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PREFACE

The 23rd EPS Conference on Controlled Fusion and Plasma
Physics was organized on behalf of the European Physical Society
by the National Academy of Sciences of Ukraine, State Committee
on Science, Technologies, and Industrial Policy of Ukraine,
and the Bogolyubov Institute for Theoretical Physics (BITP) in Kiev,
Ukraine.

The 1996 Conference included the topics: A - Tokamaks,

B - Stellarators, C - Alternative Magnetic Confinement,

D - Plasma Edge Physics, E - Plasma Heating and Current Drive,

F - Diagnostics, G - Basic Collisionless Plasma Physics,

H - High Intensity Laser Produced Plasmas and Inertial Confinement,
I - Astrophysical and Geophysical Plasmas, J - Low-Temperature
Plasmas.

The Conference Proceedings are published in three parts,
including:

Part I - Topic A; Part II - Topics B,C,D,E;

Part I11 - Topics F.G,H,LJ, and postdeadline papers.

el

The four-page papers are arranged within topical groups
in the ascending order of file numbers. An exception is made
for 24 contributions which were selected for oral presentation
at the Conference. Such papers are presented at the beginning
of each topical group.

According to EPS Plasma Physics Division regulations, the
Conference Proceedings contain the four-page papers of all those
contributions for which at least one author was a registered participant
at the Conference. There are 371 papers which satisfy this condition.
The three parts of the proceedings will be mailed to all registered
participants of the Conference.

The papers of five Review Lectures and 21 Topical Lectures
will be published in a special issue of the journal "Plasma Physics
and Controlled Fusion", which will also be mailed to all registered
participants.

D.Gresillon, A.Sitenko, A.Zagorodny

July 1996




vi

Program Committee

D.Gresillon

G.Fussmann
X.Garbet
C.Hidalgo
L.Kovrizhnykh
S.Prager
A.Sitenko
F.Sluijter

M.Tendler
P.Thomas

H.Weisen

J. Winter

(Ecole Polytechnique, CNRS, Palaiseau France -
Chairman)

(MPI fur Plasmaphysik, Bereich Berlin, Germany)
(CEA, Cadarache, France)

(CIEMAT Fusion, Madrid, Spain)

(General Physics Institute, Moscow, Russia)
(University of Wisconsin, Madison USA)

(BITP, Kiev, Ukraine)

(Eindhoven University, The Netherlands -
Chairman of the EPS PlasmaPhysics Division)
(Royal Institute. of Technology, Stockholm, Sweden)
(JET Joint Undertaking, Abingdon, UK)
(CRPP-EPFL, Lausanne, Switzerland)

(KFA, Juelich, Germany)

Local Organizing Committee

A.Sitenko
A.Zagorodny
O.Pavlichenko
1.Goutych
G.Bugrij
Yu.Chutov
S.Fomina
O.Kocherga
Ya.Kolesnichenko
V Krol'
A.Polozov
P.Schram
P.Sosenko
K.Stepanov
I.Yakimenko

Chairman
Vice-Chairman
Vice-Chairman
Scientific Secretary




Topic A TOKAMAKS

Oral Presentations
a00?2 A Zeiler
(OP1)
al02 P.C.de Vries
(OP2)
alid F.Ryter
(OP3)
a008 V.Mertens
(OP6)
al24 G.T.Hoang
(OPT)
al76  S.Briguglic
(OP8)
a035 J.-M.Moret
(OP13)
al37 T.C.Hender
(OP14)
a043 V.V.Parail
(OP19) '
aldl M.Valovic
(OP20)

Poster Contributions
a001 H.Zohm
a004 W.Suttrop
al03 B.Scott
a0l0 L.Zakharov
a0ll R.E.Bell
a0i2 M.P.Petrov
aDl4 L.Zakharov

CONTENTS

PART I
1
3
Electron Temperature Fluctuations in Drift- 3
Resistive Ballooning Turbulence
Temperature Profile Perturbations Measured
by High Resolution ECE-Diagnostics T
Periurbative Trans?od from Sawtooth Propagation
and ECRH Modulation in ASDEX Upgrade 1
High Density Operation in Auxiliary Heated ASDEX
Upgrade Discharges 15
Transport and Density Fluctuations in Non-
Inductive Current Drive Experiments in Tore Supra 19
Particle Simulation of Alpha-Particle-Driven Modes
in Tokamaks 23
How the Shape Influences the TCV Plasma
Properties 27
Stability of TFTR Reverse Shear Discharges 31
Numerical Analysis of the Heat Pulses in JET 35
H-Mode Confinement Scaling and ELMs on
COMPASS-D 39
43
Beta-Limiting Phenomena in ASDEX Upgrade 43

The Role of Edge Parameters for L-H Transitions
and ELM Behaviour on ASDEX Upgrade 47

Three Dimensional Computation of Collisional
Drift Wave Turbulence and Transport in Tokamak

Geometry 51
Occurrence of Sawteeth In ITER and their Effects

on Alpha Particles and Stability 55
Transport Barrier Formation in TFTR Reversed
Magnetic Shear Plasmas 59
Aspects of Trapped Confined Alpha Physic

TFIR & prarivsics ol aa
Triggering Disruptions in TFTR at High B 67

v




alls
a0l6
a0l9

a020
a021

al22

a023

a024
a026
a029
a030
af32
a033
a034
a036
a038

a040

a041
al42

al44
al045

viii

R.J.Goldston
G.L.Schmidt
T.Kass

A_Kallenbach

P.Franzen
W.Feneberg

R.Dux

H.J.de Blank
M.Alexander
T.C.Hender
H.Weisen
Z.A.Pietrzyk
Y.Martin
J.-M.Moret
F.Hofmann
D.H.Liu

P.Galli

R.A.M.Van der
Linden

D.Borba

B.Balet

"H.P.L.de Esch

TF Ripple Loss of Alpha Particles from the ITER
Interim Design: Simulation and Theory

Extension of TFTR Enhanced Reversed Shear
Regime to Larger Core Volume and Higher
Current

The Fishbone-Instability in ASDEX Upgrade
Optimization of Radiative H-Mode Operation

Online Confinement Regime Identification for the
Discharge Controt System at ASDEX Upgrade

Bootstrap Current Derived from Different Model
Collision Operators

Measurement and Mode!linﬁ of Impuri%Transport
lLr} Radéating Boundary Discharges in ASDEX
pgrade :

Radial Current Balance in ASDEX Upgrade
Discharges in the L- and H-Mode Phases

Transport Investigations Usin)g "Dimensionless
Similar" Discharges in ASDEX Upgrade

Error Fields, Low Collisionality and High Beta on
COMPASS-D

Measurement and Modelling of Light Impurity
Behaviour in TC

Electron Density Profiles during Ohmic H-Modes
in TCV

Shape Dependence of Ohmic H-Mode
Accessibility in TCV

Breakdown in a Continuous Low Resistivity Vessel
in

On the Possibility of Creating Doublet-Shaped
Plasmas in TCV

Scalings of Resistive Mode of Finite Pressure
Nonlocal Response of JET H-Mode Discharges
}D_Tetr.nperature Perturbations Induced by Impurity
njection

Ballooning Instabilities in the Scrape-off-Layer of
Diverted Tokamaks as Giant ELM Precursors

Linear and Nonlinear Dynamics of Alfven
Eigenmodes in JET Plasmas

MHD Related Transport Analysis in JET

Simulations of JET Hot-lon H-Modes
with a Predictive Code

75
79
83

87

91

95

99

103

107

111

115

119

123

127
131

135

139

143
147

151




a046

a049

a051

af5s2

a054

al55

al056
al57

af58

als9

a060

a061

a062

a063

al64

a065

a070

a071
a073

a074

A.Taroni

A.Rossi

R.D.Gill
R.D.Gill
M.G.0'Mullane
S.Clement

S.Ali-Arshad
T.C.Hender

M.de Benedetti
M.de Benedetti
G.A.Cottrell
A.Cherubini
M.G.O'Mullane
R.Sanchez
C.C.Petty

M.S.Chu

K.N.Sato

V.B.Minaev
0.A.Silivra

V.A.Yavorskij

Transport Modelling with a Combined Core
and Edge Code

First Measurements of Gas Balance and Chemical
Composition in the MK | Pumped Divertor Phase
of JET Using the Gas Collection System

Strong Asymmetries in Impurity Distributions
of JET Plasmas

Properties of Giant ELMs

Monitori@ of Detachment and the Edge Using
VUVIXUV Impurity Spectra

from the Mark | Divertor Phase of JET

Effects of Density and Plasma Configuration on
the Divertor Asymmetries

Plasma Movement at ELMs in JET

Monte-Carlo Simulations of Fast Particle
Confinement during a Sawtooth Crash

Effect of the Error Fields on Plasma Stability
in JET and ITER

Identification of the Physical Mechanisms
of Low-m, n=1 MHD Mode Control in JET

ICRH in Hot-lon H-Modes in JET

A Description of ELM-Free H-Modes in Terms
of a Neoclassical Edge Barrier and a "Mixed"
Model for Energy and Particle Transport

Variation of Impurity Transport during ELMy H-
Modes in JET Blastlynas P g s

Simulation Model for Runaway Electron Diffusion
in the JET Tokamak

Nondimensional Transport Experiments on DIII-D
and Projections to an Ignition Tokamak

Resistive Instabilities in Advanced Negative
ger};lral Shear Tokamaks With Peaked Pressure
rofiles

Characteristics of Ice Pellet Ablation and its Effect
on Plasma Potential in the JIPP T-1IU Tokamak

Spherical Tokamak GLOBUS-M

Coherent Magnetoacaustic Cyclotron Instability
in Plasmas with High Energy lons

Results of 3D Fokker-Planck Simulation of Ripple-
Induced Loss of Alpha Particles in TFTR

155

159

163

167

171

175
179

183

187

191

195

199

203

207

211

215

219
223

227

231




a075

a078

a080

a082

a083

a084

al085 -

a087

a088

a090

a09!

a092

a093

a094

af95

a096

a097

a099

al00

V.Goloborod'ko
V.l.Poznyak
V.Lllgisonis
S.V.Soldatov

S.V.Soldatov

Yu.V.Gott
Yu.V.Gott
V.A.Shurygin
Yu.l.Gott
Yu.N.Dnestrovskij
N.T.Besedin
I.M.Pankratov
M.R.Wade
A.W.Hyatt
C.M.Greenfield

T.A.Casper

B.Coppi
F.Bombarda

P.Defragiache

v

On Distribution Function of Fast Fusion Products
in Tokamak Plasma

Investigation of the Current-Kinetic Instability
in the T-10 Tokamak

Shear Flow Steady State of Tokamak Plasma
with Anisotropic Pressure

Numerical Simulations of Density Fluctuations
in T-10 SOL

Investigation of Three Types of Core Small Scale
Density Fluctuations, identified in T-10
Experiments

On the Models of Heat Transport in a Turbulent
Magnetized Plasma

Neoclassical lon Heat Transport in a Plasma
with High Gradients in Parameters

Temporal Evolution of Chromium Line Emission
during Argon Puffing in T-10

Effect of a Finite Plasma Pressure
on the Neoclassical lon Heat Transport

Fast Processes within the Canonical Profiles
Transport Model

Neutral Atom Distribution Function Behavior
in Nonmaxwellian Plasma

Runaway Electrons Secondary Generation

Characterization of Core |mpurity Transport
_andD ‘/ﬁcl%umuiatlon in Various Operating Regimes
in DIlI-

Magnetic and Thermal Energy Flow
during Disruptions in DIII-D

Tranﬁport in High Performance Weak
and Negative Central Shear Discharges in DIII-D

Modeling of Current Profile Evolution
and Equilibria in Negative Central Shear
Discharges in the DIlI-D Experiment

Thermal Transport Coefficient for Ohmic
and ICRF Plasmas in Alcator C-Mod

Ratjonale for Ignition Experiments
and the Ignitor Program

Global Stability and Operational Regimes
of Ignition Experiments

236
239
243

247

251.
255
250
263
267
271
275
279,
283
287

291

295
299
303

307




al0l

al03

al04

al06

al09

all0

alll

all?

alls

all6

all7
all8

all9

al22

al23
al25

al26

al2?

al28
al29

A.H.Kritz

J.H.Chatenet

L.Krlin

S.V.Mirnov

Yu.V.Yakovenko

V.V.Lutsenko

Ya.l.Kolesnichenko

H.Shirai

S.G.Kaimykov

J.P.Goedbloed

J.P.Goedbloed
A.AM.Oomens

C.P.Tanzi
M.Ghoranneviss

J.de Kloe
T.Wijnands

X.L.Zou
J.Johner

X.Garbet
J.H.Misguich

Transport Simulations of Tokamak Parameter
Scans Using the Weiland lon Temperature
Gradient Model

Self-Sustainment of Magnetic Islands

Nonlinear and Stochastic Interaction
between TAE and Alpha Particles

Evolution of Edge Plasma Parameters
during L-H Transition in T-11M

Post-Crash Relaxation of the Space and Velocity
Distributions of Fast lons

Effect of Sawtooth Crashes on Fast lons
with Various Energles and Pitch Angles

Rapid Cyclotran Instabilities in Plasmas
with Fast lons

Analyses of Electron and lon Transport
Properties in JT-60U H-Mode Plasmas
with Improved Core Confinement

Relation of the Toroidal Current to the Radial
Plasma Flux in Tokamaks. Possible .
Manifestation of This Relation in L-H Transition
in the TUMAN-3 Device

Profile Dependent Signature of the Linear
MHD Spectrum

MHD Stability Analysis of the KT-2 Plasma

Development of Double Double-Tearing Modes
in Reversed Shear Tokamak Plasmas

Influence of Magnetic Reynolds Number
on Internal Disruptions in"the RTP Tokamak

Modification of Plasma Confinement Using
Resonant Helical Field on IR-T1 Tokamak

Pellet Disturbed Plasmas in the RTP Tokamak

Feedback Control of the Current Profile
on Tore Supra

Parametric A_nalﬁsis of Internal Magnetic
Fluctuations in the TORE SUPRA Tokamak

Global Energy Confinement Time Scalin
Derived from the Local Rebut-Lallia-Watkins
Transport Model!

Scaling Laws of Turbulence in Tokamaks

Diffusion Processes in Stochastic Magnetic
Fields

311
315

318

323

327

331

335

339

343

347
351

355

359

363
368

372

376

380

384

388




al30
al3l

al32

al33

al34

al3s

al36

al39
al40

al4?

al43

al56

als7

al63
al6d
alés

al7l

al73

X.L.Zou
A.L.Pecquet

B.G.Hong
P.Buratti
P.Micozzi
K.G.McClements
R.J.Buttery

G.G.Castle
M.J.Walsh

E.Haddad

R.Raman
A.V.Melnikov
A.Jarmen

V.Rozhansky
l.Kaganovich
|.Garcia-Cortes

X.Litaudon

A.Geraud

Similarity Experiments in Tore Supra

Impurity Content and Sustainment
of the Tore-Supra Snakes

Time-Dependent Transport Simulation Study
for Advanced Tokamak Mode in KT-2 Tokamak

Sawtooth Studies on the FTU Tokamak
Correlation among Plasma Rotation, Magnetic
Configurations and Improved Confinement,
Regimes in Present Large Tokamak Experiments

Modelling the Dependence of Sawtooth Stability
on ICRHPower in Tokamak Plasmas

Study of Internal Reconnection Events
on the START Tokamak

Halo Currents and VDEs in COMPASS-D

First Results of Neutral Beam Heating in START
Spherical Tokamak Plasmas

Impurity Content of TdeV Plasmas
from Simulations of VUV Lines, SXR
and Radiation Profile Measurements

Enhanced Plasma Confinement
after Compact Toroid Fuelling

HIBP Measurements of the Plasma Electric

Potential on T-10

Toroidal 1, Mode Stability at Large Temperature

Gradients

Formation of Transport Barriers
Transverse Current in a Braided Magnetic Field
Studies of Turbulence in the JET Divertor

Plasmas

Nonlinear Evalution of MHD Instabilities
in Tokamak Plasmas with Hollow Current Profiles

Analysis of Pellet Fuelling Efficiency
from the International Pellet Ablation Database

392

396

400

404

408

412

416
420

424

428

432

436

440
444
448

452

456

460




Topic B STELLARATORS

PART I

Eg{ e Turbulence and Transport Barrier Associated
wi

the H-Mode in the W7-AS Stellarator

Review of Experimental Investigations

an the U-3 and U-3M Torsatrons

Oral Preseniations
?8%"'1 5) E.Holzhauer
?(0){,12 1) E.D.Volkov
Poster Coniributions
b001 A.V.Zolotukhin
b002 H.Maassbherg
b003 F.-P.Penningsfeld
b004 H.Maassberg
boo7 J.Geiger
b008 R.Brakel
b009 G.Cattanei
b010 A.Ardelea
b0i2 K.Watanabe
b013 K.Watanabe
b014 Zh.Andrushchenko
b016  A.A.Subbotin
b018  E.L.Sorokovoj

Guiding Center Motion of Collisionless Alpha-
Particles in a Helias Reactor Configuration

Neoclassical Transport in High-Mirror Advanced
Stellarators

3MW Neutral Irll&ection into the Stellarator
Wendelstein 7-AS. Heating Efficiency
at High-Beta Operation

Neoclassical Transport Predictions for
Stellarators in the Long-Mean-Free-Path
Regime

Stability of W7-AS Configurations with Reduced
Vacuum Magnetic Well

Radiative Boundary Studies in the Wendelstein
7-AS Stellarator

lon Cyclotron Resonance Heating Experiments
on thé Stellarator W7-AS

Global Stability of n=1 External Modes
for Plasmas with Helical Boundary Deformation
and Net Toroidal Current

Superposition of ECH on NBI Plasma
in Heliotron E

Parameter Study of 106GHz Second Harmonic
ECH Plasma in Heliotron-E

Effect of Higth-Energy Particles on GAE Modes
in a Stellarator

Highest Beta in Quasisymmetric Stellarator
Electrostatic Fluctuations and Their Contribution

to Particle Losses at the Plasma Bounda
in the U-3M Torsatron i

465
465
467

471
475

475

479

483

487
491
495

499

503
507
511

515
519

523

Xiii




b019

6020

b021

b022

b023
b025
b026
b027
b028
b029
6030

b032

b034
b035

b036

b038
b039

b040

b041

xiv

V.V.Nemov

M.S.Smirnova

V.L.Tyupa

A.Ya.Omel'chenko

V.A.Rudakov
G.G.Lesnyakov
A.A.Shishkin
1.N.Sidorenko
S.V.Kasilov
S.F.Perelygin
K.Y.Watanabe

E.D.Volkov

S.Morimoto
R.Sanchez

R.C.Wolf

F.Medina
E.De la Luna

C.Hidalgo

V.Tribaldos

Mercier Criterion Investigation in the Region
of the Island Magnetic Surfaces of Stellarators

Confinement of Charged Particles in Torsatrons
and Heliotrons with Additional Toroidal
Magnetic-Field Ripple

Analytical Calculations of the Average Magnetic
Well'in the Uragan-2M Torsatron with Different
Profiles of Plasma Pressure

Investigation of Plasma Stability Relatively
to the Development of Quasi Flute Resistive
Modes (G-mades) in Stellarators

New Modular Helical System with Properties
Close to a Continuous Helical Trap

Studies of Magnetic Surfaces
in the "Uragan-2M" Torsatron

Progress in Reactor Heliotron/Torsatron
Physics Study

Particle Orbits in Quadrupole Large Helical
Device Configurations

Application of Mapping Technigues for the
Kinetic Equation in theé Weak Collisions Regime

Calculation of Electron Drift in a Magnetic
System of the DRAKON type

Study of Magnetic Configuration of Heliotron
Produced by Sectored Modular Coils

Radial Distribution of Electron Temperature
in RF Discharge Plasma in Torsatron Magnetic
Configuration with Island Structure

Studies of Electron Confinements in Heliotron
DR Using Stellarator Tetrode Method

Resistive Stability Studies in the TJ-1I Flexible
Heliac

Study of the Power Balance in the W7-AS
Stellarator b% Means of 2-Dimensional Limiter
Thermography and Bolometry

Generation of Several Non-Thermal Electron
Populations in TJ-l Upgrade Torsatron

Electron C{Jdotron Emission Measurements
in the TJ-l Upgrade Torsatron

Energy Distribution of Charge Exchan%e_
Neutral Particles and Vertical Asymmetries
in the TJ-IU Torsatron

Polarization Effects on ECRH in TJ-I| Stellarator

527

531

535

539

543

547

551

555

559

563

567

571

575

579

583

587

591

595
599




5042

b043

b044
b048

b049

B.Zurro

J.Qin

F.Castejon

Observation of Topological Structures
and Asymmetries in Impurity Radiation Profiles
in a Torsatron

Equilibrium Beta and Diamagnetic Beta
in Stellarators

Plasma Collapsing Mechanisms in Stellarators

S.E.Grebenshchikov The Peculiarities of Breakdown and Plasma

Heating in the Stellarator L-2M by EM Waves
on the Second Harmonic of Eleciron Cyclotron
Resonance Frequency (ECRH)

S.E.Grebenshchikov Plasma Confinement in L-2M Stellarator

Topic C ALTERNATIVE MAGNETIC CONFINEMENT

Oral Presenltation
c022 S.Hokin

(OP4)

Poster Contributions
c001 A.Buffa

c002 T.Bolzonella
c003 T.Bolzonelia
c004 T.Bolzonella
c005 A.Murari

006 M.Valisa

c009 V.1.Krauz

c013 V.D.Yegorenkov
c015  A.N.Lyakhov
c0l6 A.N.Lyakhov
c017 V.l.Davydenko

Reversed-Field Pinch Operation
with a Resistive Shell and Graphite Wall
in Extrap T2

Recent Results of RFX

Effects of Shell Gap Modifications
on RFX Plasma Behaviour

First Results of Hydrost]en Pellet injection
in the RFX Experimen

Study of the Dependence on Density Control
of thé RFP Setting-up Phase in RF

Total Radiation Emissivity Distributions in RFX
Studies of the lon Heating in RFX

Some Features of Neutron Radiation and Deutron
Beams Generation in a Plasma Focus

with the Flat Electrode Geometry

Resonant Diocotron Instability of a Wide Electron
Layer in Magnetic Gaps of Magnetoelectrostatic
Traps

Principles of D-3He Fusion

Kinetic Stability of D-3He Plasma
in the Central Cell of Tandem Mitror

Characteristics and Mechanisms of Hot Initial
Plasma Creation in the End System of AMBAL-M

603

607
611

615
619

623
625

625

629

629

633

637

641

645

649

653

657

660

664

668

xXv




c023

c024

c026

c030

c031

c033

P.Hoerling

0.A.Lavrent'sv

0.A.Lavrent'ev

A.Alvanov
P.A.Bagryansky

D.G.Solyakov

Impurity lon Tem{.)erature and Flow Velocity
Measurements at the Extrap-T2
Reversed-Field Pinch

Investigation of the Fundamental Processes
of Plasma Accumulation, Heating and Confinement
in the Multislit Electromagnetic Traps

Modeling of Processes of Plasma Accumulation,
Heating and Confinement in the Multislit
Electromagnetic Trap

The Plasma Neutron Source Simulations
in the GDT Experiment

Studies of Plasma Axial Confinement )
and Transverse Transport in the GDT Experiment

Steadx_—state Electrodischarge Magnetic Trap -
GALATEYA

Topic D PLASMA EDGE PHYSICS

Oral Presentations
d020 G.D.Porter

(OP9)

d054 G.Mank

(OP16)

Poster Contributions
dool D.Desideri

d0o2 R.Guirlet

d003 M.Weinlich

doo4 J.Schweinzer
d0os J.-M.Noterdaeme
doos G.Theimer

d007 O.P.Heinrich
doo9 W.van Toledo

Divertor Characterization Experiments
and Modeling in DIlI-D

Physical Prospects of the Dynamic Ergodic Divertor

First Measurements of Electron Energy
Distribution in RFX Edge Plasma

Analysis of VUV Ne Radiation in the JET Divertor
during Ne Injections

Electron Temperature in Front of the Target Plates
in Various Divertor Scenarios in ASDEX %pgrade

Spaliig? of Edge Parameters for High Confinement,
High Density ASDEX Upgrade Discharges

Mutual Influence between the ICRF Antennas
and the Edge Density on ASDEX Upgrade

The Edge Turbulence in the W7-AS Stellarator:
2 d Characterization by Probe Measurements

Edge lon Temperature Profiles
in [- and H-Made Discharges of ASDEX

Observation of ELM-Inducad Neutral Particle
Charge Exchange Fluxes in TCV

672

676

680

684

688

692

697
699

699
703

707

707

71

715

719

723

727

731

735




doil K.Uehara lon Behavior and Electron Energ¥ Distribution
i

in Tokamek Boundary Piagma - = ¢ o0es 739
do12  A.S.Usenko Lﬂﬁ@%‘nﬁﬁgﬁtﬁg glf Semibounded Plasma _—
d0i3 G.lgonkina \é\f!% aCﬂogﬂ#ngén tg}eTI;y SWIR‘éeﬁ?tli ation r
dol4  G.Sergienko %p_\?ggzgr%:gpgdcgeMﬁlaesc#Jg; Hydrogen 4

d0l15  G.G.Lesnyakov On Application of Plasma Chemical Reaction
¥ for Pgr?icie Removal by Cryopumped Divertor
of Thermonuclear Device 755

d0i6  G.P.Glazunov Experiments with Edge-Plasma and a Biased
Movable B4C-Limiter Interaction: Possible Use
for Boronization and Pumping during Discharge

Cleaning in Uragan-3M Torsatron 759
d017  R.D.Wood Measurements of Divertor impurity Concentrations

on DIlI-D 763
dol9  W.P.West Modeling of Impurity Spectroscoml in the Divertor

and SOL of DIlI-D Using the 1D Multifluid Model

NEWT1D 767
d022  V.P.Budaev Control of Plasma Edge via Biasing

in Tokamak TF-2 ) 771

d025  L.M.Bogomolov Classic-Like |-V Characteristics :
of Swept Langmuir Probe and Measuring Edge

Plasma Electron Temperature 775
d028  S..Lashkul Scrape-off Layer Plasma Measurements in Lower

Hybrid Heating Experiments on FT-2 Tokamak 779
d029  M.Goniche Acceleration of Electrons in the Near Field

of Lower Hybrid Frequency Grills 783
d030  W.R.Hess ImFurigr Production & Radiation Properties

of the Tore Supra Ergodic Divertor Configuration

with RF-Heating 787
d03!  V.0.Girka lon Surface Cyclotron Waves in Edge Plasma

of the Fusion Devices 791
d036  R.Marchand Finite Element Modelling of TdeV Edge Plasma

and Beyond 795

d037  H.Kastelewicz  Interpretation of the Carbon Line Emission
in the ASDEX-Upgrade Divertor 799

d038 H.Kastelewicz Bt2P Eliljlene Simulations for a Deuterium Plasma 803
a

d039  AHerrmann Characterization of the Power Deposition Profiles
in the Divertor of ASDEX Upgrade 807

xvii




d040

do4l

do43

d045

d046

dos0

dns1

d052

V.Rohde
G.Mank

J.Rapp

R.Simonini

M.A.Pedrosa

I.Rogal'
V.A.Kurnaev

l.E.Garkusha

Scrape-off Layer Behavior in ASDEX Upgrade
Ohmic L-Mode Density Scan

lnvestigﬁxtion of the Removal Efficiency
for Dy, He, and Ne in the ALT-Il Limiter Throat

Characteristics of the Impurities Moand W
in Dischar&es with Neon Edge Radiation Cooling -
in TEXTOR-94

A Predictive Study of the JET Mark Il Gas Box
Divertor

Statistical Properties of Turbulent Transport
%nd‘FIuctuatlons in Tokamak and Stellarator
evices

Charged-Particle Density Profiles near the Wall
in the Presence of Strong Electric Fields

Unstable Plasma-Surface Interaction as Edge
Turbulence Driving Mechanism

Investigation of the Erosion Coefficients
of Boran Carbide and Tungsten Irradiated
by the High Power Plasma Streams

Topic E PLASMA HEATING AND CURRENT DRIVE

Oral Presentations
e010 5.J.Gee
(OP3)

2007 H.P.Laqua
(OP22)
Poster Contributions
e001 A.G.Peeters
e003 V.V.Bulanin
e004 V.V.Dyachenko
e005 G.T.Hoang
e006 M.Rome

xviii

Current Amplification in the SPHEX Spheromak
prrateg as a Helicity Injected Tight Aspect Ratio
okama

Resonant and Non-Resonant Electron Cyclotron
Heating at Densities Above the Plasma Cut-off
by O-X2B Mode Conversion at W7-AS

Extension of the R:a.{\.(f Equations of Geometric
Optics to Include Ditfraction Effects

Microturbulence Behaviour Study
during LH-Heating in FT-2 Tokamak
by CO-Laser Scattering

Investigation of the Decay Waves at f=fy -n - f;;
in LH Experiments on the FT-2 Tokama

Investigation of Lower Hy_brid Wave Damping

Effect of the Radial Drift of Trapped Suprathermal
Electrons on the ECRH Power Deposition Profile

811

815

819

823

827

831

835

839

841

843

843

847

851

851

855

859
863

867




e008

e0ll

efl2

e0l3

e0l7

e0l18

e020

e02!

e023

e024

e025

e026

e027

e028

e029

e031

e032
e033

e036

A.G.Peeters
K.M.Rantamaki

A.lLLyssoivan

0.Tudisco

Ph.Bibet -
I.N.Rosum
V.V.Olshansky

V.l.Lapshin

A.l.Pyatak
N.Marushchenko

C.B.Forest

Yu.V.Petrov

A.A.Kabantsev

V.E.Moiseenko
V.V.Plyusnin
S.K.Sipila

E.Westerhof
E.Westerhof

Y.Peysson

First ECRH Experiments in ASDEX-Upgrade

Simulations of Fast Particle Generation
by LH Waves near the Grill

A Study of ICRF Plasma Production for Tokamak
Start—u?_ and Wall Conditioning Purposes
in TEXTOR-94

Electron and lon Temperature Response
to Localized ECRH at 140GHz, 0. ;
Fundamental Resonance, in the FTU Tokamak

Numerical Simulation of the Coupling Properties
of Advanced Lower Hybrid Wave Launchers

* Turbulent Heating of Magnetized Inhomogeneous

Plasma by Lower Hybrid Radiation

Modelling of Electron-lon Parametric Turbulence
for lon Bernstein Waves

Splitting the Eigen Frequencies of Fast
agnefosonic and Alfven Waves
with Bumpy Magnetic Field

Quasilocal Cherenkov Absorption of MHD Waves
by Electrons in a Tokamak

Suprathermal lon Generation at Fundamental
Minority Cyclotron Resonance Heating

Fast Wave Heating and Current Drive
ié'nhTokamak Plasmas with Negative Central
ear

Efficient ICRF Heating of D*-H" Plasma
Containing Small Boron Admixture
on T-11M Tokamak

Effect of a Nanuniform Radial Electric Field
%n Shetared Toroidal Rotation and Bootstrap
urren

Localized Global Eigenmades.
and Mode Conversion Zones in ICRF

Plasma Production Below the lon Cyclotron
Frequency with Crankshaft Type Antenna

Bipolar Modification of Bootstrap Current Density
by Localized RF Heating

ECCD Experiments in RTP

Propagation of a Wave Beam
through Cyclotron Resonance

Study of the 2D Fast Electron Momentum
Dvnamics durina Lower Hvbrid Current Drive

871

875

879

883

887

891

894

898

902

906

910

914

918

922

926

930
934

938

942

Xix




e040 R.Cesario

e041 N.Marushchenko

e042 P.Brooker

e043 V.S.Marchenko

e044 K.N.Sato

e049 S.Heuraux

e050 A.Ekedahl

e031 J.A.Heikkinen

el53 Yu.M.Voitenko

e055 J.J.Martinell

Topic F DIAGNOSTICS

Oral Presernitations

J036 D.Voslamber
(OP10)

52 L.Krupnik
ﬁwm) P
f054 A.V.Krasilnikov
(OP23)

Poster Contributions
f002 A.N.Veklich

J004 T.Geist

XX

Study of the Waveguide Antenna Couplin
of theé lon Bernstein Wave Experiment on%-'TU

Bounce Averaged Fokker-Planck Code
for the Simulafion of ECRH at W7-AS

Characterization of LHCD Suprathermal Electron
Distributions on Tde

Efficient imatri_rﬂ/ Extraction with Moderate Power
e

Off-Axis IC

Cold Front Propagation and Fast Non-Local
Temperature Response in Pellet Injected
Heliotron E Plasma

ating in a Rippled Tokamak

Self-Consistent Currents on ICRH Antenna
E'P,d lsac;reen Parts Taking into Account Magnetic
ielding

Profile Control in JET with Off-Axis Lower Hybrid
Current Drive

Dynamics of ECRH Current Drive
in' the Presence of Source Frequency Tuning

Anomalous Resistivity and Energy Release
in the Low-Beta Elecfromagnetoplasma

On Plasma Rotation Driven by Ponderomotive
Forces

PART Il

Determination of the D/T Fuel Mixiure Using
Two-Photon Laser Induced Fluorescence
in Combination with Neutral Beam Injection

An Advanced Heavy lon Beam Diagnostic
for the TJ-II Stellarator

TFTR D-T Neutron Specira Investigation
Using Natural Diamond Detectors

The Fast Scanning Interferometry
of High Density Plasma

Frequency Shift of Reflectometry Signals
due to Rotation of Density Turbulence in W7-AS

946

950

054

958

961

965

969

973

977

981

985
987

987

991

995

999

999

1003




f005

f006
fo07

f009

f0I0

ol
012

1013
114

fo15
I8

021
/022
/023

025
f026

f027

1028
1029

S.Fiedler

W.Suttrop

J.Gafert

P.T.Lang

J.Stober

M.Schittenhelm
V.Johnson

H.Weisen
V.L.Afanassiev

V.l.Afanassiev

K.N.Sato

V.K.Kiseliov
V.K.Kiseliov
0.A.Bashutin

G.P.Ermak
G.P.Ermak

E.Z.Gusakov

0.Tudisco

D.Pacella

Investigation of the Neutral Gas Distribution
on W7-AS Using the Monte-Carlo Code EIRENE
in Combination with the Li-Beam Diagnostic

Measurement of Fast Density Profile Changes bg
FM Broadband Reflectometry on ASDEX Upgrade

Investigation of lon Dynamics in the ASDEX
Upgrade Divertor by High Resolution -
Spectroscopy: First Results on lon Drift Velocities

On the Possibility of g-Profile Measurement
by Observation of Pellet Ablation
by a Fast-Framing Camera at ASDEX Upgrade

Profiles of lon Temperature and Neutral Density
from the Simulation of Charge Exchange
Measurements and Additional Experimental Data

!nteré)retation of Mirnov Measurements
in ASDEX Upgrade

Measurements of Impurity TransF?ort
in SPHEX Spheromak and START Tokamak

X-Ray Tomography on TCV

He" Halo Formation during Neutral Beam Injection
into Magnetically Confined Plasma

Possibjlity of Using Li* Fraction of Lithium Atomic
Beam for Fusion Alpha-Particle Diagnostics

Development of a Spatially Resolved,
Steady-State Bolometer for LHD Core
and Divertor Plasmas

Submillimeter Laser Interferometer-Polarimeter
for Plasma Diagnostics

A Set of Quasioptic Submillimeter-Wave Devices
for Thermonuclear Plasma Diagnostics

Three-Mirror Laser Interferometer for Diagnostics
of Thermonuclear Plasma

High-Stable Millimeter-Wave Vector Analyzer

Ultrafast Millimeter Wave Amplitude Modulator
for Reflectometry of Plasma

Plasma Current Profile Diagnostics
on FT-2 Based on the Correlation Reflectometry
Measurements of MHD Modes

Two Colour Interferometer
for Density Measurements on FTU

A Comprehensive Analysis of Impurity Transport
in FTU Plasmas

1007

1011

1015

1019

1023

1027

1031
1035

1039

1043

1047

1051

1055

1059
1063

1066

1068

1072

1076

xxi




1030

031

034
035
037

039

040
041
044
f046

1047

f048

049
051

1053
055

56

057

xxii

K.G.McClements

A.G.Koval

M.N.Beurskens
V.Basiuk
Y.Peysson

M.Yu.Kantor

P.Sosenko
D.L.Grekov
Yu.Dnestrovskij
V.A.Bryzgunov

V.L.Berezhnyj

A.l.Skibenko

W.Bohmeyer
|.P.Zapesochny

E.Z.Gusakov
K.J.McCarthy

M.Sadowski

G.Leclert

Interpretation of Measurements of ICRF-Heated
Minority Proton Distributions in JET

The Research of Charged Component
of Controlled Fusion Installation Constructive
Materials Sputtering Products

Double Pulse Thomson Scattering at RTP:
First Results

Fast lon Losses during Neutral Beam Injection
on Tore Supra: Experiments and Simulations

Fast Electron Bremsstrahlung Tomographic
System on Tore Supra

Photon R’_ecyclirbq Thomson Scatierin
Dlellﬂnoshcs for Precise Measurements
of Electron Temperature Evolution at Fast

Transient Processes in Plasma of FT-2 Tokamak

Electromagnetic Wave Scattering from Turbulent
Density Fluctuations in Fusion Plasma

Propagation of the Microwave Beams
in Magnetized Inhomogeneous Plasmas

The Sensitivity of Algarithm of Charge Exchange
Neutrals Spectra Elaboration to Various
Perturbations )

X-Ray Spectroscopic Set Study for ITER

Effect of Plasma, Neutron Irradiation and Heating
on the Carbon Graphites Elements of mm
and sub-mm Diagnostics for a Fusion Plasma

Density Fluctuation Studies for the "Uragan-3M"
Torsatron via Microwaves

Test of Mirrors for Optical Diagnostics in ITER

Laboratory Modeling of Elementary Processes
in Plasma

The Two-Dimensional Theory of Reflectometry
Diagnostics of Plasma Fluctuations

A Temporal Studyrof CV Line Ratio Variations
Across the TJ-IU Torsatron

Ap{:lication of CR-39 and PM-355 Nuclear Track
Detectors for Measurements of Fast lons
from High-Temperature Plasmas

One-Dimensional Fluctuation Reflectometry:
Enhanced Cut-off Response )
due to Large Amplitude Localized Fluctuations

1080

1084

1088

1092

1096

1100

1104

1108

1112
1116

1120

1124
1128

1132

1136

1140

1144

1148




058

1059
1061

1067

G.Leclert

F.A.Karelse

V.Zdrazil

V.F.Gubarev

Spectral Effects in 1-D Fluctuation Reflectometry:
Analytical and Numerical Investigation ‘
of the Phase Shift due to Small Amplitude
Localized Fluctuations

Current Density Profile Evolution Measured
with the Triple Laser Polarimeter at RTP

Determination of the Temperature
gfl Non-Homogeneous and Non-Stationary
asma

Plasma Boundary Determination from Magnetic
Measurements in Eddy Currents Presence
for Tokamak

Topic G BASIC COLLISIONLESS PLASMA PHYSICS

Oral Preseniations

Bty

for1s)

J.H.Misguich

T.J.Schep

Poster Contributions

2001

2002
g004

2006

2008

011

g012

g014
g016

Yu.l.Chutov

A.Yu.Kravchenko
T.A.Davydova

S.Medvedev

N.A.Azarenkov

V.Lapshin

S.K.Kim

E.Westerhof
C.Riccardi

Percolation Scaling Law for Turbulent Diffusion

Geometrical Approach to Hamiltonian Fluids

Relaxation of Electron Oscillations in Bounded
Non-Neutral Plasmas with Dust Particles

Some F'roperlies of Plasmas with Dust Particles

Shortwavelength Langmuir and Upper Hybrid
Solitons

External Kink Mode Stability of Tokamaks
with Finite Edge Current Dénsity in Plasma
Outside Separatrix

Mechanisms of Self-Interaction
of Magnetoplasma Surface Waves
at the Plasma-Metal Interface

Global Strongly Nonlinear Structures
in Bounded Flasma-Relativistic Beam System

Observation and Control of a Steady-State,
Non-Monotonic Double Layer in a Triple Plasma
Machine

Numerical Studies of Dipole Drift-Vortices

Drift Waves Destabilization in a Toroidal Plasma

1152

1156
1160

1164

116
1171
171

1175

1179

1179
1183

1187
1191

1195

1199

1203
1207

1211
xxiii



g017
2018

g020

g022
g032
g034

g036

g037

g038

g040

g043

8044
2046

2047

g051

£053

g054

g055

xxiy

C.Riccardi
K.Akimoto

V.L.Selenin

Zh.Andrushchenko
A.Atipo
D.A.Keston -

V.A.Buts

A.P.Tolstoluzhsky

0.V.Manuilenko

I.Onishchenko

L.N.Vyacheslavov

V.Grimalsky
T.A.Davydova

V.M.Lashkin

V.l.Karas"

S.M.Zinevych

A.Zagorodny

A_E.Kobryn

Experimental Analysis of Waves Modifications
in Presence of Ponderomotive Effects

Interaction of Ultra-Short Electromagnetic
Pulses with Plasmas

Study of the Two-Plasmon Decay

of Lower Hybrid Waves by Enhanced Scattering
Techniques

Ballooning Vortices in a Plasma
with Hot Farticles

Experimental Control of Chaos in a Glow
Discharge Using Spatial Autosynchronization

Bernstein Modes in a Weakly Relativistic
e'e -Plasma

Development of Dynamical Chaos
under Nonlinear Interaction of Waves
in Magnetized Beam-Plasma Systems

Development of Dynamical Chaos
under Nonlinear Interaction of Waves
in Unbounded Unmagnetized Plasma

Development of Dynamical Chaos
under Nonlinear Interaction of Waves
in Bounded Magnetized Plasma

Radiation Spectrum Broadening
in Beam-Plasma Interaction, Caused
by Induced Scattering

Manifestation of \Wave Collapse in Developed
Strong Langmuir Turbulence in a Magnetic Field

Nonlinear Surface Waves in Electronic Plasma

Nonlinear Structures Near Marginal Stability
Boundary in Tokamaks

Influence of Small-Scale Fluctuations
on Coherent Structures .
in lon-Temperature-Gradient-Driven Turbulence

2 5-Dimensional Numerical Simulation
of Propagation of the Finite Sequence
of Relativistic Electron Bunches (REB)
in Tenuous and Dense Plasmas

Fluctuations and Collective Wave Scattering
in Collisional Plasma

Diffusion Influence on the Electron Density
Fluctuations in Turbulent Magnetoactive
Plasmas

The Solution of Enskog-Landau Kinetic
Equation Using Boundary Conditions Method

1215

1219

1223

1227

1231

1235

1239

1242

1246

1249

1253
1257

1261

1265

1269

1273

1277

1281

E———




g057 L.P.Yakimenko Hydrodynamic Interactions and Fluctuations

in Suspensions in Compressible Fluids
g058 T.Chmyr Fluctuation Th_eo? of Br.emsstrahlunﬂﬁ )

in a Plasma with Fluid-Like Random Motions
g062 Yu.M.Voitenko Kinetic Alfven Turbulence Excitation

by the External Electric Field E, {| Bo
in a Low-} Magnetoplasma

Topic H FAIII\IGH INTENSITY LASER PRODUCED PLASMAS

D INERTIAL CONFINEMENT
Poster Contributions
n00!  G.N.Burlak Nonlinear Modulation of Strong Electromagnetic
Wave in Weakly Inhomogeneous Plasma
h003  A.D.Suprun  Determination of Appearance and Development
7 Conditions for .Plas%?as Plume-Source Prgduced
_l:]J_}(1 High Intensity Laser: .
eory and Nurmerical Experiment
h005  J.S.Bakos Inyestigation of the Expansion of an Aluminum
Micro-Pellet Cloud in a Hot Plasma
h008  V.l.Karas' Higrh-Current lon Beam Acceleration and Stability
in Two Accelerating Cusps of Induction LINAC

Topic I ASTROPHYSICAL AND GEOPHYSICAL PLASMAS
Oral Presentation

i001 T.Shcherbinina To the Theory of Decameter Jovian
(0OP24) Radioemission S-Bursts with Pasitive Drift

" Poster Contributions

i002 E.P.Kontar Propagation of Electron Beams
in Solar Magnetic Loops

i005 A.K.Yukhimuk Nonlinear Mechanijsm of Electromagnetic
Radiation Generation in Space Plasmas

i006 L.K.Konkashbaev Interaction of the Inherent Atmosphere
of the Spacecraft Moving in the Vicinity

of the Sun with Solar Wind
i007 A.V.Chechkin Generation of Large-Scale Structures

in Gradient-Drift and Rossby Wave Turbulence
i008 A.A.Boeva A Nonsteady Magnetic Lateral Shock Wave

in Cosmic Plasma

1285

1289

1293

1208
1299

1299

1303

1307

1311

1317

1317

1317

1321

1321

1325

1329

1333

1337

xxy




i009

i018

019

i020

021

1024

i025

i026

i027

i033

i034

i035

0O.Verkhoglyadova !_arﬁe—Scale Structure Formation
in the Cometary lonosphere due to Plasma

Streams

E.H.Farshi On the Possible Generation of Gamma-Bursts
in the Plasma Pinches

E.H.Farshi "Semi-relativistic" Model of the Cosmic Ray
Generation in a Plasma Pinch

1.0.Anisimov Radioemission of the Modulated Electron Beam
in the Accidentally Inhomogeneous Plasmas

1.0.Anisimov On the Possibility to Observe the Whistler

Modes Transitional Radiation in the Beam-
Plasma Experiments in the lonosphere

A.N.Kryshtal To the Problem of Generation Mechanism
of Solar Type Ill Bursts

Yu.V.Khotyaintsev Nonlinear Low-Frequency Waves in Magnetized
Space Plasma

V.Kubaichuk Plasma-Current-Produced Charging
of a Dust Particle

O.Bystrenko Effective Forces in Dusty Plasmas
and Colloidal Suspensions

D.A.Dziubanov Cyclical Variations of the F2 Region Parameters
from the Incoherent Scatter Radar Data

Yu.l.Podyachy The Phase Relationships of Electron Density
and lonospheric Plasma Temperature
Variations in the Gravitational Wave
Propagation

T.G.Zhivolup The Role of Excited Molecular lons
in the Variation of the E-Layer Peak Height

with Changeable Solar Activity

Topic J LOW-TEMPERATURE PLASMAS

Oral Presentation

jo19 M.Kraemer Experimental Sudy and Modeling

(OP12) of a Pulsed Helican Discharge

Poster Coniributions

Jjoo2 P.L.Dan'ke Electron Emission from Materials Processed
by Pulsing Gas-Discharge Plasmas

j003 V.S.Yakovetsky Computer Modeling of a Plasma Jet

xxvi

Expanding into Vacuum Vessel

1341

1345

1349

1353

1357

1361

1364

1368

1372

1376

1380

1384

1389
1391

1391

1385

1395

1399




joo5  O..Gerasimov
j00o6  V.M.Yakovenko
Jj009 K.P.Shamrai
jo10 V.B.Taranov
joi1 P.V.Poritsky
jo12  S.KKim

jol4 V.D.Yegorenkov

Jo15 V.D.Yegorenkov

joi6 V.Levandovskii
jo21 1.0.Anisimov
j026 V.V.Kulish

j030 V.l.Golota

j032 V.V.Chebotarev

Elastic Char%ed Particle Scattering by Centers
with Coulomb and Short-Range Potentials

Surface Helicons in Plasma-Like Media
and their Collisionless Damping

Excitation and Absorption of Waves
in a Helicon Plasma Source

Wave Sﬁec_tra and Impedance of Antennas
Driving Helicon Plasma Sources

On Fractal Dimension of Plasma Leader Channel
under Electrical Breakdown

Freriuency-Resqna.nt Behaviours
of Plasma Density in the Helicon RF Plasma

Analytical Model of Electric Field Pattern
in a Collisional Low Pressure RF Discharge

Determination of Electron Transport Coefficients
from Breakdown Curves of RF and Combined
Discharges

The Effect of Slightly Excited Electron Plasmas
on Phase Transitionis in Solids

Evolution of the Space Charge Waves of the
Electron Beam in the Overcritical Plasma Barrier

Acceleration of Quasi-Netitral Plasma Bunches
in Crossed EH-Undulated Fields

Investigations of High-Pressure Glow Discharge
with High-Speed Pumping

!nvestig;a.tion of the Quasistationary Plasma Flow
in the Axial Magnetic Field and Modeling
Experiments on the Current Disruption

POSTDEADLINE PAPERS

Oral Presenltation
pd022  M.J.Walsh
{(OP8a)

Poster Coniribulions

pd003  A.Glushkov

pdo04  A.Glushkov

Record Central Beta Produced by NBI
in the START Spherical Tokama

Resonances in Strong External Fields in Atomic
Spectra Autoionization Resonances in Tm

Spectroscopy of the Atom in Laser Field:
Deformation ‘of Radiation Atomic Lines.
Multi-Photon Processes. Absorption Spectra
of Dense Nonideal Plasma: QED Approach

1403

1407

1411

1415

1419

1422

1426

1430

1434

1438

1442

1446

1450

1455

1457

1457

1461

1461

1466

xxvii




pd005

pd011

pd013
pd016

pdoI7

pd019

pd020

pd023

XXviii

A.Glushkov

L.V.Poperenko

M.Tunklev
V.M.Malnev

V.N.Malnev

H.Abbasi

C.M.Greenfield

J.A.Heikkinen

Spectroscopy of Ne-Like Multicharged lons
ﬂr‘n)ée Ne—Likf? ’lasma as an Active Pﬂedium
for X-Ray Lasing: Atomic Data

Ellipsometrical lnvasl&ations of Stainless Steel
Mirrors Irradiated by Chromium lons

Spectroscopic Investigation of Carbon IV

Influence of the Earth Electrostatic Field
on Sodium Atoms Emission
from the D-lonosphere

Formation of a New Phase Nucleus
in an Excited Dipole Plasmas

The Influence of Electron TrapPing
on the Propagation of the Electrosound Waves
in Plasma

Improved Fusion Performance in Low-q,
Low Triangularity Plasmas
with Negalive Central Magnetic Shear

On Channeling of ICRF Minority Tail Energy

1471

1473
1477

1481

1485

1489

1493
1497




A

TOKAMAKS



a002 (OPI)

Electron Temperature Fluctuations in
Drift-Resistive Ballooning Turbulence

A. Zeiler, J. F. Drake and D. Biskamp
Max-Planck-Institut fiir Plasmaphysik, EURATOM Association,
85748 Garching, Germany

1. Introduction

Turbulence and anomalous transport in the cool plasma edge of toroidal confinement
devices are usually investigated using models based on two-fluid equations in the
drift approximation. Previous three-dimensional simulations [1,2] were based on an
electrostatic drift-wave model containing density and potential fluctuations as well
as magnetic shear and curvature, but assuming a constant electron temperature T,
and cold ions (T; = 0). The main result was, that the system is characterized by two
different regimes: one driven by the resistive ballooning mode; and the other by a
nonlinear instability [3].

In this paper we extend the equations by adding electron temperature fluctuations.
Since T,-fluctuations strongly destabilize the two-dimensional sheared slab [4], they
may alter the properties of the three-dimensional turbulence significantly. A similar
set of equations was previously treated by Scott, but without attempting to estimate
the scaling of the system [5].

2. Equations

The equations are derived from the two-fluid Braginskii-equations by assuming T; =
0, using the usual drift-approximations for the motion perpendicular to B, and neg-
lecting the electron inertia as well as electromagnetic corrections. As in refs. [1,2]
we define the characteristic time scale t, = (RL,/2)"/?/c, and the perpendicular
scale length Lo = 27mqq(vei Rps/282) /(2R Ly)1/* based on the resistive ballooning
modes, and choose the connection length 2mg, R as parallel scale length. Normaliz-
ing the fluctuating quantities to ¢ ~ BL%/cty, #t ~ ngLo/Ly, T, ~ e0Lo/Ly, and
vy ~ ¢sLg/ Ly, we obtain the dimensionless equations for the normalized fluctuating
quantities ¢, n, T¢, v in field aligned flux-tube coordinates (see ref. [2] for details)

a*h
¢:+Cp+az—D¢V o, (1)
dn _1 b3 8h v
S i - ,0(¢ - op) + = +7~3;" = D,Vin, (2)
darT, n, op 2 h B 8°T,
==t o {EFC(QS ap) — 1. 716,,0:6 == 63 L DrViT.,

(3)
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e = 0.5 e = 1.0 Ne = 2.0 without T,
D/Dy,, outside || 0.077 4 0.016 | 0.076 4 0.016 | 0.078 == 0.018 | 0.070 &= 0.015
D/Dy,y.,., inside 0.023 £ 0.007 | 0.020 £ 0.008 | 0.021 £+ 0.009 | 0.035 & 0.010
Xe/DoL., outside | 0.11+£0.03 | 013002 | 0.16=0.03 =

Xe/ Dy, inside 0.06 +0.01 0.06 4 0.02 0.07 £ 0.01 —

Table 1: Ballooning dominated regime: Transport at outside/inside midplane at
a = 0.5 and different values of 7,.

d‘l}” 8p -

with h=¢ - a(n+1.71T.), p=n+T., d/dt = 3/0t — V,¢ x -V, the curvature
operator C' = [cos(27z) + 2m3(z — ) sin(2rz) — (a/R)]|0/dy + sin(272)8/ 8z, V2 =
[0/0z + 2wé(z — 2,)8/By)* + 8% /Oy?, the parameters

_ PsCsto cstp 2L, L, K tp

- =0 =

et =— ¢ = Ky = 505
prLu-’Y—Lz‘p—R|7TeH~LT=: "_TLDLE,

Ga or’

(5)

and the viscosities Dy, D, and Dr. The anomalous particle diffusion coefficient and
the heat conductivity are related to the dimensionless fluxes by
8¢ 3 L2

a
D=—(1 +”’Te)Do(na—y). Xe=—(1+ U:IJEDD(EB—;S% Dy, = B (6)

3. Simulations Results

In the ballooning dominated regime (characterized by & < 1) we performed several
runs at o = 0.5, ¢, = 0.02, § = 1, o/R = 0.25, v = 0.02, 5 = 0.05, and various
values for 7,. The resolution is 48 x 48 complex modes in the perpendicular plane and
96 collocation points along the magnetic field. The box dimensions are L, = 5.72,
L, = 6, L, = 3 and the viscous damping parameters are Dy = D, = Dy =
2x1073. The resistive ballooning instability forms radial streams at the unfavourable
curvature location z = 0, &1 similar to the ones observed for T, = const [2], which
break up nonlinearly and drive a transport strongly peaked at the outside of the
torus. The turbulent structures of ¢, n and T, are very similar on large scales,
whereas on small scales ¢ is smoother than n and 7T,. In table 1 we summarize
the transport results for different values of n,. To investigate the influence of L,
more easily we extract the n.-dependence of Dy leading to Dy = Dq g, (1 + 7.) with
Dy,1,, being independent of 7, and Lg,. The particle flux is practically independent
of 7. and on the outside of the torus remains at almost the same level as in the
system without T-dynamics [2]. Note, however, that the inside/outside-asymmetry
is enhanced with 7, included. The heat flux shows only a weak dependence on 7,:
increasing 7, by a factor of four increases x, by only 50 %.
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B % D/DU Xe/DD
egielome I B outside inside outsidle |  inside
0.01 [ 1.0 ]] 0.027 || 0.047 & 0.006 | 0.030 + 0.003 || 0.031 £0.002 | 0.023 & 0.002
0.02 ] 0.5 || 0.045 || 0.030 % 0.003 | 0.016 & 0.003 || .0065 + .0008 | .0040 £ .0008
0.02] 1.0 [ 0.055 || 0.015 < 0.003 | 0.008 + 0.002 || 0.011 £ 0.002 | 0.008 & 0.002
0.02 | 2.0 || 0.071 || 0.011 £ 0.002 | .0015 & .0003 || 0.012 £ 0.002 | .0020 & .0003
0.03 ] 1.0 || 0.082 | 0.006 £ 0.002 | 0.002 + 0.001 || 0.003 £ 0.001 | .0019 & .0009

Table 2: Nonlinearly driven regime: Transport at outside/inside midplane at & = 1.5
and different values of 7. and €.
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Figure 1: Transport D/.D(] versus /? (values of table 2)

For large o the ballooning growth-rate is weak [6], and the turbulence is mainly
driven by the nonlinear instability discussed in refs. [2,3]. We discuss runs for o =
1.5, L, = 7.63, L, = 8, various ¢, and 7. and all other parameters as in the runs for
o = 0.5. The radial streams observed in the ballooning regime are replaced by almost
completely isotropic structures similar to the T, = const system [2]. The theory of
the nonlinear instability predicts for the anomalous particle diffusion coefficient [2,3)
a scaling according to

04/3(1+1]=}2/3 -

D= DO k: f(ﬁf: WE)1 Dﬂ = DU 52/3 ]

Fis Epa4!3(1 + Tk)zlaéus- (7)
We therefore express the anomalous transport coefficients in terms of Dy. The results
of several runs are summarized in table 2. For small ? the inside/outside transport
asymmetry is 1.5 compared to 4.0 in the ballooning regime. For large 52 the nonlinear
drive is suppressed and the residual ballooning instability again produces a large
outside/inside asymmetry but at a low transport level. The transport level in table

2 is a factor of four lower than that obtained for constant T, [2]. To check the
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influence of the variation of 7, on the transport we plot the average transport as a
function of 2 (Fig. 1). The diagram shows the strong reduction of the transport
for increased 42 expected from the system with T, = const [2]. Since the values for
7. = 2.0 and 7, = 0.5 fit well into this relation and Dy does not depend on 7., I
seems to be independent of L, ; X. in contrast reacts sensitively to 7., increasing
with steepened temperature gradient.

In summary the particle flux is independent of 7, in both the resistive ballooning
and nonlinear instability regimes, and the electron heat conductivity depends strongly
on 7], only in the nonlinearly driven regime.

4. Physical Mechanism

Comparing equations (1-4) to the system with T, = const [1,2], we notice that
the electron pressure takes the role of the density in the simpler system, but as
pointed out previously the particle flux in particular shows no dependence on the
electron temperature gradient and is by a factor of four lower than without 7,-
dynamics instead of being increased by the electron temperature gradient. The
analogy between the two systems is modified only by the parallel heat conduction
and the thermal force. Various runs with and without thermal force and with different
values of «) confirm this analogy, if thermal force and parallel heat conduction are
discarded, and show in summary, that the qualitative change occurs, when the parallel
heat conductivity sy is switched from zero to 0.05, which is of a realistic magnitude
compared to experimental values. The thermal force and an increase of s lead only
to a quantitative modification by further reducing the transport level. The nonlinear
drive mechanism reacts particularly sensitive to parallel diffusion regardless whether
the diffusion is caused by the parallel Ohm’s law (increment of j;) or by the parallel
heat conduction. This also explains the observed difference between the transport
level in the two regimes, which is strongly emphasized, if the T,-dynamics and the
parallel heat conduction are included.

In summary we observe, that the contribution of T,-fluctuations to the two (in
principle pressure driven) instabilities is strongly suppressed by parallel heat con-
duction. Hence the transport coefficients are weakly affected by a change of 7.
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An ezperimental investigation into iemperature profile perturbations due to MHD modes
has been performed by means of high resolution electron cyclotron emission (ECE) diag-
nostics on TEXTOR. The position and width of large m = 2 magnetic islands have been
determined. A secondary temperature mazimum inside the island has been observed.

1. Introduction

The ideal MHD equilibrium of a tokamak plasma can be violated in the vicinity of ratio-
nal ¢ surfaces. Here, because of finite resistivity, the flux surfaces may tear and reconnect
forming so-called tearing modes or magnetic islands. These MHD modes are frequently
observed as precursors to major disruptions. Therefore intense studies are devoted to
magnetic islands.

The magnetic perturbation can cause a change in the temperature distribution be- -
cause the reconnected flux surfaces act as short circuits for the heat flow. The balance
between parallel and perpendicular transport over the flux surfaces of the magnetic is-
land is determined by the local collisionality [1]. Sustained temperature gradients over a
magnetic island have been observed in other devices [2]. It is predicted, however, that an
m = 2 island with a minimum width of 2.5cm in TEXTOR will flatten the temperature
profile over the O-point in absence of internal sources [1]. In the presence of a toroidal
plasma rotation the asymmetric temperature perturbations appear as MHD oscillations
on diagnostic time traces. The radial variation of the MHD oscillation amplitude reflects
the difference between the temperature profile over an X- and O-point.

Flat temperature regions have been observed near the g = 2 surface in the TEXTOR
tokamak previously (3]. At TEXTOR (R, = 1.75m, @ = 0.46m, I, = 350kA and g, = 3.8)
two new six-channel ECE diagnostics monitor the temperature perturbations in the vicin-
ity of the ¢ = 1 and q = 2 surface, respectively, with a good radial spacing of 1 — 2cm.
In this way the temperature profile flattening due to magnetic islands can be studied in
more detail. For the cases treated in this paper the optical thickness in the vicinity of the
g = 2 surfaces was above 3.

2. Temperature Profile Perturbations

Using the fact that the temperature profile will be flattened over the magnetic island,
its width and position can be determined. As an example a specific ohmic discharge will
be shown. It exhibits large MHD activity, i.e. coupled m/n = 1/1 and 2/1 modes, which
is observable from the time the current reaches its flat-top phase (¢ = 300ms). However
the central temperature and density are still increasing. The rotating modes locks at
t = 570ms and the discharge disrupts afterwards. Flattening of the temperature profile
has been observed in the vicinity of the g = 2 surface. The flattening causes the MHD
oscillations on opposite sides of the rational g surface to be in counter phase. The MHD
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Figure 1: (a) Temporal behaviour of the g = 2
surface (circles) and the islands separatriz
(squares) versus the major radial position
for an ohmic TEXTOR discharge. Both are
deduced from the minimum and mazimum
MHD oscillation amplitude. After about t =
450ms the position of the minimum and maz-

1.4

Radlal Position (m)
H

vt Hn-," 1,33‘m imum deviated rapidly from each other which
shows the island is growing. (b) The half is-
o land width deduced from figure 1(a). The ver-
B i £ tical dashed line indicates the lime of dis-
§ ruption. The measurements have been per-
340 m formed by tuning the toroidal magnetic field
200 to, By = 1967, R, = 1.75m, and shifting
sit ECE channels in the vicinity of the HFS

0030 53 oMo 04 0B %5 g = 2 surface.

Tima (s)

oscillation amplitude will have a minimum at the rational surface. Qutside the separatrix
the tearing mode resembles an ideal helical kink perturbation. Its amplitude decreases
with the distance from the magnetic island. Hence the largest MHD oscillation amplitude
is expected at the islands separatrix. The radial location of the phase reversal and maxi-
mum amplitude, monitored within the range of the ECE diagnostic provides information
on the location of the ¢ = 2 surface and the island width as shown in figure 1. The radial
resolution is ~ lcm.

Although the discharge is already in the current flat-top phase the ¢ = 2 surface is still
moving radially outwards. This can be explained by the increasing central temperature and
density causing a peaking of the current profile. In other identical discharges, exhibiting
MHD activity, the m/n = 1/1 mode appears about 150ms later as the m/n = 2/1 mode
and couples immediately to the earlier mode. Before the appearance of the m/n = 1/1 the
central g value is apparently larger than unity. Later on due to current peaking it decreases
below unity. The time scale for the increase of radius of the q surfaces, 7,_, = 125ms,
gives an indication for order of magnitude of the current diffusion time in TEXTOR.
Shortly before the disruption the current flowing inside the ¢ = 2 surface is about 72% of
the total plasma current.

The width of the m = 2 magnetic island, in figure 1, is first nearly constant (~ lw =
3 — 4cm) but after ¢ = 450ms it starts to increase rapidly. Just before the disruption it
reached its maximum value }w = Tcm. Only the half width of the island is given because,
as we shall see later on, the shape of the island may be asymmetric. Because the small
magnetic island was located deep in the plasma detection with magnetic probes was dif-
ficult the first 200ms.

3. The Temperature Distribution over a Magnetic Island

The temperature distribution over a magnetic island, with no internal sources, will be
flattened; of course not only in radial but also in helical direction. Some ECE channels
observing regions effected by the magnetic island show therefore a ’clipping’ effect as
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Figure 2: Time traces of the
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B o~ e e et o siz ECE channels monitoring the
vicinity of the HFS q = 2 region.
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dicated schematically.
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demonstrated in figure 2. The signals contain a flat part in toroidal rotation direction. In

this figure a part of the growing magnetic island is visualized. A Fourier analysis identifies

the clipping as an increase of higher harmonic in the frequency spectrum as explained in

ref. [1].

A doubled frequency with respect to the main MHD frequency has been observed
on ECE time traces monitoring near to the rational g surface. In this case the second
harmonic component of oscillation may even be larger than the first harmonic. In figure
3 the doubling of the MHD frequency is shown. This doubled frequency is caused by the
fact that the temperature distribution over the magnetic island shows a relative maximum
at the O-point with respect to the separatrix. This is also shown in a contour plot of the
temperature distribution in figure 4. Closed equi-temperature contours around the O-point
are observed. The maximum temperature was found to be about ~ 25 — 50eV above that
of the separatrix in ohmically heated discharges. However the topology of the magnetic
island requires a lower current density inside the island than in the surrounding plasma.
An explanation of this unexpected phenomenon of heat confinement may be sought in
degraded transport properties inside the magnetic island.

Figure 3: ECE channel monitoring
outside the magnetic island (top)
and another ECE channel which is
for a part of time monitoring the
inside of the magnetic island. The
top trace shows a harmonic oscilla-
tion. The bottom trace shows a dou-
bled frequency because the temper-
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As shown in figure 4 the observed magnetic island is asymmetric. The island is larger at
the inside of the rational ¢ surface, i.e. in the direction of the magnetic axis, compared to
the outer part.

