KFA

In this section the used model for the transport of energy and charged particles in a stochastic
layer is considered and validated by comparison of computations by the code RITM with
measurements in TORE SUPRA discharges without and with static Ergodic Divertor.

10.1 Transport in Stochastic Magnetic Field
10.1.1 Behaviour of Magnetic Field Lines

The correlation length L, related to Chirikov’s parameter ocy;. ', and the diffusivity Dy
of field lines in the radial direction (see II.3) are of great importance for the transport of
particles and energy in a stochastic layer. The radial gap & between two neighboring lines
increases with the distance 1 from a reference position. For 1 smaller than L,
0~ 06(0)-exp(I/L,) and in the opposite case of 1>L, the behaviour of lines is chaotic e.i. &
increases according to the diffusion law 23: 6(1)=(DH-1)%. For the modelling of Tore-
Supra discharges with Ergodic Divertor ocy;. and Dg; found by the field line tracing code
MASTOC 4 have been used. The radial profiles of these characteristics are presented in
Fig.1.

10.1.2 Transport Coefficients

Different approaches are proposed in the literature for evaluation of the effective
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Figure 1 Radial profile of the Chirikov parameter and field line diffusivity in Tore-Supra calculated by the code
MASTOC (Grosman et al 1994): 1 -1, = 1.3 MA, 2 - 1.4 MA, 3 - 1.5 MA.

transport coefficients in a stochastic layer. In the present modelling we base the one proposed
first in Ref.2 for the heat transfer and extended in Ref.5 for the transport of charged
particles. As distinct from these publications the formulas obtained in the present paper
describe smoothly the variation of transport coefficients between the cases without and with
stochastization. Moreover this approach is applied here to consider the transport of impurity

ions.

Plasma Core

The equations governing the magnetic field
lines have Hamiltonian properties. Thus the
area of the cross-section of a narrow beam
- of lines does not change with displacement
in the toroidal direction. This has important
consequences for the transport of charged v
particles and energy under conditions of Plasma Edge
stochastization. Without losses e.g. due to Figure 2 Scheme of heat flows in stochastic magnetic field
perpendicular transport, the total number of particles and their thermal energy are the same
in each cross-section of the beam. Therefore the parallel gradients of the plasma temperature
and pressure reduce to zero. The same holds for the flows of heat and particles. Thus the
divergence of the field lines itself does not lead to a transport in the radial direction and one
should take into account the perpendicular transfer.

Schematically the flows of heat or charged particles in a stochastic field, where the flux from
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the plasma core maintains a certain radial temperature or density gradient, is shown in Fig.2.
Let us consider two field lines which are "close" to each other in the region A. The closeness
means that the radial gap & between the lines is small enough so that the perpendicular
transport keeps the temperature or density difference at a low level. With displacement from
A the lines diverge and penetrate into the regions where the plasma quantities differ
significantly. Thus arising parallel gradients generate flows of energy and particles between
regions of different radial position which are connected by the perpendicular transport inside

these regions.

One of the relations connecting the characteristic distance L between regions of sufficiently
different plasma parameters and 6 has been found from the variation principal applied to the

continuity equation 3. It states:

5 .exp(Li) = {Dp-L, )
c

e.i. such L is of most importance for the transport for which the exponential divergence of
the lines of force evolves into stochastic behaviour. The radial gap A=6-exp(l/L,) between
the lines at this distance gives the characteristic dimension of the parameter change across
the stochastic layer. To find further relations between L and  one should take into account
specific mechanisms of the energy and particle transport parallel and across magnetic field
lines.

Heat transfer. Neglecting sources and sinks of energy the heat balance equation can be

written as follows;

)

(It is taken into account here and henceforth that the stochastic layer is significantly thinner
than the plasma minor radius r and a plane geometry is applicable). Using the characteristic
dimensions L and ¢ one obtains estimates for the components of the heat flux density, q. =
k. I/6 and q) = K| T/L, and Eq.(2) results in:

6 = L- x,/x“ 5 3

It is assumed that the transport perpendicular to the field lines, i.e. the heat conductivity

component «_, does not change with stochastization. For « | we assume the classical Spitzer’s
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coefficient, I S corrected by a factor which takes the finite path length A, between coulomb
collisions of particles which predominantly carry heat into account ©:

S)
L @
S Wy

Here A, exceeds the path length of thermal particles by a factor of 15-50. Combining
Egs.(1), (3) and (4) one obtains the following transcendent equation to L:
Ry
exp(2Ly = Pr ML ®)
L ¢ L+ Xh K,
This has a physically meaningful positive solution if stochastization is sufficiently strong i.e.
for M, <Dk Sp/k..

The effective heat conductivity in the stochastic layer is estimated from the definition of the

averaged radial heat flux:

_ & T _ T T ,B

<Qr> =K '—A_ = Kr'—A"""“'L—T'<'§r>, (6
where the first term gives the contribution due to perpendicular heat conduction and the
second term due to transport along perturbed lines of force. According to the definition of
the diffusivity of magnetic field lines it follows <B/B> =(Dg/L,)" for L<L,; in the case
of L>L, <B/B> =A/L= (DFI/L)'/’. Taking this into account we obtain from Eq.(6):

7 = x,-[1+|min<1,fL;) -exp(EL—’:n. ™

As it can be seen x°f - «_ if L/L, > 0. Physically this means that an increase of the
correlation length (e.g. due to a weaker overlapping of the magnetic islands) results in a
weakening of the stochastization effect on the transport. In the opposite case of large L
Eqs.(6) and (7) reduce to the formula in Ref.? for N, =0. However, the latter assumption is
usually not fulfilled for typical plasma parameters in an ergodic layer. E.g. for T,=50 eV
and n,=10'3 cm™ one has \, = 10* cm which is significantly larger that a typical magnitude
of L. Thus the correction taking into account the finiteness of A, is of importance and leads
to a reduction of xreff by an order of magnitude.
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Transfer of main particles. As by heat transfer the flow along lines of force contributes to
the effective radial diffusion of particles in the stochastic layer. In the continuity equation

d on anV"
S (-p ot =0 8)
57 Prar) T ’

where D, is the particle diffusivity perpendicular to the field lines, this flow is described by
the second term. The flow velocity V| is assumed subsonic and governed by the sum of the

motion equations of electrons and main ions >:

3 sra= 0 o 91V ©)
m[”(Te Ti)]—E(DrT).

Here the right hand side takes into account the dissipation of the parallel momentum with
perpendicular diffusion and viscosity; following Ref.’> we have neglected in Eq.(9) terms
containing the temperature gradient because they are small in comparison with those

dependent on the gradient of density.

Replacing again the derivatives in Eqgs.(8) and (9) by the division by the characteristic
dimensions and combining the result with Eq.(1) one finds the following expression for L:

L=LenPrS 10)
2 D,

with c,=[(T,+T;)/m,}* being the ion sound velocity.

A consideration, analogous to the performed one to find Kreff, leads us to the following

formula for the effective particle diffusivity:

D7 = D,-[1+ l min(l,£) - exp(2E)1. a

If L, <L Eq.(11) results in the formula of Ref.’: D *f~Dpc..

The effect of stochastization on the convection velocity of the main ions is neglected. It is
proportional to the parallel temperature gradient and is small in comparison with the effect
on the diffusivity governed by the gradient of the density®”.

Transfer of impurities. Chaotic thermal motion of impurity ions along stochastic field lines
contribute to their diffusive displacement in the radial direction and the induced flux is
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proportional to the density gradient. An analogous treatment as for the background particles
results in a diffusivity Drz’eff for impurities of the charge z governed by Eq.(11), but the
corresponding L should be calculated with replacement of the ion sound velocity ¢, in
Eq.(10) by the thermal velocity ¢y, =(T;/m,)*.

Besides there are forces inducing motion of impurities in a preferential direction: electric
field and friction with the main ions. This results in a convective flux proportional to the
particle density n,. Since these forces can accelerate impurity ions to a velocity exceeding

~ the thermal one the inertial term should be taken into account in the motion equation along
the field lines’:

-V (12)

7z

an, Vi
)+ezn E| -n,m,

d 0
im0 2D,

Here 7, is the time between coulomb collisions with the main ions and the parallel electric

field E| is governed by the force balance of electrons:

on,T
0=-—="-eE|n,.

al

(13)

(As for the treatment of main ions we neglect in Eqs.(12) and (13) terms which depend on
the temperature gradient, e.g. thermal force, because |dT/dl}/T < |dn/dl}/n).

Combining these equations and replacing again the derivatives by division by the
characteristic dimensions found for the main particles in the last section we obtain the
following expression for the parallel convective velocity of impurity ions:
Vi={Vi+V, -V, a9

where V,=(c/2"%+L/7)/2 and V,=c.L/r,+z'T,/m,.

In the approximation assumed V| ” is always positive because the electric field and friction
with the main ions are directed towards the regions of lower plasma pressure - toward the
plasma edge. This motion along field lines results in displacement of particles with the radial

velocity V =
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Vot o yh. Dpg (15)
r I max(L,,L,)

It should be superimposed with the velocity of the impurity convection across unperturbed
magnetic surfaces. It is assumed in the present modelling that this is governed by the neo-
classical effects®:

2 2
Vz,neo=q Qiz Kani_'_HaTi), (16)

r J— —

where p; and 7;; are the gyro-radius and time between coulomb collisions of the main ions,
the coefficients K and H depend on the collisionalities of the main and impurity particles.

Thus the radial flux density of impurity ions in the stochastic layer is given by the

expression:

__ e St v
I¥=-D% 7)72+(Vf +VE" %y p, 1))
As we will see later conversely to the main ions the diffusivity of impurities does practically
not change with stochastization due to the larger mass. Simultaneously, their convection
velocity is influenced significantly and this is mainly responsible for the so called "impurity
screening” by stochastization®.

In our previous consideration'? the effect of stochastization on convection of impurity ions
has been ignored. The influence of the parallel electric field and friction with the main ions
was taking into account under assumption that these forces enhance diffusive motion of
impurities. Formally this has been done combining V “z from Eq.(14) with cg, to find L and
D %*ff according to Egs.(10) and (11). Assumption of a purely diffusive character of V 2
is not satisfied for all charge states: due to further ionization the density of not fully stripped
ions decreases towards the plasma core while the flux associated with parallel motion is
directed towards the edge. Nevertheless, this approach has allowed to reproduce the main
effect of the ED e.i. reduction of the concentration of intrinsic impurities, and can be used
for qualitative estimates. At the same time the present consideration distinguishing the effect
of stochastization on the diffusive and convective motion of impurities is more
straightforward and gives a better agreement with the data of measurements (see section 3.1).
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10.1.3 Code RITM

The code RITM (Radiation from Impurities in Transport Model)!! describes self-
consistently the interaction of the main and impurity particles through radiation and dilution
in the plasma domain inside the last closed magnetic surface (LCMS). RITM has been
applied successfully to reproduce the evolution of plasma parameters during detachment in
limiter tokamaks, under conditions of strong radiative edge cooling by puffing of neon into
TEXTOR.

RITM solves time-dependent one-dimensional transport equations describing the variation of
the densities and temperatures of neutral and charged particles of the main and impurity
plasma components in the direction perpendicular to the magnetic surfaces. Neutral particles
are described in the hydro-dynamic approximation, anomalous pinch velocity and diffusion
are assumed for charged components. The distributions of impurities over different charge
states is defined in non-corona approximation taking into account their ionization,
recombination, charge-exchange with hydrogen neutrals, anomalous diffusion and neo-

classical convection due to collisions with the main ions.

Both convective and conductive components are included into the heat transport of electrons
and ions. Energy sources and sinks take into account the ohmic heating with self-consistently
calculated profiles of the current density and electric-conductivity; additional heating from
neutral beams and RF with profiles found in TRANSP modelling; interaction of the main
ions with neutrals in reactions of ionization, recombination, charge-exchange; energy losses
from electrons on line radiation and bremsstrahlung from main and impurity neutrals and

ions.

In ohmic plasmas in Tore-Supra without ED particle and electron heat diffusivities are
described by an Alcator-like scaling: D;=Ap/n, and x,°=«/n,=a,D,, respectively. The
parameters Ay, and o, are determined from coincidence of the measured and calculated
particle and energy confinement times. The pinch velocity V, of the main ions is defined by
the relation V, =ayD, 1/a® with the coefficient oy chosen to reproduce the experimental
peaking factor of the electron density profile. The diffusivity of impurity ions is the same as
that of the main ones, the pinch velocity is calculated according to the neo-classical theory®
as well as the heat diffusivity of the main ions!2. For additionally heated plasmas a good
agreement of calculated and measured profiles were found for the Rebut-Lallia modell3.
In discharges with the Ergodic Divertor D,*f and x,°% are calculated according to the
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formulas of the previous section, where D, and x, are the same as in the configuration
without ED.