4. Conclusions :
In this paper only temperature distributions over large m/n = 2/1 magnetic islands have
been shown. Although the radial resolution of the ECE diagnostic is sufficient to observe
flat temperature regions around the ¢ = 1 surface of about 1 — 2cm, i.e. the critical
width for flattening the temperature is expected to be even smaller, flattening has not
been observed not withstanding the presence of the m = 1 mode. More likely is that the
m/n = 2/1 mode has coupled to an m/n = 1/1 kink mode in these MHD discharges.
A relative maximum in the temperature distribution over the magnetic island has been

1.48 027
1.49 |~ -0.26
1.50 -0.25
151 B

Major Radis (m)
S
[
.
Minor Radius (cm)

1.52

©
8

1.53

e ™

Time (ms)

1.54
360 360.5

361

Figure 4: A contour plot of a small part of the temperature profile.” A" small rotating
island causes a perturbation of the profile. The O-point is hotter than the separatriz of the
magnetic island. The g = 2 surface is indicated by the dashed line and the shaded region
gives an impression of the magnetic island shape. The contour lines are separated by 5eV.

found near the centre of the magnetic island. This may be interpreted as an improvement
of confinement due to the closed flux surfaces around the O-point. ECE radiometry with
a good radial resolution proved to be a useful diagnostic to reveal information on the
properties of large magnetic islands.
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The comparison of transport coefficients obtained from power balance analyses and from per-
turbative experiments is expected to improve the understanding of transport physics [1]. This
paper reports on the studies of the electron heat conductivity (xe) using sawtooth propagation
(x5T) and ECRH modulation (xZ€RH) heal pulse propagation in ASDEX Upgrade.

1. Experimental conditions

The key diagnostic in this work is the ECE radiometer which provides 7. measurements
with the necessary high time resolution (31 kHz) and sensitivity (0.1 eV). This diagnostic has
45 channels generally covering 80% of the plasma minor radius (a =~ 0.5 m) with a radial
resolution below lcm for each channel. The other experimental data necessary for the analyses
are provided by the standard diagnostics usually available on 2 modern tokamak.

The recently installed first phase of the ECRH system for ASDEX Upgrade consists of one
gyrotron at 140 GHz (central deposition at the second harmonic for Br = 2.5 T) which delivers
up to 400 kW for 0.5 s and can be modulated up to 30 kHz [2]. The modulation experiments
were generally performed with 100% on/off power modulation with a duty-cycle of 50% at
frequencies between 10 Hz and 1 kHz. The system allows on-axis and off-axis deposition
depending on the magnetic field (Brt) and angle of injection, adjustable with a mirror.

The sawtooth and ECRH modulation studies were performed in Ohmic and NBI heated L-
mode plasmas, in the standard single-null divertor configuration of ASDEX Upgrade. Plasma
current, magnetic field and density as well as working gas (H* or D*) were varied, All the
discharges were sawtoothing which provides a wide set of data for the sawtooth analysis and a
direct comparison between xfcu and xfT in the shots where ECRH modulation was applied.
We generally performed the ECRH modulation with off-axis deposition at r/a = 0.5 because
this configuration offers the best conditions for X, analyses in the confinement region.

2. Analysis methods

Two methods were applied to analyse the data: i) a time-dependent code (TDC); ii) a Fourier
transform interpreted with a slab model (FT). In the TDC analysis the diffusion equation is
solved in cylindrical geometry using a forced boundary method in which the T, time trace of
one ECE channel is taken as the corresponding inner boundary condition [3]. The damping
terms (electron-ion exchange, modulation of Fop, radiation) are explicitly calculated. The
density perturbation is generally small and not. taken into account because of the lack of pre-
cise measurement. This code was recently extended with 2 maximum entropy fit procedure
to determine x. [4]. TDC was essentially used for the sawtooth analysis because of the large
amplitude they provide. A representative example is depicted in Fig. 1 which shows a compar-
ison between the experimental temperature evolution at different radii and the corresponding
simulation. A good agreement of the calculated time evolution of T, with the data for r/a <
0.7 is generally obtained with flat x. profiles, however with larger value than xP from power
balance, as discussed in sect. 3.

11
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Figure 1: Fit of a sawtooth with TDC, with x*™ = 4.8 m?/s. The time evolution versus
relative time is shown. The solid lines are the experimental time trace, the dashed lines the
fit. To correctly reproduce the channels with r/a > 0.7 an outward convection of the form U =
80(r/a)* m/s was necessary.

An outward convection at the plasma edge is necessary to reproduce the only weakly de-
creasing amplitude and the flattening phase of the perturbation for r/a > 0.7. This behaviour
is not modified by taking as outer boundary condition f‘e(a) = 0 or T,(a) provided by the
corresponding T, measurement.

The FT analysis is less time consuming than TDC and therefore better suited for an overview of
large datasets. We have verified that the TDC and FT methods give the same y, results within
the error bars which are around +1 m%/s for both methods. The FT analysis is illustrated in
Fig. 2 for an ECRH modulation dataset. It is well-known that in the slab model interpretation
the amplitude and phase data for a given frequency yield Xe™ and xPh*5 respectively [1).
The difference between these two values depends on the damping term, which is eliminated

by taking the geometric mean, xFT = 1/x x’,’h"‘", which gives the actual xFT used here.

It is clearly seen in Fig. 2, that the amplitude decay on the LFS and HFS of the deposition,
outwards and inwards respectively, is not symmetrical. This is essentially due to the geometry
effect, and it can be shown, following reference [5], that the mean value of the X" values on
both sides should be taken. This correction was done in this work. Note that the phase is not
affected by geometry and is therefore symmetrical. It is expected that x2™P and yP#%°® reach
the same value xFT at high frequency where the relative influence of the damping becomes
weak. This behaviour is clearly observed in our experiments. For the modulation scheme used
here with 50% duty-cycle, the Fourier frequency spectrum of the T, measurement essentially
shows the odd harmonics and no or very small even harmonics, as expected in the absence of
non-linear reaction of the plasma to the power modulation. We also observed that, both for
sawteeth and ECRH modulation, x. does not depend on the frequency, which excludes a T,
dependence of y, [6].

amp
e
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Figure 2: Example of FT results showing amplitude and cross-phase at the fundamental
frequency (29.41 Hz). The linear fits for HSF and LFS are indicated as well as the mean values
obtained for x3™P, xZhe™, giving xFT = 1.6 m*/s.

3. Experimental results

In this section we compare x57 and xZCRH with xP'B, where 7P is given either by the power
balance analysis when it is available or by x5! = a2x/475 (x elongation, 75 global energy
confinement time). In the cases where yF'® was available, it has been verified that x&lebe! is
close to x[2 within 25%. The analyses of our sawtooth dataset yields x[Z < 5T < 6xI'8
as appears in Fig. 3. Moreover there is obviously no correlation between x5 and xPE. In
contrast, for the ECRH modulation experiments Fig. 3 clearly shows that xE¢BH is at most 2

times larger than x7'#, in agreement with the assumption x, ocx VT with a < 1, [6].

xHP [m¥]
a~
£ v ]
R
\ Ixx

® ECRH
0 . L .
0 1 2 3 4 5
I:B [m*s]

Figure 3:  xI'T or xECRH yersus xF'P
for Ohmic and L-mode discharges un- Figure 4:  x57 plotted versus the am-

der different conditions. The xF® val- plitude of the temperature perturbation
ues above 2 m? /s are obtained from NBI- caused by the sawteeth as measured just
heated discharges in pure hydrogen. outside the inversion radius.

In the shots where ECRH modulation was applied one observes that x37 is larger than
XxZCRH in most of the cases. An essential difference between the heat pulses from sawteeth and

ECRH modulation resides in the size of the induced perturbation which is larger for sawteeth.

13
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The modulated ECRH power was at most 400 KW whereas the perturbation occurring at a
sawtooth crash (duration = 100 us) can reach 10 MW in NBI heated plasmas, in which the
largest values for xfT are observed. This behaviour of the sawteeth is illustrated in Fig. 4
which shows a clear correlation between the T, perturbation associated with a sawtooth as
measured outside the q=1 surface (ATST) and x57. Note also in Fig. 4 that ATST can reach
400 eV whereas the T, perturbation in ECRH modulation experiments never was higher than
60 eV. Note that the ECRH results show no correlation between amplitude and xZCRH . The
gradient changes caused by a sawtooth perturbation are also large. It was not yet possible
to discriminate between a possible effect of the amplitude or of the gradient of the sawtooth
perturbation. Further, it must be underlined that ECRH power scans (50 kW to 400 kW)
showed no measurable influence of the amplitude of the modulation power on the results.
However, this may be different in smaller devices, for instance RTP in which sawtooth and
ECRH power modulation with 400 kW gave comparable y. values [7]. The difference between
RTP and ASDEX Upgrade is attributed to the fact that for the same RF deposition at mid-
radius, the ECRH power density in RTP is larger than in ASDEX Upgrade by more than
one order of magnitude due to the larger volume. A second reason might be that in ASDEX
Upgrade the large discrepancies between x57 and 2 occur with auxiliary heating {up to 5
MW) where the sawteeth are the strongest. Small Ohmic sawteeth in ASDEX Upgrade yield
xfT < 3xf3. In ASDEX Upgrade an experimental simulation of sawtooth effects with ECRH
would require an installed power of several MW, which will be available in the future.

4. Discussion

Simulations of the ECRH modulation experiments described above were performed with the
ASTRA code [8]. The best agreement with the data is obtained with flat y. profiles having
values higher than that required for power balance. Similarly to the TDC results for sawteeth,
for ECRH modulation also, the amplitude and phase behaviour for channels outside rfa =
0.7 are well reproduced with outward convection. However, the observed behaviour might
also be caused by a non-local transport, which introduces into the diffusion equation an extra
modulated source term linked to the steady-state source [6]. In our case, the source term is
dominated by the heating power inside r/a = 0.7 whereas it is dominated by the radiation losses
outside this radius, In particular, the latter term qualitatively reproduces the observed egde
behaviour of the perturbation at the edge. The simulations of our ECRH experiments using
a non-local transport model also show that even harmonics should be created. They were not
experimentally observed, perhaps due to a lack of sensitivity. Therefore, in our experiments, a
non-local character of transport cannot yet be fully excluded.
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Introduction : ) )
The highest achievable density in a tokamak is restricted by the normally disruptive
density limit DL. This limit is quite successfully described, even on machines of diﬂ'erfent
sizes, by the empirical 'Greenwald’ limit if% = k < j > (x is the plasma elongation
and < j > the area averaged plasma current density) [1]. Since the ITER (EDA) concept
aspires an operation density significantly beyond this limit (= 1.5 AW [2]), one needs
reliable scenarios to overcome it without deterioration of the energy confinement time 7g.
At large heating powers, however, the particle fuelling efficiency of gas injection degrades
such that high densities are difficult to achieve. Furthermore, the corresponding high
neutral particle densities cause normally the backtransition of the favourable H-mode to
an L-mode, yielding divertor detachment and probably a ’classic’ DL. Presently, the only
methode to achieve long lasting phases with 7, > 2C" seems to be the repetitive injection
of pellets.

This paper deals mainly with the characteristics of the L-mode phase preceeding every
density limit disruption including jmpurity gas injection forced L-modes. The latter is
found to prevent effectively detrimental divertor heat load.

Discharge Parameters :

Our investigations concentrate on lower single null discharges (R = 1.65 m, a = 0.5 m,
 ~ 1.6) with plasma currents between 0.6 MA and 1.2 MA and NBI heating powers up
to 10 MW. The corresponding safety factors ggs vary between 2.5 and 5. The plasma
facing vessel components are boronized. The ion VB drift is directed towards the target
plates. A centrifuge enables to inject strings of pellets with velocities up to 1.2 km/s and
repetition rates up to 80 Hz (representing a maximum fuelling rate of @ ~ 3 - 10% D
atoms/s). The working gas is mostly deuterium but in a smaller amount of discharges
also hydrogen. Highly radiative discharges are performed by injecting Ne, Ar or Nitrogen
gas into the main chaimber.

Experimental Observations :
We first describe the typical sequence from reaching very high line averaged densities
finally ending in a DL disruption. At the applied high heating power levels Pheq the
discharges stay normally in the ELM'y H-mode. During this mode the Greenwald limit
could so far not be surpassed only by applying excessive gas puffing (¢ < 3 - 107
D atoms/s) as can be seen on Fig. 1 a) summarizing the highest achieved f, in various
regimes.

If the separatrix electron temperature in the H-mode decreases below = 130 eV ac-
cording to the strong particle influx and radiation cooling the discharge falls back into the

15



a008(0P6)

16

L-mode [3]. Owing to the reduced particle confinement of the L-mode the line averaged
density decreases transiently until the density feedback control system rises the external
gas flux and f. grows again. Thereupon the divertor detaches, visible e.g. by the strong
drop of the ion saturation current measured by langmuir probes mounted in the target
plates. After the divertor electron temperature falls to a few eV a small Marfe forms
close to the active X-point observable in a slight enhancement of the bolometer signals
measuring the X-point region. If 7i. raises further, the divertor throats become so cold
that the radiating zone shifts up to the X-point and the Marfe starts to expand smoothly
into the region of closed flux surfaces. This leads to a concentration of the boundary
density into the X-point region observed by Li-beam and Thomson scattering diagnostics
measuring close to the midplane and near the X-point, respectively. Correspondingly, the
electron temperature close to the X-point reduces strongly from values of up to 100 eV to
a few eV. An analysis of the electron pressure at the outside midplane boundary and in
front of the divertor plates shows a clear pressure drop as signature of detachment. The
smooth Marfe expansion is an unambiguous precursor of the local instability of the Marfe
and hence of the DL. There is a large density operational window found with detached
plasmas between gos values of & 3 and 4.
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Figure 1: a) shows the Greenwald plot indicating the typical ASDEX Upgrade density
operating space. The dark area represenls the region of feedback controlled pellet fuelled
plasmas in H- as well as in L-mode. The white dashed surrounded area in Fig. b) corres-
ponds to the fi, achieved up to now. Technical reasons prevent the further increase of fi.
HRL denotes highly radiating L-modes.

To obtain quickly and stationary high densities, we combined moderate gas puffing
and repetitive pellet injection (with pellet injection alone #, could not be successfully
increased). Each pellet causes a quick (< 1 ms) raise in density, followed up by a slow
decay of the density increment. In parallel, each pellet triggers an ELM expelling a part
of the injected fuel [4]. The magnitude of the pellet induced increment is governed by
the pellet fuelling cfficiency €;. As during the injection sequence plasma cooling occurs
(see Fig. 2 a), the pellets penetrate deeper into the plasma starting with roughly half
minor radius ending up to approximately central deposition. Concomittantly, the fuelling
efficiencies rise markedly. It has been shown that € is a clear function of the penetration
depth ranging between 30 % and 40 % in L-mode plasmas and dropping down to = 0 %
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in ELM’y H-mode phases for shallow penetration.

As a special tool to maintain long lasting high density phases we performed a control
circuit using a bremsstrahlung signal as a measure of the line averaged density and inhibit
the injection of pellets when the preprogrammed #, is reached. Using this setup stationary
phases (>> 7&) of up to 1.5 i have been achieved as demonstrated in Fig. 2 a). In
this example a smooth H — L transition occurs at about 1.9 s.

"~ a) _-_______:W-‘

1.2 14 FE R 2 21 5 vy - i
Figure 2: a) shows a feedback controlled pellet fuelled discharge with preprogrammed
1.578W . The shaded area in b) corresponds to the full squares of ¢) and represent clean
deuterium L-mode plasmas. .

The fact that clean hydrogen/deuterium discharges normally do not detach in the H-
mode at high densities, since at least the ELM’s always burn through the divertor plasma,
forced us to reduce the divertor power load by means of impurity gas injection. During
ELM’s peak power densities of up to 25 MWm™2 have been measured on the plates. This
so achieved highly radiating and completely detached H-mode is known as CDH-mode
[5). The impurity injection can lead to radiative fractions Prqg/Prear > 90 % before the
plasma falls back into the L-mode. The highly radiating L-mode HRL shows qualitatively
the same detachment and Marfe sequence as the clean hydrogen/deuterium discharges.
No disruption has been observed without preceeding violent Marfe expansion.

The Greenwald scaling supposes the density limitation to be independent of heating
power. The experiments, however, exhibit in the case of purely hydrogen/deuterium
puffing a clear increase of the DL with heating power. At low plasma currents, 2" is
surpassed by up to 40 %. In contrast, the impurity dominated DL seems to be mdependent
on Prea (see Fig. 1 b). In the HRL-mode the disruption occurs normally at densities 0.6 -
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0.8 2%, The line averaged Z,;_,r there is about 4, whereas it is = 1.8 in the clean plasmas.
Generally, the DL of clean hydrogen discharges is systematically about 10 % higher than
those in deuterium.

If one compares the energy confinement times of the two extremes (clean deuterium
& HRL) one gets the interesting situation that the highly radiating plasmas have signifi-
cantly larger 7¢ than the clean ones. Taking the JET/DIII-D H-mode scaling as reference
[6] since it does not include a for these high densities weakly founded 7. dependence
pEOIDHIED o 1203 . Pro%®, one can see in Figures 2 b) and c) that at high densities
and heating powers Tg approaches H-mode confinement characteritics. The densities i,
are taken just before the Marfe grows into the bulk plasma. The decrease of 75 of the
clean deuterium plasmas is connected with the increasing recycling fluxes necessary for
strong density rise. Moreaver, the Pj.., dependence of these plasmas is well described
by the scaling, whereas the confinement of HRL discharges deteriorates not noticeably.
The improved confinement in the HRL mode is connected with markedly peaked electron
density profiles. On the other hand, the clean plasmas exhibit very flat ones. The pellet
refuelled discharges have significantly larger central densities (up to 6 - 10%m~3) but
the boundary behaves as in the purely gas refuelled cases. It should be mentioned that
despite strong density peaking the pellet discharges do not show improved 7g.

Summary :

The aim to achieve densities far above the Greenwald limit is successfully obtained with
strong gas puffing and alternatively with repetitive pellet injection, however, mostly in
L-mode. H-mode plasmas in ASDEX Upgrade so far do not surpass this limit (with
the exception of the pellet fuelled ones). In JET, ELM free H-mode plasmas have been
ohserved exceeding A°" [7]. At low I, we attained densities up to 1.4 €% with pure gas
refuelling. In a.ccordancc' with earlier experiments e.g. of ASDEX [8] and in contrast to
the Greenwald scaling, aP" ha.s been shown to increase clearly with Py.q. In the extreme
case of strong impurity pnfr ing the DI is markedly reduced, the heating power dependence
on the DL evanesces, but 7g can reach Il-mode quality. With pellet injection we achieved
controlled long lasting phases up to 1.5 A" and transiently maximum densities of about
2 78" in type-1 ELM'y Il-modes and = 2.5 A% in L-modes. The related confinement in
the H-mode is, however, degraded.

With respect to ITER one can conclude that operation at the projected density seems
to be possible, but there are serious difficulties to maintain H-mode confinement. The
injection of impurities unburdens the divertor and improves the L-mode confinement but
reduces noticeably the achievable densities.
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Various steady-state non-inductive plasmas. with strong electron healing and significant
modification of the current density profile, are routinely obtained on Tore Supra in either lower hybrid
current drive (LHCD) or fast wave clectron heating (FWEH) experiments. This work focuses only on the

effect of magnetic shear (s). on the thermal electron diffusivity (xe) for FWEH plasmas. Densily fluctuation
measurements during FWEH are also reported.
Global improved confinement
In ohmic and L-mode plasmas the electron energy content (We) is in good agreement
with OD Rebut-Lallia-Watkins (RLW) prediction and the thermal confinement time is found
to depend strongly to the plasma density, scaling as
g = 0.0227 R 1.84 p 0.98 g0.250.43 p-0.75 (1)

(in units of s, m. MA, MW, Tesla, 1019 m3, with Ti the central line averaged density, and P
the total input power). There is no elongation dependence since the Tore Supra plasmas

are circular. Main plasma parameters are:1.5< n(1019m-3) < 4.9, 0.4 < P(MW) < 9.8,
0.32¢ Ip(MA) £1.7, 2¢ BT(T) <3.95, and 3 <qcy]l £<9.9. Note that this scaling also
reproduces the limiter discharges of several others tokamaks.
The main FWEH scenario was : d
chosen in order to maximize the
absorption of the wave by the
electrons (up to 90%) and to minimize
the parasitic damping of the ions [1].
The working gas is helium. In these
experiments, strong electron heating
was observed, while the ions were
weakly heated by ion-electron
equipartition: Te(0) increased from 1
keV to about 7 keV and Tj(0) reached
a value below 2.5 keV with 9.5 MW of 0.1
FW power. Large fractions of 0.05 = i
bootstrap current (up to 70%) [2], due
to the peaked pressure profile, are
routinely obtained. During FWEH, the
total thermal energy (Wiot) is found to
exceed the L-mode prediction by a 42
factor of 1.7. Also, We exceeds the OD 1

Rebut-Lallia-Watkins scaling by a 081 r/a=0.5
factor up to 2.2. A typical shot gg4 WW o .
(1p-0.68 MA, B=2.8T) is shown on 4 & 1me (g0 M’f:’f

Fig. 1 with three different heating
schemes (FWEH, ICRH minority,

g d
=71 ; T8 L-mode predictian :

1.2 = L ' fmet 5 g

r/a=0.7 Mag. shear

Fig.l: Time evolution of discharge with both
L-mode and improved confinement regimes
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LHCD) applied one after the other one. During ICRH and LHCD, the total thermal stored
energy (Wiot) follows well the Tore Supra L-mode prediction. In contrast, FWEH phase
displays an improvement over TS L-mode scaling by a factor H=1.4, which is provided by
improved confinement in electron channel (We exceeds the OD-RLW scaling by a factor of
1.7). At the same time a significant modification of the current profile (increase of plasmma
inductance, lj, and magnetic shear in the gradient zone) during the FWEH phase has been
observed. The good correlation between the increase of s (at r/fa=0.5) and the
enhancement factors of the confinement is shown in figure 2.
AL LN ULAAN ARAN LA RARRIEEas Lty
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= L-mode ]
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Normalized magnetic shear(w/wo RF)  Normalized magnetic shear(w/wo RF)
Fig.2: Improvement factors of the confinement versus normalized magnetic shear taken at r/a
=0.5. H is defined as =g / TS L-mode prediction (Eq. 1)
Locel transport analysis
For local transport studies the TRANSP [2], ASTRA [3] and LOCO [4] codes are used
to determine the electron diffusivity within the region 0.2< r/a < 0.7. In our analyses, we
only take into account the ion-electron equipartition (which is much less than the additional
power mainly coupled to the electrons) but neither radiation nor convection terms, which
are dominant only in the edge region, typically for r/a>0.8. The improvement of the energy
confinement is clearly observed by the decrease of Xe in the gradient region
(0.3 <r/a<0.7) during FWEH, compared to the L-mode LHCD and ICRH phases (Fig.3)
for the same power level. The comparison between the 3.7 MW of FWEH and 2.2MW of
ICRH displays the same thermal 3 e
diffusivity in spite of the higher
power in the first case. This
reduction of ye is correlated to the
increase of magnetic shear in the
gradient zone. A  statistical
analysis also confirms this
correlation. In  Fig. 4, the
normalized values of s and xe
versus the total power are plotted
for both L-mode and FWEH r
improved confinement regimes. 0.5 NERTRY FREVE FRTRARTON] (W INRARRTTR ANTRINTERINTET)
These parameters are normalized 02 03 04 05 06 02 03 04 05 06
to the corresponding ohmic levels rla rfa
Fig. 3; Profiles of electron heat diffustuity, for the
discharge shown in Fig.1:3.7 MW FWEH (t=6s), 3.3MW
LHCD (t=12s), 2.2 MW ICRH (t=9.5s), 2.2 MW FWEH t=7s)

T T T T

LI WL PR LI i L s LI
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The slopes of s and ye curves g 14f o2
indicates the benefical effect of £ n E e ]
magnetic shear on electron heat -L—’(':‘, 13f 5
diffusivity. The degradation of e with ?o =F @ FWEH e E
increasing power for high shear £ 2 12¢ g apprevedclnincmen
discharges is lower than the levels of E R = o= E
corresponding L-mode. Ro [ foe  _ o
Simulations using some 1D &§ -g 1E* M.CSQ‘- - gm ——— = - - =
transport models include the EE ‘E ¢ L-mode
e 1 ] l 1 1 !
dependence on VTe, q and s. We Z 0.9E 1 1 7 AR 4
restrict here to two empirical models wio [ L-mode ‘ 1
proposed respectively by Taroni [5] t;-I" F e B
and Rebul-Lallia-Watkins [6]. The % 1 8F gt e i
Taroni model, without the effectofsin g = 6 F ~ s M 1
the explicit form, provides the good ,-_:;3 s Y & ™ -
agreement with the experimental g E 4F - gl’. _
temperature profile for L-mode ¢S o | 2% FWE
without current modification (Fig. 5). g g 2 E }‘ lﬂ'lpl’({-\l‘cd conlinement
However, the simulation for FWEH 2ok : ks e !
phase displays the good fit in the 0 B 6 8 10 12 14

inner part of the confinement region
along with the discrepancy in the
outer part (r/a >04) where the gy 4. varation of s and xe with total power for

magnetic shear increases. L-mode and FWEH improved confinement regimes.
(circles: L-mode, squares: Improved confinement)

Normalized total power (w/wo RF)

Furthermore, a statistical analyis (dataset 3.5 g e
of 40 shots using various heating schemes) s g
shows a disagreement with this model in 3
dependence on VTe. In Fig. 6, the ratio 5- 1

xe/yeTaroni js plotted versus VTe for both the L-

mode and FWEH high shear improved E of 1
confinement discharges in which the main 7 -
plasma parameters were kept constant, namely & 5

q=165 (0.4< r/a<0.6), except VIe by
increasing the total power up to about 10MW. 1
Discrepancy with increasing VTe is observed for
: 0.5

L m(_)de. For FWEH shc_)ts the mc:rease-of VTe 02 03 04 05 06 07
modifies, at the same time, the magnetic shear a
profile through the increase of bootstrap current Fig. 5: Strwlation using Taroni model
fraction. Therefore, the effect of s compensales (soiid lines) for L-node (triangles) and
the disagreement in VTe dependence (change in FWEH (circles).
the slope). This also indicates that the improved confinement in our FWEH experiments is
clearly linked to the increase of s, but not simply to the change in safety factor.

Concerning to the RLW model, a good agreement is only obtained when VTe is much
higher than critical temperature gradient given by RLW [7]. The comparison with both
Taroni and RLW models is illustrated in Fig. 7. For Taroni model, the discrepancy at high

VTe could be explained by the existence of a critical temperature gradient experimentally
observed [7].
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Fig. 6: Comparison with the Taroni model versus {7\ |\ /0y idiiieesiinss,

VTe (constant safety factor: q = 1.65, 0.4 <r/a<0.6) 5

2 3 4
VTe (keV / m)
Fig. 7: Comparison with Taroni and
RLW models versus VTe

Density fluctuation behaviour

The density fluctuations were monitored with an heterodyne CO2 laser scattering
diagnostic [8]. Fig. 8 shows (8n/n)2 as a function of VTe (taken at r/a=0.7) for the ICRH L-
mode(minority heating) and FWEH improved confinement regimes. Note that the density
was kept constant throughout the additional heating phase. Variation of VTe was obtained
by increasing the total power (up to 9.4MW). The rms signal monitored is for k=5 emrl,
and corresponds to fluctuations at the bottom of the plasma, located between
0.5 <r/a< 1, with a maximum around r/a=0.7. For high magnetic shear discharges the
increase of (8n/n)2 with VTe is notably weaker compared to L-mode regime. There is
therefore an indication that the density fluctuations could be efficiently reduced by
increasing s.
2 Fig, 8: Density fluctuation versus VIg

[ d circles: CO2 laser scattering for FWEH (full:

/
[ n )2 (a.u) /L-mode Improu. confinement, open: L-mode)

n squares: reflectometry for ICRH L-mode [9]
1.5F

Conclusions
Improvement in global confinement
_b,,-—- thanks to current modification
PO e , (increased magnetic shear in the
:+‘—- confinement Zone) is clearly
demonstrated.  Simultaneously the
0.5+ FWEH reductions of xe and density
high shear improved fluctuation were observed. The 1D
on f impro Taroni and RLW models can [it the
confinement . :
gl pi o U U ag g experimental result with some
0 4 6 8 10 restrictions. For Taroni model a
VTe (keV/m) discrepancy takes place when s or VTe
increases. The RLW model is in good
agreement only for high VTe cases.

i~
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Toroidal Alfvén Eigenmodes (TAE’s) and their kinetic counterpart {KTAE’s) can play a rel-
evant role in determining the confinement properties of energetic particles in Tokamak plasmas
close to ignition conditions.’ TAE's and KTAE's can indeed be driven unstable by the resonant
interaction with energetic ions characterized by velocities of the same order of magnitude of
the Alfvén speed and, in turn, enhance their losses.

For resonant drive larger than the continuum damping. a new unstable mode can appear:
the Energetic-Particle (continuum) Mode (EPM).[1] The EPM does not correspond to any
MHD normal mode (it would not exist in the absence of the energetic particles). and its [re-
quency is determined by the resonance condition with the parallel motion of energetic particles
(w = kyya)- It is a close relative of the fishbone mode. in the sense that il can. in prin-
ciple. continuously adjust its frequency and “follow™ the energetic particles while displacing
them. One of the major points in the investigation of the propertiies of these modes concerns
their nonlinear saturation and the fluctuation level at which the saturation takes place. Dif-
ferent saturation mechanisms have been proposed in literature. related cither to mode-mode
coupling(2.3] or to trapping of resonant particles in the potential well of the wave.[4] Each of
these mechanisms could dominate in appropriate regimes. but they are all based on the as-
sumption of perturbative energetic-particle contribution. A powerful tool for the investigation
of the relative importance of these as well as of other mechanisms is represented by the Hybrid
MHD-Gyrokinetic Code[5] which allows to fully retain all the relevant kinetic effects related
to the energetic-particle population. The code evolves the 0O(€e)-reduced MHD equations for
the fluctuating (scalar and parallel vector) potentials, with the term related to the energetic-
particle pressure. To compute this term. at each time step. the gyro-averaged Vlasov equation
for the energetic-particle distribution function is solved by particle-in-cell techniques. In order
to hetter resolve the low-amplitude linear-growth stage of the mode evolution. the low-noise
§F algorithm is adopted, which consists in representing only the deviation of the distribution
function from a known background distribution function in terms of (weighted) particles.[5]
Switching to a standard full-F simulation is allowed in the nonlinear stage, if the deviation
becomes of the same order of the equilibrium distribution function.

In order to limit the requirements for spatial resolution and hence for computational re-
sources. we refer here to low toroidal mode numbers (n =0(1)). Although this case is not
directly relevant for reactor scenarios (high-n modes are predicted to be the most unstable[6]).
it shows important features that are expected to be present also in more realistic sitnations.

In Fig. 1 the results of linear simulations are reported. The linear growth rate and the real
frequency of the most unstable mode are shown, normalized to the Alfvén time 4. at different
values of the ratio between the energetic-particle on-axis density ny and the bulk-ion one n,.
Only modes with toroidal mode number n = 4 and poloidal mode numbers ranging from m = 4
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and m = 8 are retained (the safety factor ¢ ranges from 1.1 to 1.9). The initial energetie-
particle population is Maxwellian, with thermal speed equal to the Alfvén velocity. At low
values of energetic-particle density, a “perturbative” regime (i.e.. a regime in which the effect
of particle dynamics on the mode structure is negligible), characterized by weakly unstable
TAE with growth rate increasing linearly with ny. is observed. The real frequency. in this
regime, is well inside the gap. At intermediate values of ny /n;. the real frequency decreases.
merging into the lower continuum. Correspondingly. the K'TAE. given by the toroidal conpling
of two counterpropagating Kinetic Alfvén Waves, turns out to be the most unstable mode.
Its growth rate exhibits a weak dependence on ng/n;. because increasing ny tends to enhance
hoth drive and radiative damping.[7] Above a certain threshold in ny; /n,. the Energetic Particle
continnum Mode appears. with growth rate sharply increasing with ngy. The real frequency is
deeply inside the lower continuum. In this regime, wave-particle resonances cannot he treated
within a perturbative approach.

Concerning the nonlinear saturation, our attention is focused on the mechanisns related to
energetic-particle dvnamics. This is first examined by following the particles in a fluctuating
field with given radial profile and time-dependent amplitude driven by the resonant wave-
particle interaction. The dependence of the saturation level on the linear-phase growth rate is
shown in Fig. 2 (squares). for simulations with » = 1 modes. It can be seen that, at low values
of 5. the agreement with the theoretical predictions (6B, |s x 7}) of Refl.[4] is qualitatively
good. At higher values of 7. the radial width of the wave-particle resonance is limited hy the
finite extent of the fluctuating field. and the mode saturates at lower amplitude.

The nonperturbative effects of energetic particles on the mode structure are then included.
The results of such self-consistent simulations correspond to the triangles in the same figure.
As far as low values of the energetic-particle density are considered (low values of 41 ). the twe
kinds of simulations yield very similar results. Above the threshold for the EPM destabilization.
however. saturation amplitudes depart from the previous perturbative results. The indication
that a different mechanism is active in this regime is supported by the examination of the
typical particle orbit in the meridian plane. obtained in a simulation with ng/n; = 0.03 and
shown in Fig. 3. The wave-particle interaction induces a secular radial drift of the particle.
instead of a small oscillation around the unperturbed orbit. Saturation is then reached because
the source of the instability is macroscopically displaced. rather than because of trapping ol
resonant particles in the potential well of the wave.

As a consequence. in spite of the lower level of the saturation amplitude. the effect of this
mechanism on the energetic-particle confinement can be dramatic. Figure 1 shows the radial
profile of the energetic-particle line density, for the same case as Fig. 3. at two different times:
during the linear growth of the mode and after saturation, respectively. In Fig. 5. the fraction
of energetic-particle population displaced out of a given radial position (r = 0.7a. in this rase)
is shown. at different values of ngy/n;, for the cases n = 1 and n = 4 (open triangles and
squares. respectively). The corresponding linear growth rates are also shown (full triangles and
squares). It is apparent that the destabilization of EPM’s corresponds to a sharp increase of
the fraction of displaced particles and then. potentially, of the fraction of lost particles.

Although the threshold for this dangerous saturation mechanism corresponds to unrealis-
tically high values of energetic-particle density. it can be seen that such a threshold decreases
with increasing n. Realistic values of ny/n; could then cause the same phenomenology in
the more unstable high-n cases.[6] Nonperturbative studies of the saturation of high-n Alfvén
modes are then required for investigating the a-particle confinement properties of plasmas close
to ignition conditions.
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Figure 1: Normalized linear growth rate (triangles) and real frequency (squares) at different
values of ny/n;. Only modes with toroidal mode number n = 4 have been retained.
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Figure 2: Saturation level of the fluctuating magnetic field versus the linear-phase growth rate.
for “perturbative” (squares) and sell-consistent (triangles) nonlinear simulations with n = 1.
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Figure 3: Typical particle orbit in the meridian plane,
ng/ni =0.03. n = 1. A secular radial drift is observed.

obtained in a simulation with

Figure 4: Radial profile of the energetic-particle line density, for the same case as Fig.3. during
the linear growth of the mode (solid line) and after saturation is reached (dashed linc).
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Figure 5: Fraction of energetic-particle population displaced out of r = 0.7¢. at different values
of nyfn;, for the cases n = 1 and n = 4 (open triangles and squares. respectively). The
corresponding linear growth rates are also shown (full triangles and squares).
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How the Shape Influences the TCV Plasma Properties
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Association EURATOM - Confédération Suisse
Ecole Polytechnique Fédérale de Lausanne, CH-1015 Lausanne, Switzerland

TCV has the unigue capability of creating a wide variety of plasma shapes [1], controlled by 16
independent coils. This opens a new domain in Tokamak operation which has been explored to
investigate the influence of the shape on plasma properties. In limited ohmic L-mode stationary
discharges (R = 0.88 m, a = 0.25 m, By = 1.4 T), the following parameters have been
systematically scanned:

k=11—-19 edge safety factor qa=2—-6

elongation
triangularity §=-045—0.75 line average density n.=2.5— 8.5x 1019 m3
Electron energy confinement time [ms] versus triangularity
4r TR R T A TR . §% R
8
(&)
o=
23r
[
o
w
o
o
O
w
2 | o = 5 : 2 q : : % . 3 1 i : s i &
-03 0 0306-03 0 0306-03 0 03 06-03 0 03 06

25 4 5.5 7 8.5
Line average density [10*19m-3]

Fig. 1. Dependence of the electron energy confinement time on the shape for 4 classes of density and 2 classes
of safety factor. The horizontal axis in each plot is the triangularity. Symbols represent the elongation: [ x =1
=125, T k=125=215 _x=15-2175 x=175-2

The confinement properties of these plasmas are quantified by the electron energy confinement
time, Tge = We/Pop, where Poy, is the ohmic input power. The total electron energy, We, is
obtained by volume integration of Thomson scattering measurements at 10 spatial positions.
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The ratio Prag/Pon Was observed to be remarkably constant in all conditions [2] so a correction
for the total radiated power Prag does not modify the observed variations in Tge. For a given
plasma shape, Tg exhibits the usual increase with q, and the usual linear dependence on the
density (fig. 1); the density saturation occurs at values slightly higher than the highest one used
in this work. In all conditions a strong dependence of Tg, on the plasma shape was found: a
slight improvement with elongation and a marked degradation with positive triangularity, both at
fixed value of q, (fig. 1). The degradation factor over the scanned triangularity range is typically
2 and reaches 3 at the highest density. The improved confinement at negative triangularity leads
to a reduction in the ochmic power which is necessary to drive the plasma current. This is also
reflected in reduced sawtooth ramp rates, which are proporticnal to the central ohmic power
deposition in all conditions. The electron energy confinement keeps increasing when going to
negative triangularity so that the influence of triangular shape is not symmetric. Some data
points however indicate a reduced confinement correlated with MHD activity seen both on
magnetic probes and soft X-ray tomography.

#9856 SEF(LCFS)=1.59 #9788 SEF(LCFS)=1.03 Geometrical effects. A direct
consequence of the shaping is a
modification of the flux surface
separation and incidently of the
gradients, This will influence the
conducted energy fluxes
q=-ny VT. The density n, the
thermal diffusivity y and the
temperature T of both the ions and
the electrons are assumed constant
on a poloidal flux () surface. The
usual choice of the normalised flux

Fig. 2. Distribution of the gradient geometrical factor for a negative  coordinate is not satisfactory since
(left) and positive (right) triangularity. Vertical and horizontal it
hatching shows the reduced and increased gradient regions
respectively.

depends on the current
distribution. To circumvent this
effect the profiles were mapped on
to the equatorial plane. The energy flux becomes —ny, (dT/dr*) (dr*/dy) Vy where ¥ is the
outer horizontal distance from the magnetic axis normalised such that it equals the-minor radius
(half the horizontal plasma width) on the last closed flux surface (LCFS). This mapping was
necessary to handle flux. surface compression in the outer equatorial plane due to negative
triangularity and Shafranov shift. The spatial distribution of the geometrical factor (dr*/dy) Vy
is plotted in figure 2 for two shapes: a value smaller than unity implies smaller gradients
compared to a cylindrical plasma of same horizontal width. This plot allows to identify the
regions where energy fluxes are increased or decreased. In particular, the compression of flux
surfaces toward the outer tip of a positive triangularity shape creates an extended region with
increased gradients. At negative triangularity, this region shrinks due to increasing separation of
the flux surfaces away from the equatorial plane, so that a large part of the plasma can benefit
from shaping geometrical effects. Only the surface integral of the energy flux enters the [-D
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Shape Enhancement Factor  radial power balance and it is therefore convenient
to define a shape enhancement factor (SEF) s =
dy/dr* <Vy>~1, where the average is taken on a
flux surface. The value of the SEF on the LCFS is
shown in figure 3 for all the shapes studied,
clearly demonstrating that a considerable reduction
in the average gradients in the plasma outer region
can be obtained not only with elongated shapes

; but also with shapes with negative triangularity at
-0.3 0 l 0.3 0.6 modest clongation. High positive triangularity can
Triangularity even lead to an SEF bellow unity.
Fig. 3. Skape enhancement factor on the LCFS. See

fig. 1 for symbols. )
Confinement time [ms]
Global confinement. If thermal conduction processes

dominate the electron energy losses, the SEF directly 304 -

multiplies the global energy confinement time. The SEF %8 2

varies in space, being closer to one in the plasma center where 1]

the flux surfaces are less shaped and increasing towards the

LCFS. If its value in the temperature gradient region is used, gg

the corrected electron energy confinement time Tge/s still 18 &

exhibits a dependence on the shape (fig. 4). Applying the :

value of the SEF at the edge cancels almost all the variation of 301

Tge. It is then clear that confinement can be considerably 20

3 10

enhanced by geometrical effects alone. But these are averaged ol >

in an unfoldable manner in the global confinement time and ~ —0.3 8.3 15 2

any intrinsic influence of the shape on transport properties Tnang-s 1 Eldhg

will only be revealed by a local power balance analysis. Fig. 4. At fixed value of qa = 4 and
ng = 5.5 % 1019 m™3, dependence
on the shape of (from top to

bottom) : raw electron energy
confinement time; corrected with
SEF in the gradient region;
corrected with SEF on the LCFS.

Local transport. A simplified radial power balance was used in which: (i) the local ohmic
power deposition is estimated from the current distribution obtained from an equilibrium
reconstruction and a uniform electrical field; (ii) the radiated power is localised near the plasma
edge [2] and has not been introduced; (iii) in the absence of an adequate measurement of the ion
temperature T; and its profile, ion and electron channel losses were not separated. Combining
the power balance of both species leads to the definition of an effective thermal diffusivity Xefr
such that qop = -neXefr (dTe/dr*) s~ and Yefr = Xe + %i (VT/VTe), where qop is the input
power flux. Well pronounced geometrical effects near the plasma edge are evident in the
electron temperature profile (fig. 5): the mapped gradient at the edge is steeper for large SEF,
indicating the beneficial effect of good flux surface separation and allowing a broader profile to
build up. This generalises to all shapes as seen in figure 6 where the usual plot of the power flux
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versus the temperature gradient is drawn. Given the rough assumptions made and the poor
accuracy of a local power balance, no significative influence of the shape on the effective thermal
diffusivity can be detected. The same observation is true for the gradient region, near r*/a = 3/4.
Thus no dramatic changes in the transport coefficient are brought about by shape variation.

Electron temperature profile [keV] Power flux Poh/S [MW/m2]
1 - 0.1
r ’ ’ e
eN ° N
] i . g
Ly U 0 08
OB perpmenammssalmm 008 el ‘<> ........ s
YA V@
O i i 1 ? i 0 . 5 .
0 005 01 015 02 0 2 4 6
r* [m] —<gradTe>(edge) [keV/m]

Fig. 5. Electron temperature profile mapped on  Fig. 6. Power flux near the edge versus electron
the outer equatorial plane at X = 1.4, Q3 = 2.5 temperature gradient for all shapes and currents at
and ne = 5.5 x 1019 m™3; ng =4.0 = 5.5 x 1019 m*3. For symbols see fig. 1.
Né&= -03 SEF = 1.61
8= 0 SEF = 1.45
8= 03 SEF=129

&= 05 SEF = 1.00

Conclusion. In summary, the large variation in global confinement time within the domain of
explored shapes can possibly be explained by direct geometrical effects. No important influence
of the shape on local transport coefficients has been found. Of course this statement may have to
be revised in other operational regimes, for example with significant auxiliary heating or when
approaching stability limits, as suggested by DIII-D [3]. This work however indicates that a
global confinement optimisation can be achieved by tuning the plasma shape. Negative
triangularity, which may exhibit poor MHD or vertical stability performance [4], is not the only
option. More subtle shape variations can be envisaged and the result of this optimisation would
be a compromise between the benefit of the geometry and other constraints.
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Introduction

To improve the economics of tokamak fusion power plants a high bootstrap fraction is
desirable. Since there is no bootstrap current driven at the magnetic axis, such high bootstrap
fraction equilibria will have currents peaked off-axis and non-monotonic or reverse shear g-
profiles. An additional attraction of reverse shear in the core is that this gives access to the
second stability regime for ballooning modes [1]. Reverse shear operation in TFTR has been
achieved by applying moderate NBI heating during the current rise and high power heating (up
to 34MW) early in the flat-top [2]. In some discharges there is a transition to an enhanced
reverse shear (ERS) confinement regime, in the central inverted shear region, leading to very
peaked pressure profiles (with P(0)/<P> up to about 8). Motional Stark Effect measurements
indicate during the ERS phase that 2<q,,.<3. The highest [} discharges can end in a disruption,
though this can be controlled by tailoring the NBI heating. In this paper the MHD stability of
these TFTR discharges is discussed.

Observed Reverse Shear MHD g

A range of coherent low-n MHD is observed in reverse shear discharges. During the high
power heating phase of most reverse shear discharges low level intermittent n=1 activity is
observed. Also in nearly half of all ERS discharges n=2 activity is observed. Figure 1 shows
a typical discharge in which n=1 and n=2 activity is observed.

84011

15 [1p(MA) | 1° [MHD Spectroeram
0 / ‘ . . Dominant n=2
2 [NBIMW) T gl A\

10 r

! 5 R g

Subvdomﬁ‘ant n=|

2 3 A 2.5 Time(s) 3.1
Time(s)
Disruption

Fig I MHD power spectrum as a function of time showing long lived n=1 and 2 activity
during the ERS phase. Note there is a disruption at 3.1s. .
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In some discharges long lived n=3 activity is also observed. This long-lived n=1-3 activity has
been determined to rotate at approximately the measured plasma velocity. The n=2 activity is
found 1o be radially localised near q=5/2, and just outside q,,,, with an island parity indicated
by ECE measurements (Fig 2). From the ECE measurements the long lived n=1 is found to be
located at slightly larger minor radii than the n=2 activity.

H
:\:; 510° T T T T 7
‘ 410° | p 5
Gy L 5
@
—}‘ 2310° q A
fme © L
Dim[ ; 2:2105 B > 3
= r 2
§ 110% |- T T %
} L e ~g 1
f Q 0
-4 200 240 28 320
3 R (cm)
3
i

8Te

Fig 2 Multi-channel ECE temperature perturbations (LHS) across portion of major radius
indicated by the arrow in RHS plot, which shows pressure (P) and g-profiles and ECE
temperature perturbation.

As can be seen from Fig 1 a disruption occurs which limits performance. Analysis of the
Mirnov data shows a short lived n=1 precursor to the disruption which rotates in the ion
diamagnetic direction (distinguishing this from the long lived Jow level n=1 activity). In a
discharge in which the long lived n=2 activity is absent, the n=1 precursor to the disruption can
clearly be seen in the ECE data (Fig 3). This ECE data indicates an even-m mode and given the
MSE measurement that q_,~2 this suggests an m=2,n=1 mode. There is no clear evidence for
tearing-type phase inversions occurring during these n=1 disruption precursors.
85694
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In addition to this MHD activity during the high power heating phase, there is also evidence for
" n=1 double tearing activity in reverse shear discharges both bcfr_)re and after the high power
heating phase. This double tearing activity is indicated by radial flat-spots observed in the
(ECE) temperature profile data. The ECE measurcmf:n_t.s s}_mw the ﬂ::u—spo_ts occurring
alternately at different radial locations, indicating two distinct islands chains with a relative
poloidal phase of ~90°, Preceding the high power heating phase this double tearing activity
can cause disruptions, possibly linked to a coupling to an external kink mode as the edge-q
passes through an integer value during the current ramp. In the post high power heating phase
this double tearing activity can lead to full or partial sawteeth [3]. The full sawteeth have the
normal characteristics of a rapid central temperature collapse and a clear temperature inversion

radius, but with q;,>1.

Theory Considerations
Here we discuss likely theory explanations for the MHD activity observed during the ERS

phase.

The reverse shear in the core region guarantees stability to the high-n ballooning modes,
though just outside the shear reversal region the ballooning modes can be close to instability.
This may be correlated to the observed high-n ballooning activity observed in a few discharges,
superimposed on the n=1 disruption precursor (see Fig 3).

The rotation directions of the low-n MHD tends to indicate the long-lived n=1-3 activity is
resistive in origin while the n=1 disruption precursor is an ideal mode. This is verified by
ideal stability calculations, using the PEST code [4], which show the n=1 kink is unstable at 3
values close to those at which the n=1 precursored disruption occurs. Further the
eigenfunction structure of this n=1 kink mode is found to be in close agreement with that
determined experimentally from ECE measurements. ‘

Experiment —
(Te perturbation)

S

1.5
Theory

(PEST) Fig 4 Comparison showing good

agreement between the
experimentally derived radial
displacement of the n=1 disruption
precursor and the equivalent

1.0
I

(arb units) quantity derived from the ideal
0.5/~ PEST stability calculation.
0. 1 | | | ] |
280 300 320 340 350
R(cm)

An analytic theory has been developed which quantitatively describes the properties of these
reverse shear ideal instabilities; by analogy with double tearing modes they are termed double
kink modes. For these modes B;<e** so they tend to be more limiting than external kinks
(ﬁcd("‘s),

The resistive stability of these discharges has been calculated with the FAR code [5]. In
particular the discharge shown in Fig 1 has been studied; the results show n=1 and 2 resistive
modes are unstable in this discharge and as discussed above, near the disruption B-value, an
ideal n=1 becomes unstable (Fig 5).
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Fig 5 Resistive stability (S=107) of n=1 and
2 modes for discharge shown in Fig 1. For

L5E02 p n=1 B,>0.95 the n=1 mode is ideally unstable.
This sequence of instabilities with rising 3 is
10802 1 in good agreement with experiment (c.f. Fig

1) but there are difficulties over the mode

characteristics (see below). NB S~I10° in
n=2 TFTR, this reduces the resistive mode

= .= growth rates (~S"°) but does not

qualitatively alter the picture.
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B,

The n=1 and n=2 resistive instabilities observed in the simulation are resistive interchange
modes which are unstable in the reverse shear region for sufficiently high pressure gradients,
even though q>>1. These modes are strongly radially localised just within the shear reversal
region; this appears to be at variance with experimental observations for the n=2 (cf Fig2). An
explanation for this may be that in the core region these discharges are in the collisionless
regime. In this regime both the tearing [6] and twisting parity modes [7], driven by the
bootstrap current, are stable in the negative shear region. Just outside g, however, these
modes are unstable and comparisons with the computed evolution of the 5/2 island width
(dWrdt o (A'+CPp/W), where C is an equilibrium dependent constant) shows reasonable
agreement:-

88302 |
W(cm)

S AR Y

o= MNWhO g
T

Time(s)
Fig 6 Computed island width (W) evolution for neo-classical m=5, n=2 tearing mode (broken
line) compared with experimental island width determined. from analysis of Mimov data.

Discussion

The primary MHD limitation to performance in these reverse shear discharges is an n=1
precursored disruption. This limit is well described as being due to an ideal n=1 mode centred
near the shear reversal surface. This good quantitative understanding allows extrapolations 1o
higher current (Ip=2.5MA), where it is found that ideally stable equilibra (n=1-4 and
ballooning) exist. This indicates suitable regimes for reverse shear D-T operation where o-
particle physics can be examined for advanced tokamak like magnetic configurations.
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Introduction.
predictive modelling of different kind of heat pulses is a powerful tool to test the validity of

transport models. The last experimental campaign in JET gave high quality information of
the electron temperature evolution during five types of heat pulses: the L-H transition,
sawtooth crashes, giant ELMs, cold pulses triggered by laser impurity ablation and slow
roll-over. All relatively strong pulses triggered from the plasma edge show a fast global
modification of at least the electron heat conductivity which, in principle, permits different
interpretations. A first one involves the idea of a critical temperature gradient (or strong
profile consistency) [1-3], an other one uses the idea of a global turbulent structures
produced by a toroidal or a non-linear coupling of the unstable modes [4-6]. Numerical
analysis of above mentioned heat pulses will be presented to assess which of these models
is appropriate.

Experimental observations.
The 94/95 experimental campaign on JET gave examples of heat and cold pulses which
were often initiated in the same shot. Figure 1 shows, for example, the evolution of the
electron temperature during a cold pulse and subsequent sawtooth crashes for the H-mode
shot #31341. The asymmetry in the speed of pulses which propagate inward and outward is
clearly seen - the sawtooth crash heat pulse propagates outward in the usual diffusive way,
while the cold pulse changes the behaviour of the electron temperature almost
instantaneously in the whole outer half of the plasma column. The evolution of electron
temperature during giant (type I) ELMs on JET, after a very short MHD phase, was shown
to be very similar to that of the cold pulses [7]. Figure 2 shows temporal evolution of the
main plasma parameters during the so called slow roll-over, the event which often
terminates high performance phase of the hot ion H-mode on JET. All these transient
phenomena were analysed in a semi-predictive way with the transport code JETTO, using
either a "global” or a critical temperature gradient model of anomalous transport.

Transport models.
In our analysis we used a modified version of the RLW [2] critical temperature gradient
model with:
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as an example of a critical marginality model. Here Tgj; defined by T'c = (q nTl.’2 )1.'2

2
r T,| VT, Vn q . .
=2(1- | = 1+Z,¢ [£] =5 +2—% | —2—— and numerical coefficients e, ;and
7R =20y "f\lr,-[ n ]VqBrJR .

B were varied in order to test a different degree of profile consistency. The original RLW
model has soft profile consistency with a,;=/f=1. Analysis shows however that we

should increase @, ; up to ten times in order to be able to get fast propagation of the cold
pulses {(which corresponds to a strong profile consistency transport model). Simultaneously
we should increase coefficient § to reproduce experimental temperature profile.

Our "global" model is based on the assumption that due to either toroidal or non-linear
coupling plasma turbulence organises long correlated structures (with the radial correlation
length being proportional to the plasma minor radius). In this case the magnitude of the
transport coefficients depends not only on the local plasma parameters but also on the
source of the turbulence near plasma edge (we will assume that plasma turbulence emerges
near the separatrix due to either temperature or pressure gradients and propagates inside
with the group velocity of the unstable waves). In order to reproduce such a behaviour, in
further analysis we will assume that both eleciron and ion thermal diffusivities consist of a
local gyrobohm term (which could be produced by the ITG instability, for example) and a
global bohm-type term (produced by either ballooning or interchange instability near the
separatrix) which depends on the relative electron temperature or pressure gradient near the
separatrix [7]:

cB_|VT,

ei = oA |V 22| VE(r = a) el

S r= ek

where aﬁ?, agi are numenca] coefficients. In a sense the global model is similar to the

@

critical marginality one because the global confinement in both models depends on the
plasma quantities near the separatrix. The main difference between the models is that
transport properties of the global model are not symmetrical but depend on whether the
transient phenomena are initiated near the edge or near the centre of the plasma column.
Indeed, if we assume for simplicity that only the electron temperature is perturbed in the
course of the heat pulse and that this perturbation is small &T,/T, <<1 we obtain the
following equation for the evolution of 5T:
.{(0)0"51" dr()VT Ly e
& N ° & dr=a)

VI,ST,(r = a)} )]

The first two terms in the right hand side of equation (3) describe the usual diffusive
propagation of the heat pulse independently of the localisation of the pulse origin. The last
term emerges from the global model and only if the heat pulse is initiated near the plasma
edge. It works as a perturbation of the heat source and is distributed over the whole plasma
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volume. As was discussed earlier, the characteristic time of propagation of such a heat
source inward is controlled by the group velocity of the turbulence and it is much faster
than the typical transport time 7= aZ/x.

Result of numerical analysis.
We have performed a predictive numerical modelling of selected JET discharges with
different kind of the pulses. The selection covers both the heat pulses, initiated near the
plasma centre (caused by the sawtooth crash) and pulses initiated near the plasma edge (cold
pulse, ELMs, L-H transition and slow roll-over).
Figure 3 compares the result of the numerical simulation of the cold pulse and sawiooth
heat pulse with the corresponding experimental evolution from shot #31341. Direct
comparison of the change in slope of the simulated electron temperature at different radii at
the onset of the pulses shows, that the global model (2) can reproduce the observed
asymmetry. The critical marginality model with soft profile consistency underestimates the
speed of propagation of the cold pulse while the model with strong profile consistency
overestimates the speed of the sawtooth heat pulse. However simulation of slow roll-overs
seem to indicate that a combination of the global transport and ITG mode might be at
work. The result of the numerical analysis of the central ion temperature evolution during
the roll-over with different transport models is shown in Figure 4,

Conclusions.
In summary, even though the critical marginality models considered here can reproduce
some of the features of the global and local transport, they seem to fail to reconstruct the
asymmetry in the time scales observed during transient phenomena. A "global" model gives
a better agreement with experimental results in these situations. However modelling of the
slow roll-over indicates that a combination of the global turbulence, which dominates in the
outer part of the plasma volume, and of the local ITG mode, which could be important at
mid-radius, might be responsible of the variety of phenomena observed.
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H-mode Confinement Scaling and ELMs on COMPASS-D
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1. Introduction

Combination of good global energy confinement and steady power exhaust in a Tokamak is a
 difficult problem. Steady power exhaust require the presence of a substantial level of

fluctuations at the edge such as continuous ELMs or L-mode turbulence. This edge 'noise’,

however, increases the transport to a considerable depth within the plasma. Moreover, the

associated reduction of edge pressure leads to an unfavourable boundary condition for global

transport. Quantitatively these two conflicting requirements on energy confinement have been

formulated for ITER as [1, 2]:

= —_——TE
0' 85 X TEJTERH')’JP

SW/W < 0.8% during &t < lms(ELM), (2)

Criterion (1) sets a minimum energy confinement normalised to ITERH93P ELM-free H-

H, 21 (n

mode scaling, with the factor 0.85 accounting for the reduction due to ELMs. Criterion (2)
represents the maximum energy §W which can be tolerated by the divertor during a single

event of energy loss.

The objective of this work is to compile a 0-D confinement database for COMPASS-D and
compare it with the requirements (1) and (2). The data contains deuterium plasmas with
ITER-similar geometry (Single Null Divertor, R=0.56m, a=0.17m, x=1.6), Ohmic and ECR
heating, fuelling by gas puffing and with boronised walls. Energy confinement data are
obtained from diamagnetic measurement with typical accuracy of +15%. The data are
described in terms of plasma physics variables: normalised beta By, normalised collisionality
v#=(R/2)¥2qR/Ay¢, (3] and the role of atomic physics is represented here by the Hugill
number defined as N=n/ng, where ngp2p=I,(MA)/(ma?) is the Greenwald limit. In these
variables Tg 1Tgrpo3p=TBohm P*~07PN~!2v+~03, where p#~p/a is the normalised Larmor
radius. This type of transport can be interpreted as Gyro-Bohm, due to pressure driven micro-
instabilities [4]. The ITER operation point (By=2.4, v*#=0.02, N=1.5) is outside the H-mode
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Confinement database DB2 [5] and therefore it is desirable to investigate the experimental
dependence of Hy=F(By, v¥, N), particularly in the direction of this point.

2. H-mede Confinement
H-mode on COMPASS-D has been achieved so far only with the ion-gradB drift towards the

H,, [FiMy oHe ECa X-point. Data occupy the intervals: (By=0.6-
ELM e QR (ECP 1.6, v#=0.015-7, N=0.1-0.6) and thus the ITER
L5

point has not been reached.

‘Aﬁdq EABD ’
rrrrrrrrr bt + SR Hp=F(By, v+, N) shows no systematic
Lo al

Sy dependence on v+ and N and also no signs of

& decrease towards the ITER operational point.

s However, the relevant region v*~0.02 is
sparsely populated and also ELMy data exists

! 0.0 05 10 15 2 only for v#>0.3. The only systematic

Py
Figure 1. Normalised energy confinement

in COMPASS-D H-mode as a function of

dependence of Hy appears on By, showing an
increase up to Py~1 (Fig. 1). The relevant
ELMy plasmas which satisfy Hg21 exist only
Bw. in a small interval around By=!. So far we have
have been unable to extend this region towards higher By. Increasing fy in OH plasma leads
to ELM-free H-mode. With ECRH, ELMy plasmas have been achieved at ®;, but, so far, an

increase of power only results in a transition to the ELM-free regime.

3. ELMs

ELMs observed at By=1 are large and regular, It is of interest, therefore, to compare them with
the ITER requirement on the maximum allowed energy loss per ELM (2). The energy loss is
measured using the fast diamagnetic flux signal A®, corrected for poloidal vessel current and
using box car averaging over a stationary ELMy period. The power loss is calculated as
P =<Pg;>-31/py(dA®/d)RBy. The contribution to Py, from the paramagnetic flux due to
changes in plasma current and radial position during an ELM has been estimated using the
m=0, | moments from internal Mirnov coils. These corrections are small (<15%). We also
compare the power loss P with the power Py;, flowing to the divertor as measured by an array
of Langmuir probes. The approximation Pg,=[8j,x(kT/e)dS is used where the integration
over the surface S assumes toroidal symmetry. Figure 2 shows both power traces together with
the Dy emission. Good agreement between Py and Pgjy is found, suggesting that no
substantial edge radiation losses are involved during the ELM. The power loss increases by a
factor of ~5 over its average and this increase lasts about 8t~200ps during which SW/W=4%
of the plasma energy is lost. Such an energy loss clearly exceeds the condition (2). One can
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imagine three ways that these large ELMs may be extrapolated to lead to acceptable ELMs in
ITER. The first is that the ELM duration scales with machine size. This, however, seems
unlikely. The electron temperature during an ELM, measured by Langmuir probes at the X-

COMPASS.D £17753 SND OH  Ip=175kA BT=LIT point and also by a reciprocating probe at

: ‘ the top stagnation point, is T,=40-55eV.
5 Such temperatures provide a characteristic
ss) ‘

‘ “ll h ‘[m SOL time-scale of 0.5 Lic,~150s which
o 18 0.20 sec

10 iz O is in agreement with the duration of energy
box car aversge :: loss &t. Here, L~20m is the connection
1w S - length, ¢, =(TAT)/Mp)'2 with T=T;
" Fast Diam, Loop e

Langmuke Probes ——— The time &t~L/c,, however, scales only
1125 £yl

weakly with machine size. The second
possibility is a significant broadening of
the wetted area during an ELM. On
COMPASS, similarly to other divertor
tokamaks, the wetted area at the divertor
broadens only by a factor of 2 during the
ELM. Finally the possibility exists that
8W/W will decrease as one moves closer

ki to the ITER operational point (B, v*, N).
Figure 2. Modulation of power loss during an

ELM.

o

4. L-mode Confinement

Good energy confinement is also achieved in L-mode in two different regimes: high density
Ohmically heated plasma with ion-gradB drift away from X-point and low density high
power ECRH at 2@y,. Figure 3 shows the normalised energy confinement Hy=F(B,, v*, N)
along the B and N-axes. For ECRH, Hy>1 above By = L. These plasmas show a deviation
from the ITERH93P scaling over the whole range of data. There is no saturation of Hy for By
2 | and also there is a strong decrease of Hy with increasing v#, The low collisionality,
v#=0.004-0.01 due to the high electron temperature and low density (Tg;,<10keV, n.<1.5%
1019m-3) could be responsible for this anomaly. For high [, the contribution of non-thermal
electrons may also be substantial. The high density Ohmically heated plasmas were achieved
during dedicated experiments where ggs=3.0 was kept constant and the toroidal field varied
from 0.9 to 1.3 T. Fresh boronisation was applied. The maximum values of By were limited
by the maximum achievable density, which in most cases was due to the limited duration of
the discharge and the finite gas puffing rate. The high Py is, however, achieved at the expense
of very high collisionality v¥=1-10, The normalised energy confinement saturates above
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B

1, at a level Hy=0.9. These values still marginally satisfy the ITER confinement criterion

(1). No degradation of Hy=F(N) in the direction of the ITER point is observed over the
limited range of data (Fig. 3). In this regime, fast (40kHz) videos of the plasma reveal large
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Figure 3. Normalised energy confine-

ment in L-mode as a function of By and

Hugill number N,

fluctuations in the SOL which consist of filaments
radially expanding up to r/fa~1.3. Despite this, the
power to the diverlor is quasi- stationary (~30%
modulation) so that the criterion (2) is well satisfied.
Although this regime is far from the ITER
operational point in (B, v#, N), it indicates that in a
clean diverted plasma the advantages of L-mode
behaviour can be combined with good global

confinement.

6. Conclusions

On COMPASS-D, the ITER requirement on
confinement is satisfied in ELMy H-mode when fy
=1. However, the energy loss per ELM is
unacceptably large. Also, the TTER operational point

I in (By, v+, N) can not be reached. A good agreement

between cnergy loss measured by wvery fast
diamagnetic loop and Langmuir probes during an
individual ELM indicates that all energy loss during
the ELM is conducted to the target. L-modes can be
generated in COMPASS-D, with good confinement,
Hpy=0.9, satisfying the ITER requirement.
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1.) Introduction

For future fusion reactors with magnetic confinement it is necessary to maximize the fusion
power output for a given magnetic field, both for economic as well as for technical reasons
(e.g. critical fields of superconductors). This directly translates to a high stored energy and
thus to a necessary high value of 3 = 25 < p > /B? [1].

In toroidal magnetic fusion devices such as the tokamak or the stellarator, different factors
may limit the achievable 3. Two main distinct reasons are the equilibrium limit (when the
Shafranov shift approaches the minor plasma radius) and the A-limit due to MHD activity.
The equilibrium limit results in Jyu0r &= 1/¢ and can thus be avoided by chosing a proper
equilibrium configuration. In a tokamak, the second limit has been shown to roughly scale
like Bmar ~ Ip/(eB) ~ €/q [2]. This so-called Troyon-limit led to the definition of gy =
4/ (I/(aB)). The paper focuses on the MHD phenomena giving rise to the (B-limit in ASDEX
Upgrade, a medium size tokamak with ITER relevant geometry [3].

2.) Operational Aspects

The heating power necessary to reach a certain @ depends on plasma geometry and pa-
rameters. For an energy confinement scaling g ~ 0.05 x H[,,R"’n/Pl” (derived from the
JET-DULD scaling [4] with H-mode multiplier H), we obtain for ASDEX Upgrade ([t =
1.65m, a = 0.5m, &£ = 1.6) P(Gn) = 2.15(An/H)?B2. With an available heating power of
10 MW, using AN .mar = 3 and H = 2, §-limit studies can only be conducted at B, < 1.5 T
unless improved confinement occurs. Thus, our database is acquired at B, < 1.9 T.

For the discussion of neoclassical tearing modes, the collisionality v* = vgR/(2¢v))) is an
important parameter. It scales like v* ~ (n/T?)(ga/e?) whercas § ~ nT/B% Thus, at
constant . we find v* ~ (an®/BY)(g/¢?) and we have to use a scaling n ~ BY3/a'/? to
match ITER in the dimensionless numbers 4, #*, € and q. For I'TER parameters B, = 5.7 T.
n =125 x10® m~2 and a = 2.8 m, we find that an ASDEX Upgrade shot at 1.5 T should
be run at 7 = 0.38 x102° m~3. The lowest possible density in ELMy H-mode is proportional
to I, which itself is fixed by the requirement g = 3. For the example above (corresponding
to I, = 0.8 MA) the minimum density is about 0.5 x 102 m~2. Therefore, we cannot run at
exactly the ITER dimensionless parameters: at the right g, the collisionality is higher by a
factor of (0.5/0.38)% = 2.4. Increasing the density will increase this factor ~ a3

The B-limit may either occur as a saturation (W does not follow a rise in P), as a -drop
(W decreases with increasing P) or as a f-limit disruption. It has been shown before that in
ASDEX Upgrade, below g = 3, the A-limit is disruptive whereas above ¢ = 3, a saturation
or drop occurs [5]. Tn [5], only the energy from magnetic reconstruction was considered: we
have now found good agreement between these values and the total kinetic energy. From
the Trayon-scaling, we would expect Ay ,mer # f(¢)- In ASDEX Upgrade, we usually find
BN.maz = 3 for ¢ > 3, but for ¢ £ 3, By mer drops with g to values around 2 for ¢ =+ 2
[5). The highest values of Gx were achieved with the highest triangularity (6 = 0.4). In this
configuration, we transiently achieve Ay ~ 3.3 without I ramp.

Another extension of the Troyon-scaling has been proposed in DIII-D by including ¢; into
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Figure 1:  Piot of # against the normalization Ip/(aB) (left) or {;1,/(aB) (right). Including
£, can account for the high  cases obtained in I, ramp-down experiments.

the scaling [6]. In ASDEX Upgrade, we have varied ¢ by /; ramp-down and thus achicved
the highest values of @, = 3 and Jy = 4.5. As shown in Fig. 1, including £; into the scaling
also provides a reasonable fit to the ASDEX Upgrade data. Note that, due to a slightly
different definition. our ¢; is about 10 % smaller than that of DIII-D.

3.) MIHD Mode Behaviour at the §-limit

An analysis of the ideal kink stability of typical ASDEX Upgrade high 3 equilibria using
the ERATO code [7] reveals stability for By < 3.5 even without a conducting wall with the
limit given by the (2,1) mode. Including the ASDEX Upgrade vacuum vessel stabilizes this
mode up ta Jy = 4.1. The (3,2) mode appears at Ay == 3.7 without wall, but can also
be wall-stabilized here. However, for iy = 4.1, it cannot be stabilized and now daminates
the mode pattern. The pressure gradient is usually below the critical gradient for ideal
ballooning except at the plasma edge, where it is linked to the occurrence of type I ELMs in
these discharges. Thus, ideal MHD cannot explain the usual limit of gy < 3.3.

In the experiment, we can distinguish two types of mode activity giving rise to a g-limit:

q =1 activity: j-saturation is mostly connected to activity on the ¢ = 1 surface. This is
often a continuous (1,1) mode which probably is connected to a (1,1) island (as it may last
for several 100 ms, a time scale on which an internal kink should form an island). This mode
leads to a saturation of [ix. In discharges with high beam power at nearly perpendicular
injection, we also see fishbone bursts with a dominant (1,1) structure, but also higher helicity
components [8]. Occurrence of repetitive fishbones may lead to a drop of B by less than 10
%. Usually, sawteeth persist, but their repetition rate slows down. The sawtooth losses do
not play a significant role in the g-limit.

g > 1 activity: In addition to the (1,1} activity, we often sec tearing modes on surfaces
with ¢ > 1. An example for a time sequence is given in Fig. 2. Here, initially a (L,1) mode
exists. At = 1.84 s, a (4,3) mode develops and, 40 ms later, a (3,2) develops. From the
plot of the amplitudes of the different modes, it can be seen that the g > 1 islands drive
the initial {1,1) mode and produce higher harmonics with equal toroidal mode number ¥ia
loroidal mode coupling. During this sequence, By can drop significantly (by up to 30 %)-

These tearing modes at high 3 are usually attributed to the neoclassical tearing mode
where the island is driven nonlinearly by the loss of bootstrap current due to a flattening
of the pressurc inside the island [9]. In a more recent theory [10], it is found that, due Lo
diamagnetic stabilization, a threshold island width Wy exists below which no neoclassical
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Figure 2: Typical sequence of resistive modes at the 3-limit. The left plot shows SXR-signal
frequencies as a function of time, the right plots show the amplitudes of various modes from
a deconvolution of SXR line integrals.

island will occur and thus one needs a ’seed island’ of W > Wy, to start neoclassical tearing.
For v;/ (ew#pe) < 1, this width is greatly reduced. To check this theory in ASDEX Upgrade,
we performed a S-limit experiment where, at fixed I, and B;, the density was increased by
a factor of 2. Following the scaling above, this corresponds to a change in v* by a factor
of 8. Although there was no pronounced effect on Ay maz, the MHD behaviour changed: at
the lowest collisionality, the rise in § was limited by (1,1} activity whereas at the highest
collisionality, the sequence shown in Fig. 2 involving neoclassical tearing modes occured. For
the whole collisionality scan, we are in the regime v;/(cw,.) < 1, but due to Wip, ~ ppi,
the threshold island size decreases at constant 3 but lower temperature. It turns out that a
comparison of local parameters at the (3,2) surface yields good agreement with this theory,
assuming a seed island width of &~ 2 cm [11]. The onset of such tearing modes usually
coincides with ELMs or sawteeth, therefore it is likely that a seed island of the right helicity
is produced by these events.

To independently prove that the observed islands are of neoclassical origin, we calculated
the difference in bootstrap current Aly, for a typical pressure profile at the -limit when the
pressure is flattened at the (3,2) surface in a region of 5 cm (corresponding to the saturated
island width estimated from Mirnov analysis). Then, we calculate the width of the magnetic
island produced by a helical current of magnitude Alp, (for an 800 kA discharge at the
B-limit, ATy, = 3.5 kA). The island width calculated in this manner is close to the 5 em
we started with, indicating that this would be a saturated neoclassical island. Also, these
islands often grow linearly in B for = 10 ms, which is another feature of the neoclassical
tearing mode [9]. Finally, for reasonable current profiles, one would always expect A’ < 0 for
the (4,3) mode, so we have to rely on the neoclassical drive.

Au interesting difference between the ¢ = 1 and the ¢ > 1 activity is their influence on the
toroidal plasma rotation. Fig. 3 shows an example where a ¢ = 1 limit occurs (t=1.3s). An
increase in beam power leads to another rise in f followed by a drop due to the occurence of
a (3.2) tearing mode. Only the (3,2) mode leads to a significant drop of toroidal rotation of
the core (inside the (3/2) surface). This may be explained by an increase in the viscosity due
to the MHD activity, and also by the interaction of the rotating (3,2) mode with the resistive
wall and the static error field. Both cffects would be much more pronounced for the (3,2)
mode than for the (1,1) mode. Note that, as stated ahove, the (3,2) has a bigger effect on
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Figure 3: A-limit by (1,1) activity (1.3 s) and then by a (3,2) tearing mode (1.78 s). The
(3.2) mode has a significant influence on toroidal rotation of the core.

confinernent then the (1,1), as indicated by the decreased H-mode multiplier (for the same
T; and density, one needs more beain power).

Thus, we conclude that the -limit with ¢ > 1 mode activity in ASDEX Upgrade is mainly
given by the stability of the neoclassical tearing mode. This is especially important as these
modes sometimes "accidentally” oceur at Sy-values well below the values stated above, mavbe
due to a change in A’ or due to an especially large seed island (there are examples down to
dn = 2.4). The 3-drop introduced can be restored by increasing the heating power, but at
the expense of a reduced confinement due to the mode as shown in Fig. 3.

Finally. it should be noted that g-limit disruptions in ASDEX Upgrade happen only several
100 rus after the oceurrence of the actual #-limit and seem to be due to a loss of confinement
caused by the (3,2) mode with subsequent H-L transition, and the occurrence of 2« MARFE
causing a {2.1) mode. Thus, a typical F-limit disruption, as has been identified in TFTR
[12], does not appear in ASDEX Upgrade, even at the lowest g-value of 2.3.
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Introduction

Local plasma parameters play an important role for transition to high-confinement mode (H-
mode) since loss mechanisms which drive the radial electrical field associated with improved
confinement [1] critically depend on collisionality and ion temperature and density gradient
Jengths at the plasma edge. However, partly due to diagnostical difficulties, the clearest
picture of L- to H-mode transitions exists so far with respect to global quantities [2, 3]. Few
measurements of local parameters have been reported as yet, including an early observation
of constant T, at L-H and H-L transitions on ASDEX [4]. More recent results of JET [5]
and of a parameter scan on DII-D [6] agree on the role of edge temperature as a critical
parameter but are ambiguous about the dependence on B,. Edge Localized Modes (ELMs).
always observed during stationary H-mode, impose a stability limit on the edge pressure
gradient. but ELM parameters (e.g. ELM type) themselves depend on edge conditions.

Here. we report local T., T; and n. measurements made at the plasma edge of ASDEX
Upgrade at L-H and H-L transitions and ELMs in an attempt to describe the local edge
parameter space of L-mode, L-H transitions, and H-mode with various ELM types. A
detailed quantitative comparison of edge Tj,n., T, profiles and neutral flux measurements
with transition theory for a limited number of dicharges is addressed in a separate paper [7].

For the present investigation. a set of 98 discharges is randomly selected from recent
ASDEX Upgrade deuterium discharges with similar geometry (lower single null. ion-V' 5B
direction towards the X-point, R = 1.65 m, @ = 0.5 m, elongation & = 1.7. triangularity
§ = 0.07). Varying discharge parameters are By = 1.5...3 T, [, = 0.6...1.2 MA. Pyvg; =
2.5...7.5 MW, and Piepr = 0...2 MW. The set contains shots with and without Neon
impurity gas puff. Diagnostics include DCN FIR laser interferometry and Li beam for density
measurements, 16-channel Thomson scattering and 43-channel ECE radiometry for electron
temperature measurements, and two ionization gauges installed near the divertor and in the
main chamber to measure the neutral gas flux.
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Figure 1:  Comparison of L-H and H-L transitions of two discharges with different
line averaged density a) electron density b) electron temperature profiles
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L-H and H-L transitions

We first consider an example to illustrate the relevance of local parameters at the L-H and
H-L thresholds. Fig. 1 shows a pair of discharges (ASDEX Upgrade #8250, #8252) with
electron density varied and otherwise identical parameters (B, = 2.5 T, [, = 1.0 MA).
Slow L-H transitions are achieved by switching a 2.5 MW neutral beam at 34 Hz rate.
Line averaged densities (in 10'"m=*) / NBI duty cycles at the L-H and H-L transitions are
3.9/50% (#8250, L-H), 7/100% (#8252, L-H), 4/30% (48250, H- L}. and 6.4/30% (#8252,
H-L). Edge densities of the two discharges differ by a factor of 2.5 (Fig.l a).  The edge
electron temperature (Fig.1 b), taken at 2 cm inside the nominal separatrix, differs by 50%
for the two shots, where a higher temperature is found at lower density, The difference in
1. between L-H and H-L transitions is small. of the order of few percent. with the tendency
of lower ratio T,/n, at L-H compared to H-L.
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Figure 2 Comparison of different H-mode threshold df}){'ﬂd?ﬂ(‘?fﬁ rts Pisp vs. 7By
b) T, (edge) vs. 7 (edge)

We now compare the global scaling of M.y = P — dW/dt — Poy 5, with the dependence
of edge T, on edge density for the set of 98 recent discharges characterized above. Fig. 2
a) shows P, as a function of 7.8, for L-II, H-L transitions, stationary H-mode. and few
L-mode phases with anxiliary heating. The dashed line represents the scaling of P,Fp (MAV)
= 1.23m; (10* m™*) By (T) derived from earlier ASDEX Upgrade chschawes [8]. Although
there is a fair agreement with the global 7i; Bi-scaling. several data points depart. which
probably reflects the difficulties to determine accurately the fraction of power radiated from
inside the separatrix and dW/dt during fast changes of heating power. Fig. (Fig. 2 bh)
shows a plot of edge electron temperature T, at ¥ = @ — 2 cm (obtained by interpolation
of two adjacent Thomson channels) vs. edge linc-averaged density . .5, for the same data
set. A radial position 2 cm (corresponding to p, = 0.97) inside the nominal separatrix is
sclected. because it is believed to be relevant for transition physics but sufficiently distant
from the separatrix to avoid T, being entirely determined by the heat flux to the divertor.
There is a large scatter in the T, data, but no significant dependence on 7, .4, and also no
significant difference in T, for L.-H and H-L transitions is observed. Values of T,(r = a — 2
cm) at the transition center around & 160 eV, with T, above during H-mode and below
during L-mode. H- and L-modes can exist over the entire experimental edge density range
of 2...7T % 10"m™%.

At high neutral densities (main chamber neutral flux [y > 5 % 102'm~2s7"). L-modes are
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obtained even for high heating power (P, = 8 MW). This illustrates that H-mode can be
inaccessible above certain neutral densities. However, since these discharges also have high
n., high bulk radiation and low edge T, it is nol exactly clear which mechanism causes this

effect. 5
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Figure 3:  Scaling of the edge pressure gradient with plasma current: a) Vp(1}) for a
set of discharges, b) edge T. and c) n. profiles measured for q, varied by I, variation.

Edge Localized Modes

Following the DIII-D classification [9], ELMs of type I and III are observed on ASDEX
Upgrade [10]. In addition, compound ELMs exist which are identified as ELM events with
subsequent brief transition to L mode [11]. As for pressure gradient driven instabilities, one
would expect that edge n, T profiles reflect the stability limit of type I ELMs at [12. 10] and
type 11l ELMs below the ideal ballooning limit [13]. In the first stability region at high shear
or in the cylindrical approximation, the normalized pressure gradient o = 2VpuyRq/ B}
at the ideal ballooning limit is approximately proportional to the normalized shear § =
(dq/dr) % (r/q) [14]. Assuming that S is approximately independent of g,, one would expect
the maximum Vp = Vpg to be proportional to Is and independent of B,. This is indeed
observed for the set of discharges as shown in Fig. 3 a). For given [,. highest pressure
gradients are observed during type I ELMy H-mode. Pressure gradients in phases with type
11 ELMs are significantly lower but still above Vp, in L-mode. An I,-scan (Fig. 3 b. c}
with otherwise identical parameters (Pyxg; =3 MW. By = 2.5 T) reveals that the change in
Vp is almost entirely due to different edge densities, while edge T, profiles change much less
with [,. consistent with expectation that 7, o [,. For all discharges except at [, = 0.6 MA
gas puff was switched off during H-mode.

Apart from stability limits imposed by ELMs on the edge pressure gradient. the occur-
rence of the various ELM types can be parametrized by local edge quantities. Fig. 4 a) shows
the edge electron pressure gradient normalized to 13 vs. T, at r = a — 2 cm for the set of
discharges in deuterium. Type [ ELMs mainly populate the region above VpE,H; =1.5x10°
Pa/m/MA? and T,(a — 2em) = 300 eV while type [II ELMs predominate below. From a
plot of T, vs. n, at 7 =a—2 cm (Fig. 4 b) one sees that type Il ELMs occur at lower T,
than type I ELMs but both types are observed independent of density. At high resistivity.
type 111 ELMs are destabilized at lower pressure gradient than type I ELMs, while at low
resistivity, the fixed stability limit of type [ ELMs is reached first, consistent with the picture
of a resisitive instability [11]. Compound ELMs appear mainly at high edge density (or high
neutral gas flux, which is correlated), regardless of By, which varies by a factor of 2 in the
set. They are found either at intermediate or at low pressure gradient, and can therefore be
attributed to type I ELMs or type IIT ELMs, respectively, followed by a brief L-mode period.
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Conclusion

On ASDEX Upgrade, T, at the edge at L-H and H-L transitions is found to be independent
of a number of plasma parameters, in particular P, B, 1. although there is considerable
scatter (+£30%) in the data set. Also, no density dependence is obvious from the data set.
However. comparison of individual discharges shows that 7, and 7} decrease hy = 30%
when the edge density is raised by a factor of 2.5. This finding indicates a possible weak
dependence of T, and T; on density, but also implies that L-H transitions are obtained at very
different edge collisionalities. More detailed measurements are necessary to check whether
ihe departure from constant T, found on other experiments [4, 6] is significant. There is
only a weak difference of T, at the L-H and H-L transitions, indicating that the hysteresis in
Py is owed mainly to the change in confinement. At highest neutral densities. the H-mode
is quenched even at high healing powers. This may indicate that an upper limit to neutral
densities in H-mode exists, but the mechanism still has to be identified.

A much clearer picture exists with respect to ELMs. As expected for ideal ballooning.
Mpaees oo .’;’ for type I ELMs. Vp, is significantly below Vp, .. for type 1II ELAls. The
occurrence of ELM types depends on edge T,, but not density. Consistent with resistive
modes, type III ELMs are found at lower T, than type [ ELMs.
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Three Dimensional Computation of

Collisional Drift Wave Turbulence and Transport in Tokamak Geometry

B Scott
Max-Planck-IPP, Garching, Germany

Computations of fluid drift turbulence in a nonlocal model tokamak
geometry are presented. Profiles and fluctuations interact with each
other self-consistently. A self-consistent limiter scrape-off layer (SOL)
ig incorporated. Electron drift wave dynamics dominate the fluctuation
energetics. Parallel correlation lengths in the SOL are in agreement
with experimental observations, even though the dynamics is still three-
dimensional. The results reproduce well the qualitative and quantitative

properties of abserved fluctuations, but predict overly strong transport
in the SOL.

It is of general interest to directly simulate the process of anomalous transport of
thermal energy and particles in a magnetically confined plasma, with a fluid model sys-
tem of equations. Ideally, the domain of computation would extend from center to edge,
and the run time would be of order a global confinement time. As this is not yet feasi-
ble, the traditional approach is to carry a computation for & small domain whose extent
perpendicular to the magnetic field lines is much less than the profile scale length, L.
The fuctuation dynamics would be local, with profiles given as system parameters. An
alternative approach is to carry an intermediate domain, whose extent is one or two Ly,
so that the system’s thermodynamics can be studied while still faithfully representing the
scale, A <« L, at which the turbulence actually occurs [1]. This is already feasible for
small tokamaks, from which we have the best data.

The computations are done in the geometry of an axisymmetric tokamak, with shifted-
circular flux surfaces and a toroidal limiter in an outer portion. The reference flux surface
is the last closed flux surface (LCFS), with minor and major radii a and Ry, and volume
V, = 2r%a®Ry. The coordinate system begins with the Hamada (V,6,¢), with 6 and (
periodic on [0, 1], and then transformed via ¢ = { — ¢, with ¢(V) the field line pitch
parameter. Only one contravariant component of the magnetic field, BY = x’, with x(V)
the poloidal flux, is nonzero. The field line connection length is Ly = By /x' ~ 2mrgRo, with
By the average field strength. The periodicity constraint, f(V,8 + 1,£ — q) = f(V,6,§),
serves as the boundary condition in 8 in the closed field line region; in the SOL the standard
Debye sheath model is used. The dependent variable V-derivatives are assumed to vanish
on inner and outer boundaries, at which sources are prescribed. Domain sizes are quoted
in terms of V, and a toroidal periodicity, ko, in terms of which £ is periodic on [0, k5],
equivalent to keeping only multiples of kg in 2 Fourier expansion in £ (as well as mode
zero). This amounts to a flux-tube truncation which retains the periodicity constraint.

The equations are those of Braginskii [2], with perpendicular dissipation neglected
and with a model for electron and ion Landau damping in the form of limits placed on the
parallel dissipation. The ions are cold. The electrostatic drift approximation is used, such
that a parameter §o = pg/a < 1, with a the area-averaged minor radius of the LCFS and
po the ion gyroradius at reference parameters [ng, Ty, end By at rfa = (V/V,)Y/2 = 1].
This gives the electron and ion perpendicular velocities and heat fluxes in terms of their
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drifts: v, = v +v¥ with nevl = F*V,p, and q.h = (5/2e)nT. F#*V, T, for the

electrons, and u # = v/ for the ions, where vi = ~F1 ¢ is the ExB velocity of both,
and [ = (c/B%)e**,B" is the drift operator. The ion polarisation drift, due to the
inertia, is retained: vi = —F*, [(8/8t) + (VE +uybd") Vo] ur®, where uj = bu, and

b# = B*/B. The equations appear as

—Vunevk =V, (B4 - nevt)
%" = —V,n (bhoy +v.i¥)
aT.
ot
Ju - v

”?9?11 = — (Buy + vE) Ve — (nM) 71 (Vype + Vb nM: Dyt V,uy)
Jjy = ne(uy —vy) =neDyy (LT T + 27 yn = TNV 4)

ge|| = —]_Gir‘:l)qﬁf""?'e + U.TlnT,(U” — u")

15 = -1.5 (b“r)” + VJ_”) V#T,_ - TGVF (pr" + V_L") - n“V# (b"‘q,,ﬂ + qeﬁ)

where the first is an equation for ¢, V| = "V, and the dissipation parameters are given

by Dtil = 0510V + (Ly Vo)™ and Dy = Lyc, with V2 =T, /m, and ¢ = T. /M.
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Figure 1. Fluctuation spectra, perpendicular (a) and parallel (b) wavenumbers, of
the mean squared amplitudes of é (), % (o), T (t), and %y (u). The long vertical
hash denotes kgp, ~ 1. The source and sink curves [1] show VT as the strongest
free energy source, low-k¢ as a sink region, and low-kj as the only source region.

Most of the results obtained from this system so far have been limited by the use of
drift-ordering, which drops terms formally small by A < L (e. g., uVy in the fluctuations
or magnetic divergences like V nev) in the profiles) while still still allowing the profiles
and fluctuations to self-consistently interact [1]. An example of such a result is shown in
Fig. 1, the parallel and perpendicular spectra of fluctuations in a domain V/V, € [0.9,1.1]
and kg = 5 for TEXT edge parameters (a = 27cm, Ry = 4.0, Bp = 2T, Ty = 30eV and
ng = 3 x 10 cm™3). The radial extent was two L. The collisionality parameter was
Co = (0.51v.L,)(m./M;)(gR/Ln)* = 5.8 and dy was 0.002. The profiles were maintained
by feedback control, where n/np and T./Ty were damped towards 2.5 and 0.4 at the
inner and outer boundaries, respectively (numerical details appear in [1]). Fig. 2 shows
the parallel transfer between neighboring regions of parallel wavenumber space and the
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scaling with Co of such “local” runs. The runs with the tokamak metric were compared to
counterparts with a sheared slab metric, both with and without the magnetic divergences
(ubangongﬂg"). This shows that the importance of ballooning depends strongly on the
geometry; it is relatively unimportant compared to the tokamal's poloidal variation of
the drift scale p, = ¢(Te M;)M?[eB in exciting asymmetries in the more collisional regime,
but as Cop drops the range of kj-interaction narrows and the ballooning is relatively more
important. The parallel transfer rates were found ta be more than twice as strong in
tokamak as in slab-meiric geometry. The slab-metric runs reproduce the gist of other
current work [3].

—0.08 * ¥ . (a) a T T I(b)
= _ L .
T w -1
0.0 ‘Z\ . \ - =
L 2t =
0.06 c Lol ' i 1 !
-10 0 ksgR 10 2.9 58 12

Figure 2. (a) Normalised parallel transfer rates, in ExB (e), density (n), and tem-
perature (t) free energy components. Transfer is out of the k) = 0 region, with
the ExB contribution negligible. (b) Dependence of energy transport, x/x5 =
(qu/nVT)(eB/cT), on the drift wave collisional parameter, Co, for tokamalk (TK)
and slab (SL) geometry, with (solid) and without (dashed) the magnetic diver-
gences (see text).

Another run was carried out, with V/V; € [0.9,1.1] and k¢ = 10, for ASDEX-
Upgrade Ohmic edge parameters (a = 60cm, Ry = 2.75, Bo = 27T, Tp = 60¢eV, and
no = 101 cm™3), with a SOL for V/V, > 1.0. The drift wave parameters were Cp = 7.5
and g = 0.0012, not very different from the TEXT case. The SOL was determined by an
inboard toroidal limiter at § = £0.5. An inner-edge heat flux of Qo = 0.6 MW (4r%aR)™*
was set, and the SOL was left as the sink according to the Debye-sheath boundary con-
ditions. The profiles are shown in Fig. 3; these were not equilibrated over the ~ 0.8 msec
run time, but there has been reaction to the turbulence and to Qo. In the SOL itself the
confinement time is much shorter, as the gradients were flattened within 0.2 msec. The
fluctuations were somewhat different in the closed and open field line regions; the turbu-
lence and transport were stronger in the SOL. The parallel correlation length, Ay, for T

was twice as long in the SOL. For 7 and # the difference was closer to 50%. The main
point of this, however, is that the three-dimensional parallel dynamics, i. e., the exchange
of free energy between kj = 0 and ky = :qR components, continues to play a strong role
even in the SOL and even with the long Aj. Although the furbulence notices the existence
of open field lines, there is no specialised role for the flute-like target-plate instability [4,5],
since the collisional drift wave nonlinear instability is more robust.

It is important at this stage to point out two discrepancies between these simulations
and the situation observed in tokamak edges. The profiles were found to be too flat in the
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SOL, indicating that the turbulence is too strong there in the numerical model. The ampli-
tude itself was in good agreement but the coupling among ¢, 77, and T appears to be too im-
mediate in the collisional drift wave model. It may be that the addition of electromagnetic
effects, usually considered to be small for these parameters (§ = 4rmTLﬁ/'B2Li < 1),
may subtly interrupt the dissipative coupling one has in the electrostatic model; in pure
two-dirnensional simulations this appears to be the case [6]. The other discrepancy is the
lack of a particle pinch. When there are no sources and no particle flux, Vn is close to
zero, Although the need for a particle pinch in tokamak edges depends on inferences from
a (perhaps irrelevant) diffusion medel [7], it is well kmown that in the interior there is a
Vn # 0 well within the source regions. The mechanism for that will have to be some-
thing other than collisional drift wave physics. Finally, it is to be noted that this type
of turbulence is not effective at all above about 120eV in the ASDEX-Upgrade case, and
the model indeed loses validity at about this point. This makes the collisional drift wave
model by itself invalid for the study of the L-to-H transition.

It is important as well to note the successes: the fluctuation amplitudes agree well
with observations (e¢/T ~ 0.221/n 2 T/T), the computed thermal energy flux on closed
field lines is about 0.3 to 0.5 of observed values. -Concerning the parallel mode structure,
observed fAuctuations in both tokamak and stellarators preserve a correlation of 0.8 over
10m [5), and this has been used to advance two-dimensional flute-like turbulence models
with the inference that k| should be nearly zero [4,5]. However, the correlation function
measured here drops to 0.8 in about 0.2Ly, or about 8m, in good agreement. This does
however correspond to enough of a parallel gradient that collisional drift wave physics is
robustly excited, and the special case of collisional drift waves on open field lines such that
kj — 0 with the Debye sheath providing dissipative coupling among ¢, i, and T, elsewhere
called the target-plate instability model [5], never enters.
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OCCURRENCE OF SAWTEETH IN ITER AND THEIR EFFECTS ON ALPHA
PARTICLES AND STABILITY

R.V. Budny, G.-Y. Fu, N.N. Gorelenkov, J. Manickam, M.P. Petrov,
M.H. Redi, S. Sabbagh, R.B. White, L, Zakharov, Y. Zhao, and S.J. Zweben
Princeton University, P.O. Box 451, Princeton NI, 08543, USA

I - Introduction Sawteeth alter the plasma, current, and fast ion profiles in present tokamak
experiments. The central electron temperature, density, and neutron emission profiles are
observed to flatten within the radius where the safety factor, qy = 1; so sawteeth reduce the
central reactivity and fusion power. The plasma current also mixes to some degree since the
safety factor in the center, gy(0), is observed to increase after sawtooth crashes [1]. Sawteeth
may have beneficial effects as well. In TFTR, discharges with sawteeth do not have major
high-f disruptions, suggesting that sawteeth and/or fishbones may inhibit these disruptions.

It is not known whether sawteeth will occur in ITER. If they do, they could have both
beneficial and detrimental effects. Since ITER must achieve sustained ignition, it is important
to know to what extent and how the alpha particles will mix during sawteeth crashes, since
this mixing will affect the alpha heating, and thus the reheat rate. The alpha particle mixing
might shift alphas to regions where the losses are large, possibly damaging wall components.
Also, the MHD and TAE stability will depend sensitively on the total pressure, pot, and qy
profiles, which are altered by sawtooth mixing.

This paper studies the occurrence and effects of sawteeth in ITER. Many of the plasma
parameters in present tokamak experiments are very different from those anticipated in ITER,
so large extrapolations are needed to predict ITER conditions and performance. This paper
uses codes and semi-empirical models to study ITER plasmas. Since sawtooth mixing of
alphas has been observed in TFTR, we use these measurements to calibrate the sawtooth
mixing models. We apply them to sets of profiles for two representative ITER plasmas from
the Interim Design database [2] producing 1.5 GW of fusion power, one with a flat electron

" density, and one with a more peaked density. Profiles are shown in Figures a-c.

The TRANSP plasma analysis code [3] is used to derive profiles for qy and pyo; and the
effects of current and alpha particle mixing after sawtooth crashes. The stability of sawteeth
in these plasmas is assessed using a semi-empirical model of @* stabilization. The MHD and
TAE stability before and after the sawteeth crashes is calculated using the PEST and NOVA-
K codes. The ripple losses of alpha particles is computed by TRANSP and FPPT. These
codes and models for predicting the sawteeth stability and sawteeth effects in TFTR are in
approximate agreement with measurements.

II - Steady state conditions in ITER The TRANSP plasma analysis code has been used to
analyze these ITER plasmas [4]. The vertically asymmetric flux surfaces are computed from
the equilibrium modeling. The code also models the alpha source, orbits, slowing down, and
heating profiles. The central alpha pressure is approximately 10% of the thermal pressure.
Total pressure profiles are shown in Fig. c.

One of the present unknowns of the ITER design is how the non-inductive plasma
currents will be driven. The bootstrap currents for the flat and peaked profile cases are 3.0
and 5.5 MA respectively, out of a total current of 21 MA. Several methods have been
proposed to drive the extra current, including using energetic neutral beam injection and fast
wave current drive. The profile of the driven current will greatly effect the total current and
qy profiles. We assume that the driven current profile will have the same shape as if the
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ohmic current were used. This current profile depends on the Zegr profile (taken from the
ITER database) and the assumed neo classical resistivity. The computed qy profiles (shown
in Fig. ¢) have qy = 1 near x = vnormalized toroidal flux) = 0.40 - 0.50.

Another unknown is the amount of current mixing during sawteeth crashes in ITER. This
is discussed in Section IV. The conclusions of this paper are that the sawtooth effects cn
sustained ignition appear to be benign for standard ITER plasmas if the qy = 1 surface is not
greater than x = 0.5.

111 - Sawtooth stability A semi-empirical model of @” stabilization [5] is consistent with .
the sawtooth stability observed in TFTR plasmas with auxiliary heating. The stability
criterion is expressed as a critical shear at the qy = 1 surface. The prediction of this criterion
for ITER is that the peaked profile plasma is stable, and the flat profile plasma is unstable to
sawteeth.

Trapped fast ions might stabilize sawteeth [6]. In beam-heated supershots in TFTR there
does not appezr to be enough deeply trapped energetic beam ions to stabilize sawteeth [7].
One important parameter for the trapping is the average energy of the trapped ions. The beam
jons in TFTR have <BEpm> = 40 keV. The alpha particles in the ITER cases are computed to
have <Eg> = 1.5 MeV in the center.

Other models have been used to analyze the stability of ITER plasmas to sawteeth. A
model inveking a threshold criterion and alpha stabilization has been used to predict ITER
sawtooth periods of 120 sec [8].

IV - Current and alpha particle mixing in ITER TRANSP models sawteeth assuming
Kadomstev mixing of flux surfaces [3]. Partial current mixing is modeled by computing 2
weighted average of the fully mixed and unmixed plasma currents after the crash. The qy
profiles in TFTR L-mode and supershot plasmas are generally simulated accurately with this
mode! by assuming that about 20% of the current is mixed [1]. A comparison of pre-crash qy
profiles assuming 20% and 100% mixing is shown in Fig. ¢. The sawtooth period is assumed
here to be 50 sec. Longer periods allow qy{0) to decrease further between crashes.

TRANSP models the fast ion sawtooth mixing by shifting the guiding centers with the
flux surfaces, randomizing the poloidal distribution, and conserving vpar and pt [3]. The
TRANSP model has been generalized using a Fokker-Planck Post TRANSP processor
(FPPT) [9]. which solves the bounce averaged drift kinetic equation using the plasma
parameters from TRANSP. The FPPT mixing model is based on the ExB drift of fast ions at
the crash. This mechanism has negligible effects on passing particles, and on the total fast ion
density profile, but alters the distribution of the trapped particles.

Comparisons of simulations and alpha profile measurements in TFTR are shown in Figs.
d-e. The pellet charge exchange (PCX) data [10], shown in Fig. d, are normalized to
calculations in a similar sawtooth free discharge. Only deeply trapped alphas contribute to the
measurement, and the FPPT modification of the TRANSP mixing is in approximate
agreement with the measurements.

The TRANSP alpha mixing model alone achieves good agreement with the alpha energy
measured by alpha charge exchange recombination spectroscopy (alpha CHERS).
Comparisons with measurements {11] before and after a sawtooth crash are shown in Fig. e.
This measurement averages a wide range of alphas with positive pitch angles, and thus
includes mainly passing alpha particles.

TRANSP predictions for the alpha mixing in ITER are shown in Fig. f. The central alpha
density and heating power are reduced to about 1/2 for 1-2 sec. The shifted profile depends
strongly on the location of gy = 1. We have not modeled the mixing of the thermal plasma.
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V - Consequences of alphas mixing in ITER The driven current profile and sawteeth can
have considerable effects on the MHD stability by changing the pyo and qy profiles. If the qy
= 1 surface is pushed to large radii then the poloidal mode m = | can couple to the high m
modes in the edge, causing instability. PEST code [12] results indicate the two ITER plasmas
are ideal MHD stable to low-n modes. Their Bpom values of around 2.5 can be increased by
about 15% before reaching the critical Bromm for high-n ideal MHD stability.

The TAE stability of these ITER plasmas has been analyzed using the kinetic-MHD code
NOVA-K [13]. It is found that TAE global modes, at least up to n=10 are stable due to large
ion Landau damping for both the flat and peaked profile cases. For the peaked profile case,
core-localized TAE modes can exist and are unstable at relatively higher temperatures and
lower plasma densities. The stability of these localized modes is reduced as the shear of qyy is
reduced. As discussed above, the shear is affected by the amount of current mixing. The TAE
stability after crashes needs to be investigated further.

Sawteeth in TFTR have been observed to increase the ripple losses of energetic alpha
particles. The ripple losses are calculated by TRANSP [14] and FPPT. Calculations of these
losses by both codes show good agreement in TFTR plasmas. For instance, for the supershot
shown in Fig. d, the number of alpha particles that are ripple lost as a result of the sawtooth
crash is calculated by TRANSP to be 1.5x1015 and by FPPT to be 1.4x10!5, FPPT does not
have Coulomb pitch angle scattering, which is the reason of additional losses in TRANSP.

TRANSP calculates the ripple losses for the ITER plasmas considered here to be less
than [% of the alpha power during steady state. The alpha mixing shown in Fig. f increases
the loss rate by less than 1% [14].

VI - Conclusions The gy profile has important consequences for alpha mixing, MHD
stability, and TAE activity in ITER. With the assumed current and sawtooth mixing
assumptions in this paper, the gy = 1 radius is at x = (0.4-0.5). We conclude that sawteeth in
the ITER plasmas studied are not likely to adversely affect the MHD stability, or the TAE
activity, or to significantly increase the ripple losses. Specification of the method of current
drive in ITER will be important for substantiating these consequences.
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1. Introduction

Tokamak plasmas with reversed magnetic shear are being studied due to their potential for
improved core confinement and stability. Recent experiments have demonstrated improved core
particle and ion thermal confinement inside an internal barrier that coincides with a region of
negative magnetic shear.[1,2] Magnetic shear is defined by s=(r / g)(dg / dr) where g is the
safety factor and r is the minor radius. In TFTR reversed magnetic shear plasmas, two types of
transitions to improved confinement have now been observed. The signature of the type I
transition (as described in Ref. [1]) is an abrupt increase in the rate of rise of central electron
density, n¢(0), and a broadening of the ion temperature, T;, and electron temperature, T
profiles. The more recently observed type I transitions are characterized by an abrupt increase
in Tj and Te with a more gradual peaking of ne, and have been obtained with a significantly
lower neutral beam (NB) power. Both transition types lead to a peaking of the pressure profile.

One possible mechanism for the formation of the internal transport barrier is a decorrelation
of turbulence by ExB flow shear.[3,4] This mechanism can be tested by comparing the ExB
shear rate, @gxg =(RBg/B)-d/dr(E,/RBg), to the maximum calculated linear growth rates of the
plasma turbulence, y!,,m. The ExB shear rate is evaluated using measured background profiles
of the carbon temperature, density, toroidal flow, and poloidal magnetic field and calculated
poloidal flow. The rate of the fastest growing mode is determined with a comprehensive
numerical model [5] which calculates eigenmodes and eigenfrequencies of electrostatic and
electromagnetic modes using measured profiles and calculations from the time-dependent,
kinetic code, TRANSP.[6]

The peaked pressure profiles across the type I transition yield ExB shear rates that are
comparable to yfmax, suggesting that the shear in the quantity E,/Bg may play a role in
reducing turbulent-driven transport in this case. However, calculated values of ¥4y, at the
time of the type Il transition are much larger than the values determined for Wg.s, suggesting
that another mechanism may be responsible for this transition. This point is further tested by
varying the co/counter mix of the NB power to examine the relative influence of the toroidal
velocity shear and Vp on the ExB shear. The timing of the type I transition can be varied with
respect to the evolving ¢ profile, in contrast, the type II transition seems to be linked to the
current profile evolution since it occurs when g is near 2. The differences in the power
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threshold for the two types of transitions, the
ratio of the shear rate to the maximum growth
rate of turbulence, and the timing of the
transitions suggest different triggering
mechanisms, These two transitions once
triggered may be sustained by similar
mechanisms, since they share similar
improvements in particle, ion thermal, and
momentum confinement.

II. Enhanced Reverse Shear - Type I

The reversed magnetic shear condition s
established in TFTR during the plasma startup
. using ramps in the plasma current and early low
T 1 15 2 25 3 as Power neutral beam injection (See Fig. 1) to

Time (s) produce a hollow current profile. Higher power

neutral beam injection is then added in 2 heating

Fig. I Parameters of ERS type I with carly andlate  Phase, and may be reduced in a "postlude”

heating phase. phasc. Some reversed shear (RS) plasmas

transit into an "enhanced reverse shear” (ERS)

mode with improved confinement properties. Sometimes a lithium pellet is injected before the
high power phase to precipitate a transition,

The type I transition into the ERS mode on TFTR has a power threshold ~20 MW, and is
distinguished by a rapid rise in the central electron density, which can reach values in excess of
1020 m-3, The T; profile broadens as does the T¢ profile, though to a lesser extent. The
transport coefficients of electron diffusion, D,, and ion conductivity, Xj, are reduced inside the
transport barrier. There is no corresponding improvement in X,. The momentum diffusivity,
Z¢,, evaluated in the postlude period when the beam torque can be adjusted, is also reduced in
the core.

In recent experiments, the timing of the heating phase has been moved earlier to overlap the
current ramp phase (see Fig. I shot #94304). By achieving the transition to ERS earlier, a
longer postlude is possible, and by properly adjusting the postlude heating power, a more
“steady state" ERS mode can be maintained during the postlude. Note in Fig. 1 that shot 94304
has an increasing global energy confinement time, Tg, and the neutron rate is steady during the
postlude period.

The ExB shear rate js calculated for shot 84011 and plotted with the maximum growth rate
in Fig. 2. At the time of the ERS transition, these two rates are comparable, supporting the idea
that ExB shear can improve transport through a reduction in turbulence. 'y‘-’max is shown to
decrease with time even before the transition. This is consistent with the stabilizing influence of
an increasing Shafranov shift, which is already large for these reverse shear plasmas, due to
their low central current density. After the transition, the gap between @gxg and yfmm widens
as they both respond to the higher confinement of the ERS mode. The shear rate grows as the

60




_—

a011 |
|
|
3 i _ |
pressurc gradient increases the. E;/Bg shear, 18 i |
and the higher pressure increases the i ‘ ‘J—“*'\zlﬂl'_,f |
Shafranov shift providing more stabilization of ¢ EGenghn ! - '
Q |
the turbulence. € ]
1i1. Enhanced Reverse Shear - Type II
The plasma startup for'tl_:lc dslscharges which i pes Sy
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described above for type I transitions. The Fig. 2. E x B shear rate is comparable to the
neutral beam power in the heating phase, calculated maximum linear growth rate at the

. . time of the ERS transition and is a possible
however, is much lower. Type II transitons mechanism for triggering the transition by

with 5 MW of input power have been seen. A suppressing turbulence.

typical discharge is show in Fig. 3 for a case

where the neutral beam power is 14 MW in the heating phase. Just before 3.5 sec, there is a
sudden increase in the core T, which is accompanied with an abrupt increase in core T, (not
shown). The profiles of T; and 7, are plotted in Figs. 3b and 3¢ at three times (before and 40
ms, 180 ms after transition, denoted A, B, and C). A sudden increase in core T; is seen within
50 ms of the transition (profile B in Fig. 3b). The steady increase in the electron density can be
seen in Fig. 3c. The corresponding profiles of X; and D, show the improvement in ion thermal
and particle confinement (Figs. 3d and 3e). Like the type I transition, there is also an
improvement in the core Xy, and no change in X,

The sudden increase in both 7; and T, at the time of the type II transition allows the location
and timing of the transition to be determined, especially with the faster measurements of T,
from electron cyclotron emission. As the internal transport barrier is formed, the outward
transport of energy across the barrier is reduced; the stored energy just inside the barrier
increases while the region just outside the barrier is deprived of energy. Plotted in Fig. 4 is the
normalized heating rate, (1/T,) / dT,/dt, at the time of the type II transition along with the g
profile measured by the motional stark effect (MSE) diagunostic. The inversion radius of the
heating rate indicates the location of the transport barrier just outside of gy,;,. This value of
Gmin is typical of the value at the type II transition regardless of the applied neutral heating
power or beam torque.

Due to the lower power threshold for the type II transitions, it is possible on TFTR to vary
substantially the toroidal plasma rotation, thereby changing the relative influence of rotation and
pressure gradient on the radial electric field. Type II transitions can be obtained with co-
rotating, balanced or counter-rotating plasmas (see Fig. 5). In the rotating cases E, is dominated
by the plasma rotation and the relative influence of Vp is small. This is consistent with the
calculation of yf,,m, >> WExp at the time of the type II transition. The ExB shear does not
seem to play a role in the type II transition. The slightly co-rotating plasmas have the strongest
transitions. Highly co- or counter-rotating plasmas have weaker transitions.

In summary, both the type I and type II transitions to enhanced confinement show similar
improvements in X;, D¢, and Xy near the core, with little or no change in X,. The type 1
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transition has a power threshold 2 20 MW,
while the type II has a power threshold
< 5MW. Different triggering mechanisms
are likely for the two transitions. Sheared
ExB flow may be important for the type I
transition, but not for the type II transition.
The timing of the type II transition may be
linked to the current density profile; type II
transitions occur with qmin 2. The
performance of plasmas with the type I
transition seem better than plasmas with the
type II transition, e.g. the reduction in D, is
larger for type I transitions.
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1. Introduction

The energy distributions and radial density profiles of the fast confined trapped alpha
particles in DT experiments on TFTR are being measured in the energy range 0.5 - 3.5 MeV
using a Pellet Charge eXchange (PCX) diagnostic. This technique uses the active neutral
particle analysis with the ablation cloud of an injected lithium or boron pellet as the neutralizer
[1]. Initial measurements of the fast confined alpha energy distributions and alpha density radial
profiles in the presence of stochastic ripple diffusion and sawtooth oscillations were reported
previously [2,3]. This paper focuses on more detailed analysis of some aspects of fast confined
alpha physics on the basis of modeling of PCX experimental tesults with and without the
presence of stochastic ripple diffusion and sawtooth mixing,

2. PCX Technigue and Data Analysis

The PCX diagnostic on TFTR uses lithium and boron pellets injected along a midplane
major radius. The neutral particle analyzer views the pellet from behind with a sightline ata
toroidal angle of 2,759 to the pellet trajectory. Consequently, only wrapped alphas with velocities
close to v)ifv = -0.048 are detected in these experiments. The radial position of the pelletasa
function of time is measured with a linear photodiode array situated on the top of the vacuum
vessel. From the time dependence of the PCX signal, radially resolved fast ion energy spectra
and density radial profiles can be derived with a radial resolution ~5 cm. Further details of the
PCX measurements were presented in [4].

The experimental data are compared with modeling results obtained with a specially
developed Folker-Planck Post TRANSP (FPPT) processor code [5]. TRANSP [6] follows
the orbits of alphas as they slow down and takes into account the spatial and temporal
distributions of the background plasma parameiers for each particular shot. The FPPT code is

63




aflz

based on a numerical solution of the drift-averaged Fokker-Planck equation for the particular
PCX pitch angle (v|i/v =-0.048):
Bf/5t = <St(fo)> + <S> /T8 - far/t cont 5H)

where fgy is the distribution function of alphas including the thermal broadening effect, St(f) is
the collisional integral describing the slowing down of alphas, Sq; is the alpha source taken
from TRANSP cede, t is the confinement time of alphas determined by the effect of toroidal
field ripple, and Teqyf is the confinement time of alphas determined by alpha radial ransport of
any other type excluding ripple effects.

3. Alpha Slowing Down in the Core of Quiescent Discharges

In the TFTR D-T experiments, pellets for the PCX diagnostic typically are injected 0.2
10 0.5 s afier termination of neutral beam heating. This timing delay allows Te and ne to
decrease, resulting in deeper penetration of the pellet as well as enhancement of the signal-to-
noise ratio because the neutron background decays significantly faster than the confined alpha
populadon. Here we present studies of the distribution functions of alphas in the plasma core of
a quiescent discharge where there is neither significant ripple nor MHD influence on alpha
pariicles. Fig. 1 shows the energy spectrum of alphas in the plasma center which was obtained
using a Boron pellet injected 0.2 s after the termination of 1.0's, 15 MW beam pulse {#86291).
The alpha slowing down time in this case is equal to Tg] = 0.32 s. The solid line shows the
FPPT calculation assuming that Teonf >> Tsi (Teonf = 300Tg). The dotted lines present the cases
where Teoni/Ts1 = 3.0, 1.5, 0.8 and 0.4. It is seen from Fig. 1 that the case T conf >> T sl
provides the best modeling fit to the data. This supports the statement that the alpha energy
spectra is determined only by the classical slowing down without significant transport during
the slowing down.
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Fig. 1 Alpha energy spectra in the plasma core. Fig.2 Alpha radial density profiles.
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4. Studies of the Effect of Toroidal Ripple on Trapped Alphas

Fig. 2 presents PCX radial density profiles of alphas with energies of 0.64, 0.8, 1.0,
1.21 and 1.41 MeV measured 0.3 s after termination of 20 MW beam injection, normalized at
R = 2.65 m (#84550). Also shown is the Goldston-White-Boozer (GWB) stochastic ripple
diffusion radial boundaries [7] for alpha energies of 0.64, 1.41 and 3.5 MeV. These
boundaries arg defined by the following expression: 3Trpq (Ng/e)3/2 >1, where 8TF is
toroidal field ripple, p is the alpha gyroradius, N is the number of toroidal field coils, q is the
safety factor, ¢'=dq/dr, and & is the inverse aspect ratio. Inside the GWB boundaries the alpha
behavior is classical while outside there exists a domain where alpha parﬁclcs are strongly
affected by stochastic ripple diffusion. It is seen that alpha density radial profiles are consistent
with the GWB boundary for Eq = 3.5 MeV. This demonstrates the absence of significant alpha
transport outward during slowing down from the birth energy to at least 0.64 MeV and the
strong ripple influence on alphas outside the GWB boundary. Ripple diffusion causes alphas
born outside the GWB boundary to be promptly lost while alphas born inside this boundary are
confined and slowing down there in the absence of any outward ransport. Note that at the time
of measurement (0.3s after the termination of neutral beam heating) the generation of alphas is
practically absent. This result is consistent with the data presented in Fig. 1. Fig. 3 presents
the experimental alpha density profiles and the FPPT code predictions for Eg = 0.64 MeV and
1.21 MeV with and without ripple. Modeling results are normalized to the PCX data separately
for both energies. It is seen that experimental data are in good agreement with the ripple
modeling. It is seen also that the modeling without ripple predicts much broader radial density
profiles than experiméntally measured.
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Fig.3 Alpha density profiles with and Fig.4 Sawtooth mixing of alphas
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5. Sawtooth Mixing of Alpha Particles

Sawtooth crashes in TFTR usually occur 0.3 - 0.4 s after termination of neutral beam
injection. For PCX measurement of the sawtooth mixing of the alphas, a Li pellet was injected
immediately before the first sawtooth crash in one discharge and immediately after the sawtooth
crash for a similar discharge. Fig. 4 presents the alpha radial density profiles (Eg = 1.21 MeV)
before and after the crash. A significant outward transport of alphas beyond the q=1 surface is
clearly seen. The magnitude of this sawtooth mixing is observed to decrease with increasing
alpha energy. Sawicoth models [8] based on magnetic reconnection and the conservation of
magnetic flux and particle energy and density can not provide the strong outward transport of
trapped alphas observed experimentally. Recently, a model of the sawtooth mixing of trapped
alphas was implemented in the FPPT code in which a helical electric field produced by the
sawiooth crash leads to a change in the alpha energy [5]. In Fig. 4, results from this model
before and after the sawtooth crash are shown by the solid lines. Also shown are the GWB
boundaries for Eg =1.21 MeV and 3.5 MeV. The modeling results are in agreement with the
PCX experimental data and the alpha density profiles are consistent with the GWB boundaries.
It is seen that the sawtooth oscillations transport trapped alphas radially to near the stochastic
ripple loss region, which can lead to enhanced ripple losses.

6. Summary

In the plasma core of quiescent TFTR D-T plasmas, the trapped alpha particles are well
confined and slow down classically without any significant losses. In outer regions, trapped
alphas are strongly affected by magnetic field ripple and by sawtooth mixing which can be
modeled on the basis of a perturbed helical electric field.
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Triggering Disruptions in TFTR at High-A!

L. Zakharov, R. Budny, Z. Chang, E. Fredrickson
Princeton Plasma Physics Laboratory, PU, Princeton NJ 08543

B. Rogers
Institute for Plasma Research, University of Maryland, College Park

In this report, the triggering of disruptions in high performance supershots in the
Test Fusion Tokamak Reactor is theoretically explained and compared with experimental
data. These high-g disruptions represent a major obstacle for increasing fusion power
in TFTR. Although they are related to the enhanced plasma pressure, their triggering
cannot be described by only one global parameter like Troyon fSy.

At high-3, both minor and major disruptions in TFTR start with the internal collapse
(thermal quench) involving m = 1 and ballooning modes. It may occur abruptly without
(or at best with a very short) precursor’. This fact is difficult to explain assuming crossing
some stability limit. One explanation? is based on numerical studies of the nonlinear
dynamics of ballooning modes. In situations, where the low-n mode is present, ballooning
modes can provide fast transport of the plasma thermal energy from the center through a
toroidally (and poloidally) localized channel with well developed instabilities. Although
this approach is very successful in reproducing many features which are experimentally
observed, it does not address the problem of triggering.

Here, we reveal the positive feedback coupling between the the m = 1 mode and
ballooning modes which exists in TFTR and can explain the fast triggering. Earlier?, we
found that despite the fact that gy < 1 in TFTR supershots, the stability of the m = 1
mode is provided by FLR stabilization related to the pressure gradient at the ¢ = 1
surface. As 1 B11 at ¢ = 1 reaches the level determined by the criterion

" e 1/6
2/3 1
L45 (2Z=!fmp)

sawtooth oscillations become stabilized (here, p, n are the plasma pressure and density,
i/ ane R are the ¢ = 1 minor and major radii). The fact that an increase in pressure
stabilizes the rn = 1 instability in TFTR provides a triggering mechanism for the internal
disruptions when the plasma f approaches the ballooning limit:

2/3 1/3
> q'r;,q (1)
11

n'R
n

PR
p

11

o Ballooning modes, when excited near the g = 1 surface, destroy w. stabilization of
the m = 1 mode.

e In turn, the rn = 1 perturbation ¢ disturbs the pressure profile
£=¢(r)cos(0 ~ @), p=p(r+Ecos(d —¢)) ()
¢ The pressure gradient is thereby significantly enhanced near the g = 1 surface as
P=pll+&cos(6—¢)), &1 (3)

Local (in both radial and azimuthal directions, where €' cos(f — @) > 0) enhance-
ment in the pressure gradient amplifies the ballooning modes, thus, closing the
positive feedback loop.

!This work was supported by the U.S. DOE, Contract No. DE-AC02-76-CHO-3073

67




alid

This generic coupling between the m =1 and ballooning modes gives a self-consistent
explanation of triggering the internal collapses. It is also consistent with observations
of the azimuthal and radial localization of the ballooning modes excited during the
disruption. This is novel and is not present in previous studies® of ballooning modes in
configurations perturbed by the m = 1 mode as well as in numerical simulations?,

The straightforward prediction of our model is that internal disruptions in supershots
occur as soon as the ballooning stability limit is violated in the vicinity of the ¢ =
1 surface (at 25-30% of the minor radius). Also, the model reveals that the central
Bn(1/3) = Bn(r = 1/3a), corresponding approximately to the ¢ = 1 region (o is the
plasma minor radius), rather than the global Troyon @y, is a critical parameter for
triggering the disruptions in TFTR.

The positive feedback coupling predicts mutual amplification of both m =1 and bal-
looning modes and allows for disruptions starting either with or without any significant
precursors (m = 1 or ballooning modes).

Fig. la presents the contour plot of fast oscillations of the Electron Cyclotron Emis-
sion (ECE) signal for one of the best TETR DT shot # 76778, which disrupted prior to
the end of the heating phase. [t shows presence of a saturated n = 1 (which is, presum-
ably, the m = 1 mode) existed in this discharge for a long time. Although this discharge
had other developed high-n perturbations (n > 5), time evolution of the ECE signal as
function of major radius R (Fig. 1b) clearly indicates that triggering occurs just when
both m = 1 and ballooning modes start to grow together and near the ¢ = 1 surface.
This behavior is consistent with the positive feedback mechanism, mentioned above.

The comparison of the central core normalized Gy

—p(r) > Br
ﬁNu)E1uoﬁﬂfﬁ%;£Ll—Taq. (4)
(which is a generalization of the Troyon definition on an arbitrary minor radius r),
calculated using the ballooning code and TRANSP simulations of the plasma profiles,
shows fny(r = 1/3a) (upper black dots) approaching the theoretical ballooning limit
(Fig. 1c) just prior to disruption.

Fig. 2a shows experimental data for another kind of discharge (with a more peaked
pressure profile), when the predisruptive stage was much quieter with almost no indi-
cation of the low-n mode. Very small ballooning modes did not exhibit any azimuthal
modulations on the ECE signal, and have a very clean spectrum. Nevertheless this dis-
charge was terminated by a major disruption at lower global Troyon An(a) (calculated
for the whole plasma) than that in Fig. 1. While this particular disruption event is
difficult to reconcile with other models of triggering, it fits well our feedback mechanism,
which considers only central core ballooning stability as the essential feature. It allows
lack of precursors before the disruptions. Accordingly, ballooning calculations found the
same violation of the central core stability.

Based on this model, we performed extensive scanning of about 80 high performance
TFTR discharges with comparison of calculations of ballooning stability using TRANSP
plasma profiles and experimental observations of MHD activity. Despite lack of mea-
surements to corraborate the TRANSP computed safety factor g(r) profile, we found no
deep penetration of By (at any radii) into the theoretically unstable space. In addition,
it was found that the criterion based on comparison of Ay(1/3) with its theoretical limit
can be used as a good indicator of the threshold for internal collapses in supershots.
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Table shows results of comparison of Theory e
predictions of ballooning theory with Exbatiment | Sisble Collapse
experimental observations. The model Stable o S,
does not distinguish between subse- Misor 3 g
quent minor and major disruptions. Disruption

Although it underestimates the stabil- Wojor 1 5

ity of certain shots, it shows good cor- Diskitptiai

relation with the data.

Comparison of the pressure gradient profiles found good alignment with the limiting
profiles inside 1/4-1/3 of the minor radius preceding the triggering the internal collapses.

As a further development of the model, we included the two-fluid FLR effects, which
allows to to consider not only stability limits but also the frequency and wave numbers
of the ballooning modes.

In the collisionless TFTR regime, FLR effects lead to stabilization of the high-n
ballooning modes starting with some critical n-number. Because of limitations on the
possible toroidal n-number, the excitation of ballooning modes requires a finite radial
size of the zone, where local pressure gradient exceeds its ballooning limit. Extensive
comparison of the same set of experimental dala found many local violations of the
ballooning criterion in a region of about 5 cm wide (=~ 1/20a). These local violation
of ballooning stability gives possible interpretation of observed quiet ballooning modes,
(referred frequently as "KBM” and shown on Fig. 2a) as local two-fluid MHD ballooning
modes, which are too limited in space and, thus, do not lead to macroscopic events.

Table shows comparison of the two-

fluid MHD ballooning model in pre- | Theory, n=5 Local | Internal

diction of local ballooning modes | Experiment Stable | Balloon) Collapse :
and internal collapses with experi- | Stable 19 7 0 |
ments in TFTR. The model over- | Local 1 14 0 f
estimates the stability with respect | Balloonning i
to disruptions. The reason needs | Minor \] 5 1 f
to be established and, presumably, | Disruption ‘
may be related to the presence of a Major 1 3 1 ‘
saturated m = 1 mode in some of | Disruption ‘

the shots.

For local ballooning modes, the two-fluid model is consistent with frequency (which
is close to the the half of diamagnetic frequency of the whole ion species) as well as with
the range of observable toroidal wave numbers. Fig. 3 shows typical comparison of the
experimental pressure gradient profile with the theoretical limits, when quiet modes have
been seen in experiment and stability was violated in the limited zone.

In conclusion, a self-consistent model of triggering internal collapses at high-g in
TFTR has been developed, which reveals the role of the central normalized fn(r =
1/3a) as a critical parameter for internal disruptions. The same model also describes
localization, frequency and toroidal wave number of the quiet ballooning modes.

1. E.D.Fredrickson, K.McGuire, et al. PPPL Report PPPL-3023, 1994.

2. W.Park, E.D.Fredrickson, A.Janos, et al. Phys.Rev.Lett. 75 (1995) 1763.
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4. M. N. Bussac, R. Pellat, Phys. Rev. Lett. 59 (1987) 2650.
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1. Introduction

Ripple loss of alphas can result in reduced alpha heating and potentially severe localized
wall damage in fusion reactors. In this paper we show guiding center code (GC) calculations of
ripple-induced alpha loss in ITER, under a number of different operating conditions for the
ITER Interim Design [1]: L-mode, H-mode, post-sawtooth, and reversed-shear configurations.
In all cases except for the last, alpha loss is very small [2,3]. In the case of reversed-shear
operation, alpha banana convection loss can be important. We also present a new theoretical
calculation of the stochastic threshold [2], which gives excellent agreement with the much more
computationally intensive GC calculations.

2. Guiding Center Code Method

Recently, the ORBIT Hamiltonian coordinate guiding center code [4] has been used to
quantitatively evaluate TF ripple losses for TFTR alpha particles [5] and to adjust the
normalization of a simple model for stochastic ripple losses within the TRANSP code [6].
Collisions were found to be far more important than had been expected, with pitch angle
scattering during the alpha particle slowing down time moving particles into the stochastic
regions and thus causing losses about twice those without collisional effects. Good agreement
was found in comparing appropriately normalized TRANSP simulations to measured confined
alpha profiles [6].

3. Application to ITER

ORRIT GC simulations for the 21 MA, 20 TF coil ITER Interim design are based on
comprehensive, self-consistent TRANSP simulations of two scenarios: moderately peaked
density profiles (L-mode) and flat profiles (H-mode). ITER equilibria were obtained with the
PEST code using pressure and q profiles from TRANSP, based on cases in the ITER database.
TRANSP simulations of ITER also provided alpha source profiles, before and after sawtooth
broadening, and collision rates.

The TF ripple data field was fit to 8(R, Z) = 8o exp([(R - RMIN(Z))? + br 7205/ we).
Here by is the ellipticity, wy is the scale length of the ripples, 8 is the minimum value of the
ripple field, and Ry = 6.75 - 0.034 72 is the radius at which this minimum occurs. The
magnetic axis is typically at Z = 1.5 m.The ripple field strength increases exponentially with R,
and with vertical distance from the midplane, Z. We find 8, = 3.75 x 106, with w, and by
0.535 m and 0.268, respectively.

Monte Carlo simulations were carried out for 256 alpha particles of birth energy 3.5
MeV, including collisional pitch angle scattering over one alpha slowing down time and with R
=814m,a=28m,Ip=21 MA,B= 57T and edge q of 3.3. The alpha particle source
profiles were calculated by TRANSP from simulation of DT fusion, with prescribed D and T
profiles and a simple Kadomtsev sawtooth model. Two different alpha source profiles occur in
the TRANSP L-mode simulations. A peaked, pre-sawtooth profile was fit by (1 - Ir/al)® and a
sawtooth-broadened profile was fit by uniform density out to r/a = 0.7, and zero for r/a > 0.7.
Constant collision rates used were Vperp® = 0.126 sec-! and ve® = 5.0 sec’l.

GC simulations of ITER witﬂeme presawtooth, L-mode alpha profile showed no losses
of the 256 particles followed, Monte Carlo errors in the particle loss calculations are
approximated by n0~5,fnT where n is the number of particles lost and n. is the total number of
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Monte Carlo particles followed. When simulations yield no particles lost, the error should be
less than calculated for one lost particle (£0.4%), thus an upper bound to alpha ripple losses ig
~ (3.4% in the new design.

The physics of the sawiooth instability is an active area of present research with the
details of the sawtooth magnetic field reconnection and its effect on the fast particle distribution
function not yet well known. (Sec for example Ref. 7 where energetic ions were detected very
near the plasma edge immediately after sawtooth events in PDX.) The sawtooth broadened 1.
mode alpha profile led to particle (power) losses of 0.8 (0.7%) +0.6%. Because of the very
short duration of sawtooth broadened alpha profiles in experiments and in present models of the
sawtooth instability, the pulse-averaged power losses should be virtually unaffected by the
existence of sawteeth and so described by the upper bound 0.4%. However pulsed energy loss
may be significant, particularly if large sawieeth give rise 10 associated MHD activity. Alpha
losses from the sawtooth broadened L-mode ITER, with reversed direction of toroidal field,
were 1.6 {0.8)£0.8% particle (power) losses.

Simulations were also carried out for the H-mode scenario. The source profile was
maodelied as irapezoidal, flat to fa = 0.4, decreasing to zero atr/a =0.7. The slowing down and
pitch angle scaitering times are similar to those for L-mode, as are the alpha profiles outside r/a
=0.3. No losses were simulated so that alpha particle energy losses are < 0.4%.

Inital simulations of a Reversed Shear ITER plasma [1] led to no first orbit losses, but
16% alpha ripple power loss and 19% alpha particle losses due to strong banana convection (see
Sec. 4 below). An alternative ITER/RS equilibrium [8], with reduced elongation to make the
plasma more nearly centered within the TF coil set, is found te lose only 2.940.4% of alpha
particles. Figs. 1 and 2 show the ripple trapping regions for the ITER 21 MA case and the
Interim Design Reversed Shear plasma.

We estimate the heat load for maximum alpha ripple losses for the 21 MA case of 0.4%
gives ~ 0.01 MW/m2, and for the RS cases 0.07 - 0.40 MW/m2. The wall heat load may be
increased by MHD and TAE enhanced losses, in addition to toroidal peaking factors.

4, Theory )

In principle, since the mechanisms of ripple-induced alpha loss are well understood, it
should be possible to provide a very fast algorithm for determining alpha loss, without the large
computational effort associated with unaccelerated GC orbit calculations. Previous efforts [6] in
this direction have been based on using a very simplified version of the stochastic loss criterion,
given as Eq. 3 in Ref. 9. To provide a match between GC calculations and the stochastic loss
criterion, substantial ad hoc normalization factors were required. This is understandable, since
the loss criterion used in that work ignored the poloidal dependence of the stochasticity
threshold, as well as the effects of toroidal precession.

As indicated in Ref. 9, the mansition to chaos occurs when the radial step size in the
banana map reaches a critical value, scaled either by the spacing between precession resonances
(where the banana precession distance, R¢y, changes by 2nR/N) or between banana-length

resonances (where the banana length, Rop, changes by 2rnR/N). For the usual case where the
the banana-length resonances are much more closely spaced than the precession resonances,
detailed calculations of the transition to chaos give the threshold radial displacement:

Eq(D) As=c/ [N {¢p1+dippD]

with ¢ = 1.0 and d = 0.5, as opposed to ¢ = 1.0, d = 1.0 estimated in Eq. 15 of Ref. 9. (Primes
indicate radial derivatives.) Investigation of the underlying map shows that the transition to
chaos in this case occurs as the islands centered at precession resonances replicate across the

banana-length resonances and begin to fill all of space. In the region where ¢p 7/ ¢p” is not large,
the phasing between the two kinds of resonant surfaces becomes important, as represented by

Wk = NQw2 + N¢p/2, evaluated at resonant surface k. In particular, for wi = /2 and dp Top =
+1, the stochastic threshold goes 10 infinity! In the region I /¢p’l < 4, the stochasticity
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threshold must be evaluated as a function of wi as well as ¢/ ¢p (Fig. 3), and used instead of
Eq. (1), above. Eg. (1) has also been generalized for top-bottom asymmetry, giving

Eq (2) Ag=1/[N((2-1P) Ipp1 + 0.5 Igp ]

with 1 equal to the ratio of the smaller to the larger ripple strength at the banana tips, p = 0.2,

and q = 0.55. Ag is the threshold value of the larger ripple. The result of comparing this
calculation with GC calculations of stochastic loss for a wide range of equilibria in ITER and
TFTR is very favorable, with no evidence of error outside of the expected Monte Carlo
statistical noise, as shown in Fig. 4.