For plasmas without ED the LCLS is determined by the surface touching the limiter with a
major radius R, of 240 cm and a minor radius a of 77cm. In the configuration with the
ergodic layer the LCMS is located 2 cm deeper into the plasma and roughly coincides with
the inner border of the so called "laminar" layer which is the plasma domain where the lines
of force hit the wall elements. The boundary conditions imposed at LCMS prescribe the
percentages of molecules and atoms in the fluxes of hydrogen neutral particles recycling from
the wall, their velocities, e-folding lengths of densities and temperatufes of charged particles,
8, and 8>, respectively. These conditions are determined from experimental data or found
self-consistently in calculations coupled with the edge two-dimensional code package EB2-
EIRENE!“. In the present consideration we confine ourselves to the experimental approach
only. The influxes of impurity neutrals are chosen to reproduce in the calculations the

measured radiation level.

10.2 Results of Modelling and Comparison with Experimental Data
10.2.1 Ohmic Discharges with Intrinsic Impurities

Two discharges in Tore-Supra, shot 19807 without ED and shot 19808 with ED, of the same
plasma current (1.6MA) and mean electron density <n,> (2.85-1013cm™ at t=~9s) have
been modelled by RITM to analyze the effect of stochastization on the intrinsic carbon and
oxygen impurities. Fig.3, where the measured time evolution of the plasma effective charge
Z.¢ and radiated power P_,, is presented for these discharges, manifests plasma purification

and simultaneous increase of the radiation losses (at the chosen time t=9s) caused by

activation of the ED.

Comparison of the results of computations and measurements shows that a reasonable
agreement is achieved for Ap=7-10'%m™3, a,=3 and ay=1.5. The following e-folding
lengths of the density and temperatures at the LCMS were assumed: 6, =1, 6;°=2 and ép'=3
cm in the limiter configuration and &,=3, 8;°=3 and 67'=8 cm in the ED case, respectively.

Plasma parameters. The calculated profiles of the electron heat diffusivity and diffusivity of
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Figure 3 Measured evolution of the plasma effective charge and radiated power during shots 19807 without ED
(- ) and 19808 with ED (- - -). The ED resonance condition is fulfilled from 2.5 to 9.2s.

deuterons without and with ED are presented in Fig.4. It can be seen that in the stochastic
layer (r > 0.8a) x,°% exceeds x_ by a factor of 4. This is significantly less than what would
be expected under the assumption of x| =« | SP (Ref.15). Thus the restriction of the parallel
heat flow by a high path length of the electrons which carry heat, as described by the

denominator in Eq.(4), is of importance for a reasonable estimate of xreff.
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Figure 4 Calculated radial profiles of the electron heat diffusivity and diffusivity of the main ions in plasmas with
limiter and with Ergodic Divertor.

The increase in the heat diffusivity leads to a flattening of the temperature profile in the
ergodic zone (Fig.5). Another remarkable feature of the ED effect on T(r) is its steepening
outside the stochastic layer, 45 <r<65cm, which will be analyzed in the next section. The
calculated profiles of the electron temperature agree with the experimental data also shown
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in Fig.5.

Ions are heavier than electrons and therefore stochastization changes the particle transport
less than the transport of heat. Due to this reason D, °*f exceeds D, only by a factor of 3.

Nevertheless, since stochastization 25 — ,

practically does not affect the pinch velocity [ calc. meas.
3 . i \ wioED — m

of the main ions” this leads to flattening of 2.0} WED — *

the density profile at the plasma edge and i s

n,(a) increases from 3-10'2 to 6-1012 cm> 1.5} . ;

with activation of ED. These values are in T  (keV) N\

agreement with measured magnitudes of the Loy ° *‘\\ .

plasma density at the LCMS which are of 0 5 A N

3-10'2 and 7-9-10'2 cm™3, respectively. [ R 1
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Imp uriy demzty and.radiation. In the Figure 5 Calculated and measured radial profiles of the

present computations the influxes of carbon e tron temperature.
and oxygen neutrals were chosen to

reproduce the measured radiation level v,,4, being the ratio of the radiated and lunched
power, and the ratio of Ly-« line emission from H-like ions of C and O. In the limiter case
Yraqa =0.34 and Ly-a(C)/Ly-a(O) = 10.4 and for the ED configuration these values are 0.4
and 4.8, respectively. To reproduce the values in the limiter configuration, the ratio of
impurity influx to outflow of deuterons, the impurity yield, should be 0.033 for C and by an
order of magnitude smaller for O. This is in an agreement with measurements on
TEXTOR!6 (Unterberg er al 1993). In the case of the ED plasma the carbon yield is
reduced to 0.01 due to diminution of the physical sputtering with decreasing temperature at

the LCMS from 18 to 10 eV. The oxygen yield does not change significantly with ED.

Fig.6 shows the calculated radial profiles of Z ¢ and of the density of the radiated power
Q,.q- The found magnitudes of the plasma effective charge manifest that the model used
reproduces well plasma purification by activation of the ED. Note that the agreement with
the measurements is significantly better than it was obtained without taking the effect of
stochastization on the convection of impurities into account!®%: Z .(r=0)=~1.26 (Fig.6,
present paper), Z (r=0) = 1.11 (see Fig.3 in 1%) and the measured Z =~ 1.35. Comparison
of the calculated profiles of the radiated power density predict an increment of the radiated
power by stochastization results from broadening of the radiation zone.
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Figure 6 Calculated radial profiles of the effective plasma charge and density of radiated power.

M T T

n, (10" em3)  wjo ED n, (10 cm?) w ED
o il '
4 ]
1
x 2=6543 .
0 20 40  60rem) 0 20 40 60 r(cm)

Figure 7 Calculated radial profiles of the densities of different charge states of carbon impurity.

To understand the causes of the above changes it is instructive to analyze the alterations in
the radial profiles of the densities of impurity ions of different charge states (Fig.7). It can
be seen that stochastization influences differently the bare carbon nuclei which make the main
contribution to the total impurity density in the plasma core, the He-like particles which
determine the impurity density at the edge and the Li-like and lower ionized ions which
contribute dominantly to the radiation. In spite of a significant decrease of the impurity yield
the peak densities of He-like and lower ionized ions remain practically unchanged but the
profiles becomes broader. Conversely, the densities of nuclei and H-like particles decrease

significantly.
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Figure 8 Calculated diffusive component of the flux density of different charge states of carbon impurity.
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Figure 9 Calculated convective component of the flux density of different charge states of carbon impurity.

Such alterations in the particle densities are caused by changes in the diffusive and convective

components of the particle fluxes whose radial profiles are presented in Fig.8 and Fig.9. It

can be seen that stochastization alters both diffusion and convection but in the latter case the

changes are of an especially dramatic character. In the case without ED this part of the flux

is purely neo-classical; at the edge it is governed predominantly by the radial gradient of the

density of the main ions and, being negative, directed toward the plasma centre. The situation
changes dramatically with stochastization: electric field and friction with deuterons drag

impurities to the LCMS and their convection velocity becomes positive in the stochastic

layer. Nevertheless for the ions of Z <4 this component of the flux remains unimportant in

comparison with the diffusive one even with ED. As it will be shown in the next Section
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changes in the profiles of these states are governed mainly by the reduction of the electron
temperature with stochastization and decrease of their ionization rate. For H-like particles
and nuclei convection competes effectively with diffusion; as a result a transport barrier is
produced which leads to the reduction of the density of these particles in the plasma core (see
Section 4.3).

10.2.3 Additionally Heated Discharges with Neon Puffing

In this section the applicability of the approach for description of the transport of energy and
particles in the stochastic layer (section 2) is demonstrated for conditions of additionally
heated discharges. This is of importance because without ED the transport characteristics of
these discharges differ significantly from ohmic plasmas discussed above. We confine
ourselves by consideration of neon impurity which was puffed in to create a peripheral

radiating layer!’.

Fig.10 shows the radial profiles of the total density of neon ions and their radiation calculated
by RITM for the conditions of shots 14514 (without ED, power of additional heating
P,44=3.6 MW, volume averaged electron density <n,> =5.3-10'%>cm™ at t = 6s) and 13927
(With ED, P,43=4.5 MW, <n > =3.53-1013cm). In agreement with observations the ratio
between the total power radiated by Ne and the product of the central Ne density and <n,>
is increased by a factor of 3-4 in the case with ED. Moreover the absolute magnitude of this
ratio agrees also with the measurements: it rises from 4.7 to 12-1038MW-cm® in experiment
and from 5.8 to 14:1038MW-cm® in the modelling.

' s n,=2n, (10" em™) Qg W/em3 )
1L
4L wio E ]
3
1 \\‘\\
0 20 40  60rem) O 20

Figure 10 Calculated radial of the total density of neon ions and density of power radiated from them.
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10.3 Conclusion.

Stochastization of the magnetic field at the plasma periphery is an experimentally proven
approach to control the behaviour of plasma and impurities in tokamaks. Theoretical
modelling of this behaviour is of importance to understand better the physical processes in

thermonuclear devices.

To perform such a modelling the information on the Chirikov parameter and on the
diffusivity of the lines of force in the stochastic layer given by the mapping code MASTOC
has been used. The effective radial transport coefficients for heat and main particles have
been estimated on the basis of well-known approaches®3-5, Effective diffusivities and
convection velocities of impurity ions are found from an analytical treatment of impurity
motion along stochastic field lines. The one-dimensional code RITM, taking self-consistently
into account the interaction of plasma and impurities in the domain inside the last closed

magnetic surface, has been used to solve the transport equations.

The results of calculation are in good agreement with the data of measurements on the
tokamak Tore-Supra which is equipped with ergodic divertor producing a peripheral
stochastic layer with a width of 20% of the plasma minor radius. The computation
reproduces well changes in the profiles of the plasma and impurity parameters by activation
of the ED: decrease of the temperature and its gradient in the stochastic zone, steepening of
T.(r) in the plasma core, increase of the plasma density at the edge, reduction of the
concentration of intrinsic impurities by a factor of 3 with simultaneous increment of the edge

radiation, increase of the power radiated per one ion of seeded impurities.

Interpretation of the results on the basis of simple qualitative models allows to identify the
causes of the effects cited above:

steepening of the temperature profile outside the stochastization zone follows from the
contraction of the current channel and from the increase of the ohmic heating in the plasma
core;

increase of the edge density results from the change in the balance between convection
and diffusion of the main ions in the stochastic zone;

reduction of the total impurity density is caused by the diminution of the impurity
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yield with decreasing edge temperature and by changes in the convective transport in the
stochastic layer: friction with the main ions flowing along field lines and action of the
parallel electric field leads to convection of impurity ions toward the plasma boundary and
"impurity screening” arises;

reduction of the plasma temperature in the stochastic zone leads to a longer life-time
of Li-like impurity ions which are the main radiator and therefore it leads to larger radiation

losses.

In spite of a remarkable agreement of the results of one-dimensional modelling with
experimental data it is important to proceed to two- and three-dimensional models which are
already used for modelling of configurations with poloidal divertors and mechanical limiters.
In the case of the ED this is dictated by the segmentation of the coils which generate the
perturbations of the magnetic field. Moreover a coherent approach to describe the behaviour
of magnetic field lines and motion of charged particles e.g. by means of Monte-Carlo
methods would make the determination of transport coefficients in a stochastic layer more

reliable.
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11. 2D plasma edge transport modeling of DED operation

M. Baelmans, P. Borner, B. Kiippers, D. Reiter

Forschungszentrum Jilich GmbH

11.1. Introduction

In order to assess the effects of enhanced cross field transport, as expected during DED oper-
ation, on the edge plasma characteristics in TEXTOR, a series of simulation runs was carried
out with the EB2-EIRENE code. The EB2 code [3] computes the two dimensional plasma flow
(one cross field co-ordinate and one co-ordinate for the flow along the field in an axi-symmetric
configuration. This latter co-ordinate is projected into the poloidal plane). This flow is, in
general, driven by the boundary conditions (e.g., particle and energy flow from the core into
the edge region), the plasma sink action of the limiters and wall surfaces, and the MHD-fluid
dynamical forces. For all cases studied here the flux-surface separating the core and the plasma
edge region was chosen at a=40 cm. The wall was taken at a=55 cm, hence the computational
domain was a poloidal ring bounded by these two (non- concentric, due to the Shafranov shift)
circles.

For the parallel flow direction classical transport laws in the high B-field approximation are
adopted, whereas in the cross field direction purely diffusive transport, with ad hoc anomalous
transport coefficients (as free model parameters) are assumed. For the computations presented
here the flow is assumed to be strictly ambipolar (no electrical currents) and all generically
diamagnetic flows (in the V¥ x B direction) are neglected. This reduces the EB2 model to
the original B2 model [10]. Hence only first order effects are studied here, excluding from
discussion, e.g., asymmetries caused by other than purely configurational effects.