In order to provide detailed comparison with full GC calculations (and to predict overall
losses), other loss mechanisms must be taken into account. When banana tips are located in
regions of ripple wells, two very important processes must be included. If the ripple wells are
on the gradB drift side of the plasma, then in most magnetic geometries collisionless ripple
trapping is likely to be very rapid [10]. On the other hand, if ripple wells are located on the
opposite side of the device, and no ripple wells are located on the gradB drift side - due to up-
down asymmetry - then a rapid net outward convective drift of alpha particles is induced. A
calculation of this drift rate is shown in Fig. 12 of Ref. [10] and discussed in some detail in Ref.
{11]. Finally, any of these loss mechanisms must persist along a near vertical trajectory of
constant |B, for an alpha to be fully lost from the system.

In order to include the collisional effects of pitch-angle scattering and slowing down, all
three loss criteria are evaluated 10 to 100 times as the alphas slow down. This permits the GC
slowing-down calculation to take place in toroidally symmetric fields, and with greatly
accelerated collisions. A factor ~ 200 improvement in computer run time is achieved, while
preserving accuracy to within the Monte-Carlo noise of the GC runs, for cases examined to
date.

5, Conclusions

Encouraging results are presented for predicted alpha losses in most ITER cases.
However, since the losses are so small, more careful evaluation of the alpha birth profiles and
sawtooth ejection patterns may be in order to give quantitively accurate results. Potentially
serious wall damage issues appear to be avoidable for the 20 TF coil ITER, if the first wall is
carefully designed to allow for predicted levels of alpha ripple loss and wall heating and if MHD
and TAE enhanced loss is controllable. Attractive reversed shear regimes also appear acessible.

A first principles algorithm with no adjustable normalization factors has been developed
which provides an accurate and computationally economical method of evaluating alpha losses.
It is well suited for detailed parameter scans in support of ITER flexibility studies.
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1.0

ics and Technol T
introduction: Discharges with weak or negative magnetic shear have recently been

nce CA A

roduced in TFTR and a number of other tokamaks which exhibit enhanced core confinement.
[1,2,3] On TFTR this is termed the ERS regime and has been produced in both D and DT

plasmas.

The ERS plasma is marked by strongly reduced thermal and particle transport within the
region of shear reversal. The change from high to low diffusivity can occur over a region in
minor radius which is small in radial extent, ofien refered to as an internal transport barrier.

Control and cxpansion of this barrier allows further improvements in discharge
performance by increasing volume of the enhanced core. This paper presents the results of
initial experiments in TFTR using increased current ramp rate and higher total plasma current to
expand the ERS region. This is a critical issue for the extrapolation of ERS performance. The
transition to ERS and MHD stability in the ERS regime are discussed in detail in a separate

papers in these proceedings [4,5].

2.0 Scenario: The TFTR ERS scenario consists of an initial ohmic current ramp

followed by three periods of beam heating: Prelude, High Power and Postlude phases.

The

ERS initial ohmic current ramp is different from standard TFTR discharges. Normally, the

axis position varies in time to adjust the plasma ¢
limit the development of MHD oscillations durin
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Figure 1: ERS-Scenario -a)Current and c)Bm
Pwr(93517194394),b)Radial Position(881 70/82528),
d) Calculated current components (88170a10)

ross-section, increase axial current density and
g the current ramp. In the ERS scenario, the

axial current density is limited during the
current ramp by positioning the plasma axis
near the center of the vacuum vessel from the
onset of the discharge which increases the
distance the current must diffuse[6]. Early
in the current ramp, low power prelude beam
injection is begun using predominantly co-
injecion. Beam driven current develops
which maintains the current distribution
established during the ohmic phase of the
discharge. High power injection is begun
during or just prior to the period of constant
plasma current. The transition to the ERS
regime[4] typically occurs during this phase.
Following the transition, a significant
bootstrap current develops.

The ERS regime, once established, can
be maintained during a period of reduced
heating power (postlude). If modest beam
power is applied during this phase the
pressure decreases while the core density is
sustained. At higher postlude power the
pressure and neutron rates can be maintained
while both the density and plasma rotation
continue to increase.

3.0 q Profile at Larger Rmin The
rate of current increase can be used to alter
the evolution of the g profile and in particular
the location (Rmin) of the minimum value
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(gmin) of q(r). Increasing the current ramp rate
was successful in expanding the region of weak
shear and in increasing Rmin, as shown in
Figure 2. ERS plasmas were first obtained at a
current of 1.6 MA using a "slow" current ramp
with a final ramp rate of 0.4 MA/s. The radius
of minimum q in this case [curve (c)] is located
at r/a=0.4 with a narrow region of near-zero
shear. Continuing with the same current ramp
rate to 2.2MA total current results in a lower
gmin and a smaller region of shear reversal.
Increasing the ramp rate to 0.8 MA/s causes the
discharge to reach 2.2 MA at 2.0 s and allows
earlier beam injection. In this case, curve (a),
the rapid addition of current ouiside the qmin
radius acts to broaden the region of negative

2

Figure 2: Radial profile of q at ~50ms before shear and to maintain the location of gmin near
start of high power phase; the 1/a=0.6 radial position. The volume
a) fast ramp - 2.2MA,  b) slow ramp - 2.2MA, enclosed within 1/a=0.5 is ~30% of the total
c) slow ramp 1.6 MA volume and roughly 50% greater than in the

1.6MA case. The faster ramp rate causes the
value of gmin to be slightly lower than for the slow ramp rate, but remains above 2 during high
power heating in both slow and fast ramp cases.

4.0 Plasma Response to Larger Rmin ¢ Profiles Differences in power
threshold, barrier location and global performance are observed in ERS plasmas at large Rmin,
4.1 ERS Transition (Type [): The presence of larger Rmin affects the conditions
required for ERS transition. High power in combination with Li pellet injection are required
for transition in the present TFTR large Rmin scenario. With Rmin ~0.4, ERS transitions have
been obtained at power levels >16MW at 1.6MA and at 23.5MW for 2.2MA using Li pellet
injection. In particular, using Li pellet during the prelude phase appears to improve the
reproduciblity of the transition and lowers the power threshold for Type I transitions [Bell].
With Rmin~0.5 in the fast ramp scenario however, transitions were not obtained using this
approach with Li pellets 0.8 or 0.15 seconds prior to high power injection and power levels up
to 28MW. Transitions in the fast ramp case have been obtained only when power levels of
28MW are used in conjunction with injection of a Li pellet precisely at the start of the high
power phase.

These requirements suggest that issues such as beam deposition, the presence of strong
gradients in electon and impurity density in the target plasma and the volume of the Rmin
region as well as wall conditions could play a role in the transition threshold level. Use of
lithium immediately prior to high power produces a high density target plasma at the start of
high power injection. This high density target broadens the initial beam deposition profile.
Transitions produced under these conditions then occupy a larger volume of the discharge than
in cases with smaller Rmin.

The need to use a Li target plasma results in ERS discharges with significant impurity
levels. While the impurity level decreases immediately following the pellet perturbation, once a
transition has taken place the loss of impurities from the plasma core is reduced and a high core
impurity level is maintained.

4.2 Barrier Location:

The enhanced core region is expanded in the presence of large Rmin. In the fast ramp case,
the pellet depostion profile of the Li pellet produces a peaked high density plasma with large
density gradient near the Rmin radius at the start of the high power phase. This target profile is
illustrated in figure 3a by the profile shown at 2.1s. The high density target establishes a broad
deposition profile from the start of high power injection. The altered deposition and the
formation of a transport barrier combine to produce strong gradients in Te and Ti and to sustain
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T b) the initial peaked density profile. The
strong gradient regions are located just

1 Ti inside the Rmin position at r/a~0.5
g 2.45 | calculated using the TRANSP code.
E Te 292 Density profiles for fast and slow

04g | Tamp cases are compared in figure 3c.
. While the central density is subject to
some uncertainty, the expanded core
region in the fast ramp case can be seen
0 from the profiles. The region of

0 0 /a 1 improved core transport can be
% = Fast e c)] identified by the level of density
H ng ﬂucr%aﬁon:d [7]. Low fluctuation levels
0 Rmin 4 are observed within the enhanced core.
10° \ ey RmINS o foer ramp discharges the region of
i3 Rev Shear —| low fluctuation levels is observed to
Region ] expand in minor radins compared to the
0 f 1] slow rampcase extending to the region
e S — of strong temperature gradients at

2 Rmajor (m) 3 larger Rmin.

Figure 3: Radial Profiles - Fast and Slow Ip Ramp -

Vertical Bar indicates position of Rmin; a) and b) 93517 4.3 Global Parameters: The

High Power 2.0 to 2.55 (Fast Ramp) ¢) FasSlow Ramp ~ presence of an enhanced core region

cases - (93260/88170) can be clearly seen from differences in

global discharge parameters when
plasmas with and without transitions are compared. Figures 4a,4b and 4c compare RS and
ERS plasmas in the fast ramp case. Following the transition the global confinement increases
steadily during the high power phase as the core pressure increases. The stored energy
continues to increase until the end of high power injection. During the postlude phase, energy
confinement increases further and is maintained until the enhanced regime is lost. In the ERS
regime confinement is increasing in time. At the end of the high power phase global
confinement is almost three times that obtained in the RS regime.

High power injection is ended to avoid, if possible, a plasma disruption. In such a
scenario, discharge parameters have not reached steady state levels at high power. Comparison
with other regimes which approach steady state must be made with this in mind. With the
termination of high power injection, the ERS regime is retained but stored energy begins to
decrease at low postlude power. In discharges with large Rmin the ERS regime can be
retained for an extended period ~0.5s during this decrease. If the postlude power is increased,
plasma pressure and the ERS plasma can be maintained. Performance in this constant pressure
postlude is more suitable for comparison with other quasi-steady state regimes. Figure 4d
shows the evolution of the DD neutron rate in such a discharge at 1.6MA (slow ramp).

For discharges with peaked pressure profiles the quantity B* = f J<pZ> / <p> is an
appropriate figure of merit which emphasizes the pressure within the core of the discharge.

Figure 5 indicates the range of B* obtained in TFTR ERS discharges and compares these

values to super-shot plasmas at several power levels. In the present data set, f* obtained in
ERS discharges is limited at high power by plamsa stability and at low power by the power
threshold.
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Nonetheless, B* in the range from 1.1 to
1.3% has been obtained in ERS
plasmas, comparable to values obtained
in steady state supershots at similar

powers. [P* in present large Rmin
experiments is comparable to that
obtained in other ERS discharges and is
roughly 1.4x the level achieved under
similar conditions in RS plasmas which
have reached steady state. An indication
of potential ERS performance is shown
by the steady state ERS point at 14MW
which is roughly 2x the RS level at this
power level.

5.0 Stability At Larger Rmin:
MHD stability analysis of the high Ip
[q(a) = 4.6] discharges shows that they
are close to the ideal stability limit just
prior to disruption. This observaiion is
simpilar to that in the lower current
discharges. However, there is a distinct
difference in the nature of the instability,

At the low current [q(a) = 6.3] B limit,
the mode is observed 1o be
predominantly internal and extends over

o oo
N = N WO = N

HP-NB] =, .

o = N QO =

2 Time (sec)
Figure 4- Comparison of ERS (solid) and RS (dashed)
discharges through high-power (HP) and postlude phases:
(a).(b)(c): 2 2MA with low power (3-7MW) postludes;
(d): 1.6MA with higher power (14MW) postlude.,

the low shear region. In contrast, at higher current and larger Rmin the mode has a distinct

external kink component. The reduced shear outside the gmin surface, g(a) -

qmin, and the

shift of the pressure gradient outwards contribute to a reduced P limit. Theoretical simulations

of ERS discharges keeping q(a) >

5, show stability at BN = 2. This regime can be accessed by

slowly ramping down the current as the beam power is increased.

6.0 Summary: Expansion of the ERS core has been obtained by operation with faster
current ramp producing plasmas with larger Rmin. The volume of the high confinement region

—_
.

p* (%)

0 ¥ t t

0 Pbm (MW)

40

Figure 5: f* for ERS and SuperShot Discharges.

Circles (Shaded/Open) - ERSIRS at 2.2MA;
Squares (Shaded!Open) - ERSIRS at 1.6MA;
Diamonds - SuperShots
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is increased but the use of a high density target
plasma produced by injection of a Li pellet limts
core power deposition and performance.
Transitions in the absence of Li injection and
with increased central power deposition will be
pursued.
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The Fishbone-Instability in ASDEX Upgrade

T Kass, HS Bosch, F Hoenen*, K Lackner, M Maraschek, H Zohm,
ASDEX Upgrade Team, NI Team, ICRH Team and ECRH Team

Max-Planck-Institut fiir Plasmaphysik, EURATOM Association,
Boltzmannstr. 2, D-85748 Garching, Germany
*IPP Forschungszentrum Jiilich GmbH, EURATOM Association,
D-52425 Jiilich, Germany

1. Introduction

Stability and confinement are important features of tokomak fusion plasmas. It has been shown,
that the fishbone instability [1,2] directly deteriorates the confinement of fast ions in a fusion
plasma. As for example the -particles from the D(T,n)a-reaction are responsible for the heating
of a future fusion reactor, this instability can affect ignition of a fusion plasma. Understanding
the fishbone instability is therefore an important topic in nuclear fusion research. As all expe-
riments presented here have been examined in pure deuterium discharges the a-particles were
simulated throughout by fast deuterium particles injected with an energy of 60 keV.

2. General Features of the Fishbone-Instability

The fishbone instability can be easily identified because of its (namegiving) typical burstlike
structure on the signal of the magnetic probes. Fishbones not only vary in amplitude but also
in frequency. The temporal variation of the frequency within one single fishbone burst can be
calculated with the help of a wavelet analysis (differential Fourier analysis). The result of such
an analysis is shown in Fig. 1.

Wavelet-Analysis
sy

T8 | i

Fourier-
Spectrum

Froquancy (kHzj

—

14 kHz

Frequency [kHz}——

Fishbone-Burst

Fig. 1: A wavelet analysis (differential Fourier analysis) during a fishbone burst shows clearly
a frequency decrease within each single burst. Furthermore il ezhibils, that the mode amplitude
reaches its mazimum right at the time, when the mode frequency has whistled down [3].
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In the bottom box the raw signal of 2 magnetic probe during two fishbone bursts is shown. The
plot above displays the result of the wavelet analysis. The vertical axis represents the frequency
in kHz, whereas the horizontal axis represents the time in sec. The lines connect areas with equa]
spectral power. This analysis shows, that a fishbone burst starts with an oscillation frequency
of approximately 22 kiz, which decreases continuously within one third of the duration of the
burst to the much lower frequency of the plasma rotation (= 8.5 kHz in the lab-frame). Thus
the difference of 14 kHz represents the actual start frequency of the fishbone burst in the plasma
rest frame. Furthermore it can be observed, that the mode amplitude reaches its maximum right
at the moment, when the mode frequency has whistled down. Integrating this 2-dimensional
distribution over time, one gets the known Fourier spectrum shown in the right box.

A mode analysis exhibits, that the fishbone mode has a toroidal number of n=1 and a poloidal
number of m=1 mainly. However higher poloidal mode numbers are also observed during each
single burst. The rotation direction of this mode is the ion-diamagnetic drift direction. The
amplitude distribution of magnetic probes located at different poloidal positions shows, that the
fishbone activity is enhanced at the low-field side of the mid-plane plasma. As the fast trapped
ions stay in majority in this area too, a coupling between these ions and the fishbone mode js
indicated. During each fishbone burst an ejection of fast ions is detected via a correlated {up
to) 20%-reduction of the neutron flux. Measurements of the charge exchange flux confirm this
fact directly in showing, that fast particles are ejected from the plasma [4].

A correlation between the fishbone instability and the ELM (Edge Localized Mode) instability
located on the plasma cdge (far away from the fishbones at the q=1-flux surface) was observed
in a high-4-discharge. This might be due to the ejection of the resonant fast trapped particles
through the fishbone instability. These ions may enhance the plasma gradient on the plasma
edge and thus cause an ELM. But to clear up this issue fully further investigations have to be
done.

3. Mechanism

The initial frequency of the fishbone oscillation in the plasma rest frame is identified as the
toroidal precession frequency of the injected fast trapped ions. From this, and the observation
that the trapped content of the injected fast particles plays the dominant role in destabilizing
the fishbone instability, a more detailed understanding of the basic fishbone mechanism can be
derived.

The underlying destabilization mechanism is based on the fact, that the deeply trapped ions
always stay in the bad curvature region of the magnetic field. Hence they can cause plasma
interchange on the resonant q=1-surface, resulting in a resistive (m=1,n=1)-interchange mode.
In this case the gradient of the spatial fast trapped ion distribution at the q=1-surface drives
the fishbone instability. Because of the precessional movement of the fast trapped ions, the
fishbone mode oscillates with the same frequency. Since the fishbone instability continuously
ejects the resonant and driving ions it is successively driven unstable by lower energetic ions in
the fast-ion-distribution. The fact, that the precession {requency is proportional to the energy
of the fast trapped ions explains the observed whistling down of the frequency. If the gradient
has been removed, the mode will not he driven any longer and slows down, as shown in Fig 1.
It vanishes within the resitive time scale.

The inherent mechanism of successive fishbone cycles can be described in good accordance
with the experimental data, if the mode amplitude and the destabilizing fast trapped ions are
considered as predator and prey [5]. With this relationship it is possible to model the fishbone
instability quite well.
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4. Qperational Regime

An evaluation of the experimental data leads directly to a stability diagram for the fishbone
instability. Fig. 2 plots the toroidal precession frequency of the fast trapped ions against the
fast particle pressure Brast = Pror/(1+ TE/Tea), Where T represents the energy confinement time
and 7sq the slowing-down time of the fast ions) of several discharges showing fishbone activity
(full symbols) and some without (open symbols). It exhibits clearly, that a distinct threshold
in the fast particle pressure exists (pase > 0.009), above which the fishbone instability can be
destabilized in ASDEX Upgrade.

25 : — ; :
[ [no fishbone acli:i/_i\‘ fishbone acti ]
20 - 086260 (29s)  9#6260 (1,65) ,
[ b 446216 ]
N 15k q;rszoa a5y 18178 1
T - i $i4544 ]
= [ 046196 i - 1
- L | ]
g— 10 i —
[ ! Threshold for ]
5r | fishbone activity .
: i ]

. i Lo o
{9.00 0.01 0.02

Biast
Fig. 2: The stability diagram of the fishbone instability in ASDEX Upgrade [8]. It shows
directly, that the fishbone activity occurs only above a distinct threshold in the fast particle
pressure fpast = Bror[(1 + TE[T:a) (where 75 is the energy confinement time of the plasma and
7.4 Lhe slowing-down lime of the fast injected deuterium particles). ’

As fraqt is a very inconvenient parameter it is useful to express the information of this diagram
in terms of adjustable plasma parameter in order to derive a general operational regime of the
fishbone instability. This can be achieved by replacing all parameter in the equation for st
through their explicite terms. For the confinement time 7 one has to insert the ITER H92P
scaling law [6). Thus it is possible to calculate the operational regime via an evaluation of the
following expression [3]:

2ugneTe/BE - 3,1 10°A, T2 fnInA —— W
0,051- AMST .12 . pr0sY g1, ()01, 08 BRI 0% T

Brast =

It can be seen, that. the destabilization of the fishbone mode is more or less independent of
the plasma density n. at constant heating power Pyo,. Figure 3 displays the calculated general
operational regime (for n, = 510" m™ and Py, = 6 MW) including the location of some
discharges with and without fishbone activity. By means of this diagram it is possible to predict
the appearance of the fishbone instability depending on the plasma current Ip, the toroidal
magnetic field By, and the central plasma temperature Te.

Following from that, within the flattop phase of a plasma discharge with constant current,
toroidal magnetic field and additional heating power the single free parameter for destabilizing
the fishbone mode is the plasma temperature. Thus in a discharge located very close to the
destabilization region for fishbones, only small changes in the plasma temperature are necessary
to suppress or to destabilize fishbone activity.
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Fig. 3: The calculated operational regime of the fishbone instability in ASDEX Upgrade [3]. The
parameter space is divided into two regions by the line for the plasma current ranging belween
0.6 - 1.2 MA. In the upper lefi area (above the corresponding plasma current line) no fishbone
aclivity is possible, wheras in the lower right area (below the corresponding plasma current line)
fishbone activity can be observed.

5. Summary

The fishbone instability has been investigated in the tokamak experiment ASDEX Upgrade. It
can easily be identified due to its burstlike structure on the magnetic probes and the charac-
teristic frequency reduction within each single burst. The basic destabilization mechanism is
essentially based on the fact, that the fast trapped ions always stay in the bad curvature region
of a toroidal plasma. Thus they can destabilize interchange. Because of their toroidal Pprecession
these jons transport this magnetic perturbation in the same direction. As the toroidal preces-
sion frequency depends on the energy of the fast trapped ions, the ejection of these particles
results in a frequency reduction during each burst. Fishbones occur in ASDEX Upgrade only
above the threshold fpe > 0.009. From this it is possible to calculate generally the operational
regime in terms of adjustable plasma parameters like plasma current, toroidal magnetic field
and temperature. It turns out, that the destabilization depends only marginally on the plasma
density. Thus within the flattop phase of a discharge the single free parameter for destabilizing
fishbone activity is the plasma temperature [3]-
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Optimization of radiative H-mode operation
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H. Salzmann, K.-H. Steuer, and the ASDEX Upgrade-, NI-, and ICRH-Teams
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1 Introduction

The optimization of a radiative scenario for the required reduction of the power flow onto
the target plates of a fusion reactor needs to consider confinement degradation, fuel dilu-
tion and target plate protection. Given that good H-mode confinement is indispensible,
but intense type-I ELMs are not tolerable, the power flow through the separatrix must be
adjusted into the type-IIT ELMy region close to the H—L threshold power. To decide on
the optimum radiating species, important parameters are the achieved radiated power per
central Zsy increase!, P;= AP.o4f/AZy, and, with regard to the H-L power threshold,
the fraction of the main chamber radiation emitted inside the separatrix, "= Pit / pmain
Both quantities depend on plasma parameters n., T, and transport coefficients®. Parame-
ter dependencies of P, and f* are investigated for ASDEX Upgrade and envisaged ITER
conditions using an extended version of the impurity transport code STRAHL which was
validated against radiative ASDEX Upgrade discharges with Ne injection®. We focus
on the main chamber radiation, because total divertor radiation below the X-point was
found to be always low in ASDEX Upgrade highly radiative regimes.

2 Experimental parameter variations in ASDEX Upgrade

P_ [IMW]  valve flux [Ne/s] Ptalgc[ [MW]
TTTTT

6f L g P Figure 1: Radiated power in the main
. P — 1E+21 X chamber, feedback-controlled Ne flux,
F 2 (A— total divertor power load from thermo-
2 3 }Lﬂ_ 2 graphy, central line-averaged Z.;; from
o bt L bremsstrahlung and the contribution of
Eeff (brems) AZ o { ITER89P L Ne!® at p,,; = 0.65 from CXRS and
- 5" ' ';_' o ‘q [T e I-Jl.a energy confinement normalized to the
E 316 ITERBIP scaling for a CDH-mode dis-
2 5 3t & d14 charge.

15 ;— Né‘,’*c}ms: 0.5 :— Ji2 P.= 4 MW, f;,= 0.65, Ppeat= 7.5 MW,

"""; '”2'.5’"'3 "";""2!.""'3 adiv = 1.5-10% Dyfm>.

time [s] time [s]

Fig. 1 shows time traces for a typical completely detached H-mode (CDH-mode)* dis-
charge in ASDEX Upgrade. Right after switching on the Ne radiation feedback at t=
2.05 s, the CDH-mode is obtained, as indicated by a peak target power load below 1 MW
and energy confinement improvement. An important ingredient for efficient (i.e. high P.)
radiative cooling is the presence of sawtooth activity. For typical CDH-mode parameters
in ASDEX Upgrade (qgs= 4), the preservation of sawtooth activity is just marginal. Fig.
2 compares Ne'®t profiles measured by CXR spectroscopy for CDH-mode discharges with
and without sawtooth activity. If sawteeth are lost, central impurity peaking is always
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Figure 2: Radial profiles of fully stripped

:-_Tt_;' ot wosawteeth Neon from CXR spectroscopy for standard CDH
- discharges with and without sawtooth activity,
—E Standard rate coefficients taken from the ADAS
= database® for the Ne® (11 — 10) line emission
g T 1 at 525 nm are corrected by a factor 1/3 to R=
2, il st 1.7 -107'* m3/s for the beam energy of E= 3p
z #8139 keV/amu, for E= 60 keV/amu, the original R=
[ D R S TP TR W 2.9 -107* m3/s appears to be correct.
00 02 04 06 08 10
ppoi
# | t/s | mrem/m® | el | P./MW | £, [ fIJERsOP comments
8113 | 3.1 | 9.8-10" | Ne 4 0.66 | 1.55 CDH, ST
8189 | 3.3 | 11.3.10" | Ne 3.9 0.67 1.67 CDH, without ST

7546 | 2.8 | 8.5-10'" | Ne| 3.15 |0.67 1.55 radiative H-mode, ST
7548 | 2.6 | 7.1-10'° | Ne 3.0 0.69 13 radiative L-mode, ST
8178 | 2.7 | 10.3-10'° | N, =24 0.46 1.44 divertor-puff CDH, ST
8246 | 2.4 | 9.6-10" | Ar =9 0.78 1.35 CDH, transient, ST

Table 1: Radiative discharges near the H/L power threshold with Preedie 05 - Pate,

observed, while with sufficiently high sawtooth frequency, the profiles remain flat. Table
I compares the most relevant parameters of a number of radiative discharges. Besides
a slight increase in energy content, sawtooth suppression has no beneficial effect on the
radiative characteristics and should be avoided under all circumstances. N puffing in
the divertor does not lead to high divertor radiation, but yet results in peaking of P,y
outside the separatrix (fin < 0.5). Ar exhibits quite favourable values of P., but the
confinement is reduced by the more central bulk radiation.

3 STRAHL modelling of radiative discharges and parameter variation
Starting from a well-diagnosed discharge, the influence of individual parameters is inves-
tigated using the impurity transport code STRAHL. Electron density and temperature
profiles were taken from a measurement with moderate additional neon radiation (Fig.
3a). The radial profile of the diffusion coefficient D(p,o) in Fig. 3b was determined by
dynamic pulse analysis', using time-resolved mesurements of Ne profiles from CXRS and
soft-X emission data. The discharge kept sawteeth, and no drift had to be introduced
for the transport modelling. Good agreement is obtained between STRAHL calculations
and measurements for the radiated power in the bulk plasma, Ne®* densities and soft-X
emission. The scrape-off layer (SOL) is treated in a simplified way using exponential
decay lengths for temperature and density (L, Lt) and a parallel loss time Tparatlel-
Radiated power densities and cooling rates for the experimental case and one with in-
creased D.qg are given in Fig. 3 c+d. P, turns out to be quite independent of D,
while the distribution of radiation is shifted inward. Keeping the central neon density
constant, the contribution to P, from inside the separatrix increases with Degge due to
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Figure 3: a) Electron temperature and density profiles. Tesep= 110V, e sep= 4,710 m~3,

Pheat=T.5 MW, P,;a=5 MW.b) Diffusion coefficients D(py.i)- ¢) cooling rate L. and d) radiated
power density, normalized to main—1 MW, for the measured case (solid line) and for high Dedge-

the broadening of the H-, He- and Li like radiating Ne shells?. The radiation outside the
separatrix decreases due to the lower SOL particle confinement time. Fig. 4 shows the
influence of the electron density and temperature at the edge on the radiation charac-
teristics. While the contribution to P, from inside the separatrix is hardly effected, a
rise in edge density increases the radiation outside the separatrix considerably. A nearly
quadratic increase of P o 71l *® is obtained, if the electron density profile is scaled with
fixed shape. A similar variation of T, exhibits a much smaller effect. The experimental
uncertainty of N sep and Te . and the crudeness of the SOL model impose some uncer-

tainty on the STRAHL calculations for the radiation outside the separatrix, but P, is

idered reliable within 25 %. .
considered reliable within 25 % Figure 4:  Influence of the edge electron den-

sity and temperature on radiative characteristics.
STRAHL calculations were done with variations of
ne and T, around the measured values (see Fig.
3a), with L, and Ty, kept fixed. The diagram can
also be used to estimate the influence of uncertain-

ties in n2°? and T:P, caused by deficiencies of the

olen: x $ ’ 6 flux surface mapping. Generally, the contribution
0 5 10 to P, from inside the separatrix is quite insensitive
AP AZ (0) (MW] against variations of ng® and T7P.

4 Variation of the radiating species for ITER conditions

Fig. 5 shows the radiative efficiencies P of different radiative species for ITER conditions.
T, and n. profiles are taken from a sell-consistent reactor study®, slighty modified with
respect to the actual ITER parameters. D(r) was taken from the ASDEX Upgrade results,
divided by a factor of 2 resulting in 7,= 6 s for the ITER case. The atomic data are either
taken from the ADAS database or put together by estimating and scaling of the most
prominent lines of the individual ionization stages. Except for some individual variations,
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g 750 pet o © Figure 5: Total radiated power and
& a0 md ° " ° radiated power inside the separatrix for
& o o % * ITER parameters and various seed ele-
g’ 5 oo I » ments. n:(0)= n(sep)= 1.3-10° m-2,
< Pad o Y Te (0)= 164 keV, T, (sep)= 77 eV.
%E o " Ne Ar Hydrogenic bremsstrahlung of P,gg= 47 MW
o 10 20 30 is not included.
Z radiator

the total P; appears to be quite independent of the species chosen. Regarding bulk plasma
radiation, P™ increases approximately linear with Z. The individual variations can be
important for the development of radiative reactor scenarios, however, the uncertainties
of the underlying atomic data are of the same order.

5 Discussion

Increasing the electron density is found to be the most robust way to achieve high radiative
losses with a given seed impurity concentration. In ASDEX Upgrade, operation with a
high neutral density in the divertor has the beneficial effect of high electron densities near
the separatrix and good impurity compression in the divertor, which is favourable for
reliable feedback control and necessary for efficient helium ash removal (77, /75 < 10 for
the CDH-mode). Therefore, operation in the CDH mode would be an optimum for ITER.
Ifits H-L transition power is low, and given that the power flow across the separatrix has
to be reduced at least close above P71 to avoid type-I ELMs, cold divertor conditions
will occur naturally” for the high electron densities anticipated in ITER at Pizvpa =5
MW/m? The relatively small values of the energy confinement time associated with
high neutral densities in the main chamber can hopefully be improved by a mare closed
divertor, like the divertor II experiment under construction for ASDEX Upgrade.

Since the edge plasma parameters in ASDEX Upgrade are not too far away from those
anticipated for a reactor, it is appropriate to extrapolate measurements and modelling
of neon radiative boundary experiments to ITER. Scaling P.= 4 MW with the ratios of
the plasma surface® (1250/43) and 7%, we obtain P.= 205 MW per unit Z.;; increase.
STRAHL modelling for ITER, parameters results in P,= 410 MW, with a contributjon
P"= 170 MW from inside the separatrix, quite consistent with the direct scaling of the
ASDEX Upgrade results with its higher f;,=0.66 and lower e sep /M. values,
The use of alternative impurity species with higher or lower Z will depend on the ac-
tual value of the H-L power threshold in ITER. High values of P§?, will favour low
-impurities, supporting divertor power handling by strong SOL radiation. A low Pu_s
favours higher-Z impurities, with a better core P. and less dilution. However, the in-
creasing tendency te central impurity accumulation will impose the upper limit on 7.
Preservation of sawtooth activity is indispensable, urgently calling for q profile control.
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Online Confinement Regime Identification for the
Discharge Control System at ASDEX Upgrade
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Intro ductipn

In present experimental fusion devices, the online control of plasma discharges is necessary to
achieve certain plasma configurations. For example, the CDH regime at ASDEX Upgrade [1] is
established by feedback control of the radiated power from the plasma and the neutral density in
the divertor. In order to avoid applying a not adequate set of control parameters to unexpected
plasma configurations, the control system has to ’know' the actual plasma regime during the
discharge in real time. This knowledge enables the control system to react dynamically to regime
changes enhancing the plasma performance and e.g. reducing the disruption rate.

For this purpose, we developed a regime identification algorithm for the discharge control
system of ASDEX Upgrade [2]. The basic requirement was a high identification rate provided
by a small number of involved plasma parameters which are also online available to the plasma
performance controller [3]. This controller has a cycle time of 2.5 ms which is much lower than
the energy confinement time.

“-—-___c)_ Regime Identification
< 0 1 _Algorithm
Yes !

Y. Figure 1 shows the logical flow chart
) \ of a first realization of the regime
!-—ﬂsa Pheat identification algorithm for the dis-
Noi |'Yes charge control system at ASDEX Up-
. grade for a given moment during a dis-
i“-_,ﬁgn\ T‘-—-_?:v?,.s\v charge. Apart from the OH regime
No: 1Yes NO‘{ lYes for that the additional heating power
. - i s P,4q equals zero, the regimes are di-
N i CH ! I HRH | vided in low and high confinement
i L ) T regimes with low radiative (L and H
i R % F regime) and high radiation (HRL and
Noi ‘Yes HRH regime) levels, distinguished by
=S, A r,,L the radiated power P, 4 provided by
l_t";“' i '_HEJ 10 bolometer channels being below or

above 68% of the total heating power
Fig. 1: Flow chart of the regime identification algo-  PFigyy.
rithm at a given moment during a discharge. Addi- In the following we describe the
tionally, the high confinement regimes H and HRH re-  regime identification algorithm for the
quire the heating power exceeding the H mode threshold  different radiative regimes. The dif-
power, and the transition from H to HRL is forbidden ferent threshold values and weight pa-
(see text). rameters (see below) were optimized

to match empirically identified plasma
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regimes for more than 1200 stationary plasma configurations. With the given values more thap
95% of these regimes are recognized correctly offline. The hitting rate is slightly lower online
due to small deviations of the online signals from their respective offline values.

For low radiative conditions, low and high confinement regimes are distinguished by using two
plasma parameters: the internal inductivity /; of the plasma and the energy confinement time
g = W/ Pygat, W being the stored energy, provided by magnetic data. H regime is established
if the ratio of ¢ to the 1989 JET, DIIID H mode scaling law, mggp 5y, eXceeds a value of
0.7. ("Bser o = 0-16 MO 1103 RByooy ~®48(4], M being the (mean) mass of the plasma ions
in amu, Ip the plasma current in MA and F,q,; given in MW, respectively.) However, with a
few exceptions, this is a necessary, but no sufficient condition for the H regime.

A necessary and sufficient condition for H regime is provided by the internal inductivity
which characterizes globally the current profile: lower values represent a flatter profile — i.e,
H regime —, whereas higher values are characteristical for the L regime. However, [ reacts
rather slowly — within about 100 ms — to regime changes. Figure 2 shows the dependence of
the internal inductivity on the value of g at 95% of the poloidal flux radius, ggs, for stationary
phases (> 200 ms). As can be seen, the boundary between L and H regime, [ [ _y, is with a
few exception unambiguous and depends on ggs, as well as on the plasma gas but it seems to be
independent on the kind of injected gas by the neutral beams.

From the signals discussed above we can derive a single function R which 'measures’ the
plasma regime in the low radiative scenario:

a B
W TE w T b L1 (gos)
R= () (F1), w _(—-————) : we-=(—' ;L)
("'&n.bnm ) 5 E 0.778e1 0110 L k

introducing the weights wy. and wy; of the respective parameter in order to reduce the influence
of the ambiguous mg parameter on R. They are chosen in such a way that they equal unity when
the respective parameter equal the L to H boundary value (rg = 0.78,p7 pyp 20d § = 4 s
respectively), hence being a measure for the distance to the boundary. The powers a and 3 are
optimized empirically by the number of identified stationary regimes (sge above), resulting in
a=0(=>w,.E=1] and G = 10.

The L = H boundary (and vice versa) for low radiative scenarios, Ry, can be expressed as
a combination of the respective boundary values of {; and Te/78,7 piip

Ry, = 0.7/l 1 _ul7es) @ .

Hence, an unambiguous condition for H regime is that R is larger than Ry,. A second condition
for H regime is that the total heating power exceeds the H regime threshold power Py, including
the L—H-L hysteresis. '

In spite of the fact that [; reacts rather slowly to changes of the plasma properties — typical
time constants are of the order of 100 ms — also the transitions between L and H regime are
described sufficiently well within a few 10 ms due to the influence of g on the time constants
of R.

As can be seen in the flow chart the high radiative regimes HRL and HRH are obtained if
more than 68% of the input power is radiated by injected impurities like Ne or Ar. The CDH
regime is a special case of the HRH regime, but up to now the regime identification algorithm
does not distinguish the CDH regime with a detached plasma from an attached H regime with
a high radiated power level.

For the detached regime, /; also is increased with respect to the attached H regime; hence it
cannot be used for identifying the detached HRH regime. However, this regime can be identified
by the changes in the plasma radiation profile characteristic for the detachment. This radiation
profile can be characterized by a combination of several line integrated radiation power densities

88




al21

b1 u(des)

Plasma Gas
Deuterium Hydrogen

G5 li d95 ! b
2.2 | 0.92 28 | 1.07
- + + t + 3.0 | 1.035 3.21| 1.113
%-. 1.4} ] 3.35 | 1.04 5.27 | 1.023
Z13¢ 3.6 | 1.08
212} 3.95| 1.09
E (RS 4.15 | 1.112
g 1.0 F 4.8 1.1
_g, 09 f 6.5 | 1.12

Fig. 2: Internal inductivity §j for L
and H regime as function of the safety
factor qgs for different combinations of
plasma ions and injected neutrals. The
boundary lines are fitted by a composi-
a5 a0 a5 50 55 tion of straight lines fized at the points
Safety Factor abs{q,,) given in the tables. '

R oLk

a =

o
©

30

™
o

along certain line-of-sights through the plasma measured by bolometer. The resulting parameter

B is given by [1]
e Jrégl dl fe-,- dl (3)
- th'“ﬂ J’Eufﬂ.

where ¢; denotes the emission from a point [ dl of the line-of-sight with index i. [ ¢ dI gives the
radiated power just above the outer divertor plates, [ e dl close to the X-point, [ dl from
a region just above the X-point, and [ € dl from the equatorial plane, respectively. The first
ratio (#21/#1) in Eq. 3 is a measure for the radiated power in the divertor with respect to
the main plasma region, being high in the case of detachement. This signal, however, can be
falsified by MARFEs which is corrected by the second ratio (#7/#11).

B being larger than a threshold value of 3.5 is an unambiguous condition for the (detached)
HRH regime [1], but only for ELM free plasma conditions. In the case that B is lower than 3.5,
the plasma might be still attached in spite of the high radiation level, and R = F(l;,7g) (Eq. 1)
is again a 'good’ function distinguishing low and high confinement regimes.

A further restriction of the regime identification algorithm is that the H — HRL transition
is forbidden. The radiation profile in the plasma needs a certain time (some 10 ms) for the
rearrangement if the radiation level is increased during an H regime, so that the combination of
a still low value of B and an increase of /; due to a possible detachment might lead to the wrong
conclusion the plasma being in the HRL regime.

Up to now, the regime identification algorithm can only be used in the flattop phase of the
plasma current. This is due the influence of current changes on [; which might lead to wrong
regime predictions.

89




al21
Example of a dynamically controlled discharge _

Figure 3 shows a main application of the regime identification algorithm: the avoidance of
disruptions caused by unexpected plasma states. The goal of this discharge was a long lasting
CDH regime which is established at about 2 s by neon gas puffing, as can be seen from the D,
and C{liy signals. However, due to the high set value of Frad/ Pheat = 0.78, the neon input flux i
still increased by the control system after the onset of the CDH regime. Because of the resulting

too high impurity concentration, the
S ; . plasma falls back to the HRL regime,
i e.g. indicated by the increase of ;.

Without online regime control, as
it was done earlier, the set of control-
ling parameters would have not beep
adequate and the discharge might be
e.g. driven into a radiation collapse
due to too much Ne puffing. But in
the case of this discharge, the control
system recognizes the falling back to
the HRL regime and closes the Ne valve
by setting the set value of Pryq/Pyen
down to 0.5 at the moment the plasma
leaves the high confinement regime.
Due to the further slow increase of the
Pradq/ Bheat set value, the high confine-
ment regime is even recovered.

D, (a.u.)

Summary

PodPrs T (1078) C,* (a.01)

A regime identification algorithm was
developed and tested successfully for
the discharge control system of ASDEX
Upgrade. The algorithm distinguishes
high and low confinement regimes in
low and high radiative scenarios by us-
Fig. 3: Example of a dynamically controlled discharge  ing only a small number of online avail-
at ASDEX Upgrade. Iy = | MA, By =-1.9 T. Neu- able plasma parameters — about 20
tral beam injection starts at 1.3 second with 7.2 MW. signalsincluding 10 bolometer channels
At 2.18 seconds the Ne valve was dynamically switched —, allowing the control system to react
off by the control system. dynamically to plasma regime changes
within a cycle time of 2.5 ms.

10 45 0 20 25 a0 a5
Time/ (s)

A main application was demonstrated for the first time in a fusion device: an unwanted and
unexpected regime transition was dynamically corrected and the planned regime was recovered
reducing the disruption probability and enhancing the plasma performance. In a next step, more
regimes will be recognized, e.g. detached regimes using the Cyyp signal from the divertor.

References

[1] Dux, R. and Kallenbach, A., Technical Report IPP 10/1, Max-Planck-Institut fiir Plasma-
physik, 1996, submitted to Nuclear Fusion.

[2] Raupp, G., et al., in Proceedings of the 17th SOFT, p. 1072, Roma, 1992,
[3] Neu., G. et al., in Proceedings of the 18th SOFT, p. 675, Karlsruhe, 1994.
[4] Schissel, D.P. et al., Nuclear Fusion 31 (1991) 73.

90



al22

Bootstrap current derived from different model collision operators
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Introduction

The bootstrap current is an important quantity for the construction of the advanced
Tokamak reactor. For this reason it is often studied experimentally and theoretically.
The comparison between experiment and theory is always done using the famous formula
of Hirshman and Sigmar (1) which is based on an asymptotic solution of the kinetic
equation in the limit of very small collision frequency. This calculation was extended by
Kikuchi (2) to the range of higher collisionality. In this theory are all collisions described
by the Lorentz operator containing only pitch angle scattering.

In order to proof the accuracy of the coefficients entering the bootstrap current the
kinetic equation was solved for arbitrary collisionality without the assumption of large
aspect ratio and without neglecting energy scattering. Is is statet in the literature (1)
that energy scattering has no effect on the parallel viscosity. On the other hand the
results from a precise numerical calculation presented here show a small change of the
viscous force due to energy scattering such, that the contribution of bootstrap current
related to the temperature gradient is in the range of low collisionality reduced by
about 30 % compared with the results from the pitch angle scattering model. For the
coefficient of the pressure gradient in the bootstrap current one finds always the same
value. This quantity is obviously insensitive against a change in the collision model.

Drift kinetic equation and collision operator

The linearized drift kinetic equation for a pure plasma consisting of electrons and ions
with charge Z = 1 takes the form given elsewhere in the literature (3). It calculates
the solution for the distribution function g, = g,(n, w) defined as the deviation from a

Maxwellian (f = S) + g/) according to an expansion into the gyroradius parameter
§ = po/L. The velocity variables used here are the random velocity @ and 7 = wy/w,
which is the pitch angle. The dependence of g, from the random velocity involves the
condition

/w,,g,ésw =0, (1)

where w,, is the random velocity parallel to the magnetic field (the condition perpen-
dicular to the magnetic field [, g,6w = 0 is fulfilled automatically, because g is
independet from the gyrophase). In this work, circular magnetic surfaces are assumed
with the magnetic field having the standard form

Ro
(BplBBst) = (U.Be.,Ro/‘R, B!,af):

where R = Ro(1—ecos®) is the major radius and e = p/ R, the inverse aspect ratio. The
collision operator for like particle collisions used here is a model operator close to that
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as described in the paper of Bolton-Ware (4). This operator has all the properties of
the full collision operator: conservation of particles, momentum and energy. It contains
also the decrease of the Coulomb cross section with velocity of the colliding particle as
w2 It reads for the electrons

Ie‘r, =

+

o
+f(5]—P° (z? = 3)/XBaaazqe'12/261)

Where

expression holds for the ions, replacing v, ; with /2v; ; the Braginskii ion-ion collision
time (in the case of ions one has z = w/(T;/m;)*/*). The first term in equ. (2) is the
well known pitch angle cross section which enters also the electron-ion collision term L.
The second term looks like a modified Krook term which contains energy scattering,
but contributes also to momentum exchange. The correction terms proportional to the
Legendre ploynomials P, and P, are needed to guarantee the conservation properties.
The parameter A is used to modify the energy scattering effect.

Method of Solution:
With this model collision operator, the distribution function g, could easily be expanded
in terms of orthogonal functions: That is, Legendre polynomials in 7

and a Fourier series in the poloidal angle ©. Each Legendre polynomial coefficinet a,
consists of 2M 41 Fourier modes where M is the Fourier mode number. In the equations
for the Legendre ploynomials P, and P, there enter the unknown integral relations from
equ. (2). These where calculated from a system of 6M + 1 linear equations which exists
between these 6 M +1 variables: In order to find this system the solution for the Legendre
polynomials a; ..., ay was inserted into the equ. for F, and the remaining equations for
a, and a,, where resolved such, that the quantities a, and a, could be expressed by the
driving terms and the unknown integral variables. Multiplying each Fourier quantity of
a, and g, with the functions within the integrals of equ. (2) and integration over the
volocity space established the system of equations. The side condition (1) which reads
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is a condition for only one constant C, which is posed to be zero: From the zero moment
equation for particle conservation it is found that the solution of the kinetic equation

fulfills the relationsship < I e~ 213q,6z >= C,, where < ... > is the flux average.

With €, = 0 the momentum is conserved and the solution takes the form (given here
for the electrons):

T N '
AP ) ks 1 %ve,ﬁcs =0 (5)

U o 2 P
e o Bad Oy i e

27T B, .en (T./m.)1/?
(that is: e— the charge (here is e > 0), n.— density, P'— pressure gradient, UL
the Loop Voltage, a = 3ER,qu.i/(T./m.)?, q— safety factor, &) = (Vi) —
V'-(If,))/(Tc/me)]"z, Voo = Vé,fij(Te/mc)lm, py— electron gyroradius)
In this formula the visours force and the e — 1 friction force are not seperated. The ion

momentum law looks much simpler neglecting terms of order (m,,’mi)1/2| that is

7 iy
Ps i o %Vé,)qu =0 (6)

The most diffieult parameter ranges in the calculation are where collision frequency
is very small. Here about 50 Legendre polynomials and 11 to 13 Fourier components
(corresponding to M = 5 or 6) are needed to obtain convergence.

Results
The bootstrap current is calculated with the formula

. I L

(here P = P, + P; is the total pressure).
Values for the coefficients are given in the tabels 1 to 3. The energy scattering parameter
3 varies from 10~ to 5.4. The results for A = 107? (the programm does not allow for

X = 0) agree perfect with that given by Kikuchi (2). The parameter X = 5.4 was
choosen by Bolton-Ware (4) because this value fits perfect to the Spitzer-Héarm parallel

conductivity.

v | A=10"7] X=10] X=54 v | A=10"2] A=10| A=54
0.025 1.41 142 1.46 0.025| =0.29 -0.434 | —~0.715
0.05 1.34 1.35 1.38 0.05 | =0.161 ~0.30 | —0.541

0.1 1.24 1.25 1.27 0.1 —0.020 -0.14 | -0.34

0.2 1.11 1.11 1.11 0.2 0.13 0.026 -0.12

0.3 1.02 1.01 0.99 0.3 0.21 0.12 -0.001

Table 1: The bootstrap current Table 2: The bootstrap current
coefficient Lg;/+/€ for € = 0.22. coefficient L{5/\/€ for € = 0.22.
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v* A=10"%| XA=10] A=54
0.025 0.62 0.68 0.73
0.05 0.56 0.615 0.65

0.1 0.48 0.53 0.55

0.2 0.39 0.43 0.41

0.3 0.33 0.36 0.32

Table 3: The coefficient 6 of the ion
poloidal rotation Ve') = 87T!/eB for ¢ = 0.22

Conclusion

The effect of energy scattering reduces the amount of bootstrap current related to the

temperature gradient: For equal electron and ion temperature one can write

A= —q/\/EBT(Ln -T -n, + Lyn,T').

For the example v* = 0.025 and ¢ = 0.22 one finds from the results in the tables:
L,=282 L7 = 1.66 (for A = 10-2)

and L, =292 L =1.14 (for X = 5.4)

Central peaking of density is needed in order to achieve a reasonable large bootstrap-
current.
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Measurement and Modelling of Impurity Transport in
Radiating Boundary Discharges in ASDEX Upgrade
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M. Sokoll, and the ASDEX Upgrade-.NI- and ICRH-teams

MPI fiir Plasmaphysik. EURATOM Association, Garching & Berlin, Germany

Introduction

Radiative cooling of the plasma boundary by controlled injection of medium Z impurities
has been demonstrated to yield substantial reductions of the power flow onto the target
plates as required for {uture reactors. Important key numbers for such scenarios are
fuel dilution and central radiation loss caused by increased central density of the added
impurity depending on the radial transport parameters of the impurity in the bulk plasma.
Radiating boundary CDH-mode discharges in the ASDEX Upgrade tokamak with high-
power neutral beam injection and neon as radiating species [1] were analyzed and the
impurity transport in the plasma bulk was investigated.

CDH-mode types of discharges with different bulk transport

A comparison of two CDH-mode discharges with neon is shown in fig. 1. Both discharges
have plasma current [,=1MA, toroidal

field Br=2.5T and safety factor ges=4. #8115 —— #BIR9

AW

Constant NBl-heating with Py/=7.0MW T T T MEAntetet

is used and #8115 has additional 400kW F % %1
central ICRH-heating. Neon is puffed into | PhiscaH L l s
the main chamber and the neon puff rate ‘otestiobts e T
Ix. is feedback controlled to reach a con- T IJl:EZ;"ne ;En“‘a”,'r'le ;05' \5
stant power fraction Pred/ Prear =0.9. With P—r‘gf-. ;_’;/‘y"‘

) Ne.central {5E+19} . q1.2
the increase of Prqq the ELM-type changes A i) R |
from type-I to type-IIl and the plasmade- _______ aomss _____wmee

| taches from the target plates as indicated | n Tiz0| SOft Xicentral

by the CIII signal measured directly above ' ° Jaes20f T
the outer target plate (CDH-mode). ol e T ke
After the onset of the CDH-mode both dis- més W2
charges show similar behaviour for the first | ) Winhd Jiess SD‘f} X_f,:u's s agg
0.4s. For the rest of the CDH-phase. how- fesss [ 2000
ever. the bulk transport for both discharges =ttt s
is very different. The electron density pro- CIAEER eES | gy J :':Eia
file, represented by line-averaged values of e [New=o2 1E+18
a central line-of-sight and the density ra- | . . "ZW WA
t10 Tee centrat [Tee,rho=0.5. TEMAINS constant for e sy
#8115 while it peaks for #8189. The soft Brems,p=0.2 t0a
x-ray time traces of a central chord and ﬁAoﬁa

- - F Joa
a chord with ppettan=0.5; stay nearly con-

st
ﬁ 18 2 24 23 82 36 1672 24 28 37 38
stant for #8115 and show a strong peak- time’{s) time (s)

ing for #8189. As will be shown later, this Figure {: Comparison of twe CDH-discharges
| strong peaking of the soft x-ray profile for with different central transport behaviour.

#8189 can only be explained by a central

accumulation of neon. Some indication to this is also given by the density of the fully
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jonized neon at pyu=0.2 measured by charge exchange recombination spectroscopy and hy

visible bremsstrahlung measurement on a chord with p,.14.,=0.2. The internal inclucr.ivil_y
/; is a measure of the current profile peaking. For #8183 lower [; values. i.e. flatter current
profiles, are observed due to higher resistivily in the plasma center: 7 ZepsT732 The.
stored energy Wopg reaches higher values in the case of peaked electron and Hnpurity
density profiles(#8189). :

The development of the peaking in #8189 is accompanied by a suppression of sawleet]y
and the growth of an m=1-mode while #8115 shows strong sawteeth during the whole
discharge. In a number of radiating boundary discharges (CDH-mode and H-mode) witl
parameters nearly identical to the ones presented here sawteeth are always found to
suppress central peaking of electron density and neon while the lack of sawteeth always
leads to peaked profiles. When reaching high levels of radiated power [raction Lhe plasima
is very close to the limit of sawtooth instability. We abserved discharges with and without
sawteeth in type-l ELM 'y H-modes as well as in CDH-modes. For L-mode the database is
not very large, but here sawteeth were always present. Triggering of sawteeth by central
ICRH-heating could not clearly be seen for the heating powers reached so far (== 5004517,

Modelling of Impurity Transport in the Case of no Sawteeth

The neon transport and radiation has been modelled with the radial impurity transport
code STRAHL [2] using atomic data from the ADAS [3] database. The code uses measured
profiles of electron density and temperature in the main plasma. the scrape-off layer is
treated in & simplified manner applying decay lengths which are fitted to measured data,
The radial transport equations are solved by an ansatz of anomalous and/or neoclassical
diffusivities and radial drift velocities. The neon source function is evaluated from the
measured valve fluxes using an empirical description of recycling and pumping with a
simple chamber model [4).

In fig.2 various profiles are given for three time points of the discharge #8189 and are
compared with measured values. The first time point represents the case with flat nmpurity
profile and sustained sawtooth action, the second with peaked impurity profile at the end
of the CDH-mode shortly before the neon puff staps and the third 0.5 s after neon puffing.
The total neon density and the according AZ, is shown in fig. 2a and 2h. Fig. 2d gives
the measured electron densities for these times. Note that the peaking of neon coincides
with a peaking of the electron density.

Fig. 2c and 2Ze show a comparison of measured and calculated radiation fluxes for two
soft x-ray pinhole cameras. which cover the total poloidal plasma cross section. plotted
over the minimal poloidal flux label of the according line-of-sight (negative flux labels for
chords below the plasma center). One camera is equipped with an Spm thick bervllium
filter, cutting out all radiation below ~1keV. It is sensitive to line radiation of hyvdrogen-
like and partly helium-like neon ions. but from all other ionization stages of neon and from
other lighter impurities only bremsstrahlung and recombination radiation contribute. The
other camera has a 100um thick beryllium filter, which makes the camera insensitive for
all line radiation of the light impurities due to an energy limit of 22.3keV. Thus the
100pm-camera observes always peaked profiles, while the 8ym-camera measures hollow
or peaked profiles because there is always a second maximum of the emissivity around
Ppei=0.85 due to line radiation of H- and He-like neon. The signals of both cameras are
dominated by the neon radiation and the neon on/off ratios are about 5:1 to 10:1. The
background radiation due to intrinsic impurities was Lreated by just considering carben
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and
be fitted.

agreement of the modelled and measured soft x-ray radiation fuxes.

In fig. 2¢ the modelled densities of fully ion-
jzed neon are shown together with the mea-
sured values from charge exchange recom-
bination spectroscopy (CXRS). The fit to
the soft x-ray data gives also good agree-
ment with the CXRS-data, Unfortunately
the innermost point at py=0.11 has a high
uncertainty due to low signal.

As one can see from the time traces in
fig. 1. the impurity peaking coincides with
a peaking of the electron density. Thus we
tested. whether the impurity profiles can
be explained by neoclassical pinch terms
being proportional to the slope of the pro-
ton profile (Vi fine dn,/dr), which in
turn is self-consistently modelled from the
given electron density and the impurity
density (drifts due to friction between im-
purities were neglected). However, since
the profile shape is determined by the ra-
tio of drift velocity and diffusivity a serious
test can only be performed when the anom-
alous diffusion coefficient D,, is known.
In former investigations [5] we found hol-
low profiles for the diffusion coefficient with
central values of 2-3 times the neoclassical
value (thick grey line in fig. 2f), however,
these values are sawtooth-averaged. Now
we assumed that in the sawtooth-free pe-
riod of the discharge the diffusion reduces
to mecclassical values in the center {solid
line in fig. 2f). With this low central diffu-
sion and by increasing the neoclassical drift
velocities by a factor of 1.5 (fig-2h) the
peaking of impurity and soft x-ray emis-
sion could be described. The gradients of
T. and n, are rather uncertain in the steep
gradient zone ppy > 0.9 and only anom-
alous transport was used in this region.
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adjusting the carbon level to such a level, that the pre-puff radiation profiles could
Then the transport parameters for Ne and C were adjusted to get the best
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oft-z radiation pro-

files for three time points of discharge #8189
modelled with impurity iransport code STRAHL
in comparisen with measured profiles.

Due to the uncertainties in the profiles of density, temperature, safety factor and anom-
alous diffusion this analysis of impurity peaking in terms of neoclassical theory is certainly
not a real quantitative check but the qualitative features of the strong impurity peaking

are described well.

97




af23

98

Central Impurity Transport with Sawteeth
For a first investigation of sawteeth induced impurily transport in discharge #3115 ap
unfolding of the additional soft x-ray ra-

diation _ﬁuxes after the neon pufl (mea- #8115 " -
sured with 100p0m Be-filter) was performed 2‘ Soft % Ra‘y——ﬁ
assuming constant emissivity on flux sur- ¢ 1 T—"" 147 ’
faces. Fig.3b shows the large modulation Ne.central i

g g ‘ ﬂmfﬂf

=
of the central soft x-ray emission in com- ©
parison to the variation of the central elec- ™~
tron temperature in fig. 3c and the electron o -

density in fig. 3a. From the soft x-ray emis-
2 o {‘(‘i,n e
hfﬂf,fv"/ vy

sivities the total neon densities in the cen- —~
ter and at ppor=0.5 (fig. 3d) were calculated z Te.cenrral
taking into account the central variation of 1 : i
T, while at p,,; = 0.5 constant. T, was used. " . &1 4 (/~—liling ‘_,E}
It is clearly seen that in the CDH-phase 28
every sawlooth leads to a completely flat-

tened or even slightly hollow profile, which
develops into a peaked profile until the on-
set of the next sawtooth. Just after the
neon puff starts the neon profile is of course
hollow and the sawteeth cause central filling of the neon profile. These observations are
consistent with the picture that sawteeth produce a mixing of the impurity inventories
inside and outside the q=l-radius [6]. From the time constant for profile recovery after
a sawtooth crash and the sawtooth frequency the peaking for zero frequency can be cal-
culated being only =10% higher than the observed mean peaking. Thus. even hetween
sawtooth crashes the central transport of #8115 has a lower inward drift parameter com-
pared with #8189 because n, is only slighlty peaked.

24 28 20 24
time (s) time (s)
Figure 3: Suwfooth modulations of nean densi-
ties evaluated from the variation of soft r-ray
emisstvtly, eleetron density and temperature.

Conclusions

For CDH-mode discharges in ASDEX Upgrade neon density profiles have been determined
from solt x-ray measurements using the impurity transport/radiation code STRAHL. For
constant radiated power the central neon density varies strongly for discharges with and
without sawteeth. All discharges in ASDEX-Upgrade with high radiation level are close
to the stability limit of sawteeth. For discharges without sawteeth there is a strong neon
peaking which can be explained qualitatively by neoclassical drifts due to peaked proton
profiles. For discharges with sawteeth the neon peaking is reduced. The neon inventories
inside and outside the g=1-radius are effectively mixed during a sawtooth crash. Ounly
('DH-modes with sawteeth and flat electron profiles give useful values of AP,/ AZ, sy [7]
and further experiments to preserve sawteeth by central heating will be performed.
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Radial Current Balance in ASDEX Upgrade
discharges in the L and H-mode phases

H.J. de Blank, J. Stober, W. Suttrop, ASDEX Upgrade and Neutral Injection teams
Max-Planck Institut fiir Plasmaphysik, EURATOM-Association, 85740 Garching, FRG

1. Introduction

The radial electric field E, near the last closed flux surface in tokamak plasmas can
differ markedly between the L- and H-mode states and, indeed, may play a central role
in the bifurcation mechanism between these two modes. It has been proposed[1,2] that:
a. asheared radial electric field is responsible for the suppression of fluctuations and
the improvement of confinement in the H-mode.

b. near the plasma edge non-ambipolar radial particle fluxes can be identified which
depend non-linearly on E. The steady state condition of vanishing radial current yields
one or more solutions for Er. '

The combination of these two ingredients may give rise to a bifurcated state because
modified transport leads to changes in the density and temperature profiles, the non-
ambipolar particle fluxes, and hence to different solutions E,. This paper leaves open
the question whether mechanism (a) is active in creating the L-H bifurcation, or merely
describes how transport levels respond to bifurcated values of E, determined solely by
(b), although recent experiments (3] show that the E, increase takes much longer than
the actual L-H transition. In the present paper, the second assertion (b) is tested for
specific ASDEX-Upgrade L-mode and H-mode plasmas, by evaluating several sources of
non-ambipolar radial particle flux as a function of E, which, because its value is poorly
known, is treated here as a free parameter. The following fluxes are considered:

1.  The ion orbit loss flux, mainly caused by pitch-angle scattering of ions into loss or-
bits onto the divertor plates. The vertical drift is essential in explaining the preferential
loss of ions over electrons.

2. The neoclassical radial current in the collisional and plateau regimes, which can
be non-ambipolar in the presence of an electric field. ‘

3.  Charge exchange friction between the ions and atoms.

In most cases only one solution is found, usually at a low value of E,. Very close to
the separatrix this is the case because a large charge exchange flux limits E., while
far inward the ion orbit loss flux simply is too low to generate a substantial field. By
contrast, in an intermediate region 4-8 mm inside the separatrix in H-mode plasmas (but
not in L-mode), two solutions are found. This bifurcated solution may be responsible
for the hysteresis in the heating power at transitions between L-mode and H-mode.

2. Prior discussion of the non-ambipolar fluxes

jon orbit loss  The ion orbit loss flux ToL can generate a radial electric field E, < 0
because it is non-zero even if B = 0. The dominant contribution to this loss process
comes from ions with a large vertical drift (barely circulating) and a few times the
thermal velocity, which are pitch-angle scattered into loss orbits. This flux is relevant
in a layer of width ~ ppiy/€ inside the last closed flux surface, where, importantly, it
is a strictly increasing function of radius. Here pp; = mueifeB, is the poloidal ion
gyroradius. and ¢ is the inverse aspect ratio.
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The results of Ref. [4] are adopted, where the ion orbit loss process is deseribeq
as a combination of pitch angle scattering and radial diffusion, with two modifications.
(1) the effect of E, 7 0 on the loss boundaries in phase space for the ASDEX-Upgrade
single-null X-point geometry has been studied, and has been modeled by a 1-parametey
fit to the explicit expressions for Tor(FE) at the separatrix in Refs. [1,2], and (i) it i
recognized that the non-ambipolar loss flux is reduced depending on the collisionality
v, of the loss orbit. For simplicity, we take v, to be the collisionality of the ol‘iginall;-
confined ion. In fact. we believe the effect of collisions on the loss orbit to be important
and a source of high uncertainty, requiring detailed drift orbit calculations. In particular,
the average length of the loss orbits strongly depends on the ion drift direction. being
much longer in case the drift is away from the X-point. Indeed, if the collisionality on
the loss orbit is artificially doubled in our calculations to simulate unfavourable drift,
the H-mode solutions (presented below) disappear. The discharges analysed in this
paper all have the favourable ion drift direction.
neoclassical flux  In response to a radial electric field there will be a neoclassical
radial current eI'yc. for which the expressions of Ref. [3] will be used. This flux is
a non-monotonic function of E,. Hence the current balance elgr + e¢Ine = 0 may,
depending on v,, give rise to multiple solutions in E, and the L-H bifurcation [1].
charge exchange flux  As pointed out in Ref. [6]. the rotation velocity associated
with E,. can be subject to charge exchange friction between ions and neutral particles.
leading to a non-ambipolar flux Tex. This flux increases roughly linearly with E, so
that, at a sufficiently high neutral density ny, it completely cancels the non-monotonic
character of Ty, thus barring the possibility of an H-mode solution at the considered
flux surface. This is what will happen close to the edge. where ny is highest. Thus,
Pex forces the H-mode bifurcation somewhat inward, away from the separatrix. This
also resolves a technical point: the expressions for I'op and Tne do not properly take
into account the X-point geometry, and the equation T'op + I'xe = 0 breaks down at
the separatrix.

Summarizing, the possibility of a H-mode will depend critically on the existence of
a layer some distance inside the separatrix, sufficiently far so that ny is low. but not
so far that Top(r) is too small. In the following, this possibility will be investigated for
several ASDEX-Upgrade discharges.

3. Experimental data

The analysis requires knowledge of T, T}, n. and their gradients. and of ny, with
high spatial resolution in the vicinity of the separatrix. ‘A Li beam and FIR laser
interferometry provide the n.(r) measurements, while T,{r) is obtained from 16-channel
Thomson scattering and 43-channel ECE radiometry,” The used profiles are averaged
over a quasi-steady state time interval lasting 0.04-0.53s, which in most H-mode cases
is an average over many type-I edge localized modes. These profiles, together with
a parametrized T} profile, have also heen used as plasma background in Monte-Carlo
neutral particle calculations with the EIRENE code [7]. The T} parameters are fitted to
measured energy-resolved neutral flux data [8]. These calculations yvield Ti(r). nx(r).
and Tx(r) (= T; in the domain of interest).
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4. Analysis and discussion

The case presented in detail here is a discharge (ASDEX Upgrade #6138), with B, =
95T and I, = LOMA, which is in ELMy H-mode during heating with Pypy = 7.6 MW.
A time interval £ = 2 4-9 65 has been chosen where the line-averaged density is constant,
7. = 8.9 10'*m~2. The radial fluxes [or, and —~T'nc — Fex have been calculated for 10
radial positions § = 0.94,---,1.03 around the assumed separatrix position, neglecting
ion orbit squeezing effects. The radial coordinate j is defined in terms of the normalized
poloidal flux, p = /[ tsep. All particle Auxes T have been made dimensionless by
normalization with respect to nv [Qr (i.c., current densities normalized to p/rB). As
a measure of E; the poloidal Mach number M, = —E, [v;; B, is used.

0.08) 0.08 -
(b) p=0.99 s
006 008 i
oM 008 00
002
002 002 o
101
oL_ N— 0

1 2
0 M, 3 [ M, 2 3 0 n 1, 7 3

Fig. 1 Normalized non-ambipolar fluxes ['oL{7sep) (upper curve) and —I'nc — T'ex
(lower curve), as a function of My, for 3 values of the radius, p = 0.97, 0.99, 1.01.