Dominant terms in the balance equations near the limiters are non-local sources and sinks due
to elastic and in-elastic interaction of the plasma with the cloud of neutral particles formed

there. The recycling neutrals and their influence on the plasma flow is treated on a linear but
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fully kinetic level by the EIRENE Monte Carlo Code [11].

A consistent description of neutral and charged particle transport is obtained by a specially
designed linkage between these two codes, which operate on the same numerical grid and run
in an iterative mode until overall convergence [12].

Only steady states are considered here. These are identified by the estimated global "residuals”
for the particle, momentum and energy balance equations. The iterations are stopped if these
residuals indicate a characteristic time constant of the system of one second or slower.

Two series of runs have been performed: firstly a density and power scan using a validated cross
field transport model obtained from previous studies for typical discharges in TEXTOR, with
the toroidal belt pumped limiter ALT-II acting as main limiter. The appropriate boundary
conditions and transport coefficients in these ”standard operating conditions” (see below) are
adopted from those identified with RITM-EB2-EIRENE [1]. The second series was run on the
identical configuration, using identical boundary conditions and model parameters except for
the anomalous cross field transport coefficients. These latter coefficients have been modified to
account for the perturbed field configuration in such a way that the parallel transport along
the inherently three-dimensionally (inclined) perturbed field is translated into an effective cross
field transport in the unperturbed configuration. By doing this enhanced cross field transport

laws are obtained from the magnetic field calculations in [2].
11.2. Specifications for the EB2-EIRENE Model
11.2.1. Geometrical Aspects

The computational domain is the poloidal segment between the a=40 cm and the a=55 cm
magnetic surfaces (see figure 1).

The flux surface with a minor radius of 46 cm is taken to be centered at a major radius of 1.75
m and a Shafranov shift of 6 cm is assumed. Into the resulting orthogonal mesh both the ALT
IT limiter, positioned at 46 cm minor radius and 45 degrees underneath the outer equatorial
plane, and the bumper limiter on the high field side are introduced. This is done by a local
distortion of the mesh in the very neighborhood of the plasma facing components to match the
non-orthogonal surfaces, such that each mesh cell either lies completely inside or completely

outside the solid structure. The mesh cells inside the solid objects are then isolated from the
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remaining computational domain.

The toroidal field is taken to be inversely proportional to the major radius R with a reference
value of 2.25 T at R = 1.75 m. The poloidal magnetic field By is determined by the assumption
of constant magnetic flux between flux surfaces and from a prescribed plasma current enclosed

by a magnetic flux surface. This leads to

P2
; ByRdr = C , (1)

where %; and 1, label magnetic flux surfaces, R the major radius and r the minor radius.

Further,

]4 By(8,r)d6 = I(r) = / "i(r)dr 2)
0
In the present study a total plasma current of 350 kA! and a radial dependence of the current

density inside the separatrix:

. : o ‘
() = o1 = (=)")* (3)
G
was assumed, with
o = ?l.‘lﬁ_ﬂé = 5_033____30 (T) (4)
o Ro Ip Ry I, (MA)

and j, is determined by the total plasma current I, [3].

Outside the separatrix the toroidal current density is assumed to be zero.

11.2.2. Equations and Transport Coefficients

In the ideal case of a pure hydrogenic plasma (Z; = 1; » = n; = n.) the five standard B2
equations [10] for the evolution of ion density n, the parallel and radial flow velocity components
Vi and V,, and electron and ion temperatures T, and T; written in an orthogonal co-ordinate
system with one co-ordinate along the magnetic flux surface in the poloidal cross-section (uf)

and one co-ordinate normal to the flux surface (u") are solved. For multi-fluid computations

In the magnetic calculations in [2] utilized below the plasma current was 420 kA. For defining the ”reference
model” without DED operation we resort to parameters from 350 kA discharge simulations, because those have

been most extensively validated against experiments.
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an additional continuity equation and momentum equation is solved for each ion species. The
lon temperatures are assumed to be the same for all ion species. The resulting equations are

listed in appendix A.

Since the computations presented here have been performed without explicit consideration of
intrinsic impurities such as Carbon or Oxygen, a radial radiation profile is introduced, with
profile parameters matched from experimental information. The profile shape is assumed to be

given by the fitting expression :

_ 2
P(T):<1_<T_“—M)>'Pma:r
4@ — Tmag

within the radial segment determined by the condition ((r — rmez)/(@ — Tmaz))* < 1, where :

P(r) : radiated power in W/m3

Pz :  maximum radiated power density W/m3
r : radial co-ordinate

Tmaz minor radius at which the profile peaks

a :  minor radius where the profile 1s cut off

In all calculations described here the following values have been used :

P,o:[kW] 122.7 total radiated power

a[m] 0.462 | minor radius where the profile is cut off

Pmaz|m] | 0.6%0.462 | minor radius where the profile peaks

Table 1: Parameters for radiation profile

With this assumption only a minor fraction of the Psor is radiated within the edge region
considered here, namely 14 kW. The radidtion profile is taken to be the the same for all cases
in order to reduce the number is parmeters. In more self-consistent calculations still to be done
the widening of the radiation profil and the increase in P;,; during ergodized field operation,

even at reduced impurity levels (as observed in TORE SUPRA and modelled with the RITM

code) must be taken into account.

For the transport parallel to the magnetic field classical transport coeflicients are employed.

Kinetic corrections to account for velocity space effects are introduced via flux limiting factors
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as defined in [3]. These guillotine factors for the classical parallel transport fluxes are set to
0.2 and 0.4 for electron heat flux and parallel ion viscosity respectively. These values have
been matched from more detailed kinetic computations [4], but, should be rather insensitive

parameters for the low recycling conditions (hence: small parallel gradients only) studied here.

11.2.2.1. Cross Field Transport for ”Standard Conditions”

It has been found from previous code validation for TEXTOR conditions that radial transport
coefficients depend on heating scenarios [5].

Therefore flux surface averaged radial transport coefficients used here have been deduced from
earlier modeling results with RITM-EB2-EIRENE (1] for I-mode conditions. However, the
inward pinches used there have now been condensed with the radial diffusivities to effective
cross field transport coeficients resulting in the same radial fluxes. This was done for cases
with varying degree of radiation cooling (ranging from 30 to 90 %), and resulting power fluxes
into the edge plasma between 0.3 and 1.3 MW.

This led to the following choice of radial transport coefficients, for the different power fluxes

into the edge plasma region :

D,[m?/s] | 0.6 | radial particle diffusion coefficient
k..[m?/s] | 1.5 | radial thermal diffusion coeficient for electrons

k,;[m?/s] | 2.5 | radial thermal diffusion coefficient for ions

v[m?/s] | 1.0 | radial viscous diffusion coefficient

~ Table 2: Radial diffusivities for Psor, = 0.3 MW (90 %= radiation)

D.[m?/s] | 1.2 | radial particle diffusion coeflicient
k,.[m?/s] | 5.0 | radial thermal diffusion coefficient for electrons

k,;[m?/s] | 5.0 | radial thermal diffusion coefficient for ions

v.[m?/s] | 1.0 | radial viscous diffusion coefficient

Table 3: Radial diffusivities for Psor, = 0.9 MW (60 %= radiation)

The radial transport coeficients are then determined as &§ = nky, £, = nk.; and 7. = mnv,.
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D,.[m?/s} { 1.8 | radial particle diffusion coefficient
ke[m?/s] | 9.0 | radial thermal diffusion coefficient for electrons

k.;[m?/s] | 7.5 | radial thermal diffusion coefficient for ions

v.[m?/s] | 1.0 | radial viscous diffusion coefficient

Table 4: Radial diffusivities for Psor, = 1.3 MW (30 %= radiation)

11.2.2.2. Transport Model Simulating DED Operation

Strictly, ergodization is a three-dimensional phenomenon. To describe its effects within the two-
dimensional model considered here a set of enhanced flux surface averaged cross field transport
coeflicients is derived.

This effective cross field transport model is applied to the region inside the separatrix only,
where stochastization is expected to be important. Outside the separatrix in the scrape-off
layer the transport coefficients are set constant and equal to the value at the separatrix.

The model for the transport of particles and heat in a stochastic magnetic field [6] combines
features of both radial and parallel transport and the magnetic topology. (The divergence
of field lines alone does not lead to additional transport in the radial direction [6].) Various
approaches to combine the stochastic field structure with transport laws in unperturbed fields
are discussed in the literature. Our simulations described here are based on the approach
proposed by Rechester and Rosenbluth [7] for the heat transfer and by Samain et al. [6] for
the particle transport.

This results in a modified radial electron thermal diffusivity :

exp(2zr) — 1
2,/:CT

where £™9 and x5! are the electron thermal diffusivities in case of ergodization and in standard

I (3)

erg . ,.std
k9 =g 1+

(unperturbed) conditions, respectively. 7 = Ly/L, is the ratio of a characteristic temperature
gradient length L7 to the Kolmogorov correlation length L.. The latter depends on the degree
of island overlapping : L. = qRaEi{f [8] , with ¢ the safety factor and ocpir the Chirikov
parameter [9]. It can be seen that for z7 — 0, i.e., for large correlation lengths in case of
weaker overlapping of magnetic islands the stochastization effect becomes weaker £¢™9 — 3t

L. is determined from magnetic field structure calculations, and the ratio zr (and hence Lr)

can then be determined from the transcendent equation:
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al; Drr &y
=2
ch:T) Lc Kﬁtd 7 (6)

with A, the electron mean free path, o = 15 and Drp = LCZB,?,L., the magnetic diffusivity.

(err —1)- (1+

This latter diffusivity is again obtained from magnetic field calculations from the amplitudes
of the magnetic perturbations B .

Similarly, an expression for the particle diffusivity can be found :

exp(2z,) —1
2./,

where D=9 and D2 are, respectively, the particle diffusivities in case of ergodization and in

DEs = D1+ ] (7)

standard conditions. z, = Ln/L. is the ratio of a characteristic density gradient length L, to

the Kolmogorov correlation length L. z, is again given implicitly by a transcendent equation :

Drres
62’:"—1=\/§xn FLC ’ (8)

D;wrm
with ¢, = 1/(T. + Ti)/m; the ion sound velocity.

The data on stochastization of the magnetic field structure for TEXTOR with DED operation
is taken from [2]. From the data in this paper the following Kolmogorov length L., safety factor
q and magnetic diffusivity Dpy, are deduced at various radial positions (see table 5). L. and ¢
are then linearly interpolated, for Dy a logarithmic interpolation is employed.?

The resulting enhanced radial transport diffusivities are shown in figure 2 and 3 for particle
and electron energy transport, respectively. The diffusivities are most strongly affected around
42 em minor radius. The enhancement of radial particle diffusivity is up to a factor 5.2 for
high edge densities and up to a factor 11 for low edge densities, whereas for the enhancement
of radial thermal diffusivity this factor is even 18 in case of low edge density and low power
flux (strong radiation cooling). Inside this region, at smaller radii, transport is practically not

affected. By contrast, transport coefficients are still enhanced in the scrape-off layer.

2By the time of writing this there is still a substantial uncertainty in these parameters, as there is, certainly,
also in transport models based on such parameters. However, as the modelling results below indicate, the TEX-
TOR boundary plasma will remain in low recycling mode also during DED operation. Hence these differential
effects on cross field transport should well be accessible experimentally, because interpretation of radial plasma

edge density and temperature profiles is not contaminated by large unknown recycling sources in the SOL.
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rlem] | Dgglem] | Lefem] | g | ochir
38 |3.44 x107° 2.5
39 267 2.625 | 1.66
40 |6.51 x 107* 2.75
41 115 2875 | 3.12
42 | 5.86 x 1073 3
43 106 3.125 | 3.32
44 |3.75 x 1073 3.25
45 87 3.375 | 3.85
46 11.56 x 1072 3.5

Table 5: Magnetic data for DED radial transport model

11.2.3. Boundary Conditions

On the magnetic flux surface at 40 cm, the ion density n; and total edge power Psor,
are prescribed and varied as model parameters. The ion density there was varied from n; =
1 x 10°m=3 to n; = 4 x 10m~3 with increments of 1 x 10"m™2.

The power fluxes into the plasma edge region through this surface, varied from 0.3 to 0.9 and
1.3 MW, is made up of two parts : the fraction by the electrons and the fraction carried by
the ions. Again, based on the results of RITM-EB2-EIRENE applications mentioned earlier

[1], this lead to the following choice of boundary conditions for the energy equations :

Psor, = 0.3 MW :

Qre =120 kW
Qi = 180 kW
Psor = 0.9 MW :
Qre = 450 kW
Qri = 450 kW
Psor = 1.3 MW :
Qre = 780 kW
Qri =520 kW

Finally,

Vs = 0 m/s, i.e., zero poloidal velocity,
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is chosen as boundary condition for the parallel momentum equation.