Figure 1 shows the orbit loss flux To, and the balancing flux —'ne —Tex, for the profile
data taken at the radii p = 0.97, 0.99, 1.01. Here, Top is the total ion orbit loss flux
through the separatrix for the density and collisionality measured at the position j, not
the smaller fraction of the flux T'ov(r) ~ exp((r — Teep)/Ppiv/E) at the distance reep — 1
inside the separatrix that coresponds to f. The latter value, T'op(r), is so sensitive to
uncertainties in the separatrix that we treat it as an unknown.

i (@)fp=097] |

0.015
[ 02!

0.005 ot

0 o 0

0 ! M, L 3 0 "M, ¢ 3 ) M, ¢ 3
Fig. 2 Ratio of the fluxes, —(Tyxc + Tex)/ToL, as a function of M, for the same
discharge and radii as Fig. 1.

With this in mind, the quantity —(Tnc + ex)/Tow is plotted in Fig. 2. It is equal
to the ratio ToL(r)/Tow(rsep) that is required for current balance. This ratio being
a free parameter, curves like those in Fig. 2 determine if bifurcated values of E, can
exist at a given p: in Fig. 2, the curve for j = 0.97 is non-monotonic, allowing for
multiple solutions in E.. while the other curves do not. Note that non-monotonicity of
I'nc + Dex alone, as shown in Fig. 1 for p = 0.99, is not sufficient for a bifurcation.
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Fig. 3  Assuming that Tov(r) inside the separatrix has an exponential decay length
ppir/e, the data of Fig. 2 is expressed as a normalized radius Por- This radius indicates
how far inside the separatrix I'oL(r) iIs smaller than ToL(rsep) by the exact amount
needed for current balance. These radii need not agree with the positions where the
data were taken (p =0.97, 0.99, 1.01).

« e SES Fig. 4  Asin Fig. 3, the vertical scale is the
foL CErermed radius pgy, where Toy(r) has the value required
0.955 Y : for current balance. On the horizontal scale is the
St nermalized radius p at which the data is taken.
p 1! iR The vertical lines show the range where a bifur-
oas) | cation in M, exists. The shaded area gives the
IR correspondence between g, and p, with a +2 cin

Gdes = uncertainty in the separatrix position.
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Earlier during the same discharge, the L-mode exists at a heating power Pyp; = 2.5 MW,
At that time, —(I'nec + Fex)/Tor is a monotonic function of Mp in the entire range
p = 0.94-1.03, i.e., a bifurcation exists nowhere. However, later in the discharge the
plasma remains in H-mode when Pyp is stepped down from 7.5 MW to 2.5 MW thanks
to the hysteresis effect. In this case —(I'n¢ + I'cx)/Tor indicates that a bifurcation
is possible in the range p = 0.94-0.95. This is, however, far inward: there is a large
mismateh jg; < p, and the overlap that was found in Fig. 4 is absent.

Analysis of several other discharges confirms these findings: the data of discharges
that are deep in the H-mode are consistent with a bifurcation of E, just inside the sepa-
ratrix. In cases with H-mode just above the power threshold, the higher charge exchange
friction near the edge forces the zone suitable for a bifurcation inward. where T'op is
found to be insufficient for H-mode. This may indicate that the present model under-
estimates I'or. The analysed L-mode cases are all far away from a possible bifurcation,
independent of uncertainties in Top,.
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Transport Investigations using ”Dimensionally Similar” Discharges in
ASDEX Upgrade

M. Alexander, O. Gruber. H. -U. Fahrbach, O. Gehre, S. de Pefia Hempel, K. Lackner, H.- D. Murmann,
G. Pereverzev, H., Salzmann, J. Schweinzer, W. Suttrop, ASDEX Upgrade and NI groups
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Introduction

The diffusion of heat across magnetic flux surfaces is of fundamental importance to magnetic
confinement fusion research. Heat diffusion in tokamaks and stellarators is much faster than allowed by
neoclassical theory, and it is commonly assumed, that plasma turbulence is responsible for anomalous
transport, but the specific nature of it is still unknown. Using the scale invariance approach to
confinement scaling [1,2] the thermal diffusivity can be expressed as a power law in the normalized
gyroradius ps = pr /a~ (A{T)/2/(Ba) in a dimensionally correct form as

1= %gPs F(v,,B.q,shape, .. (m,

with the Bohm diffusivity s ~ T/B, collisionality v, ~ quj"l"1 and normalized pressure [ ~ nT/B? (safety
factor g, plasma density n, electron or ion temperature T, magnetic field B). If the scaling with p« is
known, then the transport behavior of existing experiments can be scaled to larger ignition devices
having similar q, v, and P, even without a complete understanding of the process of turbulent diffusion
[3]. The exponent ¢ of p, can be interpreted as an indication for the characteristic turbulence
wavelength A, if Vphase = Vdrift is assumed: (a) o = 1 implies A ~ pg which is called gyro Bohm like
scaling, (b) 0. = 0 implies A~a which is called Bohm like scaling, (c) 0= -1 implies A >> a which could
arise from stochastic fields throughout the plasma [4]. A scaling with an exponent 0. = -1/2 leads to the
so called Goldston confinement scaling.

The scaling of confinement with the single parameter p,, has been examined in ASDEX Upgrade with so
called "dimensionally similar" discharges by varying just p, while keeping all other dimensionless
parameters fixed. To keep q, v and { constant the relations Ip ~B,ng~ B*? and T ~ B*” have been
fulfilled in these p, scans in single null configuration (qgs =4, w = 1.7, <6> = 0.2) at densities between
4 and 10x1019 m3. We report here on scans in L- and H- mode approaching the L - H and H - L
wransition threshold, respectively, and deep in the H- mode at even higher heating powers.

Results and Discussion
1. L- Mode Scaling Experiments

The dimensionless p= scan in H* was outlined in such a way that the discharge with the lowest value of
ng (4x10" m™) and B, (1.5T) was near to the L- to H- mode threshold. Combining the L to H threshold
power Py, which is proportional to <ng> B,, and the scaling condition n, ~ B™ the threshold power
scales ~ B/, As we performed the scan assuming a Bohm like behavior the power input for
dimensionally similar scaling had to increase with Ppear ~ B? and the discharges at higher toroidal
fields have a larger distance to the threshold and are deep in L- Mode (Fig. 1). The parameters of the L-
Mode series are given in Table 1. The heating method used was neutral beam injection. We kept the
power deg.position profiles as self similar as possible by changing the beam energy from 30 keV at <n>
= 4x10"" m” to the maximum value of 55 keV at <n> = 10x10"® m™. The global analysis of the L-
Mode series showed the expected behavior of W ~ B2 resulting in a slight increase of 1R th With B (Fig.
2).

Local analysis of the series revealed the constancy of B'and v« over a large part of the cross section as
shown in Fig. 3. The absolute values of v« around half radius are about 0.3. The q profiles should be
identical as well, as qos Was kept constant and the inversion radius for sawteeth was found to be around
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Pror = 0.25 for all investigated discharges. Local thermal diffusivities were calculated with the tr:

code ASTRA and compared in Fig. 4 with scaling predictions mentioned in the introduction. It was Dot
possible 1o resolve thermal diffusivities of electron and ion channels separately due to the high densitieg
which produce a large error in the exchange power flux between ions and electrons. Therefore we used
Aegr =(MgX, + nixi)/(ne +n;). By inspection of the relation between local thermal diffusivities it jg
concluded that confinement scales Bohm like or even worse for this L- Mode series. No distingt
improvement of confinement of discharges close to the L 10 H threshold ( By = 1.5T) compared 1o the
discharges deep in L- mode ( By = 2.5T, 3T) is exhibited.

2. H- Mode Investigations

In both H- mode scans in H and D* reaching the H to L threshold at the highest field of 3T (see Fig. |
for DF) no gyro Bohm like transport behavior was found even at the lower fields, Therefore sCans were
performed with higher heating powers staying deep in the H- mode regime (Fig. 1, table 2). But again i
was not possible to achieve a Wy, ~ B,” behavior as demanded for dimensionally similar discharges
neither for gyro Bohm (4, ©), Bohm (@) or Goldston (A) like assumptions on transport (Fi 2. 2).

For a closer inspection of this unexpected phenomenon which is in clear contrast to results from JET
and DIII-D we looked for additional loss channels or other hidden parameters influencing the scaling
experiments. First we looked for a possible influence of the radiated power and the type I ELM behavior
on the global confinement (represented by the H- factor U trrerser) of the ASDEX Upgrade discharges,
The radiated power normalized to heating power was nearly constant and around 0.3. No dependence of
confinement deterioration with increasing B on radiation could be detected. The ELM frequency at the
different magnetic fields was nearly constant or even decreased with enhanced beating. In addition, the
energy losses per ELM exhibited a nearly constant value of about 20-25k1 per ELM. Thus no dramatic
change in ELM induced losses could be detacted.

By inspection of confinement deterjoration as a function of neutral gas pressure we found that the
decrease in H- factor in the dimensionless scaling series is strongly correlated with an increasing neutral

the neutral gas pressure and not the plasma density (5]. Clearly the neutral gas density is a crucial
parameter for H- mode confinement. For the L- mode discharge series no such dependence could be
verified although variation of neutral B35 pressure was up 10 a factor of two higher,

Finally we accounted for the varying power deposition profiles in the H- mode series which could not be
kept as constant as wanted even by changing the beam energy. For this purpose we determined the
necessary heating powers at high fields to get dimensionally similar profiles under the assumption of
different confinement laws using the calculated beam deposition profiles. The H- mode discharge at B, =
2T. I = 0.8MA and <n> = 5.6x10" m™ was used as starting point for this investigation. The analyzed
Xeff Profiles were now fitted by the expression;

l+s

*= T RACHS @

with s = % for gyro Bohm and s = 0 for Bohm like behavior. Fg(pi«) is 2 profile factor accounting for
the gross radial variation of y due to the unknown dependence on vy, B, q,... of ransport. Afier scaling
Of n(pyor) of the analyzed low field discharge to the necessary values at B, = 3T according to n ~ B3,
T was simulated with the ASTRA code for different heating powers and the deposition profile
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pred:ct the confinement behavior in deep H- mode discharges in ASDEX Upgrade to be limited to Bohm
behavior at best.
Conclusions

In ASDEX Upgrade both L- and H- mode discharges at high plasma and neutral gas densities show a
Bohm like confinement at best. For the L- mode such a behavior is in agreement with the ITER§9-P
scaling. For H- mode this is quite different from results of scaling experiments obtained in DIII-D and
JET [6,7] and of global energy H- mode confinement scalings done for ITER. The plasma densities in
our dimensionally similar ps scans are higher than those in [6,7] and exhibit high neutral gas densities,
both in the divertor and the main chamber. This points to a hidden parameter like the nonlinear relation
petween neutral gas and plasma density which may lead to changes in the transport behavior not
covered in the scaling relations of eq. (1) not taking into account atomic processes. This offers another
explanation of the recent JET results [6] showing a confinement de; gradaiion from gyro Bohm like to
more Bohm or Goldston like behavior in the H- mode when approac un& the H to L transition threshold
as this was connected with an increased plasma density of 7. 5x1019

Another obvious difference is in the collisionality being around v, = 0.1 at pyo; = 0.5 in our H- mode
scans compared 10 vatues about 10 times lower in the two other experiments. If this is the cause for the
discrepancy a simple power law for ps as described in (1) would be discarded. Additionally the
necessary strong v, dependence would be in contrast to the ITER92-P H- mode scaling showing only a
very weak v, dependence.
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Tables
shotno.| BM | 1 (MA)| <n_e> (10*19m*-3) [ P (MW) | W/W(1.5T)
#7785 i.5 0.6 4.0 1.6 1.0
#7778 2.0 0.8 5.9 2.6 1.8
#7784 25 1.0 8.0 4.4 2.8
#7768 30| 12 10.1 5.2 4.1

Table 1: Discharge parameters of L- Mode scan in H. The plasma energy W
represents an average from magnetic and kinetic data.

sholno. | B(M | 1 (MA)| <n_e> (10*19mA-3) P (MW) |W/W@D
#8120 20| 08 5.6 3.7 1.0
#8121 25 1.0 7.5 4.6 1.3
#8123 3.0 1.2 9.6 5.6 1.6
#8126 25 1.0 7.5 5.2 1.3
#8125 3.0 1.2 9.6 7.6 1.8 |
# 8257 3.0 1.2 9.6 8.6 2.0

Table 2: Discharge parameters of H- mode scans in D*. # 8121, 23 gyro Bohm,
# 8126, 25 Bohm and #8257 Goldston.
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Error Fields, Low Collisionality and High 3 on
COMPASS-D

D. A. Gates, A. M. Edwards, T. C. Hender, A. W. Morris, H. R. Wilson
and the COMPASS-D and ECRH teams

UKAEA Fusion, Culham, Abingdon, Oxfordshire, 0X14 3DB, UK
(UKAEA/EURATOM Fusion Association)

1. Introduction

Much attention has been focused recently upon the effects of neoclassical MHD on the pressure
Jimits to tokamak operation [1]. This is primarily due to the observation on several divertor
tokamaks (COMPASS-D [2], DII-D [3], and ASDEX-U [4]) that the B-limit at low density
(and hence low collisionality) is often determined by low m/n modes, and not the ideal- MHD
kink modes underlying the conventional p-limit models. It has also been abserved that plasmas
become more sensitive to error-fields as p is increased, with error-field driven islands much
larger than expected from classical non-linear tearing-mode models.

Initial calculations of the stability of bootstrap driven islands indicated instability for all values
of B. and all collisionalities (as long as the bootstrap current flows). More recent calculations
suggest that collisionality-dependent stabilising mechanisms determine mode onset. Of the two
proposed mechanisms for stabilisation [5,6] we provide evidence that the polarisation current
maodel is consistent with the observed instability regimes as a function of collisionality. We also
show that the island dynamics match neoclassical theory (see also [7]) and present a model for
the observed g-scaling of the low density B-limit.

2. Background

The equation that determines the evolution of the island is given by [5,6]:

L 2B ee)( L)
dw _ 1.22n, A’+C,E”2ﬂ,, i O w g [ P8,4ﬁpjg( ) L, M
dt u, LAw +w, w L

]
where w = island width, 77, = the neoclassical resistivity, A’= the jump in logarithmic
derivative of the flux, £= the inverse aspect ratio, §, = the local poloidal B, and L, and L, are,
respectively, the scale lengths of the pressure and the ¢ (all quantities to be evaluated at the
rational surface of interest, r=r, where m = nq(r,)). The second term on the right is the bootstrap
drive term with the effects of radial transport represented by w, [5] (important for small
islands). For COMPASS-D it is estimated to be not critical. The third term in Eqn. (1) is the
contribution due to ion polarisation currents, with pg the poloidal ion Larmor radius, and g(g)
defined by: g{g) = £ for v/ew, <<l (collisionless) and g(e)=1 for v,/ew,>>1 (collisional).
From Eqn. (1) it is found that: (a) at any moderate or low collisionality, 8,> f,(min) is required
for islands to grow at all (for A’<0); (b) at any collisionality a critical island size (w_, ) must be
exceeded before the pressure term can cause the island to grow further (i.e. for the pressure
drive to dominate the stabilisation terms), but w_, -g"?’&"'p, is much smaller at low
collisionalitics through the change in g(g); (c) once the critical island size is exceeded the final
saturated island size increases with increasing B The critical “seed” island can be provided by
various mechanisms - e.g. mode coupling from sawteeth and error-field modes. The various
behaviours are all observed to greater or lesser degree on COMPASS-D in low density plasmas.
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3. Density scaling of MHD onset

For COMPASS-D high-B discharges which are heated with high power Electron Cyclotron
Resonant Heating (ECRH), neutral particle analyser measurements indicate that T, remaing

roughly constant as P, is increased, implying that py is also roughly constant. This,
combined with the assumption that L /L, does not change significantly during a discharge,
implies that the only significant variation of w_, is due to the change in the “collisionality-like”

parameter 0=V, /e.,~n/(T.T;”) . Onset of MHD is predicted if this parameter crosses ~0.3
during the discharge [1]. Since 7 is approximately constant, lowering n, lowers &, as does

raising T,. The separation between the high and low collisionality regimes for T,=const.
becomes a B thresheld, ﬁp»—nz. Since the high collisionality regime requires a higher B before
pressure-driven islands can occur, the theory can be tested by scanning f at various densities -
the critical p for island growth should scale as #* until § is high enough for the high collisionality
regime (where w,_,~4cm as opposed to ~2cm) to become unstable. The experimental results are
shown in Fig. 1 (open symbols, no RMP), and while there are fitting parameters, the trend with
n’ is clear. The error-field points are described below.
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4. Island dynamics

Another way to test the threshold features of the model is from the island dynamics. This is
illustrated in Fig. 2. Here the rotating island was created by applying an error-field with the
RMP coils at high § and then removing the error field. The island width is seen to fall as the
power falls in time. The curve matching the measured island width is derived from Egn. 1. As
the island gets smaller, its width should fall below w_,, where the ion polarisation stabilisation

term dominates, and it is reasonable to suppose that the sudden decay at =289.5ms is due to
this.
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5. g-scaling of P-limit

If the p-limit is not due to ideal-MHD instabilities, then there is no reason to suppose it follows
an I/aB, scaling. To determine the actual scaling, a g-scan was performed at constant B (to
maintain central ECRH). The results are shown in Fig. 3 where it is seen that there is an
optimum g,;~4.5. These shots have heating alone in order to minimise changes in the current
profile, but at the expense of slightly lower maximum B (counter-ECCD gives higher p on
COMPASS-D [2]). All shots have strong m=2 activity, and so represent a limit due to MHD
(not background confinement), but the limit is not always disruptive (nor are disruptions always
at the limit).

The simple model proposed here is that the p limit is determined by the condition that the
saturated bootstrap driven island extends to a prescribed distance from the edge or axis/g=1.

This can be simply stated as: wy,,x = 0Min[rs,a—r;] where « is the fractional island width
required for this interaction. A simple scaling of the p-limit with g is found by assuming a
specific form for the g-profile. For simplicity we assume a quadratic form, g = g, + (r/a)z(%'
qp). Solving for r, and substituting the definition of 8, and A=R/a :

i 34
ﬁhm=CFT?)(M% %(qf%} Mmb’%—%_l -
A L, 19 \9.~ % g-4qq

where <p> is the volume averaged pressure and p,_ is the pressure at the rational surface. C is
a (known) constant. Fig. 3 shows the overlay of the curves predicted by Eqn. (2) as calculated
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with data from COMPASS-D. The relevant mode is nu’n:Z.’_l. It is assumed that 45 =.1 and the
terms without explicit ¢ dependence in Eqn. (2) are roughly independent of g,; or A'1s used ag
a fitting parameter to the data envelope, and reasonable values result. A more detailed mode]
including pressure profile effects gives similar results [1].

20 A T ey e e
F = Disruptive m/n =2/
r = Non-Disruptive 1

LEE

Fig. 3 Dependence of the
experimental B-limit on g,
together with a limit deduced
Jfrom neoclassical MHD theory.

6. Error Field Effects

The conventional theory of error-ficld penetration does not consider the stabilising effects of the
polarisation current. If the driven island calculated with conventional considerations is smaller
than w_, for the appropriate collisionality range, then the island may be partially stabilised. As
B, increases the stronger bootstrap drive may lead to both lower (hresholds to errorfields and to
larger final islands. Thus one would expect that to produce a substantial island a smaller error-
field is needed at higher B , and this is supported by the data of Fig. 1, where the resonant
magnetic perturbation (RR/[P} system on COMPASS-D is used to provide controlled error-
fields to test the penetration threshold. Error-field experiments at low density or high p,_ show
that, once penetrated, the island grows and often unlocks, indicating that after the seed island
has been generated the subsequent dynamics are independent of the applied error-field, again as
expected from neoclassical MHD theory.

7. Summary

There is a growing body of evidence that neoclassical MHD and bootstrap-current-driven
islands are important at low collisionality and most of the predicted features are observed on
COMPASS-D. A simple scaling matches the observed B-limit (though it is dependent on the
pressure and current profiles), and survives more detailed examination on several tokamaks [1].
Further support comes from the details of the island dynamics, where the island size increases
with B, and a stability threshold with the expected density dependence is seen. This model gives
a low critical island width (<3cm) suggesting neoclassical tearing modes may be a problem in
ITER and the B-limit may be reduced. This model also indicates why large islands are produced
by small error-fields, and hence confirms the importance of correction coils.
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Abstract. Light impurity radiation from the TCV tokamak is permanently monitored using a
four-channel ultrasoft ¥-ray (USX) monochromator based on multilayer mirrors, allowing
low-resolution (MAX=30) measuremenis in the range 200-850 eV [1]. The strongest lines

accessible 10 the instrument are responsible for about two third of the total radiated power of

helium- and hydrogen-like ionization stages of the impuritics Boron, Carbon, Niirogen and
Oxygen. The instrument can provide a direct measurement of radiation losses from H- and He-
like light impurities. USX measurements and absolute emissivities from soft X-ray tomography
(2] are used together with the IONEQ code to determine impurity levels. Total plasma radiation

is obtained from three 16-channel bolometric cameras with nearly horizontal viewing lines.

Modelling of ionization equilibria using IONEQ

The ionization and radiation code IONEQ is used for modelling of emission from light
impurities in TCV. The code uses measured electron density and temperature profiles from
Thomson scattering and calculates radiation profiles associated with the main lines of each
charge state of the impurity under consideration. It is however necessary to assume ad-hoc
transport coefficients in order to obtain sensible resulis. In order to reproduce the observed line-
brightness ratios of He- to H-like lines it is necessary lo assume a diffusion coefficient D = 0.5
m2/s [1]. By default we have adopted D=1 m2fs. It is also assumed that the impurity
concentration profile c;=n,/ne is constant in radius. This is equivalent to assuming the existence
of an inward particle pinch with a profile which is adjusted as to produce an impurity density
profile which match the measured electron density profiles. The comparison of predicted (for
ng/ne = 1%) and measured H-like line emission, which is only moderately sensitive to
assumptions on transport coefficients, can be used for estimales of absolute irnpurity
concentrations. IONEQ simulations with 0.5 € D < 2 m?%/s show that the uncertainty on
impurily concentrations based on USX line brightness measurements is a factor of 2.
Additional uncertainties are associated with errors in the absolute instrumental throughput.
Estimates of Zegs= 1 + I ¢;(z-1)z with (z=5,6,7,8) from USX and IONEQ alone are consistent
with those from X-ray emissivity [3] and near infrared Bremstrahlung within the expected
uncertainty.

The relative proportions of light impurities, such as pc=nc/(ng + nc + N + ng), are
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used for quantitative interpretation of soft X-ray emission and are less sensitive to modelling
assumptions than impurity concentrations. X-ray emissivities, normalized to nenj, have been
tabulated for the species of interest as a function of T using IONEQ [3]. Since most of the soft
X-ray radiation, which is filtered using Be windows to contain enly photon energies in excess
of 1 keV, originates from fully ionized impurities in the core plasma, these emissivities are
insensitive to assumptions on particle transport, and are hence more appropriate for absolute
estimates of impurity concentrations. Soft X-ray based measurements of light impurity
concentrations are however dependent on the assumption that the impurities monitored are
responsible for most of the soft X-ray radiation. This assumption is supported by preliminary
measurements of FeXVII line emission at 826 eV. The identification of the Fe line remained
inconclusive because of the proximity of an OVIII line at 820 eV. The measurements however
give an upper limit, nge/ne € 1075, at which level metallic impurities from untiled parts of the
stainless steel vessel are expected to contribute less than 10% of the total soft X-ray emission.

The total power emitted from H and H-like light impurities, which contribute to radiation
losses, can also be obtained from the measured line brightnesses. To this effect the radiation
profiles calculated by IONEQ are volume integrated using the flux surface geometry from the
equilibrium reconstruction. The estimate is fairly insensitive to assumptions on particle
transport coefficients which only affect the position and width of the radiation shells. Note that
although lower ionization stages may be responsible for a large fraction of the radiated power,
their radiation is emitted too close to the plasma edge to make a significant impact on
confinement.

Monitoring of impurity levels

Long term monitoring of vessel conditions is achieved by means of a reproducible
‘standard discharge' in a Single Null diverted configuration, which is produced at least once
every operational day. The relative proportions of light impurities undergo dramatic changes as
aresult of vessel conditioning such as glow discharge cleaning and boronization [4].
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Fig.1 Evolution of light impurity concentration and plasma purity after a boronization
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On the first discharge after a reboronization carbon levels are reduced by a factor of 10,
Oxygen levels by a factor of 2-3, while Boron accounts for more than 90% of the light
impurities (fig.1). Over the subsequent ~ 10-20 discharges Carbon and Boron concentrations
return to their pre-boronization levels (~1%) while Oxygen levels continue to drop by a further
factor of 2-3 to about 0.1%. After the first 10-20 discharges, impurity levels, including the
reduced Oxygen level, remain fairly constant for hundreds of discharges.

Influence of discharge conditions and plasma shape

The core impurity concentrations were inferred from the tomographically reconstructed
core X-ray emisivity together with light impurity proportions from USX measurements and
IONEQ simulations for a wide range of inner-wall limited ohmic L-mode conditions
(120<I, <600kA, 32me»<9x1019m-3, 1.1<Kg5<1.8, -0.32895<0.5, [5]). The corresponding
values of Zoft are shown versus > in fig.2 for 89520, where the symbols refer to classes of
ohmic power density at the last closed flux surface, Py,/S. Low power and high density is
favourable for plasma purity. These dependences were not observed for 835<0. In this set of
experiments the proportion of Carbon increased with & for x > 1.4 (fig.3). The higher Carbon
concentrations may be due to the higher ohmic power necessary to sustain discharges with high
triangularity [5] and to differences in the boron coverage of the wall areas wetted by the SOL.
During the course of these experiments (~150 shots) the part of Carbon in the impurity mixture
of standard discharges increased from 0.4 to 0.6, suggesting a stronger than usual erosion of
the Boron layer, possibly due to the higher power discharges in the series [4]. Despite the
differences in the impurity mixture, the radiated power fraction Pr,g/P,,, as determined from
bolometry, is remarkably independent of plasma shape, showing that differences in radiation
losses cannot explain the reduction of energy confinement time with increasing triangularity [5].
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Fig.2. Dependence of core Zeff from X-ray
tomography on line average density.
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Fig.3. Dependence of Carbon proportion
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Pr.a/Pon depends mainly on the electron temperature near the LCFS (fig.4a), which itself
increases with Pyy/Sn, (fig.4b). In fig.dc the ratio Pygy/P,,4 is shown to rise sharply as
function of Te(0.9a). The increase corresponds to changes in the dominantly radiating
ionization stages, with He and H-like stages dominating at Te(0.9a) > 200 eV. Comparison of
absolute values shows that the overall throughput of the USX diagnostic is underestimated by a
factor of 2-3.
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Fig. 4. Dependence of radiated power fraction (a) on edge temperature measured at r/a =0.9.
Relation (b) between P,;/Sn(0.9a) and Te(0.9a). Dependence (c) of ratio of H- and He-like
radiation to P, on Te(0.9a). The set of data was restricted to intermediate values of elongation
for clariry, 1.4<k<1.7. Symbols refer io classes of triangularity (+ §>0.2, 0 0<8<0.2, + §<0).

Conclusions. Altough the impurity mixture varies with plasma shape, overall impurity
content and radiation losses depend mainly on edge conditions such as P,,/S, Te(0.9a) and n,..
The dependence of energy confinement on triangularity reported in [5] cannot be accounted for
by radiation losses. The USX 4-channel multi-layer mirror monochromator has proven to be a
valuable diagnostic for monitoring the content and radiation losses of H- and He-like light
impurities.
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Ohmic H-modes have been obtained in the TCV tokamak (R =0.89 m, a<0.25m,
B7<1.5T) in large range of configurations for different x and & (). For certain discharge
parameters and wall conditions, long ELM free H-modes have been obtained. These ELM
free H-modes terminate by a disruption or often by a transition to the L-mode during current
ramp-down. Following the L-H transition, a rapid density increase is observed. In TCV this
density increase can have either a flat or peaked profile. In such long lasting ELM free H-
mode the particle transport can be studied to examine the difference between flat and peaked
density profiles. The electron density profiles are measured using a 10 point repetitive (every
50 ms) Thomson scattering system together with a 6 channel interferometer. The behavior of
the density in ELM free H-mode discharges for k= 1.66 and 8= 0.43 is described in this
paper.

The initial high density increase, following the L-H transition, levels off to a plateau
or low level density increase after 30 ms at the plasma edge and 200 ms at the center. Due to
the rapid density increase at the plasma edge just after the L-H transition the electron density
profiles are initially always flat or slightly hollow. The subsequent evolution can however
lead to the formation of either a flat or peaked profile in an otherwise similar discharge as
seen in Fig. 1 and Fig. 2 for Single Null configurations. Since the particle source is localized
in the plasma periphery and the density profile is initially flat, the peaking in the case shown
in Fig. 2 must correspond to a strong inward convection of particles.
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Fig. 1 Shot with flat electron density profile Fig. 2 Shot with highly peaked electron density profile
Ip =426 kA, x = 1.67, d=042 Ip =420kA, k= 1.64, 6=046

-L-mode -- dashed line, H-mode solid line in these figures.

115




af32

We also observed cases where the density peaking occurs after a period where (he
profiles are flat or where the profile peaks only in the central part of plasma. The temperatyre
profiles are very similar for both categories of density profiles. Since the electron temperature
is always peaked and usually increases only near the plasma edge just after the L-H
transition, the pressure profiles are peaked even for flat density profiles.

In order to determine whether the observed density peaking is due to Impurity
accumulation at the plasma center, we investigated the spatial and temporal variation of Zagp
obtained from multicore Bremstrahlung and reconstructed X-ray emissivity(@. In both cases
(peaked and flat profile) the Zef profile remains flat or slightly hollow for the duration of the
H-mode. This indicates that the observed spontaneous peaking of the density profile is not
concomitant with central impurity accumulation. The overall impurity concentrationg do
however increase during ELM free H-modes, with Z rising to near 3 after 0.5 seconds of
ELM:-free H-mode, but the rate of increase is the same for peaked and flat ne profiles.

A study of the inversion radius g=1 and the sawtooth amplitude have been made
using a soft X-ray tomographic reconstruction technique(3). The inversion radius and
sawtooth relative amplitude (in “energy") is calculated from Single Value Decomposition
(SVD) of the local emissivity matrix. The inversion radius increases rapidly at the L-H
transition, which is expected from the rapid temperature rise (in about 10 ms) at the plasma
edge, causing changes the current profile. However, shortly after transition, the inversion
radius drops and is the same for both peaked and flat profiles. We observed a larger increase
of the inversion radius for the flat than for the peaked profiles. The sawtooth amplitude
decreases rapidly after the L-H transition and the decrease is the same for flat and peaked
profiles. This behavior of sawtooth amplitude and inversion radius suggests that the
flattening of the ne profile is not simply a consequence of the reduced sawtooth activity.
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Fig. 3 Inversion radius ( vertical) after transition Fig. 4. Sawtooth “energy” from SVD of Soft X-ray matrix

solid points are the shots with peaked and open symbols refers to flat profiles for both of these figures
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We examine particle transport in these H mode plasmas by calculating the diffusion
coefficient and inward drift from the experimental data. At the L-H transition, as observed in
other experiments a strong particle and energy barrier is created near the plasma edge.
Therefore we assume that D is very small near the plasma edge in the H-mode. Due to limits
on spatial resolution of the Thomson scattering system (about 4 cm ) the ne gradient cannot
be resolved in this region. The expected gradient length of density near the plasma edge is
about 1 cm. We analyze the central plasma region r/ro=0.05 to 0.7, only, as r=0 has to be
also excluded due to 1/r term in the equation.

The density profiles can be analyzed using the particle conservation equation in quasi-
cylindrical approximation:

a—“f : %(a%(rre)k Se. (1)
where: Se is the electron source, which in our case is non-zero only at the plasma edge, 50
Se(r,0)=0. is assumed for our calculations. T is the particle flux which can be expressed as

on
Ie=-D Bre +neV, where V is the inward pinch velocity. Substituting I'e into (1) after

integration one gets:

D?—n‘g-nev='1‘J’r il dr (2)

0 ’ .
so that if ne is known as a function of both r and t, we have an equation with two unknowns
D and V. In the following calculations we assume that D and V are time independent
functions during the ELM free H-mode. With this assumption one can write the equation (2)
for two different times and this way gets two equations with two unknown D(r) and V(D).
However it is possible to do this only for the peaked profiles since for the flat profile the first

term is zero.
T
one 1 one
For flat proﬁles¥ = 0. and, —neV=[_‘ r 3_1. dr from which V(r) can be calculated.
0

It should have been realized that this is only a maximum V for which the flat profile can
persist. Smaller V could also lead to flat profile as the plasma would be filled with particles,
if there is a very small diffusion near the plasma edge, typical for the H-mode and larger in
the rest of the profile. This can happen as the accumulation of the particles near the plasma

edge would produced the gradient in the opposite to "normal" direction, thus the plasma
interior would be filled by diffusion. Taking this to the limit a flat profile can exist with V=0.
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and D#0. The diffusion coefficient D cannot thus be determined from the experimental data
for the flat profiles.

diffusion coerficient

Inward pinch velocity 12
02 1
T - 08
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Fig. 5 Inward velocity for different plasma discharges,. Fig. 6 Diffusion coefficient for selected L (dashed
solid line: max. V for flat profile, dotted lines: line) and H-mode (solid line) discharges
peaked H-mode prafiles, and dashed: line L-mode. (peaked profiles)

The radial dependence of the pinch velocity (Fig. 5) shows that the absolute value is
always smaller in H-mode than in for L-mode and that flat profiles have a smaller inward
velocity than the peaked profiles. Fig. 6 shows the difference between L-mode and H-mode
diffusion coefficients. The L-mode diffusion coefficient, for shots with the same
configuration as H mode but for which the H-mode was not achieved, is largest in the central
part of plasma and larger than ELM free H-mode discharges. The diffusion coefficient for
the H-mode increases with radial position. We know that at the edge it must become smaller,
$0 4 maximum must exist at some normalized radius between 0.6 and 1. Indeed, calculations
performed for DINID ELM free H-mode plasmas(4) gives the region of maximum D to be
between r/rg=0.3 and 0.7 and similar magnitude of D from 0.25 to 0.5 [mzls}.

We have observed large differences of the density profiles for very similar global
discharge parameters. Once the peaked profile is established it remain peaked till the end of
ELM free H-mode period. A simple picture of particle transport shows that for the flat profile
the inward drift is smaller than for the peaked profiles, which in turn is smaller than for L-
mode discharges. Extending the range of plasma condition and shapes (q, x, &) in the future
should give further insight into the physical processes leading to peaked density profiles.
Acknowledgments: This work was partially supported by the Fonds National Suisse de la
Recherche Scientifique.
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Shape Dependence of Ohmic H-mode Accessibility in TCV

Y. Martin, B.P. Duval, J.-M. Moret, H. Weisen

Centre de Recherches en Physique des Plasmas,
Association Confédération Suisse-EURATOM,
Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland.

1. Introduction

TCV, (Tokamak & Configuration Variable), is a compact, highly elongated tokamak, built to
study the influence of the plasma propertics on the plasma shape. The design parameters are
R=0.88 m, a<0.25 m, Bt < 1.5 T, x 3. 16 independent shaping coils allow precise control of
shape parameters such as plasma elongation, triangularity, squareness, X-point(s) location and
divertor geometry. Plasmas with up to 810 kA, 0.9 <xg5 < 2.1 and -0.45 < 895 < 0.7 have to
date been achieved. Since TCV does not, as yet, have auxiliary heating, power is provided to the
plasma by the Ohmic heating only.

Following a first observation of a clear L-mode to H-mode transitions in a Single Null plasma
discharge, H-mode transitions have been obtained in a large variety of limited and diverted,
Single Null (SN) and Double Null (DN) configurations. All the L-H transitions, from
-600 discharges, have been compiled into a database containing plasma and configuration
parameters during a short period preceding the L-H transition.

2. H-mode accessibility - operational domain

For the major configurations, L-mode to H-mode transitions have been obtained for plasma
parameters in the ranges summarised in the table below. Ip and Bt are defined positive when
anti-clockwise viewed from the top of the machine.

Configuration | Limited I SN I DN
Mag. Field (By I 10&14 | -14,1&141 14 [T]
Plasma Cur. (Ip) | 300->600 | -350->-280 | 230->520 [kA]
& | 200->450 | [kA]
Plasma Dens. (ne) | 70>110 1 25->100 1 35->110 [10%m3)
Elongation (xg5) | 13->20 1 105>1751 12->17
|

Triangularity (895) I 02->045 0.1->065 | 035->0.65

Figures 1 and 2 plot all the documented L-H transitions for the major plasma parameters and
the shape parameters respectively. The suffix '95' refers to the parameter value on the plasma
surface enclosing 95% of the poloidal flux.

Such a presentation only attempts to show where H-mode plasmas have been observed. It does
not imply that H-mode would not be achievable outside these domains. Thus, parameter values
at the boundaries can not be considered as threshold values. As an example of this, the apparent
limit at g=2 (fig 1) is due to MHD stability. The differences in plasma elongation and
triangularity between the plasma configurations is due to the presence of a belt limiter in the
vacuum vessel, which does not permit up-down symmetric plasma shapes. Moreoverxthe wide
dispersion in the data, caused by diversity of the preprogrammed plasma conditions, indicates
that the triggering of the L-H transition is probably not a simple function of any of these
parameters.
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The global database approach does not thus allow the determination of the parameters
responsible for triggering the L-H transition, so another approach is required. The versatile
control system of TCV can be programmed such that the conditions of an L to H transition are
reached by modifying each parameter separately. In order that the L-H transition occurs when
required shape and plasma parameter values have been established, and not before, two startup
scenarios have been developed. In the first , the distance between the inner wall and the plasma
is increased from a limited configuration and is used in the next section.

In the second scenario, the plasma density is slowly increased after the desired configuration
has been established. As already presented in [1,2], we found that the L-H transition occurred
once the plasma density exceeded a certain value, called the "density threshold”. This density
threshold was shown to increase as the wall conditioning degraded and to increase with the
plasma triangularity. The variations of the density threshold indicate that the density is not really
a threshold in itself, but a parameter which acts on threshold parameters such as the edge
temperature, density and/or their gradients. The fact that the first H-mode on TCV was obtained
shortly after the first boronisation and that only after recent conditioning (by boronisation or He
glow cleaning discharge), H-mode at densities lower than 3 1019 m-3 have been obtained,
corroborate this impression. Moreover, when H-mode could not be obtained in conditions
where it was expected, conditioning of the vacuum vessel often allows it to be recovered.

This influence of the wall conditioning on the H-mode implies that care must be taken to limit
and quantify any changes in the vessel conditioning. This kind of experiment should be
performed on a time scale of about an operating day, with as few intervening disruptions as
possible, in order to avoid sharp degradations in the wall conditioning. The H-mode
accessibility in the Ip-kgs domain was examined on TCV following this prescription.

3. H-mode accessibility - Ip ko5 domain

To study the boundary of the H-mode operational domain, we performed a series of SND
discharges with negative magnetic field such that the ion grad B drift is directed towards the X-
point. A plasma with the desired elongation, triangularity and current was created in limited
configuration, on the central column and the plasma density raised to a value above the expected
H-mode threshold. The plasma was then moved off the wall resulting in a single null diverted
configuration.
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For each elongation in the range 1.05 —1.65, the plasma current was increased, from shot to
shot, until an L-H transition occurred. Typically, when the plasma current was sufficient, the
transition occurred when the inner gap was larger than ~lem, The TCV shaping system
allowed us to change kg5 with only minor changes in the other shaping parameters.

The lowest x obtained (1.05) was limited by difficulties in creating these configurations with a
set of discretely located shaping coils and the approach of the edge safety factor to q9s=2. The
upper limit on % (1.65) was in turn restricted by the vertical plasma stability. The installation of
internal vertical control coils should allow this value to be increased.

Figures 3 show the results of the H-mode accessibility in the Ip - x domain. Each discharge in
the experimental series is represented by up to 3 symbols, linked by a line. Discharges in which
an H-mode transition was not

observed are indicated by hollow 350 lH—Mode = 6_-‘
diamonds with time slices taken at v | - Mode : :
100ms intervals after the divertor ‘ . o By
was formed and the plasma density ~ 300p - e MQ &
is being further increased. The H- = : ’
mode accessibility boundary is § : hﬂ % e &
revealed by the first discharges which -9-250 ____________ .-&-om& "8 e
show an H-mode transition. These e T
glscharges are represented in ﬁg.ur.e 3 ol o
y groups of symbols containing :
diamonds and a square. The time 2007 w S
slices are indicated by: a) diamonds . : ;

1 1.2 1.4 1.6

during the inner wall separation and

b) a square just prior to the H-mode . Ke5
transition. The squares thus delimit Fig 3; Squares represent the boundary between L and

the H-mode accessibility in that -mode accessibility in the Ip -x domain.

another discharge with higher Ip would also transit into H-mode. This boundary divides the Ip -
x graph into L-mode and H-mode regions, showing that more current is required for
discharges with higher x.

It is worth remarking that an Ohmic H-mode has been obtained with Ip lower than 200 kA and
an almost circular discharge (k ~ 1.05).

The threshold values of the safety factor increase with

H - Mode : o | the elongation, as shown in figure 4. This shows that
4L -""M‘?de‘ e ’ 1 the safety factor near the edge can not be a parameter
: : « | which directly determines the threshold. Since the
u-,3-5 .......... SRR O‘PQ- 5 E
@ ; e 5 )4 % | average plasma current density also varies at the
G 3 3 0P ,4_%.;,;._ .| boundary it can be similarly excluded.
8 & :
2 b%.?‘foﬁo' ......... .
5 ‘3 % : | Although this experiment did not allow us to
2 : : .| determine the parameter responsible of the L-H
1 1.2 1.4 1.6 transition triggering, a clear boundary was found in
K95 the Ip % domain.
Fig 4: H-mode boundary limit in the
qos / Kos domain
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4, Discussion

The success of this experiment emphasises the

importance of the configuration evolution in

the determination of the boundaries of the H- & -

mode accessibility domain. This must kept in -

mind when looking for threshold values of 0

heating power. With additional heating, the 01|19

input power may be approximaiely considered %)

as a free parameter so the determination of a BN 0.05|: -

power threshold is possible. For ohmic

heating, due to its dependence on plasma 0 —

density, current and shape, a precise @ J'V?*Bt 200 .’\}gBt 20

determination of the ohmic power threshold is

difficult. However, from the database, the Fig 5: Ohmic power at the L-H iransition
; : ) e sz compared with the ASDEX scaling.

ohmic power which was applied to the plasma ‘

for all the compiled transitions can be plotted. The comparison of the ol

surface against the product of the plasma density and the magnetic field, as sl figure 5,

with the ASDEX scaling represented by the solid line, indicates that the chmic pawer is in the

range of the usual | “needed to get an H-mode. ( The effects of radi

per unit

ation are neglected)

5. Conclusion

Following boronisation, TCV has shown a remarkable facility to access H-mode with Ohmic
heating alone. H-modes have heen observed in virtually all categories of configurations (SND
DND and limiter) and over a wide range of plasma parameters. The accessibility has been
found to depend on the wall conditioning and, if this is sufficient, a minimum density and
plasma heating current for a given configuration have been found necessary to obtain an H-
mode transition. These threshold behaviours, indicate that other parameter(s) (such as edge
density, temperature, or their gradients) may determine the occurrence of the 1.-H transition.

These experiments emphasise the requirement that a single parameter at a time be varied at least
until the dominant factors have been determined.

As an example, the results of the H-mode boundary limit in the Ip-1 domain have been
described. It is seen that less plasma current was required at lower values of ¥ with an H-mode
obtained for a near circular plasma with Ip ~ 200kA. This demonstrates the ability of TCV to
examine the H-mode threshold as a function of a single shaping pzrameter while keeping other
parameters as constant as possible.

Acknowledgements: This Work was partly supported by the Fonds National Suisse de la
Recherche.
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The TCV vacuum vessel is continuously welded and has a low toroidal resistance (45 p€2) for
passive stabilisation the plasma vertical motion. Consequently large vessel currents, up to
200 kA, are induced by the loop voltage during breakdown. They create a vertical magnetic
field of the order of 10 to 20 mT that must be carefully compensated to achieve discharge
breakdown. This compensation as well as the creation of a poloidal field quadrupole rely on
accurate magnetic measurements and a precise model of the electromagnetic properties of the
vacuum vessel.

Magnetic diagnostics. TCV magnetic measurements consist of: (i) 38 poloidal flux loops
wound on the outside of the vessel: (ii) 4 arrays of 38 magnetic probes measuring the tangential
field inside the vacuum vessel: (iii) one flux loop on each of the 23 poloidal field coils; (iv) 20
current sensors for the poloidal and toroidal field coils. In addition to an accurate calibration, the
consistency of all these measurements has been enhanged by small corrections in their
calibration and in the sensor position, leading to an error better than 0.5 mWb and 0.5 mT for
the flux and field values, and about 1 mm for their position [1].

Vessel model. The vacuum vessel is made of stainless steel, 15 mm thick in the cylindrical

parts and 20 mm thick on the top and bottom. Port holes in the vessel make its electromagnetic

modeling difficult. Instead of a complicated 3-D representation, a toroidaly symmetric model

with an experimentally determined spatial distribution of the effective resistivity was chosen.
" The vessel is divided in current filaments I, whose voltage equation writes

0 = Ryy Iy + Myy dIy/dt + My, dI/dt (n

Ryv is the diagonal matrix of the sought filament resistances, I, are the currents in the active
coils and the M's are the mutual inductance matrices. These depend only on the geometry and
are assumed to be known exactly. Trapezoidal current waveforms much longer than the vessel
time constant (13 ms) are separately injected in each active coil. During the ramps Iy and dl/dt
are constant and from eq. (1) one derives the vessel currents

Iy =- Yyy Mya dla/dt, - 2)
where Yyy = Ryy!. The flux and field measured by the magnetic sensors are

Yr=Mp I+ My Ly
Bm=Bmala+Bmvly 3
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The vessel filament resistances can be deduced from these measurements by solving for Y, in
a least square sense the equations

Wi - Mpa [ = Mgy Iy = - Mgy Yyy My, dla/de
B -Bmala =Bmy Iy = - By Yyy Mya dl/dt (4

The differences in the rhs are calculated using the flux and field values during the current flat
top. In fact the available data allow the determination of only a limited number of filament
resistances. Thus the latter are
combined either in vessel
segments, appropriate base
functions or vessel
eigenmodes by mean of a 0.4} -
rectangular matrix Tyy and
by replacing Yyy by Tyw
Yww in eq. (4). Figure 1
compares the measured
vessel resistivity with arough o
estimation obtained from the

Vessel resistivity [mOhm.m]

T T

vessel geometry and its
specific resistivity. The 0.1~
influence of the ports holes is
clear and leads to an average 0 ; : ; :
discrepancy of 20% which 0 0.2 0.4 0.6 0.8 1
must be accounted for in Normalised vessel coordinate (out—top-in-bottom—out)
programming the breakdown
field,

Fig. 1. Vessel resistivity distribution along the vessel perimeter. Dotted
line: constructional estimate. Solid: measurement and its error.

Estimatin of the magnetic field configuration. The basic ingredients in determining the
magnetic field topology inside the vacuum vessel prior to plasma breakdown are the currents in
the active coils and in the vessel. These can be derived from the magnetic measurements by
solving in a least square sense and with appropriate weights the set of equations

W =My I + Mgy Iy
Bm=Bmala +Bmy Iy (@]
=l

The last equation has been introduced to account for errors between the measured (J,) and
adjusted (I5) coil currents. This method however has proven inadequate and gave a poloidal
field null location that did not coincide with that of the breakdown seen on Hy detectors.
Equation (1) was then also used to account for the time dependent vessel currents in a
consistent way. This new set of equations (5+1) is then solved over a time period prior to
breakdown, using a two point difference operator for the time derivatives. The difference in the
vessel current distribution estimated by these two methods is large (fig. 2). The latter however
results in a estimation of the field inside the vessel and has been extensively used to optimise
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the breakdown conditions. The drawback is the large size of the system to be solved, typically
6000 x 2000. To circumvent this, a Kalman filter was set up [2] which works as a best state
estimator for the state space system whose states are (IpIv), whose inputs are dI/dt and whose
outputs are the (Yr,Bm,Ja). This approach gives comparable results at much reduced
computation time. Because it is fast and it relies only on past samples, it could be implemented
in real time as part of the future TCV digital control system.

Creation of plasma breakdown. Breakdown conditions are established in TCV by the
MGAMS plasma control algorithm [3]. As part of the shot preparation, MGAMS computes
the coil currents as functions of time such that the poloidal field vanishes at the desired
breakdown position, at time t=0. In addition, we prescribe a positive vertical field gradient,
dBz/dr > 0, in order to ensure vertical stability of the initial plasma. These calculations involve a
complete simulation of the experiment, including induced currents in the vacuum vessel and
plasma current startup. The main difficulty with this approach is that the precision of the
poloidal field configuration that Vessel current distribution [kA/m]

can be achieved in the 90 - - .
experiment depends on the ; : =3

accuracy of the tokamak model 80 i : '
used in the simulation. In 44
TCV, this problem is
particularly severe since the 60
vacuum vessel has very low
toroidal resistance. Reliable
breakdown at loop voltages of 40
the order of 10V can only be
achieved when the poloidal 30y
field errors are less than about 20
0.5mT. This accuracy can be
obtained by adding small 10
corrections to the prescribed
values of Bz, Br, dBz/dr,
dBr/dr, at the desired Fig 2. Vessel current distribution along the vessel perimeter. Dotted

breakdown position} at time line: estimation without vessel current dynamics. Solid: estimation with
vessel current dynamics and typical error.

50

0.2 0.4 0.6 0.8 1 |
Vessel normalised coordinate (out-top—in—bottom—out)

t=0. The corrections are
deduced from off-line vacuum field analysis, as described in the previous paragraph.. Plasma
breakdown has been set up at various position in the vessel: z = 0, +0.23 and 10.40 m, for both
directions of plasma current and of toroidal field. In all situations the vessel currents is similar
to that plotted in figure 2. An example of the magnetic field configuration prior to breakdown is
shown on figure 3 (left) for z = -0.23 m. The field modulus is less than 1 mT in a region of
more than 0.2 m in diameter. The example on the right of this figure is the field configuration
for a simultaneous breakdown at z = £0.40 m used for the creation of a doublet [4].
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Fig. 3. Vacuum magnetic field configuration prior to plasma breakdown. Dotted lines are the magnetic field
modulus contours labelled in (mT]. Numbers on the coils are their current estimation in [kA]. Left: breakdown
atz =-0.23 m. Right: simultaneous breakdown at + 40 cm for doublet creation,
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1. Introduction

Doublet-shaped plasmas were studied at General Atomics for many years [1,2].
Research in this field was stopped in 1984, when Doublet IIl was converted into DIII-D.
Recently, the doublet has received renewed interest [3] because it has an intrinsic zone
of negative shear, which is tied to the magnetic configuration and does not depend on a
hollow current profile. Negative magnetic shear is thought to have beneficial effects on
plasma confinement in tokamaks [4]. Auother important property of doublets is the fact
that vertical instability growth rates are much lower than in D-shaped plasmas with the
same overall elongation [3].

In this paper, we consider three different scenarios for creating doublets and we
summarize initial experimental work in this field on TCV.

2. Theoretical Scenarios for Creating Doublets
2.1. Lateral Constriction of a Highly Elongated, Racetrack-Shaped Plasma
Figure 1. shows a sequence of theoretical free-boundary tokamak equilibria

illustrating this scenario. Stability analysis of these equilibria shows that the vertical
“growth rate first increases, as the elongation grows, then goes through a maximum, and
finally decreases. The maximum growth rate is reached at the time when the internal
separatrix begins to form. Its value depends on the assumed profile functions. For typical
TCV profiles, the predicted maximum growth rate is beyond the ideal stability limit and
for this reason, no experimental work has been devoted to this scenario so far.

107 kKA 357 kA 643 kA 1000 kA 1000 kA
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857 kA 714 kA
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Fig.1. Theoretical scenario for creating doublets by lateral constriction
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2.2. Hour-glass scenario

This scenario (Fig.2.) starts with a pear-shaped plasma representing the upper lobe
of the doublet. The poloidal flux is controlled in such a way that it stays constant an the
boundary of the final doublet shape. When the current is gradually increased under these
conditions, the plasma spills over into the lower lobe, an internal separatrix appears and

finally the currents in the two lobes become equal.

3

/'_

166 kA 340 kA 450 kA 600 kA 750 kA 1000 ki

Fig.2. Theoretical scenario for creating doublets by "spill-over"

However, the existence of the intermediate equilibria in this scenario depends on the
assumed current profile. For broad current profiles, all equilibria exist, as shown in Fig.2,,
whereas for peaked profiles, the highly asymmetric doublets (Fig.2e ) can not exist in the
sense that they cannot be generated with the TCV poloidal field coils. The boundary
between existing and non-existing equilibria manifests itself by an extreme sensitivity of
the plasma shape to small variations in the coil currents.

200 kA 650 kA

50 kA 300 kA 450 kA 570 kA 900 kA
= ; Y= —

r.

@  ® @

Fig.3. Theoretical scenario for creating doublets by merging two plasmas

2.3. Merging of two Droplet-Shaped Plasmas
This was the preferred scenario in the original doublet experiments at GA [2]. A
sequence of theoretical equilibria based on TCV geometry is shown in Fig.3.
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3. Doublet Experiments in TCV
3.1. Pear-Shaped Plasmas

The hour-glass scenario described above has been investigated experimentally in
TCV: Pear-shaped plasmas have been created in the upper half of the vacuum vessel and
a constant flux has been produced on a doublet-shaped contour (Fig.4.). However, when
the current is increased, q drops below 2 before the plasma spills over to the lower lobe.
This behaviour seems to be connected with the shape of the current profile. Plasma
current profiles cannot yet be measured directly on TCV, but we can get some information
on the width of the profile from equilibrium reconstructions. We find that in TCV ohmic
plasmas, the profiles are rather peaked. If we try to compute the theoretical scenario
(Fig.2.) using current profiles resembling the experimental ones, we discover that some
of the intermediate equilibria cannot be generated and that the end of the 'cxpcrimemal
scenario (Fig.4.) roughly corresponds to the boundary between existing and non-existing
equilibria,

The hour-glass scenario may be feasible in the future, when current profile
modification with ECRH will become possible on TCV.

Equilibrium Reconstruction SHOT: 6760

0.1000 secs  0.1500 secs  0.2000 secs  0.2500 sees  0.3000 secs  0.3500 secs  0.4000 secs
90 kp 17 le 403 kA 428 kA 444 KA

Fig.4. Experimental TCV equilibria showing the initial phase of the hour-glass scenario

3.2. Merging of two Plasmas

The TCV poloidal field coil set allows the creation of two quadrupole nulls inside the
vacuum vessel, as described in [5]. In order to create two plasmas, the breakdown at the
two nulls must be exactly simultaneous, because if one plasma starts up slightly too
early it destroys the field null for the other plasma. If the two currents are roughly equal,
they can both grow and finally merge to form a doublet. Initial experiments along these
lines have produced doublet shaped plasmas with Ip=110kA and x=2.6, lasting for about
10ms. As an example we show the reconstruction of an experimental equilibrium
(Fig.5a). Plotting this result in K-Ip space, together with the TCV data base, shows how
far the doublet lies from all other plasmas produced in TCV up to now (Fig. 5b).
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Scalings of Resistive Mode of Finite Pressure

D.H. Liu, J. Li* and T. Hellsten
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Abstract: Stability analyses of internal resistive MHD modes resonating at the g=1,2
or higher surfaces in Tokamak are examined. Special attention is paid to the resistive
scalings of modes with different poloidal mode numbers and their different transitions
induced by reducing the resistivity, beta value, or shaping the current density profile.
1. Introduction: In recent experiments, it has been observed that peaking the plasma
current by different techniques has resulted in high beta and good confinement!!>34-1.
However, many of the discharges disrupt after beta has reached saturation. The arising
of 2/1 and 3/2 or 4/3 modes (often at lower amplitude) are usually associated with
degradation of confinement time and beta values. Thus it is necessary to study the
internal low n modes carefully to provide detail understanding of these instabilities
and means of avoiding them. A vanishing of current density and its gradient at the
edge are necessary for stabilising the external kink mode. Since complete stabilization
of these instabilities is possible for a sufficiently peaked current density!®), we
concentrate on the internal modes, especially, the behaviour of resistive scalings of
internal modes with different poloidal mode numbers, their transitions, and effects of
on-axis safety factor, resistivity, beta, Suydam criterion as well as shaping of the
current and pressure profiles.

To study the effects of the current density and pressure profile, we represent these as

_reni’

by =dpl1=r" )" +ce 4 sin

(r_r‘)rr

:
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- C{r—r
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2. Resistive modes resonating at q=2 surface: Usually only two unstable modes are
found for m/n=2/1. Fig. 1(a) shows how the pressure gradient at the rational surface
affect the two m/n=2/1 modes. It can be found that decreasing the p7_ will stabilise
the interchange mode when beta is still finite while the kink mode is not. The effects
of shaping the current density and pressure profiles are studied in Fig. 1(b), where the
growth rates of kink mode for different current profiles expressed in terms of the
internal inductance are plotted as a function of the peaking factor of pressure
(po/ < p>). It is clearly seen that for the low p,/< p> (broad pressure profile), the
growth rates decrease dramatically with the increasing internal inductance (gradually
peaking the current density profile) while for the high p,/<p> (peaked pressure

profile), the growth rate is relatively insensitive to the internal inductance. This may
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be understood by the fact that peaking of the current density profile increases the
magnetic shear near the edge that stabilises the large pressure gradient induced by
broad pressure profiles. The result agrees well with the study of pressure profile
effects on kink modes!s” and experiment results that obtained high beta value as well
as improved confinement by using current ramp down techniques to create peaked
current profileB+3l.

Fig. 2(a) shows the transition from kink mode to tearing mode!*#). Here in our case,
it occurs for m/n=2/1 modes with small beta value. It can be found that with the
" to 0, which is the

classical scaling of tearing mode in the limit of zero pressure. The growth rate as a

decreasing P, the resistive scaling gradually changes from 7

function of resistivity using A' theory at zero beta has also been calculated (dashed-
dotted line in Fig. 2(a)). It can be seen that the growth rates of the kink mode as a
function of the resistivity at B=10"" agree with those from A’ theory at zero beta. The
growth rate of the interchange mode is shown in Fig. 2(b). The resistive scaling of the

interchange mode is always 1’

, independent of the beta values.

3. Resistive modes resonating at g=1 surface: Usually there exist several modes
with different radial node numbers resonating at g=m/n=1 surfaces, the exact number
of unstable m/n=1/1 modes depends on the values of beta and resistivity. Fig. 3(a)
shows the growth rate of different m/n=1/1 modes as a function of beta and Suydam
index. Seven different unstable modes are found resonating at the same surface when
beta is 5%, their growth rates decrease with beta and Suydam index. When Suydam
index reaches 0.6 (beta= 0.35%), only four modes are left. By scanning these modes
over the resistivity, we found that the mode with one radial node and largest growth
rate has an ideal mode scaling, 7°, whereas the other three modes scale with the
resistivity as 17'"* (interchange mode, see Fig. 3(b)).

4. Resistive modes resonating at q = 3 surface: Generally the higher-m modes
resonating at q 2 3 surfaces have a mode structure similar to that of m/n=2/1. The
resistive scaling of the modes with m=6 is presented in Fig. 4(a). Both interchange
and kink modes scale as """ and there is no transition from kink mode to tearing
mode. This differs with m/n=2/1 modes that has a clear kink-tearing transition when
the beta is small. Our interpretation of this result is that the modes with higher
poloidal mode numbers usually are closer to the boundary compared to the m/n=2/1
modes, they are in a region with high pressure gradient. There is no kink-tearing
transition even before these modes are stabilised. However, it is interesting to note
that there exists another kind of transition: mutual transition between the kink mode
and the interchange mode with the same poloidal mode number when the resistivity is
reduced. When 1 =10, the mode with smaller growth rate has kink character while
the one with larger growth rate has interchange character. With the decreasing
resistivity, the growth rate of the kink mode grows while the growth rate of
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interchange mode decreases. When 1 is around 2~3x 107, two modes are close to
each other and have mutual transition, thus when 7 < 2x107", the mode with the
larger growth rate has now kink character and the one with smaller growth rate has
interchange character. Modes with m=5,4,3 have also this kind of mutual transition
when the resistivity decreases, but they are not as clear as that of m=6 case.

We also study the effect of peaking the current density profile on these higher-m
modes. Modes of m=6 with g, of 0.99 and 1.80 are plotted in Fig. 4(b). The unstable
windows for both the kink and the interchange modes shrink with the increasing
poloidal mode number and they are largely overlapped, which indicates the potential
coupling of these higher-m modes. Again, there exist mutual transitions that are
induced by peaking the current density profile. Increasing q, will make the higher-m
modes shift to the lower internal inductance side. This means the m/n 2 3/1 modes
can be stabilised for a relatively large q, together with a peaked current profile.

5. Summary: Stability analyses of internal resistive MHD modes resonating at the
q=1,2 or higher surfaces in Tokamak are examined. For m/n=1/1 an ideal mode scaling
as 71° and several resistive interchange modes are found. For m/n=2/1, it is found that in
addition to the usual kink mode whose resistive scaling undergoes a transition from 7'
to 77*"° when beta is sufficiently low, there also exist resistive interchange modes which
always scale as 7', The resistive interchange mode can be stabilised with finite
pressure gradients. Parameter studies on shaping the current density and pressure
profiles indicate that broad pressure profiles as well as peaked current density profiles
can stabilise the two most dangerous low n modes (m/n=1/1 ideal mode and m/n=2/1
kink mode). For higher-m modes, there are no kink-tearing transition but mutual
transition between the kink mode and the interchange mode, which can be induced by
reducing the resistivity or peaking of the current density profile. Relatively small
increase in safety factor on axis plus peaking the current density profile will shift these
higher-m modes to the low internal inductance side.
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Nonlocal response of JET H-mode discharges to temperature perturbations

induced by impurity injection

P.Galli(!), A.Cherubini, N.Deliyanakis, F.De Luca(!), M.Erba, R.Giannella, G.Gorini (1,
A.Jacchia®), H.J Jickel, P.Mantica(2), V.V Parail, L.Porte, A.Taroni

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, United Kingdom
(1)Dipartimento di Fisica, Universila degli Studi di Milano, 20133 Milane, Italy
(2)]stituto di Fisica del Plasma, Associazione EURATOM-ENEA-CNR, 20133 Milano, ltaly

Small injections of metallic radiating impurities with laser blow-off (LBO) techniques are
employed, in the framework of perturbed transport, in order to produce peripheral, well
localised negative T, perturbations (Cold Pulses, CP) propagating from the very edge inside the
bulk plasma volume. This kind of experiments have been carried out so that "perturbative”
electron heat diffusivity y.? can be measured [1]. The results show some very interesting
transport features: the propagation velocity of the CP is very high and difficult to reconcile with
standard diffusive transport models, unless an unreasonably high degree of nonlinearity is
introduced. A possible explanation in terms of the "nonlocal" variation of the transport
coefficients has been proposed [2],[3].

In this paper the analysis, limited to ohmic discharges up till now, has been extended to CP in
auxiliary heated (by NBI) H-mode plasmas. Nonlocal features are still present.

Experimental evidences
A set of 12 shots in which the LBO technique was combined with ECE measurements are
examined: for 3 of them the LBO also triggers a type I ELM. A fast (compared to usual
diffusive time scale) propagation of the cold front, which involves a large (p 2 0.5) region of
plasma column, is always observed. Such wide and fast modifications are similar to other
experimental situations such as the L-H transition [4] and giant ELMs [5]. It seems natural to try
and explain all of these observations in terms of nonlocal modifications of transport coefficients.
The time history of <, >, D, Ip. < Ze,ff > signals exhibit no significant perturbation at the

injection time !, ,; changes in n, and Zejf due to LBO are expected to be restricted to p20.9

Lo’
[6]. Bolometric data show that at 1=t ., the total radiated power P, , experiences a sharp
enhancement whose range of values is wide for these discharges. Abel inverted p,_, profiles
show that the cooling radiation is mainly concentrated outside » /a>0.8 at the estimated value

of the time 1, . These experimental observations suggest that the variation of T, far into the
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plasma core immediately after the LBO must be related to a mechanism acting on a time scale
much shorter (=1 ms) than that expected from energy and particle diffusion.

A %, with a global dependency (represented by the coefficient v in the factorised expression
%o = Y(P:)X ,q) has been shown [7] to be equivalent to an extra source term px in the cquatmn

for the temperature perturbation T

¥on,3,T —V-[r:goy{p,t)xEUVT =B, +B, wih B =V-0¥0.0-1Ir,g1,0VT,0)
where f, is the perturbed power. Therefore it can be assumed that for a short time ¢ = tsis
(when the diffusive term V- [HEOY (p, r)xeDVT ] can be neglected) and far from the inducing

source (where p, =0) only px is acting and is responsible of the above phenomenology.

Analysis technique and results
Under these assumptions, the intensity and the radial extent of such power source, ‘EX’ can be
estimated from ECE data by evaluating the jump in the time derivative of Lsm (a,Tg fao’ at the
instant of the laser blow off. This quantity is computed for cach shot by a linear least-squares
fitting of each ECE time trace over a short time before and after f; p, and then evaluating
AN Y

et o R ! f)r—num
long enough to compu[e a statistically significant number of points within a linear

.. Fit intervals of about 4-5 ms are used, which are

approximation. Since the evaluation of aje at t=1; o, involves a finite time interval, other
transport mechanisms could influence the Te time traces behaviour and bias the identification of
non local effects. However for 1 < 5ms all transport mechanisms are negligible. In addition it
has to be expected that the assumption of a finite time interval for the evaluation of the time
derivative induces a systematic smoothing in f}x profiles. This has been tested by using
numerically simulated cold pulses. It has been found that an interval of 4-5 ms is a good
compromise.

Comparison between fJx and corresponding p, = Ap . profiles shows (Fig.2) that the effects
of the perturbing radiation on the plasma column at the injection time are indeed quantitatively
much larger and broader than those expected from a purely local process. This confirms that
also in H-mode CP propagation has a non diffusive global character: the scale length of the
plasma response is a /2 or longer, the time scale is around 1-2 ms.

Out of 9 pure H-mode LBO-CPs, 8 of them present a [71 effect whose intensity is comparable,
though the value of the inducing AP, , covers a wide range, from 1 to 20 MW. One example of
has a more intense response and was obtained with a weak injection (APmd ! PM =0.07).
Normally the reaction is comparable to that obtained for O-mode CP [8], independently of the
strength of the perturbation. The ﬁx intensity appears fairly well correlated to the average T,
value at =1, p,. We found < T, >=4.5keV for the strong [-Jx against 25 < <T, > £33 keV
for the others. The values of the total power P, are similar in all cases. The fact that stronger
and broader ,:'Jx effects arise during stages when, under the same auxiliary power input, higher
Te values are achieved (as in the case of the so called Hot-Ion H mode) could be an indication
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that the state of the plasma confinement plays an important role in determining the
characteristics the of nonlocal response.

Nonlocal transients and global confinement

The technique described above, due to its simplicity, can be easily extended to other T,
transients: in particular analysis of both spontaneous and LBO induced type I ELM CP has been
pursued for the previously considered shots. This permitted one to compare nonlocal pulses with
a different source within the same discharge. The strongest and broadest ﬁx reactions (Fig.3)
seem to be associated with ELMs occurring very close to (or in coincidence with) both an H and
a Hot-ion H mode termination phase. During the high performance period of an Hot-Ion H mode
the p reaction to ELM:s is still quite intense, comparable to the strongest LBO-CP example. In
the Hol Ion H modes considered so far, the px reactions associated with LBO and with type I
ELM instabilities occurring in the same discharges are barely distinguishable. On the other
hand, in H mode phases far from termination the ,Bx response to an ELM is found weaker, i.e.
of the same order of most LBO CP, even for strong ELMs. These results suggest that the plasma
is more unstable to boundary temperature perturbations in high performance than in low
performance H-modes (Fig.4). This might indicate a possible link between the state of the
confinement and the scale length of plasma transport, in the sense of a broader reaction to
transients when confinement is better.

Conclusions

A simple technique analysis, based on the calculation of discontinuity in T, at 7, ,, from ECE
data, shows that, in H modes, LBO-induced Cold Pulse propagation confirms nonlocal features.
These features can be quantified by a power source term ﬁx arising in the equation for f'e. The
above procedure permits quantitative comparison to be made among [-Jx' due to different T,
perturbations. By correlating the results to the plasma state at r=1,,,, we can associate larger
p reactions with better confinement regimes and, in particular, with the proximity to the H-
modc termination phase. Nevertheless a larger database is needed in order to clarify this
dependence in a more quantitative way.
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BALLOONING INSTABILITIES IN THE SCRAPE-OFF-LAYER OF DIVERTED TOKAMAKS
AS GIANT ELM PRECURSORS

R.A.M. Van der Linden, W. Kerner, O. Pogutse, B. Schunke.
Jet Joint Undertaking, Abingdon, Oxfordshire OX14 3EA, UK

Abstract
The linear stability of the SOL to ballooning medes is studied using the reduced MHD model and applying the ballooning
approximation o the perturbations. Particular attention is focused on the role of the X-point in the stability analysis and on

the potential role of SOL ballooning instabilities as precursors to giant ELMs.

INTRODUCTION

The edge region of tokamaks is a main factor determining the macroscopic behaviour and
performance characteristics of the entire plasma. Instabilities in the Scrape-off-Layer (SOL) are
believed to generate micro-turbulence leading to enhanced transverse transport. Thus, a
quantitative analysis of the stability of the SOL is crucial for understanding phenomena like the
L-H transition and ELMs, and for determining the dependencies of quantities like the SOL width
on the discharge parameters. In this paper, the stability of the SOL with respect to ballooning
modes is studied. Since SOL field lines are open, the periodicity constraint that complicates the
hallooning mode representation inside the separatrix is replaced by ‘line-tying’ boundary
conditions at the target plates. In the ideal MHD model applied here these target boundary
conditions might be expected to exert a significant stabilising influence. However, on flux
surfaces close to the separatrix the X-point effectively shields the plasma from the target plates
and removes the stabilising effect. Since the “magnetic well’ is strongly stabilising inside the
separatrix and pressure gradients are very large just outside the separatrix, the SOL region
may become unstable first, acting as a trigger to the release of energy from inside the
separatrix.

MODEL
We use orthogonal flux coordinates (p,w,p) with metric ds’ = h’dp?® +hldw’ + Ride’ to

describe the magnetic field geometry near the separatrix. Using the reduced MHD equations
and the eikonal representation for the perturbations [1]:

w

f(f,p,m,tp)=f(p,w)e><p[ﬁ+fn [a(p.0)da’ ~inp |,

“,

with ng >> 1 yields the ballooning equation (here formulated in terms of the electric potential)
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B(Ihl

w

h, 18
is the safety factor, and {(p,0,0,)= li—ai fqdm’ is the shear.
1, 9 0P

) (] @,

where g(p,0)=

We can apply the model to an experimental configuration, or use an analytical two-wire current
model which allows high accuracy and makes it possible to separate individual effects. The
metric coefficients and magnetic field in the (straight) two-wire model are given by:
popt oo exp(2p)
P 4 —2exp(p)cos(m)+exp(2p)]”! ‘

B B,,R
B,(po)=2el®), B (p.0) ==

The separatrix is located at p =0, while the X-point is given by @ =021 . We define the
dimensionless quantities

- d) 1 @

B= H—fﬁ and S, = —-

By, dp g(p,m) dp

Qualitatively, the results obtained for the experimental configuration and for the analytical

model are very similar. This is illustrated in figures 1 and 2, where the (dimensionless) growth
rate is plotted as a function of w , for typical cases.

q(p,m).

ok iswroe

2 s v,

i

] L L L L

Fig.1. Growth rates for JET experimental Fig.2: Growth rates for analytical madel (S, = 0).
configuralion (pulse 31300).
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The strong variation of the growth rates near the X-point reflects the strong variation of the
equilibrium quantities. The characteristic feature that identical maximum growth rates are found
at'three points (one near the midplane and one on each side of the X-point) is due to the non-

e/
monotonic behaviour of Ja—q as explained in detail in Kerner et al. (1996) [2].
p

STABILITY ANALYSIS OF THE EDGE REGION IN JET DISCHARGES
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Fig. 3: Elm behaviour of two discharges with different Fig. 4: Calculated ﬂ
shaping (D, signal).

it for these discharges

Experimentally it has been found that the duration of the ELM-free period can be increased by
stronger shaping of the magnetic configuration, as shown in figure 3. This agrees with the
higher critical gradient for the ballooning instability displayed in figure 4. It is also clear from

figure 4 that B, is lower in the SOL than inside the separatrix.

crit

STABILITY ANALYSIS OF A TWO-WIRE MODEL OF THE SEPARATRIX REGION
In figure 5 the influence of shear on the marginal stability point B, is shown. For small values

of p we find the linear dependence Em, =a(S,)+ph(S,). Close to the separatrix shear is

stabilising, but further out the dependence becomes non-monatonic. Thus the global effect of
shear depends strongly on the natural mode width (e.g. due to FLR effect). Not shown here is
that shear also affects the position where the most unstable solution is found. When the height
of the X-point is varied (keeping the configuration fixed but increasing the distance of the target
plates) it is found that close to the separatrix the height of the X-point has no significant effect
on the critical gradient, i.e. the target plates are effectively shielded by the X-point (see Kerner
et al. for more details). The eigenfunctions indicate that the perturbations of physical quantities

a’ a9 . ;
(e.g. 8B, ~ 50? ov, ~ é:l;) are localised near the X-point.
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crit

on input power.

DISCUSSION
We have shown that the critical gradient for ideal ballooning maodes in the SOL is lower than
that just inside the separatrix. The X-point has a strong influence on the stability of the SOL
(mainly by shielding the upstream plasma from the target plates), and in particular we have
found that the perturbations of physical quantities are localised near the separatrix in the X-
point regicn (some localisation near the midplane is also possible). The effect of shear is
generally stabilising for modes that are strongly localised (i.e. with narrow mode width), but for
larger mode widths shear may destabilise instead. The stability characteristics of the tokamak
edge region are compatible with the ELM model proposed by Pogutse et al. [3]. In this medel,
the ballooning instability in the SOL is conjectured to act as precursor for giant ELMs. Because
of the localisation the ballooning instability in the SOL destroys the magnetic X-point geometry
and this makes hot plasma from inside the separatrix come into contact with the wall. The thus
generated impurity influx then triggers the instability inside the separatrix (the main
macroscopic event). Finally, the expelled plasma layers are diffusively refilled. This model

" leads to an estimate for the ELM frequency

I

As shown in figure 6, the predicted linear dependence on input power agrees with the

experiment. An inverse dependence on input power is also obvious, but the exact scaling

needs to be further investigated.
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LINEAR AND NONLINEAR DYNAMICS OF ALFVEN EIGENMODES
IN JET PLASMAS
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Jet Joint Undertaking, Abingdon, Oxfordshire 0X14 3EA, UK.
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ABSTRACT

The stability of Alfvén eigenmodes in JET is studied using a Hybrid Gyrokinetic MHD model which takes
into account finite orbit effects, realistic plasma geometry and Alfvén waves fields including first order ion
Larmor radius corrections. This analysis provides stability diagrams for global Alfvén eigenmodes in the
presence of fusion products or energetic ions generated by auxiliary heating. The nonlinear evolution and
saturation of the modes is studied using an Hamiltionian guiding center description of the particle motion
in a perturbed magnetic field with a self consistent update of the amplitude and phase of the wave.

INTRODUCTION

The influence of energetic particles on the stability of Alfvén waves in the Joint European Torus (JET) is
analysed using a three-step numerical procedure. First, the equilibria are reconstructed using the codes
EFIT and HELENA. Secondly, linear properties of the toroidal Alfvén wave spectrum are determined by
the MHD normal-mode code CASTOR (Complex Alfvén Spectrum in TORoidal geometry). The linear
stability analysis includes the determination of the principal wave damping mechanisms, i.e. ion and
electron Landau damping, radiative damping and collisional electron damping as well as the evaluation of
the instability drive including effects due to large, non-standard (i.e potato) orbits characteristic of alpha
particles and of radio-frequency-heated (RF) ions in the JET tokamak. Finally, the nonlinear mode
evolution, including amplitude saturation and fast-particle redistribution/loss, is computed using the
particle code FAC (Fast particle-Alfvén wave interaction Code).

JET discharges with a large fraction of RF and NBI generated ions are studied with distributions based on
Fokker-Planck simulations using the codes PION (for RF ions) and PENCIL (for NBI ions). Possible
scenarios for TAE excitation by alpha particles, as well as by NBI and/or RF-produced energetic ions, are
studied in conditions relevant to JET DT experiments.

MODEL

Using the MHD equilibria reconstructed by EFIT and HELENA, the linear normal-mode analysis is
performed by the spectral codes CSCAS and CASTOR. The linear MHD model (CASTOR-CR) includes
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first order finite ion Larmor radius effects and the perturbed parallel electric field. The CASTOR-CR code
solves the linearized MHD equations with the parallel resistivity abtained from kinetic theory:

i o3 T, i
n=A4mwp, [Z +F,(I —ré'.)) .
The electron dissipation includes collisional damping &, due to a finite longitudinal electric field and
collisional curvature damping obtained from a tabulated solution of the bounce-averaged electron kinetic
equation. p, is the ion sound Larmor radius, T, T, are the ion and electron temperatures and @
frequency of the perturbation. The contribution of energetic ions is included perturbatively. The
CASTOR-K code computes the first order perturbation on the eigenvalue due to the resonant interaction
between the wave and the energetic ion population using a gyro-kinetic model. The resonant Landau
damping from thermal particles is included in the same fashiun

) _ o, _Im[sW,,]
w, +iw, ) K =W, ., +6W,_ -
( ’ ) MHD hot wr zmrK
K representes the kinetic energy of the perturbation, &W,,,, represents the MHD part and &W,,

represents the contribution from energetic ions to the eigenvalue. CASTOR-K utilises the linear

eigenfunction obtained by CASTOR-CR and decomposes the hot particle energy functional inta poloidal
bounce harmonics and integrates the resonant contribution over the particle phase-space dP,dEdu 3],

AP (m—nufu ) o
aE w+nw, + (nq+p _j; ’

W, Z [deEdy):

L represents the perturbed Lagrangian of the unperturbed particle motion, @,, @, the precessional

drift and bounce particle frequencies. The nonlinear dynamics is studied using the FAC code. The
nonlinear interaction of a discrete spectrum of low- # fluid modes with a hot particle source is described

by a Hamiltonian guiding center scheme for the particle motion in the presence of a field perturbation with

a self consistent differential update of the phase and the amplitude of the wave. The time evolution of the
perturbed distribution function & is described as an initial value problem by a set of markers (quasi-

particles).

d d .. 3
E‘-’Sfm = _Efm - Ué_'f,m(

ANALYSIS OF JET DISCHARGES IN THE PRESENCE OF ALPHA PARTICLES

Due to a combination of the mode structure and the finite orbit effects the most unstable modes in JET in
the presence of alpha particles £ =35 Mel/ are KTAE modes with n=5 to 8. The analysis shows that

alpha particles have a strong destabilising effect ]/ 2{8.). But due to the alpha particle pressures
possible in JET tritium experiments (ﬁﬂ) <107 and the varicus damping mechanisms, these modes are

expected to be marginally stable as shown in figure 2. The nonlinear simulations show that when the
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KTAEs are found to be unstable the saturation amplitude scales as%xﬂ.{i) and therefore the
@

) ; ; OB i : G :
saturation amplitude is small = =~ 107", For these amplitudes no significant anomalous alpha transport is

expected. The computations are based on a typical JET high performance discharge with
n,=5%x10"m>, B, =3T, T, ~10— 20KeVand 7, = 10KeV, using an alpha particle slowing down

distribution. In the stability diagram the ratio between the alpha particle velocity and the Alfvén velocity

K,. i -
on axis ?«Tﬂ is scanned by changing the plasma density.
A

INFLUENCE OF NBI AND RF HEATING

High performance JET discharges are characterized by a large auxiliary heating power in the form of NBI
or/and RF. Due to the nature of the orbits of RF generated ions (trapped ions), it is more difficult to excite
KTAE modes than TAE modes with RF heating. The interaction between TAE modes and RF is strongest
when the RF resonant layer is localised at the low field side of the torus as shown in figure 4.

NBI injected ions have lower energy E < 140Kel than RF produced ions E 2 500KeV and are expected
to destabilise only high-n (n>10) TAE and KTAEs at high densities. For low-n (n<10) modes the beams
should have a stabilising effect. Detailed calculations including the radiative damping of high-n modes, the
jon Landau damping at high densities and the destabilising effect of large beam power on high-n TAE and
KTAE modes are required in order to determine the stability boundaries.

CONCLUSIONS

The hybrid Gyro-Kinetic-MHD model developed provides detailed description of the interaction of
energetic ions with global plasma waves taking into account: realistic geometry, finite particle orbit width
including large non-standard orbits, realistic wave fields including first order ion Larmor radius corrections
and linear and nonlinear evolution. Applications of the model to JET high performance discharges show
that due to orbits effects RF ions do not have a strong influence on the KTAE modes. On the another
hand neutral beam generated ions can destabilzize only high-n (n>10) TAE and KTAE modes at high
densities. Alpha particles will have a strong destabilising effect only on low-n KTAE’s modes due to finite
orbit effects. As a consequence of the small alpha particle pressure and the various sources of damping
low-n modes should be marginally stable in the JET tritium experiments.
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MHD RELATED TRANSPORT ANALYSIS IN JET

B. Balet, G. Huysmans, M.F.F. Navel, P. Smeulders and J.A. Wesson
JET Joint Undertaking, Abingdon, Oxfordshire, OX 14 3EA
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INTRODUCTION: The MHD activity observed during the JET hot ion H-modes, has been

described in [1]. Three main types of MHD phenomena can be distinguished:

= Core modes such as sawteeth which cause substantial drops in the core temperatures.

«  Outer Modes (OM) i.e. MHD oscillations (mainly n = 1, m = 3-5) with frequencies
~ 10kHz observed within the outer 20% of the plasma.

»  Giant Edge Localised Modes (ELMs).

A selection of discharges (see Table I) has been analysed with the TRANSP code to clarify the

effect of the MHD instabilities on the plasma transport. For that purpose an effective Xer is

defined to quantify plasma losses:

Xeff = Qloss/(NeVTe + niVT)

eff doesn't separate ion and electron loss channels and includes all loss terms (conduction,

convection, CX losses etc).

A typical evolution of a hot ion H-mode pulse #34500, is shown in Fig. 1. The performance

appears to be limited by MHD events. A saturation of the neutron yield (= 0.5 X Rpp), Te(0)

and Wpi4 coincides with the onset of an OM (seen in the magnetic coil signal between 12.63s

and 13s). The increase in the Dy emission is correlated in time and shape to the OM. The OM

is interupted by a small ELM. The plasma performance recovers until a giant ELM at

t = 13.25s, which marks a drop in Rpp and Wpia. Finally at t = 13.45s, a sawiooth
combined with a giant ELM coincides with the irreversible decline of Rpp.

OUTER MODES: An increase of err near the edge, occurs at the time of the OM (see Fig.

1). However, it is not clear how they are related quantitatively. Fig. 2 shows the ey profiles
before (t = 12.55s), during (t = 12.8s) and after the OM (t = 13.2s) for #34500. During the

OM, e (p = 0.4) increases by a factor 2-3. After the OM, Yefr returns to values comparable

to the pre-OM values. An interesting point to note is that the increase in Yeff occurs over a large
part of the plasma radius, even though the OM is located beyond the q = 3 surface, with
displacements of 2-3 cm. However, the onset of the OM is followed by an increase in
recycling, an influx of impurities and a cool front which reaches the core in ~ 20 ms (see [1]).

The increase of Yerf over a larger part of the plasma radius reflects the increased loss associated
with this cool front.

ELM AND SAWTOOTH: A typical evolution of ¥efr (p) is shown in Fig. 3 for #34500.

yeff increases by up to 40% in the outer region at the time of an ELM (13.3s). It doesn't
recover its previous value after the ELM and in fact increases further (13.4s), reaching values
~70% higher than 0.2 sec earler. At the time of a sawtooth combined with an ELM (13.455)a

large increase of yefr throughout the plasma radius occurs (by a factor 1.5forp<08to25
near the edge).

BALLOONING AND KINK LIMITS: The stability plot for external kink and ballooning
for #34500 shows that the plasma edge is close to marginal stability for the external kink
throughout the discharge (see Fig. 4). This is compatible with the observed OM. The edge
pressure gradient increases along the n = 1 kink stability boundary up to the ballooning limit
which is reached around the time of the maximum in Rpp, coincident with an ELM. This
suggests that ELMs are related to ballooning modes possibly combined with external kink.
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The same features are seen in #33648 and #33650, but not in the highest performance pulse
#33643 whose edge remains in the stable region.

HIGH FREQUENCY MODES: A variety of high frequency coherent modes (f > 30 kHz)
is observed growing throughout the H-mode phase. Some seem to be associated with a

saturation of Rpp. Their frequencies are consistant with B-driven Alfvén eigenmodes (BAE
with f ~ 60kHz) and toroidal Alfvén eigenmodes (TAE with f~ 110-120 kHz). (see Fig. 5).

The Xerr profiles are not affected by these modes; this may indicate that it is mainly the fast ion
population which is perturbed by the high frequency modes (cau sing a different beam
deposition profile from the TRANSP calculated one).

NON-RECOVERY: In some circumstances, the plasma performance doesn't recover after
the MHD event. This is the case for #33648 where the temperature profile Te doesn't increase
anymore once the OM has disappeared, contrary to #34500 (see Fig. 1) and despite the fact that
both pulses show similar amplitudes and frequecies of the OM. The only difference is that, for
#34500, the OM appears 0.63 sec after the onset of NBI, whereas it appears 1.25 sec after for
#33648. The flatiening of the beam deposition profile with time, due to the density build-up, is
a feature of all the hot-ion H-modes (see Fig. 6), and in shot #33648 prevents the plasma core
from reheating after the OM.

TERMINATION: The final loss of fusion performance is triggered in most cases by an OM
and/or an ELM and in the highest performance pulses by a sawtooth and/or a giant ELM (see
Fig. 1). This is accompanied by a large increase of Praq and D, and by a sudden drop in

Rpp, Wpia and temperature. During this phase, Xeff(p) increases by a factor 2-3, denoting
huge thermal losses (see Fig. 3). After the terminating event, the plasma doesn't reheat (see
Te(0) in Fig. 5) partly due 10 a decreasing NBI central heating (see Fig. 6) and to the fact that
fast ions have been expelled out of the core region by the sawtooth.

The highest fusion performance #33643 doesn't show a change in Wpja at the sawtooth as
large as the comparable pulse #33650. (see Fig. 7). However for #33643, Wpia keeps on
falling after the sawtooth, suggesting a lasting change in the transport state of the plasma. This
behaviour is discussed in more detail in [2].

DISCUSSION: The 3 classes of MHD instabilities (OM, ELM and sawtooth) have a clear

effect in increasing the plasma energy losses. However this effect may be partly indirect.

Sawteeth affect the fast ion distribution (and therefore the NBI heating profile). The OM and

ELM, although localised in the outer part of the plasma, are accompanied by changes of the

temperature profile over a wider region.

The precise loss mechanism associated with the MHD instabilities is unclear. Different

interpretations have been put forward, each of them accounts for part of what is observed:

1) MHD is the direct cause of the degradation in transport.

2) MHD acts as a trigger to another state of the plasma transport, which partly remains once
the MHD instabilities have disappeared.

3) MHD instabilitics change the recycling conditions, causing a larger influx of neutrals and
therefore increasing charge-exchange losses.

The investigation of the extent of these different processes is the aim of future studies.

CONCLUSIONS: The TRANSP analysis of individual MHD events: Outer Modes, Giant
ELM and Sawtooth + ELM, shows the radial extent and the amplitudes of the loss processes,
however the precise loss mechanism is not known.

The MHD instabilities have more severe consequences in the later stage of the heating phase
because of decreased central heating by NBI, due to the density build-up.

REFERENCES:

m . Nave, et al., 'An overview of MHD activity at the termination of JET hot ion H-modes', to be
published in Nuclear Fusion.

2] J. Wesson and B. Balet, 'Abrupt changes in confinement in the JET tokamak', submiltied 1o Phys. Rev.
Leuters,
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Table I
Pulno| B I P BN Haop | <ne> | qos = 5 W RpDp
(T) | MA) | (MW) (x1019 (M]) | (<1016
m-3) s-1)
33643 | 3.4 3.8 18.8 [1.6] 2.9 3.9 32 119 ]031] 12.0 8.9
33648 | 3.4 3.0 16.5 [1.6] 2.6 3.6 39 [ 1.9 ]0.32] 8.9 5:3
33650 | 3.4 35 18.6 |1.8] 2.7 4.8 3311910297 117 6.5
34500 | 2.7 3.l 16.0 J19] 2.5 4.0 3.3 11.910.32] 9.0 4.0
Fig. 1: Time evolution of pulsc #34500 showing .
the NBI power and the magnetic perturbation, Xeff at Fifa ol 400 e
p = 0.25 and p = 0.9 together with the ion neo- £z B
classical heat conductivity Xpeo(* 20) at the edge as Z4d 10
calculated by TRANSP, Dg signal and total DD 5
reaction rale RpD, the central electron emperature = 18
Te(0), the plasma stored energy WD A and the line z
averaged electron densily Te. E 5
=
0
= 4
b3
24 F
£ k-
s5 o
£z 9§
= 4 e
| et &1 1
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Time (s)
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Fig. 2: yeff profiles belore (1 = 12.55s), during
(t=12.8) and after (1 = 13.25) the OM for #34500.

Fig. 3: yeff profiles for #34500 at different times.
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SIMULATIONS OF JET HOT-ION H-MODES WITH A PREDICTIVE CODE

H.P.L. de Esch, A. Cherubini, J.G. Cordey, M. Erba, T .T.C. Jones,
V.V. Parail, D. Stork and A. Taroni,
JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK.

1. INTRODUCTION

The 1%-D predictive code PRETOR [1] has been modified to include, among other things,
neutral beams [2]. PRETOR has been used to simulate the JET hot-ion H-mode. This mode
is obtained by injecting high power neutral beams into a low density plasma. This results in
a hot plasma (T20 keV, Tg=10 keV) which exhibits almost linearly rising stored energy,
plasma density and neutron yield, until a termination event limits the performance [3].
Simulations of hot-ion H-modes considering different levels of recycling, various beam
energies and deuterium and tritium beams will be described in this paper. A limiting
pressure gradient (based on ballooning modes) and a limiting edge current density (based
on extemnal kink modes) have been considered in the modelling and are discussed. The
simulations point the way to possible improvements in performance.

2. DESCRIPTION OF THE PRETOR MODELLING
Recent additions to PRETOR include a mixed Bohm - gyro Bohm transport model for the

bulk transport and a one poloidal Larmor radius wide neoclassical H-mode transport barrier
at the plasma edge [4,5]. The following leading terms in the edge can be identified:

JAT,
H-mode barrier width: Pg = 0.457—— (cm, keV, T) (1)
pol
n(Z,-0.7
Heat and particle diffusivity: ;= Xg = D ~ —(—L;—) (m2is, 1019 m3 kev, T)  (2)
VB .
m (Z,-0.7)
Heat flux Qheat~ —7— - does not depend on temperature  (3)

J4 B,,
Due to (3) the stored energy of a hot-ion H-mode can grow almost linearly in time until heat
losses proportional to nZ and Zoff become comparable to the input power.

3. SIMULATION OF THE HOT-ION H-MODES pyce no: 33643
JET's neutron yield record shot 33643 —

s 5_“"«’ i
(3.75MA/3.4T) has been modelled, keep- E

ing the volume average density evolution % %L -

(<ng>(t)) equal to the experiment T 1 TT=

d<ng>/dt = 1.28 ¢ppj. Time traces for 19 Zoy N
<ng>, Zgff, total stored energy Wigt and
D-D reaction rate Rpp are given in figure
1. Experimentally, the termination occurred
at 13.38 seconds. This was simulated by
increasing Zgf at 13.38 seconds in line
with the experimental Zgg derived from
charge exchange spectroscopy. An in-
crease in Zgg is modelled by puffing
"carbon gas" into the edge of the dis-
charge, so the edge Zggf is even higher .
than the average Zgg in figure 1, leading 115 120 125

(1073

(1017 s-1)

! 1
13.0 13.5

to a big increase in the heat loss (3) and ir- Tima (s)
reversible termination of high performance. Fig. 1: Volume averaged density, Zggf, Stored
There are also successful simulations of a energy and D-D reaction rate for shot 33643.

hot-ion H-mode at 1.7MA / 1.5T (34488) Simulation vs. Measurement
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and shots where the beam power de-
creased stepwise after ¥z or 1 second.

4. INFLUENCE OF THE RECYCLING
Plasma edge recycling of neutrals is
quantified in this paper as the excess
density rise over beam particle fuelling. It
affects the performance because addi-
tional cold input gas must be heated. It
also leads to higher density, increasing the
particle/heat fluxes leaving the plasma (3)
and reducing beam penetration. Improve-
ments in performance are expected if ex-
cess edge fuelling can be reduced. Figure
2 shows two simulations of a plasma with
the same equilibrium, power input and tar-
get density as 33643. One corresponds to
the measured excess fuelling of 0.29, the
other assumes no excess fuelling (every
particle leaving the plasma is retumned). No
termination is assumed. It can be seen that
stored energy and neutron yield reach
much higher values for the low recycling
case.

5. TARGET DENSITY PROFILE PEAKING
Two simulations were done using different
values for the density in the plasma centre
ng(0), but with identical volume average
densities <ng> at the start of the H-mode
at 12.15 seconds, to test the effects of tar-
get density profile peaking. Centrally de-
posited beam particles diffuse towards the
edge where the H-mode barrier prevents
most particles from leaving the plasma.
The twa simulations (figure 3), showing
cases with a very peaked and flat density
profile appear to reach the same density
profile in less than a second: core particle
transport wins over beam fuelling. Indeed,
experiments with peaked target density
profiles have never yielded significant
benefits over modestly peaked target
density profiles.

6. PARAMETERISATION OF

HOT ION H-MODE TERMINATION
Ballooning modes [6] and the external kink
[7] impose a limit on the pedestal energy
Wpeqd that can be sustained by the H-
mode barrier. For the ballooning limit we

have:
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All quantities in (4) refer to the edge. The giant ELM terminating some hot ion H-modes is
thought to be a ballooning limit [3,6]. The "outer mode", which occurs in other hot ion H-
modes is thought to be related to the external kink [3]. For this mode, the fraction of edge
current related to total current is the critical parameter. If the edge current arises solely from
the bootstrap current one has, using a simple expression for the bootstrap current [8] and

the H-mode barmier width given by (1):

Lokt Pores . Po(T,+T)qVn, /B
I ot B pol B pol
W o W,,, <Const B?
- N = W, <Const B, 6)]
pol

The maximum pedestal energy achievable
appears to be a function of the plasma cur-
rent. The pedestal energy could conceiv-
ably be increased by driving an edge cur-
rent in the oppaosite direction, e.g by cur-
rent mmpdown.

Simulations based on the present 33643
equilibrium; NBI power and target density
are shown in figure 4, giving the D-D Re-
action rate for various values of d<ng>/dt
and termination assumptions. The termi-
nations pose a significant limitation to
performance.

With lower recycling, modest improve-
ments in performance are possible. Larger
improvements can only be obtained if the
ballooning limit can be increased (e.g. by
using a more favourable magnetic configu-
ration) and by using current rampdowns to
delay the external kink.

7. DEPENDANCE ON BEAM INJECTION
ENERGY

The mix of 13MW of 80 kV and 8 MW of
140 kV beams installed at JET is not
suited for experiments on varying the
beam energy in a hot ion H-mode, whilst
keeping the total power constant. With
PRETOR, however, we simulated 15 MW
80 kV NBI and 15MW 120 kV NBI cases
(fig. 5). The high-energy beam case has a
lower particle influx and reaches signifi-
cantly higher stored energy and neutron
yield than the low-energy beam case.
Termination was by the “"external kink" in
the 120 kV beam case and by “ballooning"”
in the 80 kV beam case.

8. TRITIUM BEAMS

The present JET Experimental Programme
includes a phase of DT plasma operation
(Deuterium Tritium Experiment 1 - DTE1)
to begin at the end of 1996. The tritium will
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Fig. 4: Simulated D-D Reaction rates:
Solid line: Benchmark for kink and ballooning.
dotted and dashed lines:
dotted: Kink and ballooning enabled.

dashed: Current ramp to forestall kink

dot-dash: Ballooning switched off
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simulations.
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mainly be supplied with the high energy neutral beams at JET (Ex140-160 keV). The use of

tritium beams has several effects on the hot ion H-mode:

¢ More power. Available beampower will rise from 21 MW 1o 24-26 MW.

e Lower beam fuelling per MW injected power. This also means that the tritium
concentration in the plasma is expected to remain low (=30%).

¢ More plasma ion heating from the tritium beams.

e Power from a-particle heating provides plasma heating without associated density rise.

e An isotope effect arises from the H-
mode barrier width (1). yi

All these effects increase the fusion per- ’ [iw'mr

JGUE 28 wae
T9MW DIT |

formance and stored energy. Figure 6 510 19MW D
shows simulations with tritium beams ina & 4
33643-like plasma. In all cases the same ’
ballooning and kink termination limits were 0
kept as for 33643. No current ramps are Neutron
applied. Stored energy, D-T neutron yield T 4 veld o
(Pfus=2.82:10"12 Rp7) and tritum con- 2 g
centration are shown for: =
e 25 MW NBI, consisting of 12 MW 160 0 ———— s
kV T-beams and 13 MW 80 kV D- e T 2SMW
beams. ey BRETPEET
* 19 MW N8I consisting of 105 MW 150 £ iy
kV T-beams and 8.5 MW 80 kV D- average
beams. 0 1 I 1
19 MW NBI consisting of 7.5 MW 140 W e e, s
kV D-beams and 11.5 MW 80 kV D- . ;
beams. Fig. 6: Stored energy, D-T Neutron yield and

fritium concentration for 25 MW D/T beams
(solid lines) and 19 MW D/T beams. The
experimentally measured stored energy using
19 MW deuterium beams is also indicated.

From fig. 6, performance can be expected
to be higher with the tritium beams, even
without invoking improvements to recycling
and MHD stability.

9. CONCLUSIONS

PRETOR has proven to be suitable for simulating a variety of JET hot ion H-mode dis-
charges and the following experimental observations were successfully simulated:

e Low recycling is beneficial for high performance.

¢ A peaked target density profile will flatten quickly in the hot ion H-mode.

e The increase in edge Zg¢f observed in most terminations causes it to be irreversible.
The following predictions have been made:

¢ Low recycling improves the ballooning stability at the edge.

e Current ramp-down can be used to improve the kink stability.

¢ Increasing the beam energy leads to higher performance.

¢ Tritium beams increase the plasma stored energy due to a variety of reasons (sect. 8).
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TRANSPORT MODELLING WITH A COMBINED CORE AND EDGE CODE

A.Taroni, A.Cherubini, G.Corrigan, H.Guo, G.K.McCormick, G.J.Radford, R.Simonini,
J.Spence, E.Springmann

JET Joint Undertaking, Abingdon, OX14 3EA, United Kingdom

Introduction

Transport of energy and particles in Tokamaks is usually studied separately for the region
inside the last closed flux surface (separatrix) and for the edge region. This implies that
modelling of the plasma core is replaced by boundary conditions in edge transport codes and
modelling of the plasma edge is replaced by boundary conditions in core transport codes.
However there are problems where such a splitting can be inadequate and it would be desirable
to study transport in a global way, from the centre to the divertor targets. Examples of such
problems are the L-H transition, ELMs, and other phenomena that appear to imply sudden
modifications of transport coefficients over a wide plasma region correlated to modifications of
the plasma edge [1].

On a longer time scale, of the order of the energy or particle confinement time, or even in
steady state, transport studies in the plasma core can benefit from a global approach. This
happens each time that particle and energy source or sink terms cannot be accurately measured
or simulated without properly simulating the plasma edge. Example; are transport of hydrogen

isotopes in all regimes and evaluation of charge exchange losses in the hot ion regime[2].

Numerical Approach
In developing the JET code for global transport studies we aimed to include all features
routinely used in ]]IZD core transport codes and 2D edge transport codes, such as
sophisticated transport models for the plasma core, proper evaluation of power input terms,
connection to existing data bases and well developed post-processors for the analysis of results
and quantitative comparison with experiments. Another important requirement was the
possibility to simulate transients on any time scale of interest without a big overhead in
computer time.
Such considerations led us to couple the 11/5D core transport code JETTO to the
EDGE2D/NIMBUS plasma/neutrals 2D transport code for the edge, by means of an
adaptation of the so called fractional steps technique.
In essence the method reduces to enforcing continuity of density and temperatures (n, T, and
T; ). and of the corresponding total particle and energy fluxes (P, Qg and Q;) at a chosen
interface, by imposing proper boundary conditions to each code at each time step. Namely, in
JETTO:

nP=ngfl , Tem=Teg™ . Tiy™=Tig™l
In EDGE2D/NIMBUS:
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Q=01 QuE™Qe ™!, Que™ Q™.
Here the superscript n indicates the time step, while the subscripts E and J refer to the codes
and poloidal averages of the quantities are used at the interface in EDGE2D/NIMBUS.
Continuity of neutral profiles and fluxes is also enforced in order to have a consistent
evaluation of particle sources.
Other combinations of boundary conditions are possible and have been tested. The important
point is that at the interface one code receives a variable or flux from the other and gives back
the corresponding flux or variable. This procedure ensures continuity of all relevant quantities
with sufficient accuracy by simply running both codes with time steps typical of
EDGE2D/NIMBUS, avoiding extra iterations at each time step. As a result the coupled code is
very robust and requires less than 10% additional computer time with respect to the stand
alone EDGE2D/NIMBUS.
A series of tests showed that transients related to initial conditions not properly matching at the
interface are washed out on a time scale shorter than the typical time g, required by the
Scrape Off Layer (SOL) to reach steady state in EDGE2D/NIMBUS runs (145 = 30 ms for
typical JET discharges). The time evolution following these transients is consistent with the
time scales expected from SOL and core physics. Moreover, large differences in the initial |
conditions of the SOL, which correspond to small differences in the initial conditions of the
global problem, result in small differences at the interface and in the global solution after a time
= Tg. This is consistent with the overall problem being well posed and numerically stable.
Therefore transients with a fast evolution (time scale < 1 ) require a pre-run of the coupled |

codes to obtain properly matching steady state or quasi-steady state (i.e. changing on a time

scale of the order of the global confinement times) initial conditions. On the other hand
transients on a time scale > Ty can be studied starting from initial conditions not accurately
matching at the interface.

Very slow plasma evolution, on the time scale of the core energy or particle confinement time,
and steady state situations can be studied assuming that the edge region follows a series of
quasi steady states. These are obtained by running the coupled codes for relatively short time

intervals (=1,) at chosen times during the evolution of the plasma core.

Example of Modelling with the Combined Code

As an example of the application of the combined code in a non stationary situation we present
results of a simulation of the ohmic phase immediately following the X-point separatrix
formation and preceding neutral beam injection in the JET shot 32919.

During this phase, lasting about half a second and normally preceding JET hot ion H-modes,
the average plasma density <n,> strongly decreases (fiz. 1) supposedly due to particle

absorption by the divertor targets.
In our simulation the particle absorption has been modelled by imposing a difference between ;
the outgoing plasma flux and the influx of neutrals at the targets approximately equal to the
rate of change dN/dt of the core plasma particle content N, The corresponding absorption rate
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= 1.4 1021 't (out of =3.5 1022 5°! ions reaching the divertor targets) is about ten times larger
than the flux of neutrals to the divertor pump, as computed by NIMBUS.

This very crude model, which does not take into account the actual dynamics of the particle
absorption nevertheless gives a reasonable simulation of the <n¢> evolution (Fig. 1).

For the energy transport model in the core plasma (from the centre to the interface with the
boundary region less than 5 mm inside the separatrix) we used a combined Bohm-gyro-Bohm
model [1] including a ‘non local’ dependence of the Bohm-like term on LTea=<VTc/Te>p>tl.8 .
Results of this model are particularly sensitive to the electron temperature Teqa at the interface.
This temperature is computed, not prescribed from experimental traces.

We also assumed an empirical effective particle diffusion coefficient Defl which is of the order
of the heat diffusivity ¥ in the central part of the discharge. However the ratio De{T/y needs to
be decreased as the normalised minor radius p increases, in order to provide a reasonable
simulation of the slope of the experimental density profile with the flux of neutrals across the
interface computed by EDGE2D/NIMBUS (®g=4 102! 5-1). This result could possibly be an
indication of an inward particle flux term strongly increasing towards the plasma boundary.
The core boundary values resulting from the model have been used as constant transport
coefficients in the region beyond the separatrix. However an explicit inward pinch velocity
such that V/D=15m-! had to be added in this region for a proper simulation of the probe
measurements reported in [3].

Simulated and experimental values of temperature and density profiles in the plasma core are
given in Fig 2. Figs 3 and 4 show computed and experimentat values of parallel ion saturation
current and electron temperature at the external divertor target.

The power fluxes into the SOL are a result of the simulation (P, =0.8MW and P; =1. IMW)
and slowly diminish with time as <n.> decreases and the electron temperature increases. The
density at the interface ne, is also a result of the simulation and it appears to decrease with time
together with <n.>. However this implies a decreasing ion saturation current at the targets,
which does not seem to be supported by probe measurements. This result might indicate that in
this case DT should become larger as <ng> diminishes.

We conclude from the results obtained so far that the combined JETTO/EDGE2D/NIMBUS
code is a powerful tool to simulate tokamak discharges in steady state and time dependent
situations over the entire plasma cross section, from the centre to the divertor targets.

By eliminating ad hoc (and sometimes ‘convenient’) assumptions at the interface between core
and boundary regions this code provides a very tough and complete test for transport models,
including the effect on the boundary of transport assumptions in the core and viceversa.
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FIRST MEASUREMENTS OF GAS BALANCE AND CHEMICAL COMPOSITION
IN THE MK I PUMPED DIVERTOR PHASE OF JET USING THE GAS
COLLECTION SYSTEM

A Ressi, G Saibene, P Kupschus
JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA, UK

1.0. INTRODUCTION

Gas recovery measurements in Tokamaks give direct information both on the short and long
term hydrogenic in-vessel wall retention; in particular, the determination of the deuterium
vessel inventory is essential to extrapolate to D-T operations, as required for the forthcoming
JET D-T campaign and for ITER. The measurement of the chemical species present in the gas
released from the Tokamak wall provides data for the gas exhaust collection and reprocessing
plant.

The new JET Gas Coliection System (GCS) measures the time evolution, absoiute amount
and chemical composition of the gas released from the JET vacuum vessel in the following
modes of operation:

1. Natural thermal wall outgassing, 2. Afier plasma pulses, 3. During divertor cryopump
regeneration, and 4. During glow discharge cleaning.

This paper presents GCS measurements carried out during the 1994/95 JET campaign, and
illustrates the effects of the introduction of the JET MARK I pumped divertor on the
hydrogenic inventory of the machine.

2.0. THE NEW GAS COLLECTION SYSTEM FOR JET
The GCS measures the amount of gas (H, D, He and volatile impurities produced into the
torus such as hydrocarbons of various stoicheiometry) released from the torus, in all
conditions of operation of JET. Moreover, the GCS can analyse the composition of the gas
released from the torus and allows on-line sampling for off-line chemical analysis.

During the 1994/95 JET campaign, gas recovery measurements and on line gas analysis were
carried out. The short term gas recovery was measured and, at the same time, the gas
composition was analysed with a high resolution quadrupole mass spectrometer.

3.0. EXPERIMENTAL RESULTS (MK | CAMPAIGN 1994/95)

3.0.1. Gas balance measurements and wall retention measurements

Measurements of the short term gas recovery were carried out during the 1994-95 Mark |
Experimental Campaign (graphite and Inconel wall, with Be evaporated coating), both with
carbon (CFC) and beryllium divertor tiles.

Figure 2 shows the percentage of gas recovered after non disruptive plasma pulses, when the
divertor cryopump is not cooled down. The data are compared to previous JET results [1.2]
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obtained with a first version of JET Gas Collection Systemn. For the Mk I campaign, the
average deuterium recovery varies from 30 to 60% of the input, depending on the total gas
input, both for C and Be divertor tiles with Ty, = 50°C and T,y = 250°C. These values are
comparable to previous JET results for a Be coated machine, with walls at 250°C or 320°C. A’
detailed analysis of the dependence of the gas recovery on the wall temperature showed that at
lower temperature less gas is recovered. This is consistent with the measured D inventory in
the JET divertor tiles, determined by post mortem analysis [3]. The D inventory in the X-point
tiles is greater than in 1991/92, even though the tile surface was a similar composition. It is
believed that the factor that makes the difference is the lower temperature of the tiles.

In figure 3, the gas recovery is plotted as a function of the gas input, for pulses run with and
without the cryopump, both for disruptive and non disruptive plasmas. The analysis of the gas
released after non disruptive plasma pulses shows no appreciable difference between the case
with C and Be divertor tiles. This is in agreement with the observation that no significant
change in main plasma parameters and fuelling efficiency was observed between C and Be
[4]. One reason why the gas release with C tiles is almost the same as with Be tiles can be that
the near-surface layer of the exposed wall is, in both cases, a mixture of C and Be. Such a
mixture is produced by the periodic conditioning (with Be evaporation and GDC) and by
plasma-wall interactions.

When the cryopump is at LHe temperature (cryopump on), the gas released to the GCS is
between 5 to 10 times lower than for pulses without cryopump.

For the cryopump off cases, an enhanced release of gas after disruption is observed. The gas
recovered is higher than after non disruptive pulses. This is not the case when the cryopump is
cooled at LHe temperature. This can be due to three concurrent causes:

1. The cryopump acts as a strong sink during plasma pulses and less fuel is retained into the
walls. 2. The cryopump is pumping the excess gas after the disruption. 3. The wall is depleted
in-between pulses more than when the cryopump is off because in the latter case the total
pumping speed is lower.

The wall retention after 600 s from the plasma pulse is shown in figure 4. The two cases with
and without cryopump are compared.
The net wall retention was calculated from the equation:

Rwall = C'asinpul = [Gasoul(GCSJ + K:ryo X Gasnul(GCS) ] i Gascryu
Ga5yo = Seryo X [Peyot) dt

The estimated uncertainty in the calculation of R, is £ 50%.

Gasgyaes) 15 the gas exhausted from the vessel and measured by the GCS. K, represents the
ratio between the gas pumped by the cryopump and the gas going to the GCS in a 600 s
period after pulses. Gas.y, is the amount of gas pumped by the cryopump during the
discharge, Py, the pressure at the cryopump and S, the cryopump pumping speed [5].
Globally, within the experimental errors, the increment to the net D wall inventory, after
plasma pulses run with the divertor cryopump on, is close to zero for most of the discharges.
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This result would explain why the amount of gas released from the machine after a disruption
is not larger than the gas released after a non disruptive plasma (see figure 3). The apparent
wall retention was calculated not including the cryopump effect during plasmas (Gas,,, = 0).
The apparent wall retention is much higher than the net wall retention, showing that the
particle removal during the X-point phase of the pulse is dominant over the particle removal
by thermal outgassing after the plasma.

The net wall retention at low input gas, for pulses with the cryopump on, is generally lower
than for the cryopump off case. The discharges with highly negative wall retention (i.e. high
wall depletion) at low gas input are identified to be ELMy H-mode, NBI fuelled with an
extended X-point phase, during which the recycling gas is compressed into the divertor and
efficiently removed by the cryopump. Net wall depletion occurs also at high gas inputs, for
long high density L or H-mode plasmas, which are characterised by high neutral pressure in
the divertor. This result is in agreement with the observation that the amount of gas pumped
by the cryopump during pulses with ELMs or at high density can equal or exceed the gas
input [5].

3.0.2. Gas balance measurements with nitrogen sceding

Nitrogen seeding was used at JET to obtain high radiatién in the divertor region and
consequent cooling of the plasma reaching the divertor target plates.

From the analysis of pulses run with the cryopump on, it is observed that the output gas
(collected over a 600 s period) is further enriched in nitrogen, when compared to the gas input
(mixture of nitrogen and deuterium). One explanation is that during the pulse more deuterium
is pumped in proportion to nitrogen. This is, nevertheless, in contrast to the result that the
composition of the gas in the divertor chamber during the plasma is the same as the input gas
[6]. A possible explanation is that the thermal desorption rate after the pulse is higher for
nitrogen than for deuterium. This needs further investigation.

4.0. CONCLUSIONS

1. When the divertor cryopump is off, the results of the gas balance and short term wall
retention are in good agreement with results found in previous JET campaigns (1989-92)
for a Beryllium coated machine, both for C and Be divertor targets tiles.

2. The cryopump reduces the wall retention after pulses. This implies a low D (and T)
inventory, despite the large fuelling required to maintain a set plasma density when the
cryopump is on.

. It is observed that long ELMy H-mode pulses, run with low input gas and NBI heating,

L

deplete the wall from the deuterium reservoir. Net wall depletion occurs also during long
high density near detachment L-mode plasmas.

4. For pulses with nitrogen seeding the measured composition of the output gas is different
from the input gas, and in particular is enriched in nitrogen.
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Strong Asymmetries in Impurity Distributions of JET Plasmas
B. Alper, A.W. Edwards, R.Giannella, R.D. Gill, C.Ingesson,
M. Romanelli, J.Wesson, K-D.Zastrow
JET Joint Undertaking, Abingdon, Oxon. OX14 3EA, UK.

Introduction

A general feature observed during hot-ion H-mode discharges in JET has been a pronounced
poloidal asymmetry in the soft X-ray (SXR) emission profiles with a distinct excess
emission occurring on the outboard, low-field side. A tomographic reconstruction of one
such plasma, using data from the new multi-camera SXR diagnostic[1] with 210 lines of
sight and six independent views at one toroidal location, is shown in Figure 1. This figure
clearly demonstrates this feature with a pronounced peak in the SXR emissivity beyond a
major radius (R) of 3.5m. A similar phenomenon has been observed, in a less dramatic form
in earlier JET plasmas [2], the effect being attributed to the centrifugal force on heavy
(metal) impurities as a result of toroidal plasma rotation [3]. This feature is strongest at high

2.0 toroidal velocities, which approach or even
exceed the impurity ion thermal speed. These
conditions occur in the hot-ion H-mode plasmas

. in which plasma rotation, driven by the neutral
1.0 beams, reaches frequencies in excess of 18 kHz
and where nickel impurities with temperatures in
0.5 the range 10 - 15 keV are found. Also seen in
Figure 1, in addition to this outboard peak, a
0.0 | second narrow peak is seen at, or close to, the
magnetic axis. This is attributed to neo-classical
0.5 diffusion of the metal impurities.
Laser Ablation of Nickel
.10 4 The peak in SXR emission at large major radii,
shown in Figure 1, is attributed to line emission
15 4 from metal impurities. A more quantitative study

of this effect has been possible with controlled

70 25 30 35 injection of nickel by laser blow-off during high

Figure 1. SXR emission during the high performance discharges. In one such case, shot
performance phase of a hot-ion H-mode 34476, the nickel injection was performed early

discharge 34425 in the high performance phase of a hot-ion H-
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mode discharge. Figure 2 shows time traces of the concentration of nickel, together with its
angular frequency and ion temperature from a high resolution X-ray crystal spectrometer.

The rise in nickel concentration is clearly seen at the time of laser ablation and reaches 4.

@| partsin 10*. The Ni** emission used in

104 .
s these measurements is also the

Ni

L dominant source of line emission
contributing to the SXR diode data. At
()|  the time of peak nickel concentration

o=
2

(12.96s) the nickel temperature is 11
keV corresponding to v, ~ 1.3x10°

w (Rad./s 105)

m/s with an angular frequency of 110
krad./s corresponding to v, ~ 4x10°
m/s (at a radius of 3.6m). Thus the
rotational velocity of the nickel is more

Ti (keV)

JE63T00e

e T T s e than a factor of 3 greater than the

Time (s) thermal velocity.
Figure 2. (a) Ni concentration, (b) Ni*' angular Tomographic reconstruction of the SXR
frequency and (c) the ion temperature of Ni'** with epission during this event has been
eifors. for sHok 39475, performed using a pixel technique
developed initially by C. Fuchs for JET bolometer data. In Figure 3 the SXR emissivity
along a horizontal line through the magnetic axis is shown for several time slices. The
background emission at 12.91s has been subtracted. The inward progress of the nickel occurs
very rapidly following the ablation over a period of about 10-15ms and then essentially

stops. The last time slice, over

3
2:5x10 —+25ms 400ms  later, shows the
2x103m::7§$: ! \ development of a secondary
i g i P peak at the plasma axis
3 1.5x103- + 20ms & (probably due to neo-classical
= -+ 30ms P TR . i .
£ -+ 90ms ;oA diffusion) with a minimum in
T 1x10% - +436ms i Wy, )
£ P 1/ emission occurring between the
fin} & e )
5x102 X . two peaks. This two peaked
i g
:  structure also often develops late
|0
4

=o

i into a conventional hot-ion H-
Major radius (m)

mode discharge (e.g. Figure I).

Figure 3 Emissivity projected onto a horizontal line T Fagniee: 5:tbie prak Stnissioi id

through the magnetic axis afier subtraction of the first - centred on the outboard equator
pre-ablation time slice for shot 34476.
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at a major radius of ~3.6m; (the magnetic axis being at ~3.0m). Figures 4 shows a 3-
dimensional view c_)f SXR emission corresponding to the ‘+30ms’ trace of Figure 3. Note that
no up-down asymmetry is observed, unlike reference [3].

Theory of the Asymmetry

The asymmetry in the SXR emission distribution arises because the impurities take up the

toroidal rotation of the plasma and the resulting ‘centrifugal force’ throws the impurity ions

outwards. The behaviour is complicated by the electrostatic field which arises to maintain

quasi-neutrality in the plasma. Nevertheless, it is possible to set up simple equations to
describe the system and in the

" case of low impurity content, to
solve for the poloidal
distribution of each impurity
species. The feature which
makes this problem tractable is
that the poloidal distribution of
impurities on a flux surface
depends only on the equation of
pressure balance parallel to the
magnetic field in the poloidal
plane. The balance of forces, in

the simple case of a trace
Figure 4 Tomographic reconstruction 30ms after nickel species with charge Z in a
injection with background emission subtracted. hydrogenic plasma, arises from
the pressure gradient, centrifugal force and electrostatic field in a magnetic surface (*¥). This
can be represented by

dng [ 2 dg¢ )
TZ__dR =nz| mz@ R—eZ——dR
where the derivatives are taken at constant V.

Solving the set of equations for a pure deuterium plasma with a small addition of impurity
(s) yields the ratio of impurity concentration between the outboard-(o) and inboard-(i) sides

2 2 2
no_ . [met(R2-RD) (1o 5 m )
n;' “”“’{ 21, f}“’*‘““ - Tl

i &
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At the radius of peak nickel emission for shot 34476, T, is ~5.5 keV at 12.94s and taking
Ti=Ts a value for f~0.7 is obtained. This yields a value for the ratio of concentrations of
5.5%1 :1. A further correction for the presence of other impurities in the plasma (carbon and.
beryllium) reduces this ratio by around 20%. (See [2] and references therein).
Experimentally, from Figure 3 a value of 4£1 : 1 is found, in good agreement with theory.

Figure 5 Simulation of the poloidal distribution of the
Ni emission for shot 34476. The outer equatorial
intensity from Fig. 3 ar +30ms was used as input and
circular geometry assumed

A numerical simulation of the
poloidal distribution of the nickel
emission has been carried out for
one time slice wusing these
cquations. The outboard radial
distribution through the magnetic
axis was taken from the data at
12.94s. The model results are
shown in Figure 5 and compare
well to the data of Figure 4.

Summary and Conclusions
Strong in-out asymmetries are
observed in the soft X-ray
emission from JET hot-ion H-
mode plasmas, a peak being
observed on the outboard side.

The key feature of the asymmetry

can be explained by the effect of the centrifugal force on metal impurity ions in these rapidly

rotating plasmas, where their rotational velocities exceed their thermal velocities by a factor

of three. A simple model developed for the poloidal distribution produces quantitative

agreement with data from a discharge in which there was laser ablation of nickel into the

plasma. The radial distribution of impurity ions with a stationary peak at R~3.6m and the

subsequent development of a secondary peak on axis is less well understood.
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Properties of Giant Elms

R.D. Gill, B. Alper, S. Ali-Arshad, A. Cheetham, N. Deliyanakis, A.W. Edwards,
G.M. Fishpool, I. Garcia-Cortez, L.C. Ingesson, J. Lingertat, L. Mayaux, O. Menicot,
R. Monk, L. Porte, F. Rochard, M. Romanelli, A. Rookes
JET Joint Undertaking, Abingdon, Oxon., UK

Elms are a persistent feature of tokamak configurations which include an X-point.
Their phenomenological properties have been recently reviewed')but although their effects
on tokamak plasma confinement and on the termination of high performance discharges are
well known, many details of their structure and causes remain obscure. Several different
sorts of elms have been classified, but this paper will confine itself to consideration of giant
or type 1 elms. These elms cause the largest disturbance to the plasma and therefore give the
best prospect of experimentally determining the detailed changes which occur as the elm
progresses. A very detailed examination of the structure and time development of the elms
has been made possible because of the development of the CATS data acquisition system?)
which allows the simultaneous measurement at high time resolution (4pus) and
synchronisation of the data from a number of diagnostics including ECE, reflectometry, soft

Pulse MNo: 34429
2| Ha
El
s 1
ECE
15} (edge)
;', 10+
sk
|
X-rays
- 2 (divertor)
3
g
§ b 3
3 o
g 0 1 1 e 1 =
200 400 600 800
Time (s)
Fig. 1 The lines of sight of the individual _ Fig. 2. The fast time development of
detectors of the soft X-ray cameras are a giant elm as seen on the ECE, a soft
shown in relation to the JET divertor X-ray channel viewing the divertor and
configuration. the Hg radiation.
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X-rays, Do, Langmuir probes, infrared camera and the magnetics including the diamagnetic
loop. The high time resolution is essential for these investigations as the giant elm has a very
fast onset with the fast diagnostics all responding within a few ps. Much of the very detailed
information has come from the multicamera soft X-ray system?®) which has 6 compact,
cameras (fig. 1) viewing the plasma from different directions in the same poloidal plane and a
further vertical camera displaced toroidally by 3n/4. Each camera consists of a pair of 35
element silicon diodes with each element 4 x Imm. The detectors have been calibrated with
an X-ray tube and view the plasma through common pinholes. Except for the vertical
camera, alternate detector elements only are used. The lines of sight of the detector were

determined using a HeNe laser to survey their positions.

The giant elms considered occur during neutral beam heated divertor discharges with
PNI = 17MW, By = 3.1T, I = 3MA, clongation of 1.8, Te = 11keV, ne = 1019m"3 and lower
hybrid heating. The elm is frequently associated with the termination of the period of good
confinement in JET#) and has strong global effects on the plasma. In particular, it reduces the
total plasma energy as measured by the diamagnetic loop by up to 7% (~ 0.6MJ) and this is
reflected in a reduction of the electron temperature across the whole plasma profile. During
the rapid part of the elm (fig. 2) the ECE measurement of Te typically shows a pronounced
very fast (40ps) spike many times the thermal value, with the largest enhancement at the
plasma edge, followed by a dip to below the thermal level for a longer time. It is believed
that the spike is due to the formation of a non-thermal electron distribution function
following the partial mixing of hot and cold electrons. This modifies the emission and
absorption of the cyclotron radiation®). The rapid onset of the spike is too fast for it to be
caused by the formation of a group of non-thermal electrons with energy very much greater
than Te. The dip is probably due to the production at the edge of a high density region
following the large particle influx which is inferred from the Hp, measurements.

There do not seem to be precursors to the elms, although there is considerable activity
seen by the mhd coils, particularly bursts of activity at 25-30 kHz probably with n = 3. Some
of the giant elms occur during these bursts, but others do not, showing that they do not play
an essential role in their initiation. This activity is not observed on the ECE or soft X-rays.
The magnetics also show that the movement of the plasma caused by the elm is no more than
1-2 cms at the separatrix. The reflectometer observes a coherent mode at 25kHz at the
plasma edge, possibly outside the separatrix. The mode stops at the elm and then becomes
broad-banded activity. The plasma edge density is seen to increase.
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Fig. 3 Contour plot of soft X-ray data
from the vertical camera during an elm.
The background signal just before the
elm has been subtracted from each
channel. Complex time and spatial
structure can be seen (left).

Fig. 4. Tomographic reconstruction
showing the initial stages of the elms
development. Again the background
has been subtracted form all channels
and the changes during the elm have
been reconstructed (below).
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Datas) from Langmuir probes and an IR camera which views the divertor region shows

strong movement of the divertor strike points with their separation increasing from ~ 30 to

45 cm during the elm, and this is confirmed by the X-ray measurements.

The most detailed information on the rapid development of the elm comes from the

soft X-ray data. The view into the divertor from the vertical camera shows the main features
(fig. 3) as (i) very rapid onset of emission (20psec), (ii) very localized emission from four
channels, (iii) time structure of ~ 30psec within the total elm envelope of 250psec. Two of
the channels (15 and 18) may be identified with the divertor strike zones. This is confirmed

by correlation of the position and time behaviour of the emission with the data from other
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cameras also with a divertor view. X-ray emission from the divertor implies the presence of
energetic electrons (> 500 eV) in this region. Calculations suggest that the observed intensity
is consistent with the observed loss of plasma energy if the measured emission is caused by
bremsstralung radiation of the former plasma electrons with the C divertor tiles. The toroidal
camera shows that this emission is not toroidally symmetric, and the first burst of emission is
sometimes at one poloidal position and sometimes the other. However the first burst of
emission is coincident with the ECE and the He spikes.

The other X-ray spikes are somewhat more problematical. Enhanced emission is seen
from several regions near the plasma edge but within the separatrix. These regions seem to
coincide with the parts of the machine structure which are closest to the separatrix leading to
the idea that enhanced impurity influx from these regions may take place during the elm,
The structure of these regions of emission has been examined with a pixel tomography
method developed by Ingesson which clearly shows (fig. 4) the different regions of enhanced
emission. The tomography was carried out on data from which the background intensities
before the elm had been subtracted so that the figure shows only the changes which take
place during the elm. The very rapid increase in X-ray emission in the divertor is a very

prominent feature.

In conclusion our results show that giant elms are very rapid events with a complex
structure which are neither confined to the plasma edge nor localised in the divertor region.
They do not have a unique precursor mode. A possible explanation for the observations is
that currents in the divertor region lead to 2 movement and modification of the magnetic
structure at the X-point. There is a clear need to develop a theoretical model of the elms
which is able to explain these detailed observations.
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Monitoring of Detachment and the Edge using XUV Impurity Spectra
from the Mark I Divertor Phase of JET

M G O’Mullane', [ H Coffey’, R Giannella
JET Joint Undertaking, Abingdon, Oxon., 0X14 3EA, UK

"University College Cork, Ireland, *The Queen’s University of Belfast, Northern Ireland

Introduction

The XUV spectrum of CV and CVI from the edge plasma in JET is rich in diagnostic
potential. Impurities in the spectral range 20-40A are monitored with an XUV grazing incidence
spectrometer. It is possible to move the spectrometer so that it can view the inner wall at any angle.
The spectra analysed here were taken with the spectrometer angled at it lowest position (see insert
in Figure 3). Here the spectrometer views the SOL during the ramp-up phase of the discharge,
typically for the first 5 seconds. When the X-point is formed the confined plasma is seen. During
radiative divertor experiments the view is just above the radiating zone. If the plasma is going to
detach from the strike plates it is reflected in the spectra, which can serve as an early indicator of
detachment.

SOL Paramelers in Ramp-up Phase

In the ramp-up phase of the plasma the spectrometer views the SOL exclusively. An
unusual Lyman series and CV G-ratio (intercombination / resonance line ratio) are seen in all
discharges (Figure 1). A ‘distortion’ in the Lyman series appears with the Lyman ¥ line prominent.
There is also an inversion in the He-like system G ratio. In Figure 1 the top trace shows the pre-
divertor JET limiter configuration spectra (# 13571). For the JET Mark I divertor configuration the
middle trace shows a typical edge spectrum in the ramp-up phase (# 32595) and the lower trace
shows a radial view through the mair plasma (# 30763) in the X-point phase. The difference
between i pre-divertor and Mark I divertor spectra is that no n>6 C VI Lyman series lines are
now observed. These lines have been attributed to charge exchange with excited deuterium
- produced when there is contact between the limiter and the plasma [1]. Hence the neutral deuterium
is formed by Frank-Condon dissociation at ~3eV
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The emission seen by the spectrometer is a slice through a 3-D volume whose parameters
vary in space and time (the fall-off lengths are ~cm). The model reduces the geometry to 0-D to
elucidate the important atomic processes. The extreme values of the CV G-ratio can only be
explained by emission from a strongly recombining plasma. A transient, recombining, model of the
emission is used. Outfluxing C*, C* and C*, from the confined plasma, enters the SOL where
jonisation equilibrium does not apply. The outfluxing carbon recombines with a competition
between charge exchange and radiative recombination. The residence time of carbon in SOL is set
by parallel transport, where © = 2L Jc, (L, = connection length, ¢, = sound speed). The outfluxing
mix is adjusted to match the Ly o /CV resonance line ratio, which is a measure of the ionisation
balance. The system is allowed to evolve with the integration time set to 50ms to match the

spectrometer’s time resolution.

The emissivities of the driving processes (excitation, recombination and charge exchange)
were calculated in a collisional-radiative code which forms part of ADAS [2] at JET. All possible
transitions and excitation routes for n<5 for CVI and n<4 for CV were included. The atomic data is
mostly taken from ADAS. The charge exchange cross sections are from [3,4). These were
extended by hand to lower energies. It must be noted that there is a severe lack of cross section data
at such low thermal energies.

The residence time is estimated at ~4ms. It can be modified by effects such as thermal force
in the SOL, but the calculated ratios are relatively insensitive to this parameter. The prominence of
the Lyman v line is conclusive evidence of charge exchange contributions. Figure 2 shows a
comparison between calculated line ratios and observations. The model requires a npo/n, ratio of
~0.05, equivalent to a neutral density of ~5 x 10'm™. Neutral density fractions of 10” and above

are necessary to explain the CV G ratio. Radiative and dielectronic recombination alone are not
enough to account for the observations. The SOL temperature is estimated to fall in the range 50—
90¢V, which is consistent with all the calculated ratios.

Detachment Signature
The line-of-sight of the spectrometer passes just above the divertor radiation zone. The

emission line ratio of the CV resonance line to the CVI Lyman o line is an early indicator of
detachment (Figure 3). As the plasma approaches detachment this ratio rises. The CV G-ratio

remains relatively constant as the plasma detaches. When the plasma is fully detached the region of [
cold plasma becomes localised at the X-point.

During the radiative divertor phase no CVI charge exchange lines are seen, indicating that
the emission is from within the confined plasma. Hence a diffusive-ionisation balance equilibrium
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model can be used (the neutral fraction is much lower in the confined plasma than in the SOL). The
observed carbon G-ratio is ~0.7 compared with the equilibrium value of 0.45. The calculated G-
ratio (figure 4) shows that in radiative divertor plasmas the plasma surrounding the X-point
radiating zone is cooling as a result of the condensation in the diverior. The local wmperam:iz
outside the X-point radiating zone, but from the confined plasma, cools to ~80-90eV from the
‘normal’ temperature of 300eV. G- ratio measurements further from the X-point show higher
temperatures. This temperature gradient along the outer flux surfaces may be destabilising, possibly
leading to radiative collapse of the plasma.

When a radiative divertor plasma detaches, the CV resonance to Lyman o line ratio begins a
steady increase approximately 3.5s beforehand. Radiative divertor discharges which do not attain
detachment do not exhibit this behaviour. Figure 4 shows this ratio calculated as a function of
confinement time. The steady, monotonic, change in the line ratio as the plasma moves towards
detachment is a measure of an increasing diffusion (because T, o< a¥/D,) in the near-edge plasma.
The poorer edge confinement may be caused by a degradation of the confinement mode.