At the limiters, were magnetic field lines intersect material boundaries, plasma sheath edge

conditions are imposed :

Vo = %cs
Q5 = 4.8TenVs

Qi = (3.0T; + 0.5T. ) nVp

Boundary conditions at the vessel structure, parallel to magnetic flux surfaces, are fixed by
prescribing radial profile decay lengths there. The SOL decay lengths at a minor radius of 55
cm are set to rather high values :

A=A, = A1, =21.2 =cm

The radial fluxes to the other material boundaries aligned with the magnetic surfaces
are set to zero. It should be noted that this parameter is largely unknown and will need further
investigation. This important parameter, however, is very sensitive to H, diagnostics [5] and

can hence be determined from further model validation.

11.2.4. Neutral Particle Transport Modeling

The neutral particles originate at material structures from recombining plasma flux. The
emission of neutral D-atoms and Dp-molecules from an incident flux of energetic Dt-ions or
D-atoms is computed by the TRIM code [11], and used as source and boundary conditions for
neutral particle transport in the EIRENE code. In all results presented here Carbon limiters
and a Stainless Steel vessel was assumed. The atomic and molecular data are taken from [13],
and the selection of relevant processes from that database was the EIRENE-default selection for
hydrogenic plasmas (loc.cit). The linear Boltzmann equation for neutral particle transport in
the plasma background provided by the EB2 modeling is then solved by Monte Carlo techniques.
The source terms in the MHD-fluid equations for the next EB2 iteration are then obtained as
appropriately weighted functionals of the neutral particle distribution function.

Pumping at the ALT-II limiter is simulated by an albedo coefficient for the plasma flux onto
surfaces underneath the ALT-II blade. The same effective pumping speed (as inferred from

independent 3D Monte Carlo simulations of the detailed ALT-II vacuum system and plasma
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scoop region) was assumed for incident Deuteron and Helium ions.

11.2.5. Impurity Modeling and Radiation

In order to study the influence on the Helium removal efficiency of ALT-II under DED conditions
a few runs have been performed including Helium ions (He™ and Hett as additional ion species
and He atoms as additional neutral particle species. In this case the same transport coefficients
and boundary conditions were used for Het and for Het* as for D*. Only the

the edge density prescribed at the innermost flux surface of the computational domain with

minor radius of 40 cm was modified to:

npe+ ~ 0.0 ,
NHet+ = 0.05nD .
resulting in a somewhat higher electron density in each case as compared to the corresponding

case without Helium.

11.3. Results

In this section the numerical results for the various edge densities and edge power levels ob-
tained from the DED transport model are compared with those for operation under standard
conditions. General features of DED operation can be inferred from inspecting the results of
the most extreme cases considered here, i.e., edge densities of 1 x 10°m™2 and 4 x 10°m~2 and
power fluxes into the edge of 0.3 MW and 1.3 MW (next subsection). Subsequently, particle
and energy fluxes as well as heat power loads to the various material components are discussed,

as well as inferred quantities such as the impact of ergodization on physical sputtering yields.

11.3.1. Global Features

In figures 4 to 11 contour plots for the edge plasma profiles: density, electron and ion temper-
ature and ion particle sources are shown for the 4 extreme cases mentioned above. The results

are given for ”"standard” conditions and for the DED-cross field transport model described
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above. Figures 4 to 7 show the cases with low edge densities (1 x 10m™2) for low and high
edge power values (0.3 MW and 1.3 MW respectively). Generally the impact of recycling is
very low, as can be inferred from the poloidal uniformity of the plasma profiles. Figures 8 to 11
summarize the cases with high edge densities (4 x 10'®m™3). Due to enhanced local recycling
relatively high jon densities are build up underneath the ALT-II blade (see also table 6). This
is particularly pronounced in the high power case with DED operation and indicates improved

particle removal with DED operation (see below).

NsorL,max Q = 0.3 MW Q = =13 MW
» n without DED with DED without DED - with DED
1 x10®%m™3 | 6.56 x 10¥m=3 | 4.84 x 10®m=3 | 7.30 x 10"®*m~3 | 4.95 x 10®m—3

4 x10¥m™2 | 3.57 x 10¥%m™3 | 2.32 x 10®m~3 | 3.69 x 10®m—2 | 8.97 x 10¥®m™3

Table 6: Maximum SOL density

The most pronounced feature in the DED cases is the strong flattening of profiles (as expected
from enhanced radial transport). and temperature profiles. For a fixed edge density at 40 cm
minor radius this leads to higher SOL densities. On the other hand, for the same edge input
power, temperatures are lowered at 40 cm minor radius and slightly enhanced in the SOL, as
compared to standard operation conditions.

This leads to a spatially wider distribution of particle sources, but not to a transition into
a significantly higher recycling regime. (This is, because, still, a significant fraction of re-
ionization takes place in the confined plasma region, in all cases considered here.)

Hence: DED divertor operations seems to act just oppositely as poloidal divertor operation,
which, generally, upon transition into high recycling mode, leads to a peaking of recycling
profiles.

This is shown in table 7, where the peaking factor TsnSTnV/V is listed, with S, the local particle
source and V the volume. For the high power cases the recycling at the vessel becomes much
more important during ergodization (quantified below), see figures 7 and 11.

Inspecting in somewhat more detail the plasma profiles, here exemplarily in the outer mid-plane,
the effect of ergodization on the plasma edge becomes more evident:

The overall enhancement of the particle diffusivity leads to flatter density profiles (see figure
12). Therefore, with prescribed edge density at 40 cm minor radius, the SOL densities are also
increased. The local maximum of the radial particle transport coefficient (see figure 2) leads to

a locally more flattened ion density profile near 42 cm minor radius. The higher SOL densities
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Q = 0.3 MW Q = 1.3 MW

without DED | with DED | without DED | with DED
1 x 101%m~3 148 37 126 92
4 x 10'®m=3 131 20 211 147

Table 7: Peaking factor for particle sources

mostly result in larger fluxes to the scoops under DED operation (and, consequently, more
particles are pumped at the fixed pumping speed of the vacuum system (see table 8). Since
this leads to larger particle fluxes from the core under otherwise identical conditions (see table
9), this then results in somewhat steeper particle density profiles near r = 40 cm, where the
particle diffusivity is not effected by the ergodization.

However, for the extremest case of high density and high edge power, there seems to be a
saturation, probably caused by stagnation of flow under the ALT-II blades, due to enhanced
local recycling in the scoop region (see also section ).

Furthermore the enhanced particle fluxes crossing at r = 40 cm (reduced particle confinement
time) at given input power level lead to significantly lower plasma temperatures in the edge.
This can clearly be seen for the radial ion temperature profile in figure 13, where the standard

radial transport model was used, as compared to fig. 14.

Q = 0.3 MW Q=13 MW

without DED

with DED

without DED

with DED

1 x10¥°m™3

1.50 x 10%*s~1

5.19 x 1021s7!

6.66 x 10%'s71

1.23 x 10%2s~1

4 % 101%m—3

6.86 x 1021571

1.02 x 10?2571

3.04 x 10%%s7!

2.66 x 10%2s~1

Table 8: Particle fluxes to the scoops

Q = 0.3 MW

Q=13 MW

without DED

with DED

without DED

with DED

1 x 10¥°m™3

1.37 x 10211

4.90 x 10%ts71

3.98 x 10%'s71

7.63 x 1021571

4 x 101%m=3

3.20 x 1021571

7.92 x 10?1571

1.16 x 10?251

1.09 x 102251

Table 9: Particle fluxes to the edge

From these tables also the existance of a moderate flux amplification both in the STANDARD
and the DED model. If one compares the fluxes into the edge with not only the fluxes to the
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scoop region, but instead with the total partcile fluxes to ALT-II, one finds flux amplification
factors between 3 and 7 (the larger values at large density, high power conditions). Again, these

amplification factors seem to be rather uneffected by the cross field transport law.

11.3.2. Particle Fluxes and Heat Loads

Next we will discuss the effects of ergodization on particle fluxes and heat load onto the various
plasma facing components of the Tokamak. We distinguish between the plasma facing section
of the ALT-II limiter blade, referred to as “ALT” in the figures, and the surfaces underneath
the ALT-blade connecting the blade with the vessel, to represent in a 2D fashion the 16 scoops
and 8 plenum boxes. These surfaces will be referred to as “SCOOPS”. Furthermore there is
the bumper limiter “BUMPER” and the vessel structure referred to as “WALL”. We will first
describe the influence of DED operation on particle and heat loads to the ALT-limiter. Next,
the effects on particle and heat load on the SCOOPS are described. Finally, we will discuss the
change in particle and energy fluxes to BUMPER limiter and to the WALL.

11.3.2.1. Fluxes to ALT-Limiter

Figure 15 shows that the particle fluxes I'spr are only slightly influenced by ergodization. By
contrast, as shown in figures 16 and 17 the electron and ion energy fluxes Py arT and Pion ALT
strongly decrease with the DED radial transport model. This leads to a decrease in total power
to ALT (see figure 18, Piot = Per,aLT + Pion,aLT + 13.6eV - Tarr, by a factor 1.4 to 2.2. This
effect increases with the power level in the edge plasma region.

The effect of ergodization on the local peak power load is even more pronounced (see figure
19) : the peak power load is decreased by a factor 1.8 to 4.3. However, the peak power load
does not longer show a dependency on edge densities. This results in a strongest effect for low
plasma edge densities. Note that distinct from usual divertor operation this reduced power load
is not a consequence of enhanced local recycling, but instead of a direct redistribution of plasma
flow onto a larger area (without complicated neutral particle flow patterns to be established
and maintained as required, e.g., in the dynamic gas target regime currently envisaged for the

poloidal divertor in ITER).
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11.3.2.2. Fluxes to the Scoops

The particle fluxes to the scoops increase with ergodization. From figure 20 it can be seen that
this flux enhancement is less pronounced for higher edge densities and even reversed for high
density and high edge power. When the local recycling (plasma plugging) builds up a plasma
density maximum under the blades, i.e. for high density and high edge power, then also the
total power load is significantly decreased (see figure 21). Due to a flatter profile the maximum
local power load is decreased by a factor 2 only in DED operation (see figure 22). Howéver,

these power fluxes are an order of magnitude lower than those to the ALT-limiter.
11.3.2.3. Fluxes to the Bumper Limiter

The particle fluxes to the bumper limiter are increased by a factor 1.8 to 7.2 (see figure 23)
during DED operation. The total power (figure 24) is also increased by a factor ranging between
1.1 and 4. The maximum power load to the bumper limiter (figure 25) is hardly changed with
ergodization at all. It should, however, be noted here that these fluxes only include fluxes to
the side walls of the limiter, since material surfaces parallel to the magnetic field lines do not

receive any fluxes at all due to the boundary conditions prescribed there (see section ).
11.3.2.4. Fluxes to the Wall

As expected DED operation leads to significantly higher densities and temperatures near the
vessel structures. Both particle fluxes and total power are strongly increased (see figures 26 and
27). However, due to the large area available the enhanced maximum power load of a several

ten kW /m? (see figure 28) still remains far below any critical value.

11.3.2.5. Pumping

Pumping is facilitated during DED operation due to larger particle fluxes in the scoop region

(see above). All cases show a somewhat larger ratio of Deuteron flux to the albedo surfaces
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(scoops) to the Deuteron flux into the SOL (i.e., the radial particle flux at r=46cm) as compared
to Helium. This de-enrichment is not altered significantly during DED operation, all fluxes are
increased by roughly the same factor in the corresponding cases. Hence neither beneficial nor
negative effects (other than the larger fluxes to the pumps at fixed pumping speed) can currently
be concluded for Helium removal.

A key difference to poloidal divertor operation is the fact that regardless of the cross field
‘transport model (standard or DED) the edge plasma is rather little affected by altering the
modeled pumping speed for fixed plasma conditions at the core-edge interface (r=40cm here).
Due to the configurational difference of the ALT-II limiter to poloidal divertors in all cases
the re-ionization in the core plasma of neutral atoms recycled at the ALT-blade remains the
dominant particle sink (hence the low recycling regime encountered throughout), whereas in
poloidal divertors reduced particle removal usually results in fundamental different operation
conditions (high recycling regime with strong plasma temperature gradients along the field, due

to transition from convected to conducted heat transport).