Conclusion

It has been shown that the CV and CVI spectra can be used as diagnostics of the outer
plasma region. In the SOL charge exchange with neutral deuterium is significant and amounts to
~0.05% of n,. The temperature of the SOL is ~50-90eV. There is a lack of charge exchange cross
section data at the low energies needed for this analysis, The near-edge XUV spectra provide a
reproducible detachment signature. The condensation at the X-point sets up a temperature gradient
along the flux surface. The ionisation balance is also affected. Enhanced diffusion or poorer edge
confinement is evident well before the plasma fully detaches.
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Effects of density and plasma configuration on the divertor asymmetries

S Clement, A Chankin, S Davies, J Lingertat, R Monk, R Sartori and M Stamp.
JET Joint Undertaking, Abingdon, OXON, 0X14 3EA, UK

1/ INTRODUCTION. Asymmetric power deposition with more power going to the outer
divertor target is usually observed in single null divertor configurations and is expected
from geometrical toroidal effects (higher area of outer magnetic surfaces) and higher
anomalous transport towards the outer midplane. The additional effect of drift forces has
been discussed in [1]. This paper presents the first results of an analysis of the asymmetries
obtained in H-mode regimes. It is found that the magnetic configuration has a strong
influence on the imbalance of power and particle fluxes in the divertor. The effects of gas

fuelling are also discussed. Two regimes are distinguished: 1)hot ion mode regimes: these
" have high power (18 MW), central fuelling with the neutral beams (no gas fuelling) and
result in a high temperature, poloidally isothermal scrape-off layer (SOL); one expects
poloidal drifts to increase the asymmetries; 2) radiative divertor regimes: medium to high
power (12MW), edge gas fuelling: these result in a high radiation fraction in the divertor
region, and non-isothermal SOL, with possible extra radial drifts[1] which in turn may
modify the particle and power exhaust ratios. Langmuir probe data implies high edge ion
temperatures in low density hot ion modes. There is empirical evidence from other
machines that high edge temperatures are associated with toroidal momentum [2] in the
edge plasma. This effect has the correct sign to increase the density at inner divertor.

2/ HOT ION MODE: EFFECTS OF THE PLASMA CONFIGURATION. In general,
the power flow towards the outer strike zone should be larger due to geometrical toroidal
effects [3] (higher area of the outer magnetic surfaces: calculations yield a 23% higher
outer pressure for JET toroidicity), higher D, towards outer mid-plane, and the Shafranov
shift ([1] and references therein). Furthermore, in the low density/low recycling hot ion
mode regime, one expects high and poloidally uniform edge temperatures to cause strong
radial electric field and poloidal ExxB drifts that should increase the asymmetry.

Higher power to the outer strike zone has been observed in most JET magnetic
configurations (see[1] for ohmic and L-mode discharges). This was also evidenced by the
fact hat most of the damage occurred on outer divertor tiles.

However, we have found that high magnetic shear configurations show a more even
power distribution than the low shear equivalent discharges, and the power imbaiance can
even be reversed in favour of the inner strike zone. High confinement regimes have been
found to depend on the magnetic configuration in DIII-D [4] and JET [5].

Fig 1 shows time traces for two discharges with [,=3.8MA, B:=3.4T , Discharge #32969
has a shear at q=95% SHss =3.6, discharge 36677 has SHes =5.0, at the time of the peak
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neutron rate . It can be seen that the inner and outer strike zone peak temperatures are very
similar in the higher shear case. The effect of shear (or more generally, of the shape of the
plasma) has been studied for two series of discharges of hot ion modes: 1) the 20 best.
discharges of the campaign in terms of peak neutron production (plasma current 3MA < I
< 4MA, toroidal field B. = 3.4T, input power Pn = 18MW NBI, shear values 3.1 < SHos <
5, no gas fuelling); 2) a series of 12 discharges of a configuration scan ( I» = 2.5MA, B. =
2.5T, Pa = 10MW NBI, shear values 2.8 < SHes < 4.2, no gas fuelling, no tile temperature
data available). All the discharges in the high performance dataset have moderate to high
shear. The dataset includes two main types of configurations: the high flux expansion single
null (moderate shear) and the double null type of discharge (high triangularity, high shear).
All these discharges have low divertor densities and electron temperatures above 50eV, as
measured by Langmuir probes. For the probe measurements the power accountancy is
poor, indicating that the ions carry a higher fraction of power to the divertor than electrons.
Good global power balance is found with the IR camera measurements. These discharges
radiate below 10% of total input power, and show a constant and very weak D, emission in
the divertor during the ELM free period. It is observed that: 1) the ratio of outer to inner
peak surface temperatures decreases with magnetic shear during the ELM- free H-modes
(fig. 2); 2) the same trend is observed in the Dy ratio (fig3), as one would expect in a high
temperature SOL, with no temperature gradients along the field lines; 3) the same effect on
the temperature ratio is observed in the low confinement phase that follows the hot ion
mode, although the temperature values are more scattered (movement of the strike points
due to B changes).

Drifts alone cannot explain the higher power going to the inner strike zones at high shear
for poloidally isothermal plasmas. Other possible explanations could be related to: 1)
toroidal momentum: its effect is expected to be important at high edge temperaiures;
however high electron temperatures are measured in all the high performance dataset;
unfortunately ion temperature data are not available to show if there is any effect of the
plasma configuration. 2) fluctuations, observed to be different in the high and low field
side; however, the position of the heat source does not seem to matter too much in
isothermal SOLs; 3) thermoelectric currents in the SOL.

It has to be noted that the same trends are obtained by plotting the data against the
triangularity of the plasma. The values of the triangularity are calculated with a greater
accuracy than those of shear, because it is an edge parameter. However, there is a strong
correlation between shear and triangularity in the dataset used. Finally, no correlation with
the plasma current or with q was found.

3/ RADIATIVE DIVERTOR REGIMES: EFFECT OF DENSITY (GAS FUELLING).

When gas is injected in the divertor or the SOL, the resulting increase of the edge density
will change the pattern of radiation in the divertor region. This is particularly important for
radiative divertor regimes. In L-mode confinement regimes [1], the ratio of the power in

176




al055

the outer and inner strike regions ranged from a factor ~1.5 to values =3. In general, the
asymmetries in the electron density, temperature and D, fluxes appeared to be consistent
with radial EoxB drifts playing an increasingly important role as the density and hence the
parallel temperature gradient was increased. However, the effect of increasing the divertor
density on the power distribution was obscured by the onset of detachment occurring at the
inner strike zone.

Two discharges at high power and far from detachment have been chosen to compare the
effects of the density., The configuration is one of moderate shear (SHss=3.3), and the
power going to the target plates is very similar in the two cases. It can be seen (fig.4) that
gas fuelling increases the density by a factor of two and brings the asymmetry factor in the
divertor temperatures from 1.1 to 1.6 . The relative change in the radiated power in the
divertor Prad ousr/Prad wser changes only from a value of 1 at low density to 0.85 at high
density. This result is consistent with the development of a poloidal temperature gradient in
the SOL as the density increases, giving rise to high radial EoxB drifts.

4/ CONCLUSIONS. In the majority of the configurations used at JET more power flows
to the outer than to the inner strike point, as expected from theoretical predictions; however
in hot ion mode regimes (poloidally isothermal SOL) we observe a more even power
distribution as the magnetic shear (or the triangularity) is increased. This effect is also
observed in the particle flux to the divertor region. These observations are not accounted
for by any classical drift. Toroidal momentum could play a role in the development of these
asymmetries. However edge ion temperature data are needed to determine its importance.
The effect of gas fuelling on the power ratio is consistent with the development of a
poloidal temperature gradient in the SOL as the density increases, giving rise to radial EsxB
drifts. The effect of the magnetic configuration on the power and particle distribution poses
a problem for the design of a divertor for ITER. Codes based on edge and divertor
parameters may need to have a model of the central plasma coupled to make reliable
predictions.

The work of P ] Lomas and Task Force H is gratefully acknowledged.

REFERENCES :

1. A Chankin et al, Plasma Phys. Control. Fusion 36 (1994) 1853.

2. A Chankin and W Kerner, Nucl. Fusion 36 (1996) 563.

3. P ] Harbour, Contrib. Plasma Phys 28 (1996) 417.

4.1 Stambaugh and the DIII-D Team, Proc. of the 15th IAEA Conference on Plasma
Physics and Controlled Nuclear Fusion (1994) 83.

5. P] Lomas and the JET Team, as above, p.211.

177




alf55

—— Pulsa No: 32669
Pulse No: 33667

20F

g

0|
- 1200 Pulse No: 32969
2 f.—? 800
B . Background, o~ J i
0=
- 10}~ Pulse No: 33667
a 3 Eis
0 =
[ Pulse No: 33667
‘s G 8oo|-
E% | _Background
400
s 2r
}: L
= 1 e LY.
£ F
[ £
£ ! gn H
= H]
= Fo § et V. W2
= 15 125 135 14.5

Time (5)

Figure | Time traces of the input power, radiated
i)ower, power going to the divertor target, central
ine density and the temperatures of the inner and
outer strike zones for shots #35752(no gas fuelling)

and #35752 (high gas fuelling).

v 2puse

2.2
© ELM free H-mode

20- % o L-mode

1.8

Touter ! Tinnar
=} o - o
T T T i
o
° []
o
°
o

=

=)
T
=]

o
@
T

L !
4.2 4.8

Shear at qgs

I
33 5.0

Figure 3 Ratio of the peak values of the outer to
inner strike zone tile temperatures versus shear at gss

in ,H-mode, ELM-free and L-mode.

178

Dttguter ! Ditinner

e zIUNe

2.0
® Transition ELMs
1.8 o © ELM frae H-mode
1.6 o
145 o
L]

1.2 L]

88
1.0 L] =

a8 Ba
n.8- Qo o

o

oo
0.6F [= -]

L o
0.4r a o

o
0.2
Loocs L L : I L
25 3.0 35 4.0 45 5.0
Shear at ggs

Figure 2 Ratio of the outer to inner strike zone
total integrated particle fluxes versus shear at

ges.in  ELM-free H-modes,

transition ELMs.

and during the

P (MW)

- 35752
— 35750

Prag

e
T

.uwm?ltﬂo

Qo
Q
=1

Tiargat (°C) Nug (10'8 m=2) Pran (MW)
@
8

@
o
=1

B

16 18

Time {s)

Figure 4 Time traces for shots #32569 and #33667:
total input power, neutron reaction rate, D, peak
tile temperatures in the inper and outer divertors,
and the ratios of outer to inner values in temperature
and D,, integrated photon fluxes.

T




a056

Plasma movement at ELMs in JET

S. Ali-Arshad, A. Edwards, J. Lingertat, S. Puppin, J. Wesson
JET Joint Undertaking, Abingdon, Oxon. OX14 3EA, UK
Introduction
In JET giant ELMs can give rise to a sustained degradation of plasma confinement, and in
some cases control of the vertical position of the plasma is lost following a giant ELM,
leading to a major disruption. An example of such a case is given in fig. 1.

A variety of measurements suggest that during the ELM the scrape-off layer and bulk
plasmas move rapidly. This paper presents these observations, and addresses
implications for the vertical stability of the plasma.

Data analysis

Magnetic diagnostics show a short-lived perturbation appearing during the ELM, typically
in the range 10-100 Gauss. The example in fig. 2 shows the amplitudes of the modes with
toroidal mode number n=0,1,2,3, calculated from a toroidal array of coils at a poloidal
position of 8~60°. The poloidal structure of the perturbation is shown in fig. 3 at two time
slices. A dominant m=1 structure is seen. The amplitude of this structure is a factor of -3
larger than the level of perturbation observed on each cof the coils in the toroidal array at
§~60°, suggesting a principal mode with m=1, n=0. Thus during the ELM the plasma shifts
downwards, reaching its lowest position in several hundred microseconds, and then it
moves upwards reaching its highest position in about a millisecond. Interpretation of soft
X-ray“data during ELMs is complicated by transient, highly local radiation sources.
However, supporting evidence for the plasma movement is given by lines of sight not
intercepting such sources. The position of the plasma current centroid, as determined
from the current moment method, is shown in fig. 4. This supporis the observation of a
downward movement followed by an upward movement, and indicates the size of the
movement is +1cm. Fig. 4 also shows that during the downward movement little poloidal
flux penetrates through the vessel. The plasma boundary displacement can therefore be
calculated from flux compression between the plasma boundary and the wall: §zyoun = A2y
8B,/ B,o, where AZ, =initial plasma-wall distance, 3B, = change in B, af top of vessel, By =
equilibrium field at top of vessel. The upward movement can also be estimated by this
method, but is only accurate to a factor of ~2, due to partial fiux penetration (see fig. 4).
Such estimates give agreement with the centroid calculation, so that the perturbation
might be approximated with a ‘rigid body’ displacement. In addition, this procedure allows
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the movement to be determined from mare abundant dB/dt data. Fig. 5 shows such
estimates for several ELMs plotted against the D light intensity. These suggest that larger
ELMs can produce larger displacements, and that the upward overshoot is typically larger
than the downward movement, by a factor of ~2.

Fig. & shows infra-red camera data on the divertor target before and during an ELM,
showing an increase in the strike zone separation during the ELM. The change is too large
lo be a result of the bulk plasma movement described above, so the existence of SOL
currents is suggested. This is supported by Langmuir probe measurements of SOL
currents of order 10kA, intercepted by the divertor target during ELMs [1]. A toroidal
current of order 10kA, transferred from the main plasma current is also predicted by
-consideration of spilling of hot electrons into the SOL during an ELM [2].

Interpretation
The vertical speed of the JET plasma is stabilised by a control system. A simplified model
C\V, - Cifi(s+1/1,)

for this has been given [3], [4]. This has the form LZ, = prg i

v 2, =

P

plasma current centroid vertical position; V, = voltage to radial field coil, proportional to
plasma speed, allowing for amplifier characteristic (+10kV max., 9 levels); ¥ = natural
instability growth rate; t,, =effective radial fisld penetration time with divertor configuratiaﬁ;
f, =arbitrary vertical force applied to plasma. For an ELM with a 1:2cm down:up
movement ratio, the model suggests a force waveform f, as in fig. 7 (The plasma position
is restored by a position control system on a time-scale of several milliseconds. This is not
included in the simulation.) Scaling up this f, waveform by a factor of ~3 produces a
vertical instability in the model as shown in fig. 8. The forces on the plasma might arise
from toroidal current transferred to the SOL during an ELM. Away from the X-point, to first
order, this does not produce a force on the plasma. However, in the X-point region a
downward force would be produced, as illustrated in fig. 9. If the SOL current then decays
faster than the current recovers in the confined plasma, e.g. due to an impurity influx, an
upward force could be generated due to the weaker poloidal field near the X-point
compared with the top of the plasma.

Future Work
Further work is needed in diagnosing the SOL currents, understanding the resultant forces
and the effect on the strike zones. The ELM database studied needs to be expanded, and
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data from soft X-ray and infra-red cameras, Langmuir probes and magnetics need to be

correlated. A multi-machine scaling study of the movement would be valuable to assess

implications for ITER.

Acknowledgement: The authors would like to thank Dr. P. Noll for discussions on the vertical

stabilisation system.
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Monte Carlo simulations of fast particle confinement during a
sawtooth crash

L. C. Appel!, T.C. Hender!, G.T. A. Huysmans, F. Marcus, C. G. Gimblett! and
S.D. Pinches!

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK.
t UKAEA, Fusion, Culham Laboratory (Euratom/UKAEA Fusion Association),
Abingdon, OX14 3DB, UK.
! Department of Theoretical Mechanics, The University of Nottingham,
University Park, Nottingham, NG7 2RD, UK.

Introduction

The most common core instability affecting plasma performance is the sawtooth crash.
Although the precise mechanism of this n=1, m=1 perturbation is not fully understood
[1, 2, 3, 4], its effect on thermal plasmas, clearly visible from measurements of SXR and
ECE, leads to a strong redistribution of thermal ions (5, 6, 7). In contrast to the results for
thermal plasmas, Marcus [8, 9] has used measurements of neutron flux to show that the
spatial distribution of slowing down 1MeV tritons produced by D-D fusion is only weakly
altered by the sawtooth crash. Understanding the nature of the interaction between the
sawtooth and fast particles is crucially important, as in an ignited fusion reactor heated
by alpha particles, the core heating efficiency will depend on their containment whilst
they thermalize. In this paper we use the guiding centre code HAGIS [10] to study
the behaviour of energetic particles during a sawtooth crash and make comparisons with
experimental measurerments.

Experimental evidence of fast particle redistribution

The clearest evidence showing the effect of a sawtooth crash on fast particles comes from
measurement of neutron emission. Fusion in a deuterium plasma results either in the
formation of a neutron (energy 2.5MeV) and a *He ion, or a proton and a triton with
energy 1MeV. A secondary flux of neutrons with energy 14MeV can result from fusion
of these tritons with deuterium. Although tritons are born with energy 1MeV, their
reactivity peaks at 200keV (this is for a single triton fusing with a stationary deuteron).

Measurements of neutron emission in JET have been carried out using two fan-shaped
multi-collimator cameras, with ten horizontal channels and nine vertical channels. The
neutron detectors are designed to detect unscattered neutrons in each of two energy ranges,
whilst filtering out the background gamma-ray radiation.

Discharge 26087 used 15MW of pure deuteriuin neutral beam injection to achieve the
highest D-D neutron yield in JET at the time. The heating was applied from 12 to
14 secs after initiation of the discharge during which time the 2.5MeV global emission
increased to peak just before a sawtooth crash at 13.47sec, apparent on SXR data. The
14MeV neutron emission, however, persisted for another 500msec as is evident from the
radial cuts of 2-dimensional profiles for 2.5MeV and 14MeV neutrons shown in figure 1
[8]. Statistical analyses of similar but lower performance discharges indicate identical
behaviour [9].

A useful insight can be gained from calculating the fractional beain-thermal contribution
(Fu) to the total yield of 2.5MeV neutrons at the time of the crash. This has been
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computed for a number of discharges using TRANSP and figure 2 [9] shows plots of the
emissivity profile widths on the mid-plane as a function of Fi. Just before the crash,
the profile width is an increasing function of . This is because as the density rises,
the beam deposition profile broadens due to reduced penetration and, coincidently, the
beam-beam contribution decreases because of the reduced beam density. Just after the
crash, the emissivity profile width is approximately constant. Plotted on the same graph,
the 14MeV neutron data from discharge 26087, appears consistent with the observations
of 2.5MeV neutrons.

In summary, sawtooth crashes are observed to affect the flux of 2.5MeV neutrons strongly,
but not the flux of 14MeV neutrons. These differences are most probably due to features of
the hot particle distributions. Before the crash, the FWHM (full width at half maximum
peak value) of the 2.5MeV neutrons is between 30% and 60% of the post-crash FWHM,
whereas the FWHM of the 14MeV neutron flux increases by less then 10% during the
crash. Plotting the beam-thermal contribution (obtained from TRANSP simulations)
versus the FWHM pre- and post-crash indicates that the results from both neutron species
are consistent.

HAGIS simulations

This section describes simulations that have been carried out to study the effect of a
sawtooth crash on a population of energetic particles. The sawtooth behaviour is based
on a model proposed by Gimblett and Hastie [4] in which a n=1,m=1 magnetic island
grows until the pressure gradient at its separatrix triggers a ‘crash’ characterised by rapid
stochastization of the central core. The post-crash equilibrium is reached by performing
a Taylor-relaxation of the core region. In the simulations, an n=1, m=1 eigenmode
computed by the linear resistive mhd code CASTOR [11] is increased from zero amplitude
over a resistive growth time (100usces) until the plasma core is shifted by 25% of the minor
radius at which point high (m,n) resistive interchange modes are triggered. Six high (m,n)
modes with n.$50 arc used each with a magnitude close to the (1,1) mode, chosen to induce
stochasticity of the magnetic field lines in the core region. This was yerified by computing
a Poincaré plot, following field lines from within the q=1 region. The high(m,n) modes
decay over 10usecs whilst the (1,1) mode decays more slowly. The post-crash equilibrium
at the end of the simulations is taken to be identical to the pre-crash equilibrium, close
to the value predicted by Taylor-relaxation. The mode is taken to be stationary during
the simulations.

We have used the HAGIS code to follow a population of 20000 tritons with energy 200keV
and radial distribution of the form

fo= {1 "R)"

where R is the average normalized poloidal flux surface at which each particle crosses the
mid-plane. The initial particle conditions are obtained by first constructing a grid in 1,
(poloidal flux), # (poloidal angle) and E (energy) and integrating the distribution function
in each grid cell. Values of the radial function T are obtained by expressing it as a function
of the equilibrium constants of motion p¢, E, u, (p; is toroidal angular momentum and
1 is the adiabatic invariant). From this, a cumulative probability function ges(2) (i =
grid cell label) is computed describing the probability of particle occupancy. Since the
function gg (i) is a monotonic function, the ‘reciprocal’ function i(gepys) is single-valued
and can be readily calenlated. Noting that the argument to this function lies between 0
and 1, we use a random number generator to ebtain a set of initial particle conditions.
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Simulations have been carried out for the cases of purely co-passing, counter-passing
and trapped distribution functions where in the latter case, the magnetic field at the
bounce tips is the value on the magnetic axis. Before considering the effect of the
sawtooth, preliminary HAGIS simulations were carried out in the absence of helical
magnetic perturbations to check that the particle distributions did not evolve in time.
In the presence of the sawtooth, simulations predict a clear flattening of the radial profile
in each of the three cases. This is illusirated for the case of a trapped distribution with
profile index y=8 shown in figure 3. The dominant effect on the profile is seen to be
through the (1,1) mode. During the pre-crash phase, the growing (1,1) mode results in
a peak electric potential of about 3kV. Rescnant interaction of particles is observed. For
each particle distribution, the equilibrium invariants p, and £ are not conserved and
the originally mono-energetic particle distributions broaden. In addition, for co-passing
particles there is an overall loss of energy to the wave whereas counter-passing particles
experience an overall energy gain. By comparison, the effect of the high (n,m) modes
during the crash phase is much less since the electric field is ~ 1/n smaller.

The effect of the sawtooth crash on other radial distributions was deduced from the
previous simulations which were obtained with y=8 by appropriately weighting each
particle i.e. for a particle 1 with initial R= R, the weighting is

o SR
=Ry

The profile coefficient v was varied over a wide range and the number of particles close
to the midplane ( |z| < 2cm) plotted versus v. The results, shown in figure 4, display
the profile widths before and after the crash. The effect of the sawtooth on particle
redistribution is greatest with an initially peaked profile. It is also clear that the final
radial particle distribution is almost independent of the initial conditions. Both these
effects are in agreement with experimental observations shown in figure 2.

Summary

The HAGIS code has been used to model experimental observations of fast particle
redistribution during a sawtooth crash. Simulations carried out with purely co-passing,
counter-passing and trapped 200keV particles predict that in cach case the radial profiles
are flattened. The effect is greatest with initially peaked profiles and the final profile
width is almost independent of initial conditions. These results are in agreement with
observations. In addition, the simulations predict resonant interaction of particles leading
to a broadened enecrgy distribution and an overall loss or gain of encrgy for the case of
co-passing and counter-passing particle distributions.
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INTRODUCTION.  Limitations’ of stable plasma operation due to magnetic field errors
(‘error” fields), arising from unavoidable misalignment of the tokamak magnetic configuration
and non-symmetry of the in-vessel mechanical construction, are expected to give rise to
significant problems in the design of future large tokamaks such as [TER. However, non-linear
dvnamic of the MHD perturbations observed in various experiments complicates predictions of
the ‘locked” modes in future tokamaks and prevents design of the reliable stabilisation techniques.
To reveal physical mechanisms involved in the processes of mode ‘locking™ in regimes with
plasma parameters approaching those in future reactors (relatively low level of impurities. high
electron temperature and density at the plasma edge, relatively slow plasma rotation) dynamic of
the MHD modes driven by the external helical magnetic field is analysed in ohmically and
auxiliary heated plasma in JET pumped divertor configuration. External ‘quasi-static’ (DC) and
rotating (AC) helical magnetic fields at JET are generated by system of four saddle-like coils
(SC) placed inside vacuum vessel at the lower part of the torus [1]. Non-linear dynamic of the
magnetic perturbations is compared with ‘phenomenological” model in order to predict effect of
the ‘error’ field on operation of the future tokamaks (ITER). Initial experiments with
compensation of the error field and delay of the mode locking are analysed.

1. CONDITIONS OF THE ‘LOCKED' MODES DESTABILISATION. Conditions of
destabilisation of the MHD perturbations (‘penetration” [2,3]) were studied in various plasmas at
JET by application of DC and AC magnetic fields with increasing amplitude or sweeping
frequency at the quasi stationary stage of the plasma discharges. Critical (‘threshold’) amplitude
of the external magnetic field leading to destabilisation of MHD modes depends in a complicated
way on the plasma parameters and geometry of the experiments. As'in previous experiments
[2,3]. ‘threshold” amplitude of the external DC field increases with the electron density in
ohmically heated plasma (Fig.la). ‘Penetration’ thresholds are smaller in plasma with low safety
factor at the plasma edge (see also [4]). Increase of the ‘penetration’ thresholds in present
experiments at JET with single null divertor (SND) in comparison with previous experiments
with limiter configuration [4] can be associated with the reduction of the impurities ( Z,, <1.7)

(sec Fig.1b). Only small decay of the destabilisation threshold with auxiliary power was observed
in experiments with RF heating ( 5, up to 10MW), while application of the neutral beam

injection leads to considerable increase of the ‘thresholds™ even at moderate auxiliary power
(P,,=2MW). Such increase is associated with fast rotation of the bulk plasma induced due to the
toroidal momentum from the injected particles (see Fig.lc). Modification of the ‘thresholds’ in
plasma with various toroidal magnetic field imbalance (‘ripples’) [l] is also correlated with
different angular velocity of the bulk plasma rotation in respéct to the external DC field (see
Fig.lc). : ) .
Resonance dependence of the “threshold” on the relative rotation of the external field and
bulk plasma was also observed in the experiments with destabilisation of the rotating MHD
modes by rotating external magnetic field (see Fig.ld). Magnetic AC fields with various
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frequencies of rotation were applied in the experiments at similar plasma conditions in chmically

heated plasma [5].
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Fig. 1. Locked modes ‘thresholds™ in JET

1I. SIMULATION OF THE TEARING MODE DRIVEN BY THE EXTERNAL
MAGNETIC FIELD. MHD perturbations driven by the externally applied magnetic ficld in
JET arc analysed with the use of single fluid ‘phenomenological” MHD model [6] based on
numerical studies of electromagnetic, inertial and viscous effects in rotated plasma,
simultaneously with analysis of the magnetic field diffusion in viscous-resistive layer around the
resonance surface [7,8]. Dynamic of the magnetic perturbations at the resonance surface entered
two distinctive regimes 7] subject to the bulk plasma parameters and amplitude of the magnetic
perturbations. In the non-linear regime (7] magpetic field perturbations are represented by single
m=2,n=1 tearing mode rotating in the toroidal direction. Free boundary tearing mode stability
parameter {A') is calculated on the base of the current density profile determined from the
magnetic equilibrium. Magnetic islands are entrained in incompressible ‘phenomenological”
viscous fluid |7] rotating in the toroidal direction, Parameters of the model were determined from
the best fit to the experimentally observed behaviour of the MHD miodes.

Maodel allows to describe experimentally observed ‘thresholds’ of the MHD modes driven
by external magnetic field in various plasma conditions using the same set of free parameters
{2.9]. Model also describes resonance frequency dependences of the driven MHD perturbations.
growth of the ‘threshold” with the electron density and dependence on power of the auxiliary
heating and magnetic ‘ripples’.

To clarify the predictions of locked modes dynamic in future tokamaks numerical model
designed for analysis of the experiments at JET was used for simulation of the tearing modes
stability in tokamaks DIII-D and Compass-C [2,3]. Analysis allows to establish the parameters of
a phenomenological mode! for tokamaks of different size. Specified set of the ‘free’ parameters
19]is used for simulation of dynamic of the locked modes in tokamak ITER [10]. ‘Penetration”
threshold increases with frequency of rotation of the ‘phenomenological” plasma fluid around the
q=2 surface (see Fig.2a). For default set of the plasma parameters [2.9] ‘threshold” becomes
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higher than B,/ B(r=r)=2-10" at frequency ®,(0)=170Hz and ‘reconnection” time scale

2] 1/3_5/6
] Ty Tg . . i
.0 =37sec (T 0 = |—E——1—/5—[7]). However, present numerical simulations can not
r T
0“2 v

exclude very small ‘penctration’ threshold in ITER (B, /B (r=r)=2- 107%) if the _
‘reconnection” time is similar to one in present experiments in JET [r,, =009sec] (see also

previous prediction [3,7]). Results of the analysis are summarised in Fig.2b using diagram
introduced in [11].
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Fig.2. Simulations of the ‘locked” modes thresholds in ITER.

ITI. PARTIAL COMPENSATION OF THE INTRINSIC ERROR FIELD AND DELAY
OF THE MODE ‘LOCKING’. Initial experiments were made in order to identify and
partially compensate ‘intrinsic’ error field at JET. It was observed that in the similar plasma
conditions destabilisation thresholds of the MHD modes differ up to'25% for different polarities
of the currents in the saddle coils providing various angular. orientation of the external field in
respect to the ‘intrinsic” error field (see Fig.3a.). This difference is equivalent to the ‘error’ field
B, =(075+1)-10"'T at the ‘equilibrium’ q=2 surface (R, =290m, r,=0Tm,
z=025m, k =14), which is in agreement with results of numerical calculations [12].

E m
B 2704
s E - Fig.3a. Toroidal dependence of the
o 1801 1 locked modes ‘threshold” in JET.
5 L Partial compensation of the ‘intrinsic’
s % 1 error field is observed in the case at
] - ] i =
T ol angular position around 135 degree.
g L I | .
90 i . : 4
1.0 15 20 25 3.0

B,/n,(0), (10Tm?)
Application of the rotating external magnetic field allows one to keep rotation of the
MHD mode till at least two-three times larger amplitude of the magnetic perturbations than one
of the ‘natural” MHD mode (see Fig.3.b). Such enhancement is in agreement with the numerical
simulations and demonstrates possibilities of application of the SC system for delay of the mode
locking prior disruptions.
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CONCLUSIONS.  Application of the helical magnetic field perturbations in JET allowed to
reveal conditions of destabilisation of the ‘guasi-static’ (locked) and rotating MHD modes in the
reactor relevant plasma conditions. Non-linear dynamic model of the process is identified by
comparison with numerical simulations. Numerical simulations predict a large variation of the
‘threshold” of locked modes in future tokamaks (B, / B, = (01-3) x 10"y subject to the
plasma parameters specified for the machines. The low ‘threshold” value predicted for ITER
under certain conditions wili necessitate the use of active techniques for compensating error
fields. Initial experiments demonstrated that partial compensation of the natural error field leads
to increase of the locked modes “threshold” up to 25%. Application of the rotating magnetic field
allows to maintain rotation of the driven MHD modes up io two times larger amplitude of the
magnetic perturbation than one of the “naturally” destabilised modes and thus delay locking of the
driven modes prior disruptions.
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Introduction

Experiments have been performed in the JET pumped divertor to study the stability of plasmas
in the presence of rotating applied fields and to investigate the possibility of stabilising disruptions by
magnetic feedback control of the n=1 precursor mode.
Experimental Arrangement

The disruption feedback stabilisation system (DFSS) is based on & set of 4 saddle coils
mounted inside the JET vacuum vessel, each consisting of 3 turns and covering approximately 90°
toroidally and 60° poloidally (Fig. 1). Toroidally opposite pairs of saddle coils are coupled in an n=1
arrangement and each pair of coils is driven by an amplifier capable of operating in the range 0-1kHz
at currents of up to 3kA, and in the range 1-10kHz at currents of up to 1/f kA/kHz Low-m, n=]
rotating precursor modes are detected by a set of four pick-up coils, and a counteracting magnetic
field is generated by the four saddie coils driven by the amplifiers with an appropriate amplitude and
phase. A sophisticated digital controller, based on a set of six C40 processors, has been developed ta
integrate measurements from the magnetic pick-up coils and from Rogowski coils monitoring currents
in the saddle coils. This controller, cycling at up to 200kHz, corrects the magnetic pick-up signals for
known sources of error, such as the plasma response and vacuum vessel eddy currents, and calculaies
the amplitude and phase of the required currents in each pair of saddle coils.
Theoretical Basis

The theoretical framework on which the experiment is based is a modified version of
Rutherford’s theory for the growth of a magnetic island. The island time evolution is given by the well
known equation: w = A’/ 1, .For the control to be effective we require that k > r,A’/2m , where k is
the ratio of the island magnetic field and that produced by the feedback system at the resonant surface
(gain of the loop)’".
Experimental Details

A typical diverted equilibrium in JET has minor radius a=1.05m, vertical displacement
Z,=0.3m, elongation k=1.6, radius of the q=2 resonant surface r,=0.75. A numerical code has been
used to calculate the vacuum magnetic field components produced by JET saddle coils when the shape
and position of the resonant surface is changed. m=2 magnetic fields on the resonant surface in the
range 0.8 +2x 10" T are expected. Many different poloidal components are generated. Note that for
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rotating fields, the interaction with the wall reduces the field amplitude by about 40% and changes
their phases with respect to the DC field.

In addition, the presence of a plasma column changes the detected magnetic field at the wall.
This so-called ‘plasma respanse’ (Fig. 2) is a strong function of the equilibrium parameters of the
plasma. However, it is found that the response in JET is independent of the driving frequency of the
external fields while it is linearly proportional to the amplitude of the saddle coil current. Observations
are consistent with a simple theory based on the assumption that each surface reflects the magnetic
field component with which it is resonant.

Production of Rotating Tearing Modes

Rotating tearing modes can be induced in the plasma by applying a rotating magnetic field.
Such modes are locked to the external field frequency and reach an amplitude which is at least 3 times
larger than naturally growing tearing modes before locking to the wall'. The threshold of mode
peneration is a function of the driving frequency and has a minimum around the natural frequency of
the mode in the plasma, as expected on the basis of Hender-Fitzpatrick theory”.

Feedback Control of Tearing Modes

Initial experiments on the feedback stabilisation of naturally growing tearing modes were
performed during the MKI divertor campaign. The applied current during these experiments was,
however, severely limited, to approximately 30% of the design value, to avoid the possibility of
electromagnetic resonances causing damage to the saddle coils. This limitation will be substantially
cased in the future due to strengthening of the saddle coils and to improvements in the saddle coil
protection system.

The feedback control loop was initially closed in vacuum to investigate the intrinsic stability of
the system. and oscillations (even at low loop gains) were seen at around 13kHz. This instability,
which is due to the poor feedthrough compensation for high frequencies, can be prevented by filtering
of the signals and by careful feedthrough compensation.

The loop was subsequently closed in the presence of naturally growing tearing modes which
preceded density limit disruptions (Fig. 3). The controller generated fields with the correct phase and
amplitude, indicating that the controller logic operated correctly and that the various corrections had
been implemented properly. However, the magnetic islands usually grew too fast and locked before
the precursor could be stabilised - it is not expected that the feedback control system will be powerful
enough to suppress modes once they have grown to a sufficient amplitude for locking to the vessel
wall (several Gauss in JET). A first estimation of the instability parameter A’ and of the loop gain
2mk/r, (Fig. 4) confirms that in the pulses studied an increased current capability, together with early
detection of the growing islands, would be required to permit suppression of the precursor mode.
Besides, with the present limitations in the system design, the modes were not controlled in speed and
thus locking could not be prevented.

Modelling of Feedback Stabilisation Experiments

A gumerical model® of the feedback control system, including a realistic model of the evolution
of the internal mhd mode in the presence of externally applied fields, has been developed and detailed
simulations of the control system have been performed. They reproduce with good accuracy the real

behaviour of the system and can give useful information about the efficiency of the control. For
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example, In shot 35221 the natural growth rate of a magnetic island changed abruptly when the
feedback was switched on. Comparison of real signals with simulated ones suggests that, being the
mode close to saturation, the feedback gain was actually big enough to completely stabilise the island .
Conclusions

Initial experiments with the disruption feedback stabilisation system in JET have allowed many
aspects of the physics of magnetic island evolution in the presence of externally applied fields to be
investigated. In addition, the operation of the control loop has been explored and phenomena such as
the vacuum feedthrough and plasma response have been quantified. Analysis of these first experiments
indicates that the control loop functioned correctly, but that limitations in the power capability of the
system, related to the mechanical stresses in the saddie coils, prevented the system from stabilising
disruption precursor modes. Simulations of the operation of the control loop using a numerical model
have yielded insight into the physics of the control problem and should allow an understanding to be
developed of the role of various processes in determining the behaviour of magnetic islands during
feedback stabilisation experiments.

On the basis of the operating experience, the control system has been substantially upgraded in
advance of the forthcoming experimental campaign. An improved protection system has now been
installed which should permit the system to reach its full current capability of 3kA. In addition,
improvements in the trigger logic of the controller should allow modes with an amplitude of only
20T at the vessel wall to be detected, a substantial improvement over the present detection threshold
of 50uT. As a final significant improvement, the upgraded controller will be able to control not only
the mode amplitude but also its rotation frequency, and this will provide an important additional
feature to increase the likelihood of achieving mode stabilisation. Overall, the disruption feedback
stabilisation system should prove a powerful tool, not only in addressing the question of disruption
control, but also in studying the physics of tearing mode evolution in tokamak plasmas.
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ICRH in Hot-Ion H-modes in JET
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D.F.H.Start
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In JET the NBI-produced ELM-free hot-ion H-mode plasma has generated the highest DD
fusion reaction rate (R,y) and therefore represents one of the leading modes for high fusion
performance in the next DT phase of operations. The work presented here examines the role of
adding ICRH to hot-ion H-mode plasmas.

RF IN HOT-ION H-MODES

The plasma has triangularity 8 = 0.25, expanded flux surfaces in the divertor and low
recycling - conditions not optimised for I[CRH coupling. Two discharges in Fig.1 had central ion
temperatures T,, > 20 keV and were pre-heated by similar LHCD powers to drive off-axis
current, maintaining q(0) > 1, and suppress sawteeth prior to the main heating phase [1]. Pulse
No. 34454 had both ICRF (6MW) and NBI (17MW) heating. ICRH was in the H-minority
regime with near-axial resonance. The NBI-only reference (Pulse No. 34443), was heated with
16 MW. The discharges terminate by an ELM and sawtooth collapse. ICRH enhances R, as
well as total plasma energy content - the latter is due to the increased heating power, an
increased thermal confinement time, and the energy content of the ICRH fast ions. The fast ion
content has been subtracted from the measured energy to estimate the thermal energy. The
thermal confinement time was normalised to the ITERH93-P scaling law to derive the H-factor:

H = tp/193 where:
193 (sec) = 0.035 (I/MA)'* (/10"m~)*" (B,/T)"™ (Q/MW)"(R/m)' " """ *M™ (1)

and Q, is the heat flux across the boundary. Fig. 2 shows the thermal H-factor is up to 30%
larger during the combined heating case. The TRANSP code was used to analyse the
improvement in global confinement. At t = 16.7s and in the interval (0.3 < r/a < 0.7), there are
similar values of electron thermal diffusivity; . ~ (0.5 + 0.25) m* s for both pulses, values
typical of those in JET hot-ion H-modes. Thus the enhancement in the global confinement found
when ICRH was added cannot be explained by a change in y_. However the ICRF heating profile
is more peaked than that of the NBI. About 85% of the total ICRH power is found within r/a =
0.4 whereas only 45% of the total NBI power is found in that region. We expect the more
centrally condensed ICRH power deposition to increase the H-factor by only ~10% compared
with the 30% measured increase. A model [2] which agrees with the experimental results is
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based on a neo-classical boundary condition at the separatrix, representing an edge transport
barrier and is derived assuming the energy loss is related to direct losses of trapped ions. Q, (=
kn.? ) is independent of the edge plasma temperature and is constant for constant edge density
and,

dW/dt=P-Q, (2

For constant n,, and input power P, W = W, + (P-Q,)}t, where W, is the energy content at the
time of barrier formation. Thus both W and tg [= W/(P-dW/dt)], increase linearly with time: g
=1 + (P/Q, - 1)t where 1o = Wo/Q,. Since Q. is constant, we see from Eq.(1) that 193 is only
weakly dependent on time through the density evolution and predict that H should increase
approximately in proportion with time. Moreover dH/dt depends on applied power,

dH/dt = (1/t93) (P/Q. - 1). 3)

In Pulse No. 34454, we estimate Qp, ~ 10MW and calculate the fractional increase in dH/dt
produced by ICRF finding the H-factor should increase ~1.4 times more rapidly than in Pulse
No. 34443, in agreement with the observed ratio of ~1.3 of the slopes in Fig.2.

To exploit the potential benefit of this configuration, further optimisation is required. If
we rate the performance of 3MA hot-ion H-modes in terms of R, pulse No. 34454 ranks highly
at 70% of the best performing 3MA discharge. This latter pulse was with NBI only and achieved
its performance because the ELM-free period persisted for over twice as long. With lower
recycling and improved stability [3], NBI can produce higher performance than in Pulse No.
34443, Adding ICRF/LHCD can certainly improve performance of the best NBI plasmas further,
provided the ELM-frec period is maintained, by optimising shear at the edge which normally
decreases at low internal inductance.

HIGH ELECTRON TEMPERATURES

A record central electron temperature of T = 15keV has been produced by RF + NBI
heating in a hot ion H-mode (Fig.3). The H-mode was produced by 9MW of NBI which was
progressively stepped down whilst the RF power was ramped up to 4MW. As a result, both the
stored energy and the density reach stationary values during the H-phase. T, reached 15keV
when n,=4x 101°m3 and T, = 12keV. H= 2.5 - 3 depending on whether the fast ion energy
content is included. T, is plotted in Fig. 4 for hot ion and RF H-modes in 3MA triangular
configurations and for RF-H-modes in 2.5MA discharges that simulate the JET “gas box"
divertor configuration. For the hot ion cases, the data lie in the same region as those from pellet
enhanced performance H-modes (PEP + H) and hot electron modes obtained in the 1991/92
experimental campaign. Fig. 4 also shows, for comparison, the scaling of T,, with Pnpi/n,.
Similar values of T,, and T, are obtained for the same values of P/n_, implying similar core values
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of x, and x;. In 3MA, RF-only H-modes, T, increases linearly up to Pye/ng =3 x 10719 m3 MW.
Above this, T, increases less rapidly possibly either due to fast ion orbit broadening of the
electron heating profile or an adverse scaling of x, with temperature. A non-linear behaviour is
evident in the 2,.5MA "gas box" divertor data in which T, saturates at 9keV. TRANSP radial
profiles of y_ for the RF H-mode Pulse No. 34046 and the hot ion H-mode, Pulse No. 34242, at
the time of maximum T, shows that, for the hot ion H-mode, ¥, is about half that in the RF H-
mode. In the 2.5MA "gas box" divertor plasma with the highest P/n, %, (r/a = 0.3) ~ 3m2/s or
about twice as large as that for the RF H-mode. For the hot ion H-mode xj ~1.5 xe. As T, (and
B.) increase, the fraction of power absorbed by the electrons - by electron Landau damping +
TTMP - also increases. This concentrates the power deposition in the core, ameliorating the
orbit-broadening of the MeV fast ion heating profile. B, is a factor of two greater in the hot ion
H-mode compared with the RF-only H-mode case. In Pulse No. 34242 the direct electron
damping is 15% of the input power compared with 6% in Pulse No. 34046. A variation amongst
the 3MA discharges was Pulse No. 35297 in which SMW of ICRH with resonance ~ 0.3m on the
high field side produced T, = 10keV at n, = 2.7 x 101%m3. This T, is higher than those
obtained for the same P/n, with axial resonance in the 3MA RF-only H-modes (Fig. 4).
TRANSP shows a core , value similar to that for the hot ion H-mode and about half that for the
RF-only H-mode.

SUMMARY AND CONCLUSIONS

The injection of fast waves into 3MA hot ion H-modes has increased the normalised
thermal energy content by up to 30% compared with that achieved by beam heating alone.
TRANSP analysis has established that there is no change in the thermal diffusivity. The
enhancement is too large to be produced by the centrally localised nature of the ICRH alone, but
is consistent with an interpretation in terms of an edge confinement barrier which maintains an
energy loss independent of the plasma energy content. With this model, the H-factor increases
with time at a rate which increases with the input power.

Central electron temperatures of ~ 15keV have been obtained in both RF-only and hot
ion H-modes, close to the anticipated electron temperature in ITER at ignition, namely T, =
19keV. The temperature gradient and the electron toroidal beta are similar to the expected
values in ITER, but the density in JET is three times lower. These data indicate that ICRH is an
effective heating method - especially when its basic advantages - central heating independent of
density and no fuelling at the edge - are fully exploited.
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A DESCRIPTION OF ELM-FREE H-MODES IN TERMS OF A NEOCLASSICAL EDGE
BARRIER AND A ‘MIXED’ MODEL FOR ENERGY AND PARTICLE TRANSPORT

A. Cherubini, B.Balet, N. Deliyanakis, M. Erba, R.Giannella, N.C. Hawkes, V.V. Parail, L. Porte, A Rookes,
E. Springmann, A. Taroni

Jet Joint Undertaking, Abingdon, OX14 3EA, UK

INTRODUCTION:

High performance in JET ELM-free H modes appears to be related to the edge temperature, which can reach
several ke}”s, contributing up to half of the stored energy. A model to compute these edge values must then
be given in order to predict plasma confinement. The existence of a neoclassical transport barrier was
assumed in //]: transport inside the separatrix is reduced to ion neoclassical values on a width scaling with the
ion poloidal Larmor radius ps In this work we extend that model to include plateau effects, and most
importantly include particle transport, using the JETTO transport. Particle confinement and recycling
conditions are shown to be crucial factors for energy confinement and the evolution of the discharge, as
observed in experiments.

ENERGY TRANSPORT MODEL IN THE CORE PLASMA:

We use a ‘mixed’ transport model /2], which combines a gyroBohm ( v ., = u“[fVT,,"B,’ ) and a Bohm-

like term (1 5 = 5 (VP [n, B, )g*a® <VT,[T, > ,45):

Xe=Xp T X

Xi=2ruwt Xt ¥,

This model can be used to describe both L and H modes, due to the non local dependence of the Bohm-like
termon L7 =< V7. /T, >_,,, the electron temperature scalelength averaged in the outer 20% of the radius,
excluding the transport barrier.

EDGE TRANSPORT BARRIER:

We assume that in H modes, free from ELMs or other MHD activity, all transport coefficients are reduced to
jon neoclassical values, on a width ~ps inside the separatrix. In the banana regime, relevant to JET high
performance shots, the heat loss from the edge then scales as: Que~"oYinesl o O ~ tﬁn,’xl’,,, and particle losses
as Lo~ Oneo Ta

An important energy loss term is due to charge exchange with cold neutrals: Pey—~IyT,, where [ is the
neutral influx from the edge. We write /=1~ 5", with §” taking into account any sources in addition to the
100% recycling. When S~ is small compared to the outgoing flux I%.,, then Po~I7..7, and so total energy
losses will retain the neoclassical scaling. Additional energy losses due to radiation Pryp are included in the

simulations, but are often negligible.
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The scalings change when the edge approaches the platcau regime, when v'>0./. The energy losses are not
independent of 7, anymore: O~#,7.”, and a pedestal saturation is expected.

From the given scalings some conclusions can immediately be drawn.
a)The best confinement will require low edge density, and low recycling conditions (wall conditioning)

b) Steady state can be reached only in three ways: stepping down the input power P, increasing /1, up to
P elming or other additional energy losses (e.g. increased radiation)

¢) While n, remains low (i.e. heat loss Q-n‘a'? small compared to /), a situation of near thermal runaway is
created, with ¥ ~P-Q. Typically both W and T, rise on a timescale faster than ,, so the plasma hits a local 4
limit (e.z. ELM, ‘slow roll over’, etc.) before reaching steady state. This is typically the case of JET high
performance discharges.

In the JETTO code the transport barrier can be simulated in two ways. Either it can be taken into account
explicitly, reducing all transport coefficients appropriately on a few mesh points close to the separatrix, or the
neoclassical fluxes can be imposed as Neumann boundary conditions, thus solving the transport equations only
up to the transport barrier. The two methods have been shown to be equivalent (see later), but the former
allows coupling with SOL codes, as EDGE2D (3], and thus further validation against SOL measurements.

Semipredictive simulations, i.e. imposing the density profile from measurements, have been initially used to
check some of the dependencies predicted by the model. A series of discharges was performed scanning
density and current and optimizing the configuration for edge measurements. All relevant plasma
characteristics were successfully reproduced, even for shots with the edge approaching the plateau regime.
These simulations support the dependencies of the model on current and collisionality, but given the
importance of n,, modelling of particle transport is required
FULL ENERGY AND PARTICLE SIMULATIONS OF ELM FREE H MODES:

The NBI particle deposition profile is a very important ingredient in the analysis. This was obtained from the
TRANSP Montecarlo package. The source profile of edge cold neutrals is computed by the code FRANTIC,
with the total influx given by J5=7 ~S". When simulating an experimental discharge, 5 can be imposed to

reproduce the total particle content
We describe the particle flow by using only an *effective’ diffusion term: D, = f(p) x| Z,/(Z, + ,r_) The

radial function ffjp) was chosen in one of the shots in order to reproduce the shape of the measured density
profiles and the magnitude of /%, and then kept constant in different shots. It turns out that in order to
reproduce the experimental density profiles f{/p) must decrease from f{0)~/ to f{{)~0.1, though its exact form
cannot be precisely determined (linear was used). This result can be interpreted as an indication for the
existence of an inward pinch localized in the outer region of the plasma, in agreement with similar results from
ohmic mode/3/.

All the main experimental measurements of hot-ion H modes have been satisfactorily reproduced, when S

is given as above. Typical density and temperatures profiles computed for a very high performance shot are
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given in Fig. 1,2, together with experimental ones. Relevant time traces are given in Fig.3. The neutral flux /3
grows up to ~2 /0%'s”, in good agreement with the SOL modelling and measurements /4/.

To study the effect of recycling conditions we have scanned S°, and run the simulations for a time longer
than the experimental MHD-free period (usually </.2 s). Fig.4 shows the predicted time evolution for the
stored energy, fusion reaction rate, and neutral influx: increasing §" causes higher 1, and lower 7., leading to
an increase in T, (and so One, ) even bigger than §* itself

It is clear that low recycling is essential to high performance. Higher neutral influx will induce lower pedestal
temperatures and increase transport everywhere, via L;_', Natural saturation and even degradation of the high
confinement phase is observed (Fig 4), because n, grows in time ~linearly and so energy losses with -2, but
the timescale on which saturation appear depends on recycling conditions, and it can be longer than the MHD
free period.

The degradation of confinement can also be caused by an impurity influx: the increase in edge Z,; enhances
Then , and hence both Oy, and Pcy , reducing pedestal and confinement (the increased radiation will also play a
role). This effect can be used to simulate experimental confinement degradation (‘slow roll over’), assuming a
trigger event (MHD) to increase Z,j[5]

CONCLUSIONS:

The neoclassical transport barrier coupled with the ‘mixed’ transport model provides a reasonable
description of the ELM-free H-mode. The scalings for energy and particle losses have been derived and tested
in numerical simulations of experimental discharges.

Simulation of particle flows requires an ‘effective’ diffusion decreasing towards the edge, a possible
indication for the existence of an inward pinch strongly growing in the outer region

Energy and particle transport in hot ion discharges have been successfully simulated, including the prediction
of pedestal values. High confinement is achieved when the energy losses through the barrier are small thus
leading to high pedestal values, this in turn reduces the transport coefficients throughout the plasma.

The main energy losses are the predicted neoclassical heat losses and charge exchange with cold neutrals.
Low recycling (wall conditioning) and low impurity content prove to be the main factors required to maintain

the small energy losses necessary for high confinement.
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Introduction

H-mode confinement is breached by Edge Localised Modes (ELMs) expelling particles
and energy. One of the features of radiative divertor experiments is the appearance of giant
ELMs followed by a series of smaller, grassy, ELMs. These ‘compound’ ELMs are then
followed by a period of quiescent H-mode. The effect on impurity profiles of compound ELMs
can be interpreted in terms of a time varying transport model. The effect of the ELMs is seen in
the Ne'® distribution inside the transport barrier [1]. During the H-phase an increase of the
more highly stripped ions (e.g. Ne'm). inside the transport barrier is accompanied by depletion
of lower charge states (e.g. Ne ) outside the barrier and in the scrape-off layer. The build-up of
ion pressure at the transport barrier during this phase is eventually terminated by the ELM. The
JET charge exchange diagnostic of edge impurities has been absolutely calibrated. Its space
resolution of ~1cm over the 10cm edge region is used to examine changes in the edge impurity
profiles in detail. The time behaviour of the transport during ELMy H-mode and its variation as
the ELM frequency increases are examined.

Charge Exchange Measurements of Impurity Density at the Plasma Edge

The JET edge charge exchange diagnostic (ECX) consists of two sets of opposing
viewing chords positioned above and below the magnetic axis intersecting the neutral beams.
The time resolution of the instrument is determined by photon statistics; with the large impurity
densities of neon used in these experiments (~1.5% of n,) the uncertainties are relatively low
and the time resolution is 20ms or better. Interpretation of the measured intensities involves
detailed consideration of the geometry and the neutral beam deposition characteristics.

The H-mode model is characterised by a narrow region of inward convection at the
plasma edge - the transport barrier. The location of the barrier is determined by the change in
slope of the ion density or ion pressure profiles. The T, profile does not respond to the ELMs
but the density gradient alters significantly [2]. The location of the barrier for an ELMy H-mode
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discharge is not affected by giant ELMs. In general it remains located at ~7c¢m inboard of the last
closed flux surface (LCFS), as calculated by the equilibrium reconstruction code.

Charge exchange measurements from the main plasma have shown that the light
(2<Z<10) impurities do not accumulate on-axis in H-mode but are peaked at r/a~0.75-0.82 [3],.
with carbon and neon peaking at the same radius. The ECX measurements confirm the steep
gradients at the outer part of the bulk measurements. The off-axis accumulation may be due to a
centrifugal contribution to the convective transport as a result of the plasma rotation which is
driven by the neutral beam torque. Phenomenologically this requires an outward convection in
the model.

Time Dependent Transport Modelling

The SANCO 1.5-D impurity transport code has been used in all simulations. Particle
transport is described by diffusive and convective terms with the flux of each ionisation stage
given by coefficients which are a function of flux surface (V) and time,

T, ==-D(¥,0)Vn, + V(¥,0n,.
The transport functions (D,V) are changed until the transport is consistent with experiment. A
limitation of the code is that it is not a closed description of the impurity evolution. The source
function of the influx is based on a peripheral ion stage. SANCO uses experimentally measured
T, and n_ profiles. To follow the temperature evolution, fast ECE radiometric measurements of
the electron temperature profile, with spatial resolution =lcm, at the edge, and temporal
resolution 21ms, are employed. The density profiles are from LIDAR measurements.

The behaviour of intrinsic carbon shows the time evolution of the change in impurity
profiles following the L-H transition and the build-up of impurities in quiescent H-mode. The
transition is simulated by an abrupt change in transport at a time determined by the drop in Da.
The width and depth of the barrier were adjusted until there was agreement between the
simulated and experimental C* ion densities (Figure 1). The simulations were constrained to
match the absolute CIII emission. The experimental observations of a steady ramp-up of C**
inside the transport barrier and a near constancy outside arise naturally from the simulations.

In ELM-free H-mode there are no gross disparities, in the time evolution of impurity
emission, between the main vessel and the divertor. In ELMy H-mode the source of intrinsic
impurities, such as carbon, becomes localised and the SANCO model of a symmetrical influx is
no longer strictly applicable. In a radiative divertor discharge the gas puffing provides a steady
source of impurities. The source term is based on the NeVII (2s* — 2s2p 465.22A) line since
NeVII radiates entirely in the SOL.

Compound ELMs are very suited to studying variations in the transport as they are well
spaced. Figure 2 shows the time evolution of Ne'™ for a number of chords either side of the
transport barrier (at R=3.68m, LCFS at 3.75m). The simulated radial profiles match the
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experimental profiles across the barrier. In the model the transport is switched from H-mode at
the onset of the ELM and remains so for the duration of the grassy ELMs. The transport
coefficients used are shown in Figure 3. The simulations show that the convective transport
barrier (~1-2cm wide) remains in place during ELMs and the degradation in confinement is from
enhanced diffusion only. The increased diffusion is localised to a ~5cm zone inside the LCFS
and extending into the SOL. The model predicts a threshold diffusion and a sensitivity to the
height of the convective barrier. A diffusion greater than 1.0 m’s™ at the edge is sufficient to
simulate the Ne'® profiles. The barrier sets a minimum velocity for outfluxing impurities with
V(r=a) ~15£2ms".

Time Independent Transport Modelling

With increasing ELM frequency the recovery of the H-mode phase is rapid and an
average, or time independent, transport applies. The time variations in transport are smeared out
for grassy ELMs and an average transport during the H-mode applies. A long impurity
confinement time is one of the characteristics of H-mode. A series of laser ablation experiments
were undertaken to measure the Z-dependence of particle confinement time in ELMy H-modes
and in Ohmic plasmas. Figure 4 shows the decay times. There is a slight (~20%) increase in
confinement in ELMy H-mode compared to ohmic discharges but this is significantly shorter
than ELM-free H-mode where up to 4s has been observed. The confinement was found to be
independent of Z.

Conclusions

A model of impurity transport during H-mode shows that the losses caused by
compound ELMs are diffusive, suggesting a stochastic model of the ELM. The enhanced
diffusion zone extends ~5cm inside the LCFS. Giant ELMs do not breach the convective
barrier. Absolutely calibrated measurements of the impurity profiles at the edge have been
simulated. The position of the transport barrier does not vary in time. With increasing ELM
frequency the confinement degrades although the transport barrier remains. In general during
discharges with grassy ELMs an average, time independent, transport is successful in modelling
the spectroscopic observations. There is a modest increase in impurity confinement time for this
type of H-mode over Ohmic plasmas.

[11M G O'Mullane er al., 22" EPS Conference, 11I-121 (1995)

[2] N'C Hawkes er al., 22" EPS Conference, 111261 (1995)

[3] M von Hellermann et al., 22™ EPS Conference, 11-9 (1995)
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Abstract The radial transport of runaway electrons generated in JET low density ohmic dis-
charges is analysed using a simple model that includes radial diffusion, collisional losses and
electric field acceleration. It is shown that the time evolution of the runaway electron density
is essentially diffusive, confirming previous estimates of the runaway radial transport coefficient,
D, ~ 0.2m2/s (r/a < 0.5), obtained using a diffusion model [1]. These results are employed, on
the basis of existing theories of magnetic turbulent transport, to set limits on the level of the

radial magnetic fluctuations in the plasma centre.

1. Experimental Data Runaway electrons have been detected during the start up phase of JET
ohmic discharges by measuring the emitted perpendicular X-ray bremsstrahlung radiation using
the collimated fast electron bremsstrahlung (FEB) monitor (with 10 horizontal and 9 vertical
channels [2]), sensitive to X-rays in four energy windows from 133 - 400 keV. Discharge parameters
were: n, ~ 0.5 —1.5% 10""m™, I, = 1 ~ 1.6 MA and B, ~ 2.75T. A typical time trace of the
line integrated X-ray emission from the FEB vertical detectors (channels 15-19, energy window
= 133 - 200 keV), is shown in Fig.1 for shot 29586. The signal from the central vertical chord
(channel 15) starts at t ~ 0.2 after the beginning of the discharge, it increases up to a maximum
at tpeak ~ 15 (fpeqk: time of maximum signal in the central chord), and then it decays to almost
level zero at ¢ ~ 4s. The most interesting feature of the FEB data is the different time evolution
of the line integrated emission in different chords. The decay of the signal is slower for the outer
channels, and the maximum in the measured X-ray emission is reached progressively at later times
in the edge chords than in the central ones. The FEB data, converted to local X-ray emissivity,
show that the emissivity radial profiles, initially peaked at time tocak, tend to flatten at later
times [1]. All these observations suggest an ontward diffusion of fast electrons from the centre to
the edge. v

2. The Model The time evolution of the FEB signals are used to provide a measurement
of an energy averaged fast electron radial diffusion coefficient. The radial transport of runaway
electrons is modeled with 2 one-dimensional cylindrical spatial diffusion equation that includes
collisional losses and electric field acceleration. The starting point of the analysis is the kinetic
Fokker-Planck equation for the fast electron distribution function felr | pL,t):

/e afe 19 __ af.
ot ﬁ‘{'c(fc}‘F;E;TDrFT' (1)

= -k

Here, D, is the spatial diffusion coefficient, E)| is the toroidal electric field, and e is the electron
charge. The operator C(f.) is the relativistic high-velocity Coulomb collision operator [3):

wop (1@ 28], 1+ Z; O af.
Cls) =2 [;5(v*f=+'r“’;a—i)+l%—3£5;u—mﬁ , @)

207




a063

where p, = (m=kI‘.)‘n. ™. is the electron mass, vy is the collision frequency for thermal electrons,
Z.;¢ is the effective ion charge, and InA is the Coulomb logarithm; p? = pﬁ +p3,p=pyp and
7t =1+ p/(m.c).

Using the kinetic energy, E = (v — 1)m.c?, as variable instead of the momentum p, and
integrating (1) over g, the kinetic equation for the energy distribution function, Ng(r, E,t), i§
obtained:

ONg 18 ONg @ _ wpll vopt 8. [ , 8 (Ng
Bt 1o G OF (EE"””"zmgu ET omiaE |7 EE(?Q)] @)

Ng(E)dE is the electron density in the energy interval (£, £ + dE); v is the electron velocity,
and 7i( E) is the average value of p for electrons in the energy interval (E, E + dE).

Eq. (3) for Ng(r, E,t) is integrated over energy for electrons contributing to the FEB signal,
from the low energy cut-off (e = 133keV) to infinity, to obtain a diffusion equation for the
runaway electron density, n.(r,t) = [7 Ng(E)dE. The resulting equation is:

dn, _ }-E_ % . Uupg Vupg dNg NE((&] f:]_
o = o or +(EE”“(°‘”"“‘ s | el ().~ B 4 5
(4)

where vy is the electron velocity at energy €4, and an average value of the diffusion coefficient

D, over energy is assumed. Eq. (4) shows that the fast electron density evolution is the result of
three main contributions: (i) radial diffusion, (ii) a flux of electrons (number of electrons/m?/s)
in the energy space at energy e due to electric field acceleration and collisional slowing down,
and (iii) a flux of electrons at energy ¢; due to collisional diffusion in the energy space. Eq. (4)
can be simplified by noting that, for fast particles, electric field acceleration and collisional energy
transfer are more important than collisional diffusion [4], so that:

5, +éle)Nela), (5)

where ¢(E,r) = eEyi(E)v - ﬁ%, is the energy transfer rate of a test electron to the bulk
plasma. Therefore, the effect of electric field acceleration and collisions on the evolution of the
runaway density can be represented by a flux @(e)Ng(eq) at energy € determined by single
particle dynamics in the energy space. This flux of electrons at a certain time ¢ will be given by
electrons with energy E at time f;..x that have been accelerated to energy ¢y at time ¢ following

the single particle orbits obtained from:

dE vop;
s By - 2m? v (©

where y ~ 1 is assumed for runaway electrons. The single particle orbits for r/a ~ 0.1 and
shot 29586 are shown in Fig.2: electrons are accelerated for energies greater than the runaway
critical energy e., and reach the energy cut-off ¢; in a short time scale (~ tens of milliseconds) in
comparison with the one observed for the runaway electron evolution (~ seconds). This means
that, unless a source of electrons is supplied at the critical energy e., the electron flux at energy
€4, d(eq) Ng(eg), will be small in a short time, and the evolution of n,, given by (5), will be
dominated by the radial diffusive term. This source of electrons at the critical energy ¢ is given
by the runaway production rate, I',. The runaway production rate at r/a ~ 0.1, calculated
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using ref.[5), is shown in Fig.3 for discharge 29586: I'; decreases very rapidly in comparison with
the observed temporal evolution of the FEB signals. Therefore, from time tpeak onwards, the
runaway density evolution will be essentially diffusive for most of the time. Simple modelling of
n,(r,1), taking into account the fast runaway electron dynamics in the energy space, can be done
by assuming that the instantaneous electron flux at €4, ¢(eq,?) NEg(eq,t), is given by ;. When
substituting in Eq. (5), this yields:
%"f e %%rﬂ,% +Te(r1) 7)
The results of the simulations for n(r,t) are converted to local X-ray emissivity as explained
in ref.[1] and integrated for each line of sight to obtain theline integrated emission to be compared
with the experiment. In Fig.4, a comparison of the FEB data and the simulations for the central
vertical chords 15-17 is shown for discharge 29586. The radial profile of D, is assumed flat.
Best agreement is found for D, ~ 0.2m?/s. The deduced value of D, is an averaged value for

r/a < 0.5, and over the runaway electron energy.

3. Discussion Assuming that magnetic turbulence is responsible for the runaway electron trans-
port, from D, we can set limits on the level of the radial magnetic fluctuations (b-/B:). The radial
diffusion coefficient due to magnetic turbulence can be written [6]: D, = fqu(b,./B,)zv”T(E),
where g is the safety factor, R the major radius, v)| is the runaway parallel velocity, and T(E)
is the drift modification factor (0 < Y(E) < 1), which gives the corrections to D, due to orbit
averaging, and decreases for increasing energy. For random phased turbulence, a sufficient fit to
Y is: T ~ o/d, [6], where o is the correlation length of the turbulence and d. = m.yv)q/eB:
is the runaway drift. o can be approximated by 1/m, where m, the poloidal number, is given
roughly by m = a/p; (pi is the ion Larmor radius). For the discharge considered above T} ~ 1keV,
and o ~ 1.7mm. For the evaluation of the runaway drift, as the measured D, is an averaged
value over energy for electrons contributing to the FEB signal, an averaged value of d, over the
runaway electron energy must be considered. We do not have such estimate, but limits on d, can
be obtained by setting limits on the runaway electron energy. The lower limit is given by the
cut-off energy, ¢g = 133 keV, yielding d; ~ 0.95mm. The measured bremsstrahlung spectrum at
time tp.ax (see ref.[1]) allows to set an upper limit for the runaway energy: €maz(tpear) ~ 3 MeV.
The time evolution of émax can be calculated using (6): at t ~ 4s, for r/a < 0.5, €maz ~ 29 MeV,
and d, ~ Tcm. With these estimates for ¢ and 'd,, we get 0.02 < T(E) < 0.9, and using the
relation given before for D,, we obtain for discharge 29586 and r/a < 0.5 (D, ~ 0.2m?[s, ¢ = 2,
R~3m): 0.8% 107 < (b/B;) <4 x107%.