11.3.3. Sputtering Yields

Favorable effects of ergodization can most directly be seen from the reduced surface sputtering
rates. Figures 29 and 30 show the impact of DED operation on global sputtering rates due
to impact of energetic charge exchange deuterium atoms and due to impact of plasma ions
accelerated in the near surface electrostatic sheath potentials. Except for the low density
high edge power case, ergodization lowers the global sputtering rates by up to a factor 3.5 for
sputtering by atoms and even by a factor of 6.7 for sputtering by plasma ions. Self sputtering,
e.g., of C-ions, chemical sputtering, as well as sputtering by Oxygen atoms (due to the accidental
resonance of charge exchange between hydrogenic atoms and singly charged oxygen ions) still

need to be assessed in further simulations.

11.4. Conclusions

The EB2-EIRENE code system or parts thereof (EIRENE, B2) are currently extensively used

worldwide to interpret various plasma experiments, to validate plasma transport models and
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to predict conditions in the edge plasma regions in future experiments, e.g., in ITER. This
code system has been applied also to TEXTOR discharges for many years (in fact: the code
development itself and first applications ever had been carried out for TEXTOR in the late
eighties).

From a computational plasma edge transport model validated against typical TEXTOR ex-
perimental conditions in the last year a so called "DED transport model” has been derived.
This model combines anomalous cross field transport, classical transport along the field and
independent magnetic topology calculations for perturbed field lines.

This results, at least locally, in strongly enhanced cross field transport as compared to the
anomalous coefficients inferred from previous simulations of TEXTOR discharges.

A series of simulation runs has been carried out, varying the plasma density and power level
in the edge plasma region (hence the degree of radiation cooling). From a comparison of the
results from this study of cases with and without the DED enhanced cross field transport we
find largely relaxed heat load conditions on the exposed surfaces, significantly reduced sputter
rates and more favorable conditions for particle removal (reduced particle confinement at fixed
installed pumping speed). Physically this is caused by a direct redistribution of the plasma flow
in the SOL, which is probably the most significant distinction to poloidal divertor operation in
other Tokamaks:

in the latter this redistribution of power loads is via the neutral particle channel and associated
charge exchange and other power spreading mechanisms (with the resulting technologically
conflicting requirements of both trapping the neutrals in the divertor (favoring a closed config-
uration) and removing the plasma facing components from the divertor plasma flow as far as
possible (requiring a more open configuration).

The model investigations on DED operation on TEXTOR indicate that many of the favorable
features of a high recycling divertor can possibly also be accessed in low recycling conditions,
e.g., also with limiters, if the particle and heat flow in the edge plasma region is directly
influenced.

Furthermore, due to the low recycling conditions retained under DED operation interpretation
of experimental results, e.g., inferring transport coefficients from measured radial edge profiles,
is greatly facilitated, as compared to high recycling poloidal divertor operation.

Many important questions in this DED transport model (as compared to the ”standard trans-
port model”) have still to be addressed, such as e.g., impurity transport, and the consistency

of core and edge plasma transport simulations. The work at least with respect to these two
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aspects is currently underway.
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Appendix : Model Equations

The multi-fluid code EB2 can compute a background plasma in combination with one or more
impurity species. For each ion charge state a continuity and a parallel momentum equation is
solved. For the ion energy equation thermal equilibrium between all ion species is assumed.
The diamagnetic contribution to the poloidal flow velocity is ignored and electron density and
velocity follow from the assumption of charge neutrality and absence of an electric current.
Classical multi-species theory, Refs. [1] and [2] give rise to a rather complicated system of force-
friction relations, both for the parallel and the ra,dial‘transport. In the B2-model the classical
theory is used as a guide to obtain a simplified set of equations for the parallel transport.
These equations are consistent with the standard classical theory in the limit when one fluid is
dominant and all others are trace impurities. Specifically, the following system of equations is
solved for N species :

Continuity of species a :

0 1 9 (9
—a—t(na) + ﬁa_ug ('Ena%a> +

Momentum balance of species a

Sl-
~
Pl

5] 0 g oV ,a
at (manaVl ) + 787 (imanavﬂ aV| e — \}{2_7]0 8’1|l| )

f Wla) _

1 0 (Vg
+7§au,’, ( hr manav;‘,a‘/n,a - nr a
_B_g_l_ _5pa_Zana8pe+ Zq _1 ZnaT Z2 _q n_@ﬂ
Bhy| Ou  n. Oul ce Zess *Ou 6t Zeff * gu’
N
+ bz—; Fab + S?n.V” (10)

Diffusion of species a :

De 8 D: 8
=_n —— 11
‘/:r,a hT au,r (ln na) hr u,r (ln pa) ( )

Electron energy balance :
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‘/ e e
s Op + Ka_p_ (12)

Sy —k(Te — T)+h89 b 9w

Ion energy balance :

nTz+Z V“a>+

TN
[SCR ROV

gl

5‘37 [;{—f ( naveaT + Z LV ”,a) {gg (nz% +‘; %ne ifg:)] +
a1/2
(b ) (e )
S}3+k(Te—Ti)—Z—Z§§Z—% (13)
where,
V9. ke, hr = metriccoef ficients,
Za,me = charge number and massof an ion of spectes a,
Sy, S;‘nu" = volume sources of ions and parallel momentum for species a,
St St = wvolume sources of electron and ton energy,
na,n® = poloidal and radial viscosity coef ficients for species a,
F,, = friction force on ion species a due to species b,
c.,c; = coefficientsin thethermal force for electrons and tons,
Di, Dy = dif fusion coef ficients for species a,
k&' k= heat conduction coef ficients,
k = energy equipartition coef ficient.

Auxiliary physical quantities are the mass density, po = Mq7a; the electron and ion pressures
for species a, p. = nel.,pa = naT5; the total pressure, p = pe + S, pa. Further, k(T. — T;) is
the rate of energy transfer from electrons to ions.

The poloidal coefficients are related to classical parallel coeflicients according to 75 = (B%/B?) s
and similarly for ;s;”'. For §, there exists a possibility to incorporate a flux limitation. The
radial coefficients n?, D%, D7, k7 and k! are anomalous.

The friction force Fi (which is proportional to Vjj; — V. ) is taken from [3]. The equipartition

coefficient k, parallel heat conduction coefficients £} and nfl and the parallel viscosity coefficients
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njj are computed using the formulae given in Ref. [3] for the case of a simple plasma (one ionic

species), with the following replacements :

Equipartition coefficient :

Simple plasma k< Z'm7 ' nin.
Multipleion species : koY Zim I 'nane

(14)
Parallel electron heat conduction coefficient :

Simple plasma @ K x z!
Multiple ton species : Iiﬁ x Z Zana/ Z Zbgnb
a b
(15)

Parallel ion heat conduction coefficient :

Simple plasma l‘&ﬁ x Zi-‘*mi_l/2

Multiple ion species fcﬁ o Z Z7%n,/ Z anbﬁmamb/(ma + mp)
a b

(16)
Parallel ion viscosity coefficient :
Simple plasma 77|i] o Z{'4m}/2
2
Multiple ton species nﬁ x Z7 ./ > nyy/2/(ma 4+ ms)
b
(17)

These expressions are a simplification of the complete multi-species transport theory, but they
have a correct limit in the case when one species dominates.

Tonization and recombination rates in combination with atomic data [4] provide information
for particle, momentum and energy sources. In addition sinks for the energy equation due to

Bremsstrahlung and line-radiation are computed.
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KFA Juelich

Figure 1: Numerical grid for simulation of the TEXTOR edge with EB2-EIRENE
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Figure 15: Particle flux to ALT
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12. Particle drift trajectories in the rotating field of the Dynamic
Ergodic Divertor in the TEXTOR tokamak
- a Monte-Carlo study

A. Montvai

FOM-Instituut voor Plasmafysica ’Rijnhuizen”
Associate EURATOM-FOM, The Netherlands

1 Introduction

The planned edge ergodization experiment in the TEXTOR tokamak intro-
duces a qualitatively new element in the series of edge-transport studies with
chaotic magnetic field (a review is given for instance in [1]). In this case
the magnetic field of the supplementary system of coils can be applied not
only as a static perturbation, but in the form of a traveling wave too, which
is running in the toroidal direction. At the upper frequency limit in the
parameter space of the DED (10* Hz) the phase velocity of the perturbing
wave-pattern is in the region of the thermal velocity of an ion population of
about 30 - 50 eV temperature. The coincidence of these characteristic veloc-
ities creates the possibility of introducing significant changes in the resulting
drift trajectories as compared to the static case.

An assessment of the induced alterations of the particle- and energy trans-
port in the boundary layer are of interest to a number of parallel studies.
Results of this kind of analysis can serve as input for edge-modeling systems
of codes like the EB2-EIRENE code (described elsewhere in this series of
reports). The spatial variations in the locally averaged drift velocities can
deliver information of engineering interest: spatial fluctuations of wall loads,
etc. Later during the actual functioning of the DED these results can help
in interpreting the measurements.

In order to arrive at a qualitative picture of the alterations in the radial
transport of particle due to the influences of the DED field a numerical study
is underway using algorithms based on Monte-Carlo techniques. At this stage
only test particle trajectories are computed and analyzed statistically. This
means, that the transport model implemented lacks of a number of important
features. No attempt has been taken to arrive at a self-consistent picture.
The effects of toroidal electrostatic field, collective plasma effects and particle
collisions are entirely neglected. However the numerical possibilities of taking
into account these mechanisms are provided for. In fact their effects will be
analyzed in a later stage of the study. In this report the basic features of
the numerical approach and the first results of the statistical analysis of the
derived database is reported only.
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2 The numerical background of the study

A system of programs has been developed consisting of the following main
modules: '

e Programs modeling the magnetic field

e Modules deriving characteristic vectors for the gradient- and curvature
drifts in the actual magnetic field distribution. These vectors can be
used to determine the local drift velocity of a given particle based on
the actual parameters thereof.

e Modules setting up the initial conditions for the particle population.

o The program following the particles in time and creating the trajectory
database.

Statistical postprocessing and visualization.

2.1 The magnetic field model

In the first phase of this study a comparative analysis has been conducted of
the two limiting operational regimes of the DED system. The static case (DC
power supply) and the upper frequency limit of the AC operation (10*H z)
were the subjects of the numerical modeling. The complexities of the task to
be solved made inevitable, that a number, occasionally strongly restrictive
assumptions had to be made to simplify the dynamics involved. The necessity
of doing so arose from the limitations defined by the nature of a Monte-Carlo
study.

The main and most important simplification was, that the underlying
magnetic fleld was supposed to be ’static’. The term ’static’ here refers
to the fact, that no effort was taken to implement any variations of the
input magnetic field due to the emerging inhomogeneous drift- and current
field. A second simplifying assumption was, that the DED field perturbed
an idealized, toroidally symmetric equilibrium field, and no other dynamics
has been taken into account in the system than the eventual rotation of
the perturbation. The actual parameters of the equilibrium were as follows.
Toroidal magnetic field on the geometrical axis of the torus: B, = 2.2 T, the
value of the safety factor at the ALT-II limiter radius of 0.48 m: @iimster = 4.2)
Under these conditions the temperature- and density distribution in the outer
plasma regions was supposed to be of the form shown on Fig. 1.

The distribution of the magnetic perturbation was computed by using a
numerical model of the current distribution in the coils. The geometry re-
flected the state of the construction as per 1st of April 1996. Great care has
been taken to devise a realistic current density distribution in the coils in-
cluding the inevitable asymmetries of the configuration, such as feed-troughs,
uncompensated currents, e.t.c. As a consequence each of the coils of the
DED was represented numerically by six, helically wound primary filaments.
The geometry of the helices corresponded corresponding to the actual con-
structional details of the current carrying cables. The resulting magnetic
perturbation was then computed using the Bio-Savart law. The field was
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stored on a 3D grid consisting of a total of 300 000 vertices. In order to
implement an approximately constant gridpoint density these vertices have
been distributed along toroidal surfaces between the two limiting values of:
Tmin = 0.3 < 7 < rmar = 0.6m. The distance among the gridpoints was
0.05 m in the radial direction, about 0.02 m in the poloidal direction and
0.1 m along the toroidal direction. The collected experience shows, that this
method of discretization delivered the precision, and the uncertainties of the
results were defined by other parameters in the numerical procedure.

2.2 Derivation of the drift field

In deriving the particle drifts in the combined equilibrium + perturbing mag-
netic field system a method was chosen, which consisted of two steps. In the
first step a pair of characteristic vectors were computed and stored all over
the 3D grid defined in the starting phase. These vectors did not contain
actual particle characteristics. Namely it can be shown, that the local drift
velocity of a given particle is completely determined by the two vectors:

oy

&y = 5B x (Bv)f 1)

- 1 -
dl=§'2'[bXVB]

Here B is the local magnitude of the magnetic field, b is a unit vector
in the tangent to the magnetic field line and the ||, L indices denote the
curvature- and the gradient drift respectively.

This vector has to be multiplied by a factor containing the actual particle
mass, charge and velocity parameters in order to determine the local drift
velocity. However one has to note, that the local velocity of a particle with a
given initial condition depends merely on the local magnitude of the induction
vector:

2 B
2 2.2
V” = '—'E —_ onlloﬁg (2)
Aivi B
vi= =g ®)

In this formula Ag is the initial pitch angle of the particle, E is the energy
and V|jo, V1o is the initial parallel- and perpendicular velocity respectively.
Finally By represents the magnetic field strength at the starting point of the
trajectory. It is to be seen, that evaluating the local velocity contains only
one variable: the local magnitude of the induction vector.

This means, that storing the components of the magnetic field and the
characteristic vectors of Eq. (1) one can derive the local drift vector in the
given perturbed magnetic field economically.
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2.3 Initialization of the particle database

The particle database was set up by generating initial conditions randomly
in a toroidal shell. The volume was limited by the two radius values of
ry = 0.40 m and r, = 0.46 m (the nominal boundary of the plasma) The
initial conditions were generated on a toroidal shell at a distance of 0.01 m
each (radially). In the toroidal direction the density of the starting points
was homogeneous. The density of the starting point in the poloidal direction
could be set up with homogeneous and inhomogeneous distributions too. The
total number of points on a toroidal shell was chosen according the density
distribution of Fig. 1.

The energy distribution of the initiated particle population followed the
Maxwell distribution with a mean energy corresponding to the local tem-
perature. (Fig. 1.) The next step in setting up the database for the initial
conditions was the determination of the initial pitch angle values. In do-
ing so equipartition of the energy between the two degrees of freedom (the
parallel- and the perpendicular velocity) was assumed. Finally the direction
of the initial parallel velocity was randomly chosen in the possible two di-
rections around the torus with equal probability. The procedure described
here was carried out twice creating two independent sets of initial conditions
for the ions and for the electrons. They contained about 3000 particles each.
The actual number depended on the aims and statistical requirements of a
particular run.

2.4 Modeling the particle dynamics

The modules advancing the particle trajectories were based upon the so called
"Mapping technique’ [2]. This method replaces the integration of trajectories
by a set of transformations of a sufficiently dense set of poloidal sections
of the torus [3]. In praxis it meant, that 100 equidistant poloidal sections
were defined along the toroidal direction of the torus. The coordinates of
a given drift trajectory were computed and stored for each of this poloidal
sections. The determination of the coordinates of the drift trajectory on the
next poloidal plane knowing the initial point on a given one was carried out
as follows:

¢ Based on the stored component of the perturbed magnetic field the
local direction and magnitude of the magnetic field is computed at the
initial point.

¢ In the second phase the local drift velocity at this point was determined
by using the stored characteristic drift vectors (Eq.’s (2) and (3)) and
multiplying them with the factor corresponding to the actual magnetic
field and particle parameters.

e An estimate of the endpoint of the drift trajectory on the next poloidal
section was constructed based on the data delivered by the previous
two operations.

e In the next step a hypothetical, 'inverse’ drift was used to project back
the estimate of the endpoint onto the previous poloidal section. This
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"inverse’ drift acted in the opposite direction as the physical drift, and
its magnitude and direction were constructed by using the actual local
values at the temporary endpoint. If the initial point and the recon-
structed start-point were sufficiently close to each other, the estimated
coordinates of the endpoint were accepted. Large discrepancies indi-
cate the presence of large fluctuations in the magnetic- and drift fields
in the given region. In this case a second iteration was made by halving
the distance between the poloidal sections and doing a third order La-
grange interpolation over the the neighbouring four poloidal sections.
In all practical cases this was enough for deriving a endpoint of the drift
trajectory on the subsequent poloidal section with a sufficient accuracy.

e In the case of trapped particles, having turning points between two
adjacent poloidal sections (this was signalized by a negative longitudi-
nal velocity on the next poloidal section) a fifth order Runge - Kutta
solver [4] was activated to integrate the trajectory through the running
point back to the initial poloidal sections. After this the much faster
mapping was used once again.

Finally: the local particle data (actual time value, pitch angle, paral-
lel velocity, the characteristics of the local drift shifts between the adjacent
poloidal sections) were stored to create the database for the subsequent sta-
tistical study.

3 Results

3.1 Magnetic field structure and properties of the drift
fields

Properties of the perturbed magnetic field have been dealt with in detail
elsewhere in this series of reports. Therefore a lengthy description of these
properties is omitted here. From the point of view of the particle drifts, only
one feature and its consequences have to be mentioned. Namely the pertur-
bation is very strongly localized and is being felt by the particles only on the
high field side of the torus. This fact has several important consequences.

The first one is, that the majority of trapped particles experience a nearly
perfect, toroidally symmetric drift motion. This part of the particle popu-
lation (especially those ones with high perpendicular energies) does not feel
the presence of the localized perturbations. In contrast to that the barely
trapped particles and the circulating particles just above the trapping limit
are very strongly affected by the perturbations, because the majority of time
of flight is spent in the deeply perturbed regions. Scattering in- and out of
the trapped regions of the velocity space is expected to be enhanced by the
strong perturbations of the high field side of the torus.

A second significant effect is to be expected to alter the trajectories of
circulating particles well above the trapping limit. The drift of this kind
of particles is a composition of two parts. In about 2/3 of the toroidal
transition the drift corresponds to that of the toroidally symmetric magnetic
field. In the remaining part the drift is strongly chaotic, dominated by the
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curvature drift. As a consequence the statistical properties of the trajectories
are very hard to predict. Because of the fact, that the statistical properties
of the distributions involved are not known, great care has to be taken in
choosing an appropriate method of interpretation. One can not assume a
priori the presence of Gaussian distributions and therefore methods of the
nonparametric statistics are to be used [5].

A third property to be considered is, that the curvature- and the gra-
dient drift caused by the perturbing field decay at a different pace towards
the center of the plasma column (see Fig.’s 2.a. and 2.b.). In particular the
gradient drift of particles essentially coincides with that of the axially sym-
metric case at a minor radius value of about 0.41 m, whereas the curvature
drift decays into the axially symmetric background only at a greater distance
form the DED coils (0.35 m). This point further emphasizes the importance
of a careful approach towards the statistical interpretation of the data.

3.2 Particle excursions in the static and rotating regimes
of the DED system

A series of runs has been completed to identify the differences between the
two, qualitatively different regimes of operation: the static- and the rotat-
ing perturbations. For the sake of a reliable comparison identical sets of
initial conditions were applied in both cases. On Fig.’s 3.a. and 3.b. two
typical plots are to be seen. A significant difference can be identified on
them, because the ions moving in the rotating field show a narrower spread
around the initial conditions a as compared to the static case. This property
can be explained by considering, that the rotating perturbation propagates
with a velocity comparable to the ion thermal velocity. This means, that a
significant fraction of the particle population sees a slowly varying field as
compared to the stationary case. The result just mentioned correlates with
models of particle transport in chaotic magnetic fields, treated in detail in
Ref. [6]. In the paper referred to it is shown, that the diffusivity of collisional
particles exhibits a frequency dependence of the form:

D~ f(5) @

Here v is the characteristic frequency of fluctuations. The calculated
spread in the radial position of ions agrees with this claim. It has to be
added, that the electrons are much less significantly effected by the rotation.
This is a direct consequence of the much greater difference between the phase
velocity of the traveling wave and the thermal velocity of electrons.

3.3 Statistical properties of the drift-displacements

;From the point of view of the cross-field transport the actual statistical dis-
tribution of the local drift displacements play a significant role. On Fig. 4.
the distribution of the radial shifts of 10 000 magnetic field line section is to
be seen. The radial shifts have been computed locally between two adjacent,
poloidal planes. This localized characterization of the magnetic field line
excursion was used because of the following reason. Regarding the strongly
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inhomogeneous structure of the perturbed magnetic field one can not expect
the stochastic process describing the field line excursions to be stationary in
the strict sense of the word [7]. In the case of nonstationary stochastic pro-
cesses the statistical properties of the increment process are of importance
[7]. The increment process, defined as the probability distribution of changes
occurring in a very short time interval, contains directly accessible informa-
tion on the statistical behaviour. Therefore as a practical estimate for the
increment process the radial coordinate shift of a field line segment between
two subsequent poloidal sections was used.

On Fig. 6. the distribution of 10 000 drift trajectory shift is to be seen for
ions. The drift trajectory shift was computed between two adjacent poloidal
planes. However this shift does not contain the displacement of the field
line, that is it is the drift relative to the field line the particle started on the
initial poloidal plane. A remarkably large difference to the fitted (and shown
in solid lines) Gaussian distribution is to be observed.

i From the point of view of the applicable transport models this deviation
is of importance. It shows,, that the statistical properties of the stochastic
process describing the particle excursion in the magnetic field of the DED
have to be chosen properly. The non-Gaussian nature of the distributions
excludes the applicability of diffusive models in general. If one nevertheless
uses such a diffusive model for the interpretation of the calculated data one
has to justify the procedure chosen in a case by case manner.

Finally it has to be mentioned, that the correlation between the local drift
shifts and the magnetic field line displacement is very low. In connection to
with that two remarks have to be made. At first this low level of correlation
reflects the strongly inhomogeneous nature of the magnetic field structure and
the two-component pattern of the local drifts, mentioned earlier. At second
this result implies, that the application of the magnetic diffusion coefficient
as an estimate for the particle diffusivity - as it has been done in [8] for
instance - has to be critically reconsidered under the present conditions.

3.4 Test particle diffusion coefficient

The preceding section disclosed the non-Gaussian nature of the total drift
shifts. However for a preliminary, order of magnitude estimate of the particle
diffusivity it is possible to use the local data for estimating the diffusivity by
using the classical formula:

< As? >

A7 (5)

In this the As values are local drift displacements in a toroidal distance
of 0.2 m, and the At values are the time intervals to follow the given section
of the trajectory one can get an estimate for the particle diffusivity. The
produced database of particle trajectories was sufficiently large (~ 10° local
values - as defined and computed in the preceding sections), and therefore
one could randomly chose a statistics containing 10® independent local shifts
to estimate the transport coefficient.

The procedure delivered the results presented in Table I. The obvious
large difference in the ion- and electron diffusivity reflects the fact, that in the

Dyrigt =
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present model only independent, test particle transport has been considered.
The lack of inclusion of electric fields such as for instance the ambipolar fields
is the cause of this deviations. It is clear, that in a more detailed analysis
these effects can not be left out.

Estimated particle diffusion coefficients in the DED field (m2s™?).

radius > 0.45..0.46 m 0.46..047m 0.47..0.48 m 0.48..0.50 m
electrons 4.9 11.0 43.0 ~ 90

ions 0.5 2.0 n.a. n.a.

Table 1: Table. I. Estimated test-particle diffusivities in the plasma bound-
ary region of the TEXTOR tokamak. The perturbation is computed in the
rotating phase (10* Hz), and with a current amplitude of 10 kA per coils. (IN
certain cases the amount data was not sufficient to give a reliable estimate.)

4 Conclusions and plans for the future

The observed main features of the particle drift in the DED field can be
summarized as follows:

o The perturbed drift field in the TEXTOR tokamak shows a strong
poloidal asymmetry. The drift field in general follows a very inhomo-
geneous statistics. Furthermore there are differences in the curvature-
and the gradient drifts as far as the spatial distributions are concerned.
Consequently the different, characteristic regions of the velocity distri-
butions: the trapped- and circulating particles, particles with very low
and very high values of the pitch angle are affected differently in differ-
ent regions of the volume close to the plasma boundary. In particular
the presence of the curvature drift can be felt at a greater distance from
the coil system as compared to the gradient drifts.

e There is statistically significant effect to be identified in the data gen-
erated by the rotating regime of the DED. The rotation affects the
electron- and ion components differently. In accordance with theoret-
ical estimates, the spread of the ion component in the rotating phase
was narrower than that of in the static case.

e Strongly inhomogeneous statistical properties can be observed in the
local drift distributions over the plasma boundary region. There are
significant deviations from a purely Gaussian statistics.

¢ In the given field structure a very low level of correlation (r ~ 0.1) could
be observed between the local drift shifts and the local magnetic field
line shifts. This calls for a new statistical and probabilistic approach
in an effort of describing the particle transport in the DED field.
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As far as the future plans are concerned, several tasks and possibilities
have to be mentioned.

The main task is to enhance the numerical efficiency of the system of
codes. At the moment this is the limiting factor in determining the number
of initial conditions during a specific run. In praxis it means, that not in
all cases can be the requirements of a sufficiently selective statistics can be
satisfied.

However one clear advantage of the numerical procedure constructed is
that it allows for a significant widening of the particle dynamics, which can
be modeled. Such effects as:

- radial electric field effects;

- the pitch angle scattering;

- particle close collisions;

are fairly easy to implement. This has to be done in the near future to be
able to account for the effects of these important mechanisms of the particle
transport.
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6 Figure captions

Fig. 1. Electron temperature- and density distribution in a typical TEXTOR
discharge. These data were used to set up the database for initial conditions
in the Monte-Carlo routine.

Fig. 2. The magnitude of the characteristics vectors derived in the perturbed
magnetic field of the TEXTOR tokamak. These characteristic vectors define
the local drift velocities of a particle in the given field after being multiplied
by a corresponding factor containing the actual particle parameters, local
velocity components, etc. (see main text). The (d.) (Fig. 2.a.) and the
(a?i])) (Fig. 2.b.) vectors deliver the local drift velocities for the gradient-
and the curvature drifts respectively. The distributions shown have been
computed on a toroidal surface at r = 0.4 m distance from the magnetic axis
and are plotted in function of the poloidal- and toroidal angle.
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Fig. 3. Probability density plot of the total, radial displacement (including
the displacement induced by the magnetic field line excursion, and the dis-
placement coming from the drifts) delivered by a sample of 10* ions. The
particles were started at the plasma boundary (r=0.46 m) and were followed
for five toroidal transition. The (not normalized) probability density function
reflect the distribution of the particles at the endpoints of the trajectories.
a - static perturbation, b - rotating field. (The solid curves represent the
fitted Gaussian probability density functions.) There is a 20 percent differ-
ence to be seen in the halfwidth of the fitted Gaussians, with the rotating
perturbation being narrower.

Fig. 4. Probability density plot of the field line displacement based on 10000
field line segments. 1000 initial conditions for magnetic field lines were de-
fined over a toroidal surface with 0.46 m minor radius. The field lines were
followed during 10 revolutions along the torus. This resulted 10° magnetic
field line segments between the adjacent poloidal planes. The radial shift
along the field line segment was computed between two neighbouring planes.
This method of local characterization of the drift process was necessary be-
cause of the possible inhomogneities of the stochastic process describing the
drift displacements (see main text). The statistical sample consisted of 10
000, randomly chosen poloidal sections.

Fig. 5. Probability density function derived from 10 000 randomly chosen ion
shifts. The method of derivation of the sample is described in Sec. 3.3. It is
to note, that large differences can be found between the observed distribution
and the fitted (solid line) Gaussian distribution.

Fig. 6. Quantile - quantile plot [5] of the magnetic shift (as shown on Fig.
4.) and the total drift displacement (as shown on Fig. 5.). a - for the
electrons, and b - for the ions. It has to be added, that a deterministic
relation between the magnetic field line shift and the resulting drift shift
requires a linear quantile-quantile plot. The deviations at the large (positive
and negative) drift displacement regions shows, that a probabilistic approach
is needed to describe the particle drifts in the DED field properly.
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13.  Model for Plasma Response for a Finite Relative Velocity between Plasma and
the Magnetic Perturbation

T.H. Jensen

General Atomics, San Diego, USA

13.1 Introduction

The dynamic ergodic divertor in TEXTOR provides a unique possibility to perform
experiments on plasma rotation driven by low frequency electromagnetic waves. Plasma
rotation caused by low frequency waves has previously been demonstrated experimentally by
Morris! and more recently by Oasa®. The key physics question of the plasma response at
the singular surface to an electromagnetic perturbation with a phase velocity different from
the plasma flow velocity is however not resolved. The "linear layer model" for the response,
which is brought to a convenient form by Fitzpatrick’, as well as a "nonlinear island
model"4 were found incapable of accounting quantitatively for magnetic braking
experiments®. Therefore another heuristic model® was formulated which may describe the
magnetic braking results. It is this heuristic model which is put forward as a guide for
experiments proposed for TEXTOR. Such experiments could help determine how the singular
surface response may be described. A simplified version of the heuristic model is outlined

in Section 13.2.

When the singular surface response is known one can, with some confidence, determine the
potential advantages of providing a plasma with rotation and rotational shear using low
frequency waves. There is a wide-spread belief that such rotations may have profound
beneficial effects on both ideal and resistiveMHD stability, on effects of error fields, and

that they may suppress turbulence which gives rise to anomalous transport.

An essential part of the heuristic model is an assumption that plasma turbulence is generated
locally in the region around the singular surface. This turbulence may contribute significantly
to the transport of plasma and may therefore help in reaching the goals of the dynamic

ergodic divertor experiments.
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In the following Subsection 13.2, a simplified form of the heuristic model of Ref. 6 is
described which addresses the situation of the proposed TEXTOR experiments. In Subsection
13.3 is given a numerical example for the proposed experiments. The results suggest that the
plénned coils and associated power supplies will be able to produce perturbations which are
large enough to drive a significant plasma rotation and turbulence which may make

significant contributions to the transport.

13.2 Heuristic Model

In the following it is implied that neoclassical effects will prevail and prevent poloidal
rotation of the plasma. This may well be inconsistent with the key assumption made, namely
that the resistivity becomes anomalously large around the singular surface because of
turbulence. Therefore the arguments from neoclassical theories may not apply. At this point

we do not have a model which takes this into account.

The TEXTOR plasma is treated as a cylindrical plasma with a circular cross section. We
describe the magnetic field of the unperturbed plasma using the functions F and ¥ and the
helical vector, u = £ + krf through

B =Fup + V¥xu (1)

Here 1,0 and z are the unit vectors of an ordinary cylindrical coordinate system. We assume
that (kr)> < 1 and (V¥/F)? < 1, namely that tokamak ordering is valid. The unperturbed
configuration is assumed to have two ignorable coordinates, © and z. The choice of
description of the initial configuration is convenient for the relevant perturbations of the form
exp {i[nz/R + mO]}. Here, R plays the role of the major radius of the plasma; n and m are
the toroidal and poloidal mode numbers, respectively. When k is chosen so that k = n/(mR),
the perturbed plasma still has one ignorable coordinate in that u+V vanishes.

We consider the simplest case, ignoring the plasma pressure, so that the condition for

equilibrium of the unperturbed plasma, (VxB)xB = 0 results in

VF = FN¥: YRY® + FF' - 2kF =0 (2)
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Since both © and z are ignorable, ¥ depends only on r.
The perturbation of the magnetic field, b, is represented by the functions f and ¢ through

b=/ + Voxu (3)

We assume that f and ¢ are helically symmetric, i.e. u+Vo = p-Vf = 0 as well as that
0/00 = im and d/dt = iw. Again, for the sake of simplicity, here we ignore the pressure and
further assume that the perturbations are so slow that inertial forces may be ignored. The
perturbation is assumed caused by an externally driven current j,, = p-j., Which satisfies
£*Vjex = 0 and 9j,,/0© = imj_,. The condition that the pertu—rbed configuration is force
free, namely that [Vx(B + b) - p.uj.Jx(B + b) = 0 becomes (to first order)

Vo + (FF Yo -iT @8(r-r) + p,Jj,=0 ()

Here 1 is the radius of the singular surface where d¥/dr = 0. The quantity I' is in this
context arbitrary and is a measure of the singular current, thus describing the response of the
plasma at the singular surface. For a linear model, I is independent of ¢. Since the electric
field satisfies E-p = -iwp, one sees from (4) that I' is real for a resistive response and
complex for inductive or capacitive responses. Since inductive or capacitive responses involve
the presence of a store for energy, which physically is not present (we ignore beams), we

conclude that I' is real.

In second order of the perturbation, there is an average exchange of forces between the field
and the plasma at the singular surface. It is assumed that the poloidal component of the force
is balanced by the neoclassical force which inhibits poloidal rotation. For the "toroidal" part
of the force one finds readily

Fz=4:l [—i]_"(pux(f*“ + V(p*xu) + C.C.] 'z = —m::k‘p(rs)(p*(rs) (5)

» 2

For a given perturbation, ¢(ry) depends on I'" and on the properties of the unperturbed
equilibrium. In order to overcome this inconvenience we further assume for the sake of
simplicity that (FF’)’ =82 is a constant (inside the plasma) as well as that the singular surface
at r=r, is located inside the plasma surface at r=a and that (a-r)?><r2. In addition we

assume that the external currents are located entirely outside the plasma, r > a.
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It is further found convenient to use, as a measure of the perturbation, the singular surface
value of the perturbed flux function for the case of no induced plasma current (the "vacuum"
response) ¢,(ry). The relationship between the external current and ¢(r,) does not depend
on I' or the equilibrium properties except through the location of the singular surface. With

these simplifications (more details are given in Ref. 4) one finds

4m2¢v(rs)‘pv'(rs) (6)
(A'r)? + (Tr)?

o(r)e™(ry) =

where

Al = _ 2 a - rs _ Brs Jm+1(Brs) (7)
A'r, = 2m - (pr) - 7.(6r)

Here, the J’s stand for the Bessel functions of first kind and 8r, = 3.83 (the first root of I;).

The basic assumption for the simplified heuristic model for the plasma response, in the
singular surface region, is that turbulence, created by the perturbation field, gives rise to an
anomaly of the plasma resistivity so large that the plasma can flow resistively through the

. (average) magnetic islands.

The frequency experienced by the plasma, flowing in z-direction (simulating the toroidal
direction) is nv/R + w. Here, v is the plasma velocity and w is the applied frequency. The
resistivity needed to allow the plasma to flow resistively though the (average) islands is
estimated to be
N =p,w VR (8)
n am

Here, w is an effective island width. We have also used e=1 /R and a is an adjustable
multiplier describing the strength of the turbulence at the singular surface. The DII-D
experimental results® may be accounted for with o ~0.1. It is also implied here that v+Rw/n
is positive so that 4”>0. The resistive current inside the (average) islands constitutes the

singular current,
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o(r) (9)
K,

J, = -l

Since the electric field (essentially along the field lines) experienced by the plasma is
-i(w + nv/R)¢(r,), one obtains for the island current

J, = —i(@ + %’) or) = (10)
1

From (8) - (10) one obtains the desired expression for the quantity T,

T =" (11)
€

1
R

This is a limiting result of the more elaborate heuristic model®.

The anomalous resistivity given by (8) may be associated with an anomalous diffusion

coefficient for the plasma

By € (12)

Here 8, is the "poloidal beta" for the electrons.

These arguments about the existence of turbulence are of course valid only if 4° > Nsps
Spitzer resistivity. This means that for small amplitudes of the perturbation, the linear layer
theory® may be valid. For the amplitudes contemplated for TEXTOR one is well into the

nonlinear regime where the assumptions on the existence of turbulence may be applicable.

Even tokamaks without any direct injection of angular momentum have Mirnov oscillations
with a phase velocity which suggests a toroidal plasma rotation. The source of this rotation
may be a loss rate of ions which depends on the ion angular momentum. Besides the
momentum source, which is assumed independent of the toroidal flow velocity, there may

be a viscous drag, proportional to the plasma viscosity, acting on the plasma. Finally, the
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plasma is exposed to the force acting on the singular surface (we ignore here the force from
neutral beams). In a zero-dimensional description, the toroidal velocity of the plasma, v, may

thus be determined by

2rr, 2nRF, = F (1 -;"—) (13)

0

Here, & and v, are constants. The latter is the velocity of the plasma in the absence of
perturbations which give rise to singular surface forces. From (5), (6), (11) and (13) one can
obtain an expression for the relationship between the plasma velocity and the amplitude of

the perturbation applied

_ o, (r)e,(r) 8n2anm® (14)
ko [(aT7)? + (am)?]

1 - Y
VO

13.3 Numerical TEXTOR Example

The object of this section is to relate the current in the helical coils of TEXTOR to ¢, (r),
used as a measure of the perturbation amplitude in Subsection 13.2, in order to determine
if the amplitude of the perturbations of the planned experiments is sufficient to affect the
plasma rotation and the transport. Again we approximate the TEXTOR geometry by that of
a circular cross section cylinder. As a first step we approximate the coil currents, J, located

at r=b, by

o = wl, 8(r-b) (15)

and we assume the vacuum chamber wall (assumed conducting) is located at r = r,,. The

vacuum response is determined by

Vg, + p, I, 8(r-b) =0; of) =0 (16)

v

It is easy to find ¢ (r) from (16) for
0<r<hb:
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o, = ¢,(b) (%)"‘ (17)

and forb < r <r,

Iym _ (Leyem (Zy-m
) (b)z’"(b)

o) = o) T—> (18)
1-
b
and that
T,
m G
K, Jc = _‘pv(b) T (19)
1 - (e
b
so that
* « Ts b Ty Ty o
09 ) = g T I P (I - (G 12 (D) (20)

There are many possibilities for driving the currents through the planned helical coils. Here

we only contemplate one of them.

We assume that the four turns eXiting the vacuum chamber at one toroidal location each
carries the current I, cos wt. The four turns exiting at a neighbouring toroidal location are
assumed each to carry the current I, cos(wt - 7/2) and so on. One may estimate from this
that the predominant excitation then is an n=1, m=3 mode with J = I_/b. From equation
(20) one finds |¢,(r)| = 5-10* Vs/m using I, = 10* A, 1, = 0.42 m, b = 0.53 m and
1,, = 0.6 m. This corresponds to a radial magnetic field, b,. = m|¢.(ry)| /1, of about 3+ 107
Vs/m2. This allows calculation of a toroidal force (using R = 1.75 m and (A’r)?> = 1 and
a=0.1) from (5), (6) and (11) of 40 N. This is a large force compared to that of the neutral
beams available; 1.5 MW of a 50 keV hydrogen beam provides about 1 N.
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The associated diffusion coefficient is also large. Using as an example w = 2+ 102 m and
v + Ro/n = 10% m/s, a diffusion coefficient of 30 m?/s in the island region follows from
equation (8) and (12) using 8,.= 1/2, €=1/3 and «=1/10. This diffusion may contribute

significantly to spreading the heat load on the walls.

Therefore, the design of the coil system for TEXTOR appears well suited for experimental
investigations of the effects og magnetic perturbations with a finite phase velocity relative to

the plasma.
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Part V: Special Application to the TEXTOR Programme

14.  The Optimization of a Radiative Plasma Mantle

U. Samm
Institut fir Plasmaphysik, Forschungszentrum Jillich, Association EURATOM-KFA

It is well known that the peak heat loads in a fusion reactor (e.g. ITER) would be unacceptable
without distributing a significant fraction of the total power on larger areas than the wetted area of
the divertor plates. A uniform distribution of the power can be achieved by line radiation. Impurities
can provide a radiation level sufficiently high - e.g. 90% of the total a-particle power. By choosing
the appropriate type of impurity (with an atomic mass not too high) the line radiation will be
concentrated mainly at the plasma boundary outside the fusion volume, thus generating a "cold
radiative plasma mantle".

Such plasmas have been generated successfully on limiter (TEXTOR) and divertor machines
(ASDEX-U). An essential element in these experiments is the feed-back control of the impurity
level (neon) to assure a safe operation at extreme values of the radiation level (approaching 100%)
and at high electron densities close to the density limit. On TEXTOR recently also a feed-back
system has been installed to keep the energy content of the plasma constant. A variable ICR heating
power is used to react on excursions in energy confinement. This is important to avoid instabilities
and to stay below the b-limit.

The performance of such plasmas turns out to be favorable in many respects. The discharges are
thermally stable and quasi-stationary. The energy confinement times are kept on a high level. This
has been shown under H-mode conditions (ASDEX-U), but also "L-mode" discharges show
improved confinement. On TEXTOR the improved confinement regime (I-mode) can be extended
to the highest electron densities and shows energy confinement times comparable with the ITER
ELM-free H-mode scaling.

Edge radiation cooling seems to be attractive to solve the power exhaust problems of a fusion
reactor. However, the feasibility of this scheme is limited due to impurity transport to the plasma
centre. Even if impurity radiation losses from the centre can be minimized by employing only low-Z
impurities, the dilution of the D-T fuel can be serious and may lead to a reduction of the fusion
power and even to the end of the burning plasma.
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The problem of seeded impurities for the purpose of radiation cooling adds to those coming from
intrinsic impurities eroded from the wall and, most critically, to the He-ash generated by the fusion
process. For an effective He-removal time 1y /75 = 10, as foreseen in the ITER design, and
assuming 3% of Be in the plasma centre, the feasibility of a radiative edge with seeded impurities
appears to be marginal. The uncertainties in the predictions on impurity transport do not allow a
precise answer to the question, whether a cold radiative plasma mantle is feasible under these

conditions.

Therefore, any measure for optimization is of major importance. A figure of merit, which is to be
minimized, is the ratio of AZ.¢/ APyq - i.e. the increase in Z. one has to accept for a given increase
of the radiated power from the plasma edge. In this respect various aspects play a role : the choice
of impurities, operation at high densities and low edge temperatures, He-exhaust efficiencies and the
confinement properties of impurities. The latter can be influenced significantly by ergodizing the
plasma boundary.

In an ergodic plasma boundary the radial transport of particles is enhanced due to the radial
components of the magnetic field. This has been demonstrated in experiments on TORE SUPRA
with a static ergodic divertor. The level of the intrinsic carbon impurity has been reduced by a
factor of 3. At the same time the radiation level has been enhanced by a factor of 1.5, thus the
radiation efficiency of the impurities is improved, or in other words the figure of merit AZ ¢/ APpq is
significantly reduced. |

An analysis of this behaviour has been performed with the transport code RITM, which can treat
the transport of impurities and the background plasma self-consistently (indispensable for a high
radiation level). It is shown that with a shorter life time of the impurities in the plasma (particle
confinement) the population of the lower ionization stages is enhanced, in particular the Li- and Be-
like stages, which contribute the dominant fraction to the total radiation. This explains the strong
increase in radiation efficiency. With respect to a reactor this improvement would be beneficial and
could provide just that margin for intrinsic impurities (incl. helium) required for the compatibility of
a cold radiative plasma mantle and the conditions for a burning fusion plasma.

In the context of the TEXTOR 94 programme - devoted to the study of "Advanced Concepts for
Energy- and Particle-Transport and -Exhaust and their Control in Fusion Reactors" - the
possibility for ergodizing the plasma boundary would be an outstanding element. It is expected that
a coherent treatment of all aspects of particle and heat transport leads to a deeper understanding and
to solutions for optimization. The results will not only be applicable to tokamaks. Also in
stellarators, where "steady state" is the primary aim, power exhaust via radiation can be
indispensable. In this respect the various possibilities to ergodize a stellarator plasma will be helpful.
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15.  Particle, in Particular Helium Removal Experiments

K.H. Finken
Instirut fiir Plasmaphysik, Forschungszentrum Jillich, Association EURATOM-KFA

The magnetic confinement studies on plasmas aim on achieving a burning plasma with long
pulse reactor operation. A prerequisit for obtaining stationary conditions are both continuous
fuelling of the burning gas and removal of the helium ash, impurities and working gas e.g.
for density control. On the average, the working gas has to be removed from the discharge
at the gas injection rate. During the start-up phase the situation can be delicate if gas is
released from the walls e.g. during heating up of the structural materials. Therefore particle
and in particular helium removal studies have been performed on TEXTOR and continue to
be a critical issue. The helium removal must be sufficient efficient such that the central
helium concentration remains below 10%; otherwise the fusion process is strongly
deteriorated by dilution. It has been shown!, that the helium has to be extracted from the
reactor in a time of at most 15 energy confinement times (ry, /75 < 15) for an otherwise
clean plasma. If the plasma contains other impurities than helium, this ratio is progressively
reduced with higher contamination levels. Present day experiments fulfill the requirement on
the helium exhaust only barely and for selected discharge conditions only. Any possible
improvement should be investigated and therefore the dynamic ergodic divertor will be

thoroughly studied on this aspect.

TEXTOR is one of the experiments, which has pioneered the question of helium removal.
The device is in particular suited for these investigations, because it is equipped with an
efficient particle removal system, the toroidal pump limiter ALT-II; this system removes all
gases and not preferentially hydrogen isotopes as getter pumps or cryo pumps do in other

devices. A poloidal cross section including the pumping system is shown in Fig. 1.

The exhaust efficiency of a pump limiter is the product of the collection efficiency and the
removal efficiency®> . The collection efficiency is the propability for particles leaving the
plasma to be intercepted by the pump limiter scoop entrance. The removal efficiency equals
the probability of the intercepted particles to be pumped away. In the very simplest

approximation the the collection efficiency is determined by the width of the pump limiter
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blade relative to the decay length of the
£ o (XE Spectromer View

scrape off layer and the removal efficiency

by the conductances in the pump limiter.
For this case they were estimated to be
15% - 20% (collection efficiency), 50%
(removal efficiency) and 5% - 10% exhaust

efficiency. The interaction of the flux

towards the pumps with the background

plasma, however, changes the values and

makes them dependend on the plasma Abb. 1: Cross section through TEXTOR

including one pumping line of the pum
density and temperature in and in front of i -iar A%LT—II pumping pump
the scoops. Thus the actual exhaust

efficiency is modified to 2% - 10%.

For the helium removal experiments, small quantities of He-gas (typically less than 10% of
D; puff length o« 10 ms) are injected in a short puff during the discharge. The decay of the
helium density is observed by charge exchange spectroscopy (CXS) in the central plasma,
by emission spectroscopy of recycling helium on the front surface of the ALT-II limiter and
by a modified Penning discharge* in the exhaust line of ALT-II. For studies on energetic
helium confinement>*%, He-ions have been injected by a specially prepared neutral beam
injector with an energy of 40 - 50 keV.

15.1 Helium Exhaust Measurements

In ohmic discharges or in discharges with neutral beam heating a small puff of helium is
injected into the discharge”®°. Fig. 2 shows the electron density for two consecutive
discharges; in # 38810 the gate valves to the ALT-II turbo pumps are open while in # 38811
they are closed. The helium is injected at the end of the density ramp-up phase and is seen
in the density signal as a change of the slope. About 50 ms after the He-puff, the neutral
beam injector is switched on. Just after the onset of the beam, the electron density increases
and then decays. The decay from 0.8 s to 1.2 s is mostly due to the implantation of
deuterium in the TEXTOR walls. If the valves are closed, the density soon reaches a
stationary value and decays further when pumping with ALT-II.
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Abb. 2: Electron density for two
consecutive discharges with neutral beam
injection. Top curve: ALT pumps closed,
bottom ones pumps open.
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The helium signal from the core recorded by
charge exchange spectroscopy is shown in fig.
3. The data can only be obtained as long as
the neutral beam is switched on as source for
charge exchange processes. Shortly after the
injection, the helium signal shows a small
maximum, When the gate valves to ALT-II are
closed, the signal stays constant during the rest
of the discharge. In case of open gate valves
ALT-II pumps the helium away. In L-mode

discharges the e-folding time is about 0.6 s

while in the ohmic case it is about 3 s. The
higher removal rate in the L-mode is caused
by the reduced particle confinement time
during the L-mode and is related to an
enhanced removal efficiency for the helium.
The figure of merit in a reactor 7y, /75 for L-
mode discharges is in the range of 10 - 30.
The lowest values are valid for high density
discharges and would just be sufficient for the

continuous operation of the fusion reactor.

For a comparison with other fusion devices the

6_.
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§ ] N03Ba 1‘
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®
S
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0 — ————
08 12 16 20
Time [s)

Abb. 3: Core helium concentration from
CXS for the same discharges as in Fig. 2.

determination of the transport coefficients is necessary. The experiments performed are

analyzed with respect to the quasi-stationary He-decay phase and there the electron profile

is given by the balance of the inward pinch and the diffusion term:

n, * v, = Dy « dng/dr.

To derive the transport coefficients for He ( MIST Code), the right hand side of this equation

is multiplied by C,. The quantity C, describes the enhancement of the He-diffusion

coefficient relative to the electron diffusion coefficient. The analysis has shown, that the He-

diffusion coefficient is slightly increased for low density discharges (C, = 1.5 - 2.5) while
for high density discharges it is close to the electron value (C, = 0.65 - 1.5).




200

15.2 The Role of a Dynamic Ergodic Divertor

Unfortunately, the extrapolation of results of an ergodic divertor gained on other machines
to the particle removal on TEXTOR is not straightforward: The geometry on the location of
the perturbation coils inside the machines is different from TEXTOR and the toroidal belt
pump limiter of TEXTOR is unique also. To estiinate, nevertheless, the removal rate of the
ergodized plasma boundary, it may be assumped that the diffusion coefficient of the plasma
boundary by about a factor of five as discussed in §3.

Scaling the scrape off layer width & according to & = (D -L)/c, results in an increase of &
by a factor of about 2.24, provided that the edge temperature, connection length and
recycling remains constant. The collection efficiency of the pump limiter is estimated as &.,)
=[exp(-x1/8) - exp(-x2/8)] where x1 and x2 are the distance between the last closed flux
surface to of the scoop entrance and scoop back and § is the decay length of the flux. For
the "old" ALT-II graphite tile configuration with a radial thickness of 17 mm it increases
from 20% to 36% for the ergodized case and for the "new" tiles with a thickness of 20 mm
to 30%. If this assumption is applicable the particle removal rate by the ALT-II pump limiter

would nearly double with the ergodic limiter.

A more complete modelling effort is under way in which the magnetic field lines hitting the
pump limiter blades and scoop entrance are traced back into the plasma. From the average
connection length of these field lines and their distance from the last closed flux surface the
particle fluxes to the neutralizer plates of ALT-II will be estimated. This work will be

presented at a given time.
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