The effect of stochastic magnetic fields on thermal electron transport can be evaluated consid-
ering the simple relation between runaway and electron thermal diffusivities: D,/x. = T(E)v)/v.
(v, is the electron thermal velocity), which gives D./x. ~ (0.3 — 8) (discharge 29586), while
the measured D, ~ 0.2m2/s and the value found for x. from power balance calculations,
Xe ~ 0.2 = 3m?/s (r/fa < 0.5), yields Dr/x. ~ (0.07 = 1). Therefore, the estimated values of
(br/By) in the plasma centre could explain, within the experimental uncertainties, the measured
thermal electron transport coefficient.

Acknowledgements: the first author thanks J.A.Cuesta for helpful discussions and A.J.Castro,
J.Meneses for valuable assistance.
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NONDIMENSIONAL TRANSPORT EXPERIMENTS ON DIIl-D
AND PROJECTIONS TQ AN IGNITION TOKAMAK*

C.C. Petty, T.C. Luce, B. Balet,! ].P. Christiansen, I.G. Cordey
General Atomics, P.O. Box 85608, San Diego, California 92186-9784 U.S.A.

The concept of nondimensional scaling of transport makes it possible to determine the required size for an
ignition device based upon data from a single machine and illuminates the underlying physics of anomalous
transport. The scaling of cross-field heat transport with the relative gyroradius p,, the gyroradius normalized
to the plasma minor radius, is of particular interest since p, is the only nondimensional parameter which will
vary significantly between present day machines and an ignition device. These nondimensional scaling
experiments are based upon theoretical considerations!-2 which indicate that the thermal heat diffusivity can
be written in the form

xzxgpfp F(B.v., q.R/ax, TJTI-....) Y o
where Xg = cT/eB. As explained elsewhere,3 xp =1 is called gyro-Bohm scaling, xp = 0 is Bohm scaling, xp =
~1/2 is Goldston scaling, and xp = -1 is stochastic scaling. The DIII-D results reported in this paper cover
three important aspects of nondimensional scaling experiments: the testing the underlying assumption of the
nondimensional scaling approach, the determination of the p, scaling of heat transport for various plasma
regimes, and the extrapolation of the energy confinement time to future ignition devices.

DIMENSIONALLY IDENTICAL H-MODE DISCHARGES

A basic assumption of the nondimensional scaling approach is that transport is dependent only upon local
quantities. Therefore if two plasmas with different B and a are constructed which have the same values for all
the nondimensional parameters (p., B, V.. 4, R/a, X, etc.), then it can be shown from Eq. (1) that the thermal
energy confinement times normalized to the cyclotron frequencies (i.e., BTy) should also be the same for
these two plasmas. Plasmas which have the same values for all the nondimensional parameters are referred to
as dimensionally identical discharges.

Recently experiments on DIII-D and JET have compared the confinement of dimensionally identical
discharges for the first time using plasmas with substantially different B and a. The JET discharge to be
matched on DIII-D was selected from a previously published p, scaling experiment (shot 35171 in Ref. 4). It
is a stationary ELMing H-mode discharge with By = 1.6 and the same plasma shape as expected for ITER.
Neutral beam injection (NBI) heating was utilized on both JET and DIII-D for these experiments.

The normalized plasma parameters for the DII[-D and JET H-mode discharges were well matched, as
shown in Table I. The aspect ratio, elongation, and safety factor were the same to about 1%. In order to keep
Py» Bie and v, fixed for these two discharges with different B and a, the quantities Ba3/4, Wipla/2, and 7 a2
were also held constant by adjusting the toroidal field, the injected power, and the density. The ELM
frequencies (fs_M) normalized to the thermal confinement times were similar although not identical for these
two plasmas. Table 1 shows that the thermal confinement time (with the NBI power corrected for shine-
through losses) normalized to the cyclotron frequency for the DIII-D and JET dimensionally identical
H-mode discharges agreed to within 3%, which is well inside the experimental error bars. Thus plasmas
which have identical values for the local dimensionless parameters have been shown to have identical

" Work supported by the U.S. Department of Energy under Contract No. DE-AC03-89ERS1114.
TPermanent address: JET Joint Undentaking, United Kingdom.
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normalized confinement, which demonstrates that nondimen-  Table I: Normalized parameters for JET
sional scaling is a valid approach to understanding transport (@ =0.97 m, B = 1.07 T) and DII-D
(a=0.56 m, B =2.09 T) dimensionally
processes. it ?
identical H-mode discharges.

p« SCALING OF HIGH-q H-MODES P—— = DD
Previous experiments on DIII-D which measured the Ps Ria 296 208
scaling of ions and electrons found that the ion p. scaling X 1.68 1.66
varied according to the plasma regime. In H-mode plasmas 995 35 3.5
with low safety factor (995 = 3.B), the ion scaling was gyro- Ba3l4 1.0 1.0
Bohm-like, whereas in L-mode plasmas with the same safety ~ Wrn/a!/2 0.85 0.86
factor, Bohm-like ion scaling was observed.6 The p. scaling ia? 23 2.2
for electrons was always found to be gyro-Bohm-like. JB‘E:;:F”’ (S)gl ;gz

Comparing the transport results for these H-mode and L-mode
plasmas indicated a correlation between the ion P+ scaling and
the density scale length,5 i.e., as the density profile became more peaked the ion p, scaling varied from gyro-
Bohm-like to Bohm-like.

Recent experiments on DIII-D have looked for a similar correlation between the ion p, scaling and the
safety factor scale length. This was motivated by the abservation that the ion p, scaling changed from Bohm-
like to Goldston-like between low-g L~modeS and high-g L-mode3 experiments. For this experiment, the p,
scaling of transport was measured on DITI-D in high safety factor (a95 =7) ELMing H-mode discharges with
flat density profiles (minimizing the influence of the density scale length) for comparison with the p, scaling
of the ITER-relevant low-g H-mode discharges previously studied.5 The aspect ratio, elongation, T/T;, and
B were nearly the same for these two pairs of dimensionally similar discharges. The radial profiles of four
important nondimensional parameters for the high-¢ H-mode discharges are shown in Fig. 1, demonstrating
that the dimensionless quantities were held fixed as P. was varied. The ratio of the ion thermal diffusivities
for this p, scan are shown in Fig. 2. The ion diffusivity had gyro-Bohm-like scaling in the inner half of the
plasma, changing to Bohm-like scaling in the outer half of the plasma; this should be compared to gyro-
Bohm-like scaling for the low-g H-mode, The safety factor scale length for the high-g p, scan differs from
the low-g p,, scan mainly in the outer half of the plasma since sawtooth activity enforces the same q profile in
the inner region. Therefore, the change in the ion P. scaling from gyro-Bohm-like to Bohm-like correlates
with a shortening of the safety factor scale length. This indicates that a peaked current profile as well as a
peaked density profile can lead to worse than gyro-Bohm scaling for the ions.

PROJECTIONS TO AN IGNITION TOKAMAK

The confinement properties of future magnetic fusion devices can be extrapolated from existing
experiments using the scaling of heat transport with nondimensional parameters such as p,.. The p, scaling of
dimensionally similar discharges have been compared between DIII-D and JET for H-mode plasmas in order
to test the extrapolation of heat transport to an ignition device. Using Eq. (1), the loss (transported) power for
plasmas with different p,, but the same B, v, etc., can be shown to scale like Ploss =< p: P -3/ . The loss
power projected along a dimensionally similar path for the ITER-relevant low-g H-mode plasmas on DIII-D
which had gyro-Bohm-like scaling’ is shown in Fig. 3. The favorable gyro-Bohm-like scaling extrapolates to
a very low loss power (high confinement) for ITER.

As discussed in Ref. 6, however, this extrapolation from DIII-D to smaller p. on ITER is complicated by
the requirement that the loss power from core transport remain above the H-mode threshold power along the
dimensionally similar path (in order for the plasma to remain in H-mode). Since the H-mode threshold
power scales like Pyyoc p32 a=¥4,7 which is Goldston-like, the increase in the H-mode threshold power is
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more rapid than the increase in loss power as p, —
0. Data from JET plas:'nils"l (see Fig. 3) shows that
when Plgss drops to the level of P as p, is
decreased, the dimensionally similar path changes
from ‘gyro-Bohm-like scaling, which follows core
transport, to Goldston-like scaling, which follows
the H-mode threshold.

Choosing a scaling path at high beta (and low
collisionality), along which the loss power remains
above the H-mode threshold to the point of ignition,
allows one to take full advantage of the gyro-Bohm-
like scaling of heat transport in H-mode plasmas in
the design of an ignition tokamak. An example of
this is given in Fig. 3, where an ignition point along
a dimensionally similar path at higher B than the
ITER-relevant DIII-D and JET discharges is shown.
If beta is increased by raising the temperature at
fixed density, then the H-mode threshold powers
are the same for the high B and low P paths. Since
ignition takes place for Plpgs slightly above Ppyr
along the high B path, there is enough power flow
through the edge to sustain the H-mode condition.
The parameters for this high p “compact-gB"
ignition point are given in Table II; the reduced
minor radius compared to ITER means a smaller
extrapolation is needed from existing machines like
DIII-D and JET and the density is lower relative to
the Greenwald limit. The high H factor is a natural
consequence of the favorable gyro-Bohm-like
scaling of H-mode confinement.

The high value of Py for the compact-gB
scenario is a result of the low elongation and low
triangularity of the assumed ITER shape. By
utilizing a more highly shaped plasma, the
normalized beta can be reduced without sacrificing
performance. The parameters for such a “D" shaped
H-mode plasma are given in Table II, where the
ignition point was determined by the same
procedure as for the compact-gB point shown in
Fig. 3. It is noteworthy that the operating point for
the compact-D scenario does not exceed either the
Troyon beta limit or the Greenwald density limit.

CONCLUSIONS

Comparison of dimensionally identical
H-mode discharges on DIII-D and JET found that
the thermal confinement times normalized to the
cyclotron frequencies were in good agreement,
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Fig. 1. Nondimensional parameters for the high-
g H-mode p, scan. The solid lines are for B =
2.1 T and the dashed lines are for B= 1.05T.
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Fig. 2. Ratio of ion thermal diffusivities for the
high-g H-mode discharges. The expected ratios for
gyro-Bohm-like and Bohm-like scaling are also
shown, postulating that %ga=Tj B2 and
xg=T;/B.
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Fig. 3. Dimensionally similar paths for the loss
power of DII-D and JET H-mode discharges, the
projected loss power for gyro-Bohm-like scaling at
two values of B (dashed lines), H-mode threshold
power (solid line), and the alpha loss power for the
high { path (dotted line).

Table IT: Projected parameters for gyro-Bohm
ignition tokamaks with R/a = 2.7, 995=13.8, and
Br=57T.

Parameter Compact-gB  Compact-D
R (m) 3.56 2.74
X 1.68 2.1
& 0.36 0.8
1(MA) 8.5 4.9
1 (1020 ;m=3) 1.9 2.0
fngw 1.2 0.65
BN 4.7 83
T(s) 1.4 1.2
H 33 30
Prys (MW) 660 490

indicating that transport is a function of only the
local quantities and that Eq. (1) is a valid
representation of the transport process. Other
experiments on DITI-D showed that the P+ scaling
for ions varied from gyro-Bohm-like for plasmas
with broad density and current profiles to worse
than Bohm-like for peaked density and current

profiles. Finally, it was shown that the gyro-Bohm-like scaling of low-g H-mode plasmas can lead to an
altractive compacl ignition tokamak by choosing a high beta (low collisionality) path along which the loss
power remains above the H-mode threshold power to the point of ignition.
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RESISTIVE INSTABILITIES IN ADVANCED NEGATIVE CENTRAL SHEAR TOKAMAKS
WITH PEAKED PRESSURE PROFILES™

M.S. Chu, J.M. Greene, L.L. Lao, R.L. Miller, A. Bondeson, O. Sauter,#
B.W. Rice,® E.J. Strait, T.S. Taylor, and A.D. Turnbull

General Atomics, P.O. Box 85608, San Diego, California 92186-9784 U.S.A.

Negative central magnetic shear (NCS) is an operating regime!-3 for advanced tokamaks which
could lead to fusion reactors with higher performance and lower cost. In the NCS region, the plasma
is in the second stable regime for ideal magnetohydrodynamic (MHD) ballooning modes. In
Tokamak Fusion Test Reactor (TFTR) and DIII-D, the plasma also develops an internal transport
barrier*3 that provides good central confinement, high central ion temperatures, and central peaking
of the pressure profile — favorable for a high fusion rate, 36 record high neutron yield has been
obtained in peaked pressure operations. In L-mode plasmas, i.e., no edge pressure pedestal, these
discharges typically terminated with hard disruptions. Despite the favorable ballooning mode
stability cited above, localized MHD bursts are observed in plasmas with highly peaked pressure
profile in DIII-D. These bursts limit the pressure peakedness p(0)/{p) [ p(0) is the pressure at the
plasma center and (p) is the volume averaged pressure], and occur prior to the final disruption. In
what follows, the scenario that leads to these bursts and the ensuing disruptions is analyzed through
systematic computation of resistive MHD modes in NCS plasmas.

To investigate the parametric dependence of the resistive MHD modes in NCS configurations we
generated a set of equilibria by using the TOQ equilibrium code® and corresponding to those obtained
in DIII-D. The aspect ratio is fixed at 2.7, the elongation from 1.0 to 1.8, and the triangularity from
0.0 to 0.7. The ¢ profile is specified by a spline with eight node points that include the magnetic
axis, the minimum ¢ location (at 1/4 of the total poloidal flux), and the location of 95% flux value.
The value of g at 95% flux ggsis fixed at 5.1 with the value of g, covering a range from 1.1 to
2.5. The value of gy — gy, ranges from —0.3 to 1 (a negative value of g, — g,,;, corresponds to
normal g profile with the minimum value of g at the magnetic axis). The pressure profile is given
by the form p = py(1— y)". With increasing value of the exponent n, the pressure profile becomes
more peaked. The equilibria studied cover a range of fy =,3(Ip/a Bu)" (% MA/mT) values
between 0.5 and 5.0 (here §=2pu,(p)/B3 is the ratio of plasma pressure to magnetic field pressure,
I, is plasma current, a the plasma minor radius, and B, the vacuum magnetic field) at the center of
the last closed flux surface. Typical ¢ and p profiles and the resultant flux plot is shown in Fig. 1.

*Work supported by the U.S. Department of Energy under Grant No. DE-FG03-95ER54309 and Contract W-7405-ENG-
48, and in part by the Swiss National Science Foundation.

Tnstitute for Electromagnetic Field Theory, Chalmers University, Giteborg, Sweden.

*C"RPP!EPFL. Assoc. Euratom-Switzerland, Lausanne, Switzerland,

P awrence Livermore National Laboratory, Livermore, California, U.S.A.
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The localized stability criteria of these equilibria evaluated by TOQ are first examined. We found
that these equilibria are stable to the ideal interchange even in the absence of magnetic shear
(D <-1/4) and also stable to the ideal ballooning modes. However, the localized resistive
interchange? is destabilized ( Dy > 0) at sufficiently high By at fixed amount of shear reversal or
sufficiently large shear reversal at fixed (but moderate) ;. We note that these trends shown in this
numerical evaluation of Dy are in agreement with the large aspect ratio analytic results for tokamaks
with circular!0 and noncircular!! cross-sections.

The stability analysis is performed by using the MARS code with the inclusion of the effect of a
toroidal plasma flow.!0.11 The toroidal mode number n has been taken to be n=1. An external
ideally conducting wall is placed at 1.3 plasma radius. Two classes of modes have been found. The
first is a localized mode, with the characteristics of an resistive interchange (see Fig. 2). They are
destabilized beyond a critical Bc. The growth rates of these localized modes have been found to be
independent of the plasma rotation. With increasing plasma rotation, the mode has been found to

rotate with the rotation speed of the inner singular surface with no change in its growth rate.

The second class of modes found is the global mode. It has the structure of a double tearing mode
coupled to an external kink and an internal localized interchange. A typical mode structure is shown
in Fig. 3 for gy, =1.5 and By =2.5. The main poloidal harmonics in this case is given by m=2.
Due to the existence of multiple resonance surfaces, there could exist multiple numbers of global
modes with different growth rates, depending on different amounts of coupling to the sideband
harmonics. In general, the mode with the largest growth rate has the least coupling to the sideband
harmonic. The growth rate and coupling to the sidebands increase with increasing f;. In contrast
to the localized mode, the growth rate of this mode is very sensitive to the plasma shape and
boundary condition such as the location of the external wall and the resistivity profile of the plasma.
This mode is suppressed when the outer 50% of the plasma is assumed to be ideal. I this case, close
to the critical Bye, only the localized mode is found. This indicates that this mode could be
stabilized by plasma rotation. Similarly, when the inner half of the plasma is assumed to be ideal,
the growth rate of the global mode is reduced significantly. For this set of equilibria, the global
mode has been found always less stable than the localized mode. These modes are stabilized by
elongation with increasing triangularity and increased shear in edge g profile.

To assess the relevance of these two classes of modes to experimental observations, we compare
first the stability boundary (Byc) of the localized mode with the experimental data base for
disruptions. They have been found to agree in their dependences on the value of Gmin» and pressure
peakness parameter. Since disruption follows the occurrence of MHD bursts, and the localized mode
is relatively independent of the boundary conditions; these bursts, which are observed on the inner
rational surfaces of these discharges, are identified as the resistive interchanges. Details of this
comparison are given in Ref. 13.
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Although many characteristics of the global mode, such as beta dependence, and the dependence
on the pressure peakness parameter shows similarity to that found for the mode responsible for
disruption, we need to compare the details of the predictions of the stability boundary of the global
mode with that observed in experiment. For this purpose, evolution of the experimental equilibrium
was reconstructed in detail by using EFIT!# for shot 87009. The reconstructed equilibrium (at
1620 msec)is unstable to the localized mode at the time of MHD burst, but stable to the global mode.
The reconstructed equilibrium at the slightly later time (at 1675 msec) prior to disruption is found to
be unstable to both the local and the global mode with the global mode having a larger growth rate.
The rotation frequency of the global mode is at the computed frequendy. Thus we identify the
disruption mode with the computed global mode. We see that the DIII-D experiment is in a
parameter space where these two modes are expected to interact strongly with each other. The
localized mode regulates the pressure profile whereas the global mode leads to disruption.

We thus propose the following disruption scenario for NCS discharge in L-mode plasmas with
peaked pressure profile. In these discharges, the plasma is kept stable to the global mode by plasma
shaping and rotation until the resistive interchange stability criterion is violated. In this situation, the
localized mode could become unstable. It may interact strongly with the global mode and eventually
destabilizes it, leading to disruption. Broader pressure profiles and weaker shear reversal lead to

stability at higher beta.
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Fig. 1.

Typical equilibrium profiles.
plot for elongation = 1.8.
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Characteristics of Ice Pellet Ablation and its Effect on
Plasma Potential in the JIPP T-IIU Tokamak

K.N.Sato, H.Sakakita, . Nomura, Y.Hamada, K.Ida, K.Narihara, K.Toi, T.Seki,
K_.Adachi, A.Ejiri, A.Fujisawa, S.Hidekuma, S.Hirokura, H.Iguchi, Y .Kano,
Y Kawasumi, M.Kojima, A.Nishizawa and Torus Exp. Group

National Institute for Fusion Science, Chikusa, Nagoya 464-01, Japan

1. Introduction i :
Tce pellet injection is one of the most important issues in the toroidal plasma research not

only for profile control and confinement improvement, but also for the basic studies on the
characteristics of toroidal plasmas[1~4].

A new pellet injection system, "the injection-angle controllable system", has been
developed and installed to the JIPP T-IIU tokamak. By using this system, one can control the
injection angle easily and continuously during an interval of two plasma shots in the course of
an experiment, not moving the whole injector, and thus one can carry out various basic studies
on toroidal plasmas by changing the pellet deposition profile actively and drastically. Details of
the pellet ablation properties with various deposition positions (injection angles) have been
studied by using this system and by multi-dimensional observations with two CCD cameras and
a high speed framing photogragh. An interesting phenomenon has been obtained concerning
the flow characteristics of the ablation cloud in the JIPP T-IIU plasmas[5].

A long helical ("tail-shaped") ablation light has been observed in the cases of on-axis
and off-axis injection with the angle smaller than the certain value (68 <4°). The direction of
helical rotation ("tail") is independent to that of the total magnetic field lines of the torus. From
the experiments of four conditions with the combination of two (CW and CCW) toroidal field
directions and two plasma current directions, it is concluded that the "tail” seems to rotate, in
most cases, to the electron diamagnetic direction poloidally, and to the opposite to the plasma
current direction toroidally.

Spectroscopic measurements have been carried out in order to have informations on the
parameters in the ablation cloud. From the results of analysis on the Stark broadening, it has
been found that the typical cloud density is extremely high (in the range of 10'°- 10" cm™?).
Consideration on various cross sections leads us to the conclusion that the "tail-shaped"
phenomena may come from the situation of charge exchange equilibrium of hydrogen ions and
neutrals at high density regime in the cloud. In addition, the result of the heavy ion beam probe
(HIBP) measurements suggests that the phenomena may closely related to the plasma potential
and the rotation.

2. Observation by the high speed framing photogragh

Experiments have been carried out by changing the injection angle poloidally from -6 to
6 degree, and this situation makes it possible for pellets to aim at from about r = -2a/3 to r =
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2a/3 of the plasma. In the case of an injection angle (9) larger than a certain value 0=4%,a
pellet penetrates straightly through the plasma with a trace of straight ablation cloud, which has
been cxpected from usual theoretical consideration. On the other hand, a long helical shape
("tail") of ablation light has been observed in the cases of on-axis and off-axis injection with the
angle smaller than the certain value (6 <4°).

In addition to the measurements by CCD cameras, the time-dependent flow
characteristics of the ablation'cloud have been observed by using the high speed framing
photogragh. The cases of on-axis injection and of off-axis injection in the parallel direction to
the ion diamagnetic drift in poloidal plane (so-called upward injection) are reported in the
previous paper [5], however, the case of off-axis injection in the parallel direction to the
clectron diamagnetic drift (so-called downward injection) has been examined and is presented
this time (Fig.1). .

One of the important points in these phenomena is that the direction of "helical tail" is
independent to that of the total magnetic field lines of the torus, In order to examine the tail
direction, experiments have been carried out as to four conditions with the combination of two
(CW and CCW) toroidal field directions and two plasma current directions. These results show
that the tail seems to rotate to the electron diamagnetic direction poloidally, and to the opposite
to the plasma current direction toroidally as to almost all conditions of injection angles. Only in
the case of pellet-injection angle to be parallel to the electron diamagnetic direction in poloidal
plane (i. e., in the case of so-called downward injection), it has been observed that the ablation
cloud first rotates to the same direction with other cases, but at a certain time later it seems to
decelerate and stay at the same location, or sometimes even flow back to the reverse direction as
is seen in Fig.1. This tendency will be discussed in the Section 4 in connection with the plasma
potential change after pellet injection.

3. Spectroscopy System and the Measurement of "Tail-Shaped" Cloud

In order to understand details of an ice pellet ablation structure, a new spectroscopy
system has been developed to obtain the local parameters within the ablation cloud.

The system is shown in Fig.2, where the local electron density and temperature within
the cloud can be obtained from the Stark broadening of Balmer Beta line, and from the line to
continuum intensity ratio, respectively. The wavelength resolution of the system is 0.79
Alpixel for a grating of 1200 grooves/mm (blaze wavelength is 5000 A), but the actual
resolution is a few A because of a focus size of optics in the system. The temporal resolution in
ideal case will be 3 psec, because in a so-called Kinetic-Mode operation, charges stored on each
array are sent to the upper array vertically with every 3 psec (minimum exposure time). In the
present preliminary experiment, however, the measurement has been done with time-
accumulation mode (within 3 psec x 64 = 192 psec) as the first step.

A typical result is shown in Fig.3. Through the analysis by a multi-Lorentzian fitting
method, it has been found that the typical cloud density is in the range of 10'*- 10'"cm™, and
the typical temperature is in the range of 1 - 4 eV. -

Based on these cloud parameters, the characteristic times for various processes such as
charge exchange, elastic collision, excitation, ionization and recombination etc. are analized,
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and listed in Table I. Consideration on various characteristic times leads us to the corfclulsimlu
that, since the charge-exchange and elastic-collision times are greatly s.honf:r than the ionization
time in this region, the "tail-shaped” phenomena may come from the sttuaﬂsm of c_ha.rg.e
exchange equilibrium of hydrogen ions and neutrals at extremely high density regime in the

ablation cloud.

4. Potential Measurements and "Tail" Structure

The relation of ablation behaviour with plasma potential and rotation has also been
studied. Potential measurements of pellet-injected plasmas by using heavy ion beam probe
(HIBP) method have been carried out. Especially, the typical results of relative potential
changes in two cases are compared. In the case of an injection angle to be parallel to the ion
diamagnetic direction in poloidal plane (Fig.3(a) in Ref.[5]), the result shows that the direction
of potential change is negative, and consequently the potential after the injection should be
negative because it has been measured to be negative in usual ohmic plasmas without pellet
injection. Thus, the direction of the "tail" structure in this case seems to be consistent (Fig.2(a)
in Ref.[5]) to that of the plasma potential measured, if it is considered that the tail structure may
be caused by the effect of the plasma potential and the rotation. The case of the injection angle
to be parallel to the electron diamagnetic direction in poloidal plane has exhibited the opposite
result, i.e. the direction of potential change is positive (Fig.3(b) in Ref.[5]), and this may be a
cause of complicated behavior (tendency of deceleration of rotation) of ablation cloud, as is seen
in Fig.1. Consequently, it is concluded from theoretical consideration that the "tail-shaped"
behaviour of ablation cloud may be closely related to the plasma potential (E x B drift) and the
rotation.
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Fig.1: Time-resolved framing photographs of an ablation cloud in the case of off-axis injection in
the parallel direction to the electron diamagnetic drift (so-called downward injection). The
exposure time = 1.0 psec. The viewing angle is essentially tangential, and wireframes show the
geometrical configuration in the JIPP T-1IU tokamak.
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cloud. The electron density and femperature within the cloud can be obtained from the Stark
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Fig.3: A typical result of the Stark broadening of Balmer line 1aken by the system in Fig.2.
Through the analysis by a multi-Lorenzian fitting method, the typical cloud density has turned our
to be in the range of 10 - 10" cm?, and the typical Temperature is in the range of | - 4 eV,

Table I: List of the characteristic times Jfor various processes.

* Characteristic times (sec) of charge exchange and elastic collision.
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ABSTRACT

Basic parameters of GLOBUS-M tokamak, which is under construction at Ioffe Phisico-
Technical Institute are presented. GLOBUS-M is a spherical tokamak with high plasma current
and RF auxiliary heating capable of creating limiter and X-point plasma magnetic
configurations in a quasistationary discharge with a fully automatic feedback control of plasma
position, shape and current. Characteristic features of the tokamak construction as well as the
results of the last revision of some tokamak parts are described.

I. INTRODUCTION

GLOBUS-M is a small spherical tokamak
[1, 2], designed to fit existing at Ioffe
Institute  power supplies after their
reasonable upgrade. The GLOBUS-M
experiment will investigate small aspect
ratio highly elongated plasmas properties
with emphasis on operational limits, plasma
confinement, stability, equilibrium, density
and beta limits. To achieve high beta
regimes the auxiliary RF heating of plasma
in three different frequency ranges is planed.
The ICR heating at 7.5-8.0 MHz, 1 MW,
the HHFW heating at 25-30 MHz, 0.5 MW,
plasma heating in intermediate frequency
range 2-10 GHz, 0.2-0.3 MW are going to
be realized [3]. The plasma current, plasma
column position and shape will be
automatically controlled. The engineering
experience gained in this project will serve
for solving of design, construction, plasma
control, and operational problems for future
generation of spherical tokamaks.

The basic parameters of the tokamak are
listed in Table 1, the vertical cross section is
shown in Fig. 1. The vacuum vessel and the

Table | GLOBUS-M Basic Parameters

Plasma major radius, R 0.36 m
Plasma minor radius, a 024 m
Aspect ratio, R/a 1.5
Plasma vertical elongation, k 1.5-22
Plasma triangularity, & ~02
Plasma current I, 0.3 MA
Toroidal magnetic field, By 05T
Plasma shaping factor, 25
S=L,q,/aBr

Pulse length 0.3 sec
Auxiliary heating power ~ 1 MW
Weight of tokamak ~5Ton

magnets will be designed, manufactured and
assembled during a three year period (Apr.
1995 - March 1998) in frame of the contract
sponsored by the International Science and
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Technology Center (ISTC). After that the
device will be installed in a new
experimental machine hall at Ioffe Institute.
At the moment the phase of the detail
tokamak design is close to the end, and the
manufacturing of the vacuum vessel and the
magnet basic parts is started. The
construction of the experimental machine
hall will be completed this autumn.

Fig. | GLOBUS-M vertical cross section
II. DESIGN PRINCIPLES

A. Poloidal Field Coils and Muagnetic
Equilibrium

Three pairs of poloidal field coils (PF1-PF3)
are used for plasma shaping and plasma
position monitoring. Three pairs of
additional coils are used for fast” vertical
and horizontal feedback control (VFC,
HFC). To simplify plasma breakdown and
plasma shaping the compensation coils (CC)
together with PF3 coil are used to
compensate the central solenoid (CS) stray
field. PF coil system of GLOBUS-M can
provide equilibrium of differently shaped
plasmas with high triangularity and
elongation. The examples of simulated

224

magnetic flux surfaces for plasma column
with Bp=0.3 and 1;=0.7 are shown in Fig. 2

Fig. 2 Limiter and double X-point magnetic
configurations.

B. Vacuum Vessel

An all welded stainless steel vacuum vessel
(Fig. 3) has a “near-pure compression”
shape to increase the wessel stability
relatively to atmosphere pressure. It is
supported through the rather thick
equatorial plane ring, supplied with ports
and manholes for plasma observation,
heating and  in-vessel  components
maintenance. 14 mm thickness of the
equatorial plane ring provides more
favorable conditions for plasma column
vertical stability. The vacuum vessel has no
insulation breaks or bellow inserts. The
other basic parts of the vessel are the inner
cylinder (2 mm thick), the upper and lower
domes (3 mm thick) and intermediate cups
of variable thickness. The vacuum vessel
bakeout temperature is 200°C. The vessel
parameters are listed in Table 2.

Table 2 Vacuum Vessel Main Parameters

Vacuum pressure <2x10° Pa
Horizontal axis of torus 0.536 m
Vertical axis of torus 1.094m
Inner volume 1.1 m’
Inner surface area 57m’
Weight 650 kg

To improve the device performance in
future it is possible to provide a 3-fold
changing of the inner cylinder with
decreasing its diameter every time. This




procedure  will allow to decrease the
tokamak aspect ratio without significant
changes in the basic vacuum vessel

construction.

In-vessel clements s
e s

Fig. 3 Vacuum vessel basic parts

C. Toroidal Field Coils

There are 16 single turn toroidal field coils
connected in series through the crossovers
located at the machine bottom. The reverse
turn is disposed on the both sides of
crossovers for better compensation of stray
field. Toroidal field coils basic parameters
are listed in Table 3.

Table 3 Toroidal Field Coils Parameters

Number of coils 16
Toroidal field at R=0.36 m 05T
Total central “rod” current 875 kA
Field ripple at R=0.36 m 1.6x10™ %
Field ripple at R=0.6 m 0.99 %
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assembly the outer limb is made of two parts
connected below the equatorial plane. To
provide the necessary stiffness against TF
coils toppling the outer limbs are embraced
with the hoop closed intercoil structure
below and above an equatorial plane. The
inner leg is to be made from bronze or cold
extruded copper. The outer limb is made
from regular copper.
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Fig. 4 TF coil top contact joint
D. Central Solenoid

The most critical component of GLOBUS-
M electromagnetic system is the central
core. The central core consists of the central
solenoid [4] and the bundle of the TF coils
inner straight legs of wedge shape inserted
into the inner bore of the solenoid. To
provide maximum possible magnetic flux the
basic problems of the central solenoid
development are to be solved:

The outer limbs of the toroidal field coils are
the part of the tokamak support structure.
They are used to support the poloidal field
coils and should be stiff enough to withstand
in-plane and out of plane forces.

The inner straight leg and the outer limb of
TF coil are connected through the upper
dismountable joint at the top of the machine
(Fig. 4). For the convenience of the machine

— space restriction (the diameter of the
vacuum vessel inner cylinder is 220

mm);
~ compatibility with

existing  power

supplies (thyrystor converters 70 kA,

450 V);

— conductor mechanical properties;

- winding procedure.
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The basic solenoid parameters are listed in
Table 4.

Table 4 Central Solenoid Main Parameters

Number of layers 2
Number of turns per layer 62
Conductor cross section 20x20 mm
Water cooling hole diameter 6 mm
Inner diameter 112 mm
Outer diameter 200 mm
Height of the coil 1313 mm
Length of the conductor ~ 66 m
Current in the conductor + 70 kA

Axial magnetic field 83T
Magnetic flux (double swing) | 0.31 Wb
Design number of cycles 8x10*

Strong cyclic loads, acting on the solenoid,
require a high strength continuous
conductor for its winding. After careful
investigation  of candidate  materials,
accompanied by static and cyclic mechanical
tests, the conductor from silver bearing cold
extruded copper alloy was selected (yield
stress 270 MPa, ultimate tensile stress 330
MPa). The continuous hollow conductor
with initial specially determined trapezoidal
cross section will be manufactured in
Finland at Outokumpu Oy Enterprise. At
the  moment the technology of
manufacturing of sufficiently long conductor
is developed and the tools for its extrusion
are ready.

The 10 m length test piece of the conductor
has been manufactured for winding and tests
of the solenoid prototype. The coil of the
full scale radius and decreased height (ten
turns per layer) was wound and prepared for
testing.

The design of the TF coils top contact joint
(See Fig. 4) makes it possible a winding of
the central solenoid separately on a bobbin
or in-situ around the TF coils inner legs.
The diameter of the TF center rod at the top
does not exceed the diameter of the solenoid
inner bore. Electric contacts are provided by
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a bandage ring, which press the outer limb
to the inner leg and by horizontal straps.
The final technology of the central solenoid
winding will be determined after tests of the
solenoid prototype.

IV. SUMMARY

GLOBUS-M tokamak is designed to satisfy
the needs of physics program, loffe Institute
facilities and  Russia  manufacturing
capability. As a result of tests the candidate
materials for central solenoid and toroidal
field coils were chosen.

The modification of the electromagnetic
system was made which helped to make the
central solenoid coil more simple and
reliable, introduce necessary unification into
the PF coils construction and redesign the
TF coils in order to reduce the toroidal field
ripple near the outer plasma boundary. As a
result the plasma dimensions were increased
and the aspect ratio was decrease from the
value 1.6 to the value 1.5.
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COHERENT MAGNETOACOUSTIC CYCLOTRON
INSTABILITY IN PLASMAS WITH HIGH ENERGY IONS

V.8.Belikov, Ya.l.Kolesnichenko, O.A.Silivra
Scientific Centre "Institute for Nuclear Research”, Kyiv, 252650, Ukraine

1.Introduction. The present paper deals with the coherent destabilization of Fast
Magnetoacoustic Waves (FMW) by superthermal ions, extending an analysis of earlier
works on this topic (see e.g. overview [1] and the recent work [2]). It considers both

Yand v < !

rapid and slow magnetoacoustic instabilities i.e. instabilities with v > 7~
where 7 is the instability growth rate, 7, is bounce/transit period of fast jons. The aims
of the work are the following: (i) to generalize the analysis of the slow instability of Ref.
[2] by taking into account the finite magnitude of (wp, — @p)/ws, where wp, is the ion
cyclotron frequency at the magnetic axis and @p is the bounce/transit-averaged cyclotron
frequency; (i1) to develop a theory of the rapid instability allowing for the radial structure
of the waves.

2.Slow coherent instability. We proceed from the dispersion equation describing
FMW propagating across the magnetic field (k) = 0) in a tokamak plasma with fast ions

[3]. This equation for w = wp +wy, wo = kua, [ w1 | wo yields

o 4 ot
en + 2w—§w—0 =0 (1)
where €2, is a flux surface averaged component of the dielectric permeability tensor
associated with fast jons, w, is the plasma frequency. Eq.(1) implies that the num-
ber of fast ions is small (n,/n <« 1) and the wave frequency satisfies the inequality
wpi € w € wp, \/AT/M, where wp is the cyclotron frequency, subscripts "e”, "i" and
o label species, M. and M are the electron and ion mass, respectively.

For the time intervals exceeding the particle transit time we find €7, as

- 41rw ZII @

c..qu.’.2

where

e °° JHOMF,
L= jﬂ EdE j] .1,3(A‘_.a(nznmw2 | @

Il = 3/IE — SP{(2E)8/0x%, £ = kv, [wpa, vi = (2E/P)?, A1 = (w — lwp,)/(elws,),
P=1+¢2x2—1), 8 =2:2—1- A, Q= (S(1 — AF)/26*)Y2 E = 0?2, [ Fodi = 1,
F, is a distribution function of fast ions, x? is the trapping parameter, g is the tokamak
safety factor, e = r/ R, r is the radial coordinate, R is the large radius of the torus,

a(x?) = "W—B‘“" = 267 (1 — E(1/")/K(1/x)) ~ 4)
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E and K are complete elliptic integrals,
Integrating by parts Eq.(3) we find

1 F, 3g 3&/3.-:7
hiw _2-,/‘ dEf s A — a(x?) {f + ot (9&7 a(x’)} 4 .
where
_ 1 (1a7 2, s
'=%gp (?ﬁ PJ‘)' Y= KQP ()

One can see that Eq.(1) can be satisfied when denominator in Eq.(5) is small, which
is the case for wy determined by Aj(wo) — a(x?) = 0, i.e.

= lag(x) (M)

For sufficient large Eq.(7) is transformed to wy = lwg,. Then the last term in Eq.(5)
can be neglected and Eq.(1) is reduced to a quadratic equation with respect to w;, which
implies that v o \/n, [2].

When « is not very large then Eq.(7) determines wy dependent on . Therefore the
real part of J; (which is responsible for coherent mstablhty) is not small provided F is
close to 6(x — xp). We take F,, as follows:

_bv—w,) 1 (x — a0)?
Fe= 47yl W S (— 02 ) (8)

where 8 < zq, 0§ € 79— 1, 7 = &2, Expanding f(z), g(z) and e(x) in the vicinity of =
and introducing z = (A; — ao)/(0a,) we find €, for z > 1 as

@ = Y g = fot290/(02)
1 2woqrkiv, A —ap

9

where po = w(z0), wo = dp/Bz at z = 7. Due to Eq.(9) the Eq.(1) is cubic. In the
simplest case of 8z < 1 it yields

T _ VB (g va sty ST\ (10)
wo 2 2w v, kgR KQP

We observe that v is proportional to (na)'?, the instability being possible not only when
Va > vy but also when v, < vy.
Combining the used inequalities 6z < 1 and z > 1 we arrive at the following restric-

tions on n,:
n; <Ry < ny (11)

where n; and n;, are determined by eflegwo = w (n1) and eagwy = wi(na).

3.Rapid coherent instability. Assuming that b =0, w=wp+w, wy = kuy,
| wi | & wo we can write the equation for Fast Magnetoacoustic Eigenmodes (FME) in a
plasma with fast ions as follows [4]:
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(A+X)B=0 (12)

A and X are integro-differential operands for the perturbed part of the magnetic field
B = By(r), X is due to fast ions. The zero order solution of Eq.(12) is [5]:

—r)? 2
B(r) = B.exp (——E——n:—‘-—)—-), wy = Ez-vf‘ + 6w? (13)

where Lw =~ ar./y/m, a~1, B, = B(r.).
We assume that the unperturbed magnetic field is homogeneous. Then

oA o 1"
w =+ {-(B‘“":\,B"”)/(B(""—B("})} (14)
au.?o

where ; = w; ), brackets mean the integration over the plasma volume. Eq.(14) takes
into account that (B®*3B®) is proportional to (w — lwg,)~!. Calculating quadratic
forms entering Eq.(14) we obtain

_ oyt e? fdr,,.r,fdu"_fduiui%f-: |Gr|? 17
wy = +2mi e Jdrr [BO 2

(13)

where G; describes the phase of wave particle interaction, v4. = va(r.), r = r. — psina,
p = v1[wBa, T is guiding center radius.

One can see that in the limit case p <« Lw the dependence of B(® on a can be
neglected. In this case Eq.(15) yields an expression for w; which corresponds to the local
approximation and is known from the earlier works.

Let us assume now that p?/L}, is not very small but much less then I, and I 3> 1.
Then we find:

_gmlim (), )2
Gi=i i Ji(€c)B™ (ro)vi(ro) (16)

where ro = r. — psinay, sinap = /€, & = £(r.). The region which mainly contributes
to the integral over dr. in Eq.(15) is determined by | r, — r. + psineq | /Lw = 1. In this
region the argument of Bessel function changes by Af ~ £Lw/r ~ p/Ly. This means
that when p ~ Ly then Bessel function oscillates reducing the growth rate. Calculations
below confirm this for F, = (na/2rva) fyj(vy)6(ve — va). Assuming ¢ > [ we find

1/2
@ e L () ioF o df exp{— Po j
" —:tlwm_ v,{?,‘:r{ (1 (—1)'2€ cos 2¢ exp{ ZLEV} dyfy (17)
where £ = £.(1 = po/r.sinag), £ = £(r.), pa = p(va).
Inhomogeneity of the magnetic field affects the considered instability in two ways.
First, it results in a restriction to the radial width of the region where the coherent
wave-particles interaction is possible. This restriction follows from the necessity to satisfy
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the condition | w—lwp, |= 7 3 k. The magnetic shear (3) leads to ky = dmAr/(grR),
where Ar is the layer width around ry defined by ky(ro) = 0. Therefore the inequality
7 > kv can be written as

A F
i (18) -
r ms

Here I' = 7/w;, T' 3> 1 due to the used approach.
The second restriction arises because Eq.(15) neglects the toroidal drift term, which

is justified when | w — lwg, | wp, where wy = Eﬁp, #p is the velocity of the toroidal

drift of fast ions. We find:

(1+x%) v (k.sinf 4 ks cos §)
2x a k

lq «T (19)

where 6 is the poloidal angle. For k, < kg this condition is rather severe near the the
outer circumference of the torus (6 = 0). Eq.(19) can be most easily satisfied near the
vertical midplane (6 = £7/2), especially for very large m (because k./kg ~ 1/\/m [5]).
But when m is large then the low shear is required in order to satisfy Eq.(18).

4.Conclusions. Qur analysis has shown the following. First, unlike an existing
point of view [3], the circulating fast ions can destabilize cyclotron waves in tokamaks
through the coherent mechanism leading to slow instability (v < 77) with 7 o (nq)1/?
or y o< (na)'2. In the latter case the instability can arise even when v, < v, in contrast
to the instability with 7 oc (ns)!/2 when v, > v4 is necessary. Destabilization takes place
when distribution of fast ions over x is strongly peaked and the number of fast ions is
sufficiently small. The frequency of excited waves exceeds log,.

Second, the finite ratio of the fast ion Larmor radius to the width of the wave location
decreases the growth rate of the rapid cyclotron-magnetoacoustic instability excited in a
coherent way. But the reduction of + is significant only when po/Lw > V2. More strong
restrictions for the fast coherent cyclotron instability are found to be associated with the
magnetic shear and the finite velocity of the toroidal drift of fast ions. They in fact can
prevent the excitation of the considered instability near outer circumference of the torus.

Third, the coherent mechanism of the influence of fast ions on the magnetoacoustic

waves is hardly relevant to the ion cyclotron emission observed in tokamaks.
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RESULTS OF 3D FOKKER-PLANCK SIMULATION OF RIPPLE -INDUCED
LOSS OF ALPHA PARTICLES IN TFTR

V.Ya.Goloborod'ko, S.N.Reznik, V.A.Yavorskij
[nstitute for Nuclear Research of the National Academy of Sciences of Ukraine ,

Kiev, Ukraine
S.Zweben
Princeton Plasma Physics Laboratory, Princeton University, Princeton , New Jersey,
United States of America

1. INTRODUCTION

Toroidal magnetic field ripples are known to be the reason of one of the most
important loss mechanisms of charged fusion products in tokamak-reactors. The DT
experiments on TFTR have initiated a number of numerical investigations of this
mechanism [1,2] in present-day fusion experiment [3].The main purpose of this report is
carrying out of 3D Fokker-Planck simulation of ripple loss of alpha particles in DT
experiments on TETR. The approach of present work is alternative to Monte Carlo one
used in Refs.[1,2]. Tt extends also 3D Fokker-Planck approach of Refs. [4,5] used for
modeling of fusion product behavior in TFTR in axisymmetric limit. Calculations take
into account ripple induced collisionless transport  (stochastic diffusion [6] and
convective loss of ripple-trapped ions [7]) as well as slowing down, pitch-angle scattering
and first orbit loss of alphas. The distributions of escaped fusion products over the pitch
angles are obtained. Dependence of alpha loss on plasma current is investigated. The
distribution function of confined alphas 1s obtained. Comparison of numerical results
with loss alpha measurements [1,3] and pellet charge exchange ones [8] is curried out. It is
shown that simulation results are in satisfactory agreement with experimental ones.

2. RESULTS OF RIPPLE LOSS MODELING
We will approximate the TFTR magnetic field by the following expression
B=B'+B’, with B> being model ficld of an axisymmetric magnetic toroidal
configuration with nested circular flux surfaces [4] and B” =V{/ being the ripple
perturbation, {7 =(F&/N)sin Np, F is the poloidal current outside the flux surface, N
is the number of TF coils and & is the ripple amplitude, which is modeled by [9]
d=d,1,(Ng), 7 =[(R, —r)2 +:3]/(R,r) 2 (1
with  I;,{x) being modified Bessel function, A~ =20,R =225m in accordance with

Ref. [1]. For the radial dependencies of basic plasma parameters (plasma density, ion
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and electron temperatures) and the alpha particle source we will use those used in Refs.
[4,10]. As the transport coefficients of 3D Fokker-Planck equation,

V.(d-Bv.)r = 5(c), (2)
we will use  d=d*,D=D"+D", where D" is ripple induced diffusion. In Eq(2)cis
3D COM space [10]. Decrease of confinement domain of co-moving particles due to
ripple convective loss is shown in Fig. 1. Fig. 2 demonstrates typical orbit of alpha
particle lost due to ripple trapping in TFTR. For MeV alphas characteristic loss time
corresponding to this mechanism, r/ is very short

r<(5=10)afv, =(10+20)r, <107 +10%s << ¢, 7, (here 7., v, are collisional times of
slowing down and pitch-angle scattering, respectively). Therefore ripple convective loss

we will consider as a prompt one. For radial component of D' in stochasticity domain we
will use A*/(2r,), where

A=Q‘PLJ5?{ (a/a)’, a>1 3)
£ aln(!6e)/(zra),a <1’
is the magnitude of ripple induced drift of banana tips [6.11], & = |-|7 (NgRS). Note that
collisionless stochastic diffusion results in alpha loss with characteristic time
roEnat rb/Az S(H)" + IO‘)r,, that satisfies the following conditionz/ << ¢’, << 7,7,
Stochastic diffusion domain of 3.5 Mel alphas in 2 MA TFTR plasma with major
plasma radius, R=2.52 m, is shown in Fig. 1. To take into account collisional ripple
diffusion of banana trapped alphas we will use diffusion coefficients of axisymmetric
limit enhanced by factor M =100.

Fig. 3 represents dependence of ripple induced alpha loss in energy range
EfE, <05 (here £, =3.5Mel) and R, =2.52m on plasma current when collisional
ripple diffusion of banana trapped alphas is neglected. One can see that maximum ripple
induced diffusion loss take place at [=1.2M4 and at /=2 MAthis loss mechanism
dominate first-orbit one. These result are in qualitative agreement with results of Ref. [1].
Fig.4 shows the pitch-angle distribution of this loss at the midplane of TFTR. For
I'=1.6 MA the peak in ripple diffusion loss take place at pitch angle of 62° = 64" that
also agrees with results of Ref. [1].

Pitch-angle and radial distributions of confined alphas are shown in Figs. 5, 6.
Curves of Fig. 5 show distribution of 1.76 MeV alphas over the pitch angles at r/a=0.5

in equatorial plane. One can see strong effect of diffusion on distribution function in
-05<v /v < 0.2 pitch-angle range. Finally curves 2 and 3 of Fig. 5 demonstrate effect of

decrease of banana particle density due to ripple-induced transport. This effect was
observed in PCX measurements [8] and Monte-Carlo modeling of alpha particle
distribution function in TFTR DT discharges [2).
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ON DISTRIBUTION FUNCTION OF FAST FUSION PRODUCTS
IN TOKAMAK PLASMA

V.Ya.Goloborod'ko, S.N Reznik, V.A.Yavorskij
Institute for Nuclear Research of the National Academy of Sciences of Ukraine , Kiev,
Ukraine

ABSTRACT

Results of a 3D (in constants of motion space) Fokker-Planck simulation of distribution function of MeV

fusion products in axisymmetric TFTR- like plasma are presented. The phase space distrib
n-uniform in radial coordinate (mainly for slowed down fusion

ution of confined fusion

products is shown to be strongly anisotropic and no

products with small longifudinal energy). The influence of pitch-angle scattering on distribution function

estigated. It is shown the strong influence of this scattering on distribution function in the regions

anisotropy 1s invi
of small pitch-angles (V- / v = 0) and those corresponding to separatrix between trapped and circulating fast

jons in low current tokamak plasmas. A comparison of numerical results and theoretical predictions of distribution

function anisotropy is carried out.

We will proceed from the 3D orbit-averaged Fokker-Planck equation for fast ions in
COM space [1-5]
Fla+Lf=5¢). ()

where,

E_,‘. di DH aJ

is 3D orbit-averaged Fokker-Planck operator in ¢ space, ,/g: is Jacobian for c-coordinate

system, d* and DY are orbit-averaged transport coefficients describing collisional
diffusion and convection, S is fast particle source term. As the reference set of variables we
will use the following one [2]

c=v, =4, =c(v4,J) 3
In (3) v is the particle velocity; 4= (v x l?')2 BG/(sz") is transverse adiabatic invariant;

* is “radial” coordinate: J = y(g)- I'v, /e is

B, is magnetic field at magnetic axis; ¢
canonical angular momentum, @ = eB/(mc). We first consider convective approximation and

neglect diffusion. Then taking into account that ¢ = 0[1,2] and using as radial variable ¢*

defined by characteristic equation
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neglect diffusion. Then taking into account that «? = 0 [1.2] and using as radial variable ¢

defined by characteristic equation

de'  4°
el 4
dv d' @
distribution function is determined by
d 17 PR R - =
St =Ved = — 0 = 5[, (5)
a g Ved' [ = G v =59

When obtaining Eq.(5) we take into account that for ¢* satisfying Eq.(4)

div v EJgT(E{ gv)//,?v =div, v=3 : (6)

Steady-state distribution of fast jons has the following form

I v’y :S(r', A, c")

e llzu"(v,i,c‘]) ’ &

We represent here results of numerical simulation of distribution function of fast
alphas (£ > !;'n/Z)in TFTR-like [7] axisymmetric DT discharge with /= 16M4. We will
use  model magnetic configuration with shifted circular  flux  surfaces. For the radial
dependencies of basic plasma parameters (plasma density, ion and electron temperatures)
we choose following expressions

o) 0.72(1- )" +024(1- )" + 004, 1,(x) = (B =1 )1-22) w1, (8)

{0)
where x=pfa, p is flux surface radius,

To=35Kel 1, = 15Kel', T, = 2KeV' |\ T = 1Kel . As the alpha particle source we will use

v

S(rv)=5,(1-2*) 8(v = v,). 9)
All the rest required physical quantities and parameters correspond to that of given in
Ref.[6].

To simplify the problem we will investigate steady state distribution of alphas and
will neglect speed diffusion (in energy range under consideration it is negligibly small).
Hence we will treat slowing-down and pitch-angle scattering, including the large banana-
width effect in TFTR-like plasma (see Refs. [4,5,7]).

Distribution function of fast alphas was obtained by integration of Eq. (1) using

alternative direction implicit method. Fig.1 represents pitch-angle distributions of alphas at
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different points of plasma cross section. Curves of this figure demonstrate strong pitch-
iffer

le dependence of distribution function of alpha particles in low current tokamak
ang . - T
plasma To clarify the role of pitch-angle scattering in this figure it is shown also distribution

function of alphas in convective approximation ( D? = 0, see Eq. (7)). Distribution function in

convective approximatinn is in good agreement with results of Rf5.[2,6,7].

Spatial distributions of alphas with fixed pitch angles and v are shown in Fig. 2. One

can see that in plasma center radial profiles of alphas are monotonic, while in convective

approximationf is strongly non-monotonic in the vicinity of flux surfaces corresponding to

separatrix. Note, that we do not obtain nonmonotonic radial profiles of alphas in the central

region of plasma, predicted for the cases with strong radial peaking of alpha particle source in
Ref. [8]. Finally, Fig. 3 represents alpha particle distribution function in TFTR-like plasma
with /=3.2 MA. Comparison of distribution function of alphas at 1.6MA and 3.2MA
discharges demonstrates the weakens of diffusive transport processes on confined fast fusion
products.

Comparing convective distribution function with 3D boundary value solutions we
conclude that pitch-angle scatiering can play an important role in forming of fusion
product distribution function (at least in the range of small pitch-angles and vicinities of loss-
cone boundaries and separatrix between trapped and circulating orbits). Of course with
current increase this role weakens.

The research described in this publication was made possible in part by Grant #
K6Z100 from the Joint Fund of the Government of Ukraine and International Science
Foundation.
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Investigation of the Current-Kinetic Instability in the T-10 Tokamak

1 .1.Poznyak, A.A.Bagdasaroy, 1. \.Piterskii, A.N.H’akpvcts .
Russian Research Centre “K urchatov Institute”, Nuclear Fusion Institute
Moscow, Russian Federation

Plasma-wave processes were investigated in different regimes in ll?c T- 10 tokamak (n.=
0.5-4x10'%cm?, 1=100-400K A, B=14-28KGs). The purpose of mv;sngapons was to check
the hypothesis about the key role of the potential plasma oscillations in the plz?sma s_c‘}f‘-
organising processes [1,2]. Earlier, the authors of work [3] suggested the model of mstﬂbl_lﬂy
of rare uniform plasma with the flux of runaway electrons. Bgt the lg[tr .[hcorcucal
investigations [4] showed that the decision of the using kinetic equation is a stable
distribution function with Cherenkov's and Doppler's plateau. We think that a
consideration of such problems is efficient only for a nonuniform plasma with certain initial
and boundary conditions.

Fie.l shows a example of stationary nonuniform distribution function on longitudinal
velocities of electrons. It was suggested that the local shape of distribution function is
similar to the quasylinear decision [3,4]. Empirical distributions on perpendicular velocities
were selected with taking into account real experimental data [2]. The working parameters
of calculations are a=E/Ep and p=wp/0re Here. E;-const. The beginning of Cherenkov’s
area coincides with the critical velocity C=v.a”2 (v, - thermal velocity). Doppler's mode is
provided with the area u>D=C/B. The classical collisions are took into account in body
part u<C. We note some essential pequliarities of such distriburion. The part of accelerated
electrons, them current and noise energy decrease under P increase because of the
increment yp~weef. Registration of suprathermal electrons is being more difficult. The flux
of accelerated electrons T~e™# . them current and noise energy increase with o, but
distribution function is compressed in the longitudinal direction owing to the reverse impact
of the electron plasma waves. The corresponding dependence of the average direct velocity
(local current density) on « is shown in Fig.2. In the region a>a;, the current density is a
fallen down function. A transition over the point o~ leads to an

(LN Tez  ~
In Tio T!j ) ' L}
0 Ve ;
1 =0 4/
N rfa B !ﬂ 0'4;
17012 0.95 |
_—\\\ 2 0.4 0.82
2—\_\‘ 3 0.6 0.63
y \\ 4 08 042
22 HEES 0.0 (0,19
-4
0 o
I:'ig.‘l. SPace - dependent stationary electron Fig.2. The average direct velocity versus p.
distribution function normalised by the The dotled line - main body part,

central values of the parameters.
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instability in consequence of the positive feedback between current and electric field E,. The
determinate modification of E, is secured by the electrodynamic compression of the current
channel (pinch-cffect). It is essential what the plasma pinch velocity v, is connected with
runaway phenomenon by positive feedback (v~ E.Bg/cB;, E,~ v,Bo/c. j~ (c/r)d(rBs)/dr,

dj/dt ~ e<u>T ~ eveg<u>exp(-a/d) ).

The oscillations of high amplitude can be realised if them spectrum is enough narrow
(high coherent), that is, certain spectral components must have some advantages (principle
of natural selection). We assume that plasma in the vicinity of the resonance magnetic
surfaces g= 1.2,3..., where a magnetic flux function has the pequliarities [5], possesses such
property. A regular structure of magnetic field allows to arise to the intensive coherent
waves. The oscillations with the natural plasma frequencies of the corresponding zones ae
intensified in a direction of the resonance particles gradient. Most property of the oblique
Langmuir waves is transport of the longitudinal momentum across the magnetic field.
Under a>os, plasma flows out the excitation area, which is surrounded with the resonance
surface rim 1o the absorbing area (outside rem with a drift velocity of more cold plasma
component. Energy of the electric field is pass to the oscillations. Oscillations are damped
under the realisation of the uniform space distribution inside the resonance magnetic
surface r,n. The corresponding heuristic formula for the period of the volume oscillations or

duration of the breakdown
Tinst|ms] = 0.2 run Rlm] Bo[T] {min(Te, Tj)} - [Ke V-]

coincides satisfactory with the real experimental values for different installations,

Fig.3 shows some characteristics of the discharge with different development of the
instability. Measurements of the plasma noises were fulfilled in region band 0.3-7.5GHz [11
All investigated discharges are accompanied by the intensive splashes of the HF oscillations
in the beginning of current (1-st time window). when we deal with a cold plasma cloud and

| 1
H tiwd ¥
lpgiawti 3

J
200

Fig.3. ECE and HF oscillations in discharge with
difTerent form of the instability and with ECH.

Fig.4. DifTerent behaviour of spectral components
of the plasma oscillations in discharge with saw-
Looth oscillations under ECH. -
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{ acceleraling electrons. The instability is finished by the eslablisl?mem of an quasi-
Juctuations have a chaotic character and grow with plasma current.
tability on g=3 (2-nd window), ECE and HF signals are being
hanced shortly before the breakdown mainly in low frequency
region. The instabilities are stopped under ECH (3-
rd window). but a total intensity of lhe._ oscillatilon increasesseveral times. The dismpli_ve
form of the instability on q=2 is shown in 4-st window. As result. temperature and densily
drop very fast and disruption transforms spontaneously in the fan instability, when body
pldsma is cold. energy and current are cqnceutra}ed in a runaway component. The
characteristic energy region of tail for any kind of discharge is relatively narrow and soft
(15-30KeV. by ECE and SXRJ.. : o o
Fig.4 shows the regime with saw-tooth oscﬂ,[atiqns. Av;ragc dcnsn}: increases
monotonously without ECH. Under E_CH. _the moduianon of it is determined by a
rebuilding of the density profile. HF signal in a high frequen.cy region has a noisc-like
shape. Under the successive reduction of frequency (or the misc of density under fixed
frequency), the sharp splashes are appeared in the moment of each breakdown. This
splashes can reach several order of value close to low frequency boundary of HF mode.
Fig.5 shows spectra of oscillation under OH, ECH and in the instability. The
semibreadth of spectrum Aw, is essentially narrow then wp. For the low frequency
maximum, Awm<<An,. Its position shifts to the left then more, then the amplitude
modulation of ECE is more deep. We believe that this maximum is the result of the non-
linear scattering of the intensive Langmuir waves on electrons and ions and its stationary
frequency corresponds to the ion plasma frequency wp. Thus, we can find the space
location of zone which plays the role of the carrier trigger generator. Fig.6A was obtained
due to many frequency measurements in the regimes with quasistationary density before
and in ECH. The horizontal lines show a probable interval of frequency of the stable
maximum. Fig.6B  illustrates two moments under ECH with increasing
average density when the noise part
of spectrum is appeared in the band of Po
receivers with fixed frequencies. It 100 ¢ ‘\
3

flux o
stationary spectrum. F
Before the ELM-like ins
regular. HF signal is en
region, but diminish in high frequency

can see that correlation between the
obtained radial co-ordinates and the
location of 1y zone (by ECE and SXR) M\
is satisfactory. Specific violation of the \
poloidal symmetry under a high level Hha
of turbulence (density profile shifts ‘ \
inside, temperature profile - outside) 10 + ;
can be explained by the dependence of Epopltd i =Ty
the resonance conditions on the F / L‘\ 3
magnetic  field  (ox =ki vi - ). |
The action of the plasma waves can be L R /
more strong then that of the rotation L ! e
transformation. In this case, I\ 7
| ]i )
5

distribution function must be non- " ?‘n-._.,/( .
uniform along the magnetic force lines 0 1 2

& 5, 10
then more then level of the oscillation f' 3
is higher ( in particular, for instability).
It should to add that such almost ideal Fig.5. Spectra of the electron (Langmuir) oscillations
picture  for g=1 mode can be for stable OH, ECH and in the instability g=1.
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Fig.6. The determination of the space boundary conditions for mode q=1.

essentially complicated by the processes of another kind (radiation,ionisation, charge
cxchange), which are very important for more high mode number. Apparently, the impurity
flux from wall and limiter plays the most important role for ELM-like instability. This
flux is appeared as result of the plasma diffusion under action of the plasma oscillation. In
such case, electric field on the plasma periphery can increase that leads to forming of the
high energy electron tail. We have qualitative data that this is possible, but it is necessary
more detail measurements.

The comparison of the theoretical and experimental data gives ground to assume that
several known instabilities (fan instability of strong magnetised plasma, saw-tooth
ascillations, disruptive and ELM-like instabilities) differ by the beginning and boundary
conditions, i.e. parametrically. and can be generalised by the unit term - current kinetic
instability. The analysis of the hot electron behaviour together with the spectral
measurements of the plasma oscillations gives in some cases the possibility to obtain certain
signs of the coming instability essentially before the time of breakdown.

Autors are very grateful for the collaboration with T-10 Team.
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Shear Flow Steady State of Tokamak Plasma with
Anisotropic Pressure

V. L Ilgisonis, V. P. Pastukhov
Russian Research Centre "Kurchatov Institute”, 123182 Moscow, Russia

Conventional equilibrium theory of plasma confined in tokamak deals usually with
{sotropic plasma models that is traditionally motivated by high frequencies of parti-
cle collisions. However, present day tokamaks operate with high ion temperature plas-
mas (T; > 10KeV) under powerful auxiliary heating. Under such conditions a role
of Coulomb collisions for plasma isotropization reduces significantly. Additionally, the
most advanced regimes of tokamak operation recently developed in DIII-D and TFTR
devices [1, 2] reveal fast plasma rotation with velocity of order of ion sound velocity in
a plasma core. Such a fast plasma rotation awakes the necessity of adequate plasma
behavior description during time scales less than typical isotropization time.

The effects of plasma anisotropy [3, 4] and plasma flows [5] were early separately con-
sidered to study plasma equilibrium in tokamak. In this report we take into account both
these effects together. The specifics of plasma flows is & sensitivity (contrary to static
equilibria!) to the pressure dynamic model. Indeed, in a static case the macroscopic
equilibrium equation can be derived directly from kinetics under the only assumption
on small Larmor radii, The details of chosen model for pressure evolution (ideal MHD
adiabate, Chew-Goldberger-Low (CGL) double adiabates, or something else) are not
important for force balance. In a case of rotating plasma stationary flow structure must
hit in all the steady state equations, but not the force balance only. This requirement
is able to restrict the stationary flow structure and/or the permissible distribution of
stationary plasma parameters. That is why we have chosen CGL adiabates [6] as an ac-
ceptable model of pressure tensor evolution, which looks rather simple to be proceeded,
but incorporates all the most important features of anisotropic plasma behavier. We
have found that similar to [7) the presence of stationary plasma flows results from the
hidden symmetry inherent in the CGL equations in toroidal topology. The general flow
structure is revealed, and the generalized Grad-Shafranov equation, which covers the
analogous one for static case [3] as well as Kerner's and Tokuda’s one for isotropic
plasma [5], is derived.

General relations
Macroscopic evolution of ideal plasma with mass velocity V obeys the following equation
of motiomn:

pBV +p(VV)V+V.P+[BxcurlB] =0, (1)
where density p obeys the contimuity equation
Aip+divgV =10, (2)
and magnetic field B is supposed to be frozen in plasma:
B =cul[VxB] (divB=0). (3

We shall consider the diagonal pressure tensor P : Py = py6;; + (p — po)BiB;/B?,
whose components satisfy CGL adiabates:

dysy=disy =0, (4)

where functions s, 1 : sy = pyB%/p% s =p./(pB); and d, means the substantional
time derivative: d; = 9 + ( VB
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The equation set (1 -4) is complete and represents the macroscopic plasma dynamics
for o CGL pressure model. Steady state configuration should be found from (1-4) by
setting & — 0.

Below we shsll consider the systems with nested magnetic surfaces only. For such
systems a general magnetic field is suitable to be represented in terms of coordinates
{¢, 8, () R

B =[Vyx (qV8 - V()] (5)
where 1) labels the magnetic surface, and angle-like coordinates § and { are measured
in the poloidal and toroidal directions correspondingly. The dimensionless quantity
g = q(¢) has just the same sense as a "safety factor” in tokamalk.

The representation (5) for a magnetic field allows easily to find the general structure
of stationary velocity field from the Eqs. (3), (2) via basic flows” [7]:

V=xku+gv. (8)

Here & = k() and 7 = n(y) are arbitrary surface functions; u = B/p; v = e — R*u;
€ i5 a co-variant unit vector in the toroidal direction

e =J"Vy x V6] ;

and the function R*(, 8, () is introduced to satisfy (2) as a particular solution of the
equation

BVE = J§ (g) ; (1)

For irrational magnetic surfaces such a solution of (7) always exists; the related problem
for rational surfaces was briefly discussed in [7]. For axisymmetric systems 3, =0, and
R™ can be chosen to be equal to zero.

The general shear flow structure (6) is cousistent in stationary case with CGL-

adiabates (4) if
L= #,0(¢) - (8

The condition (8) generalizes as the conventional static equilibrium requirement p =
p(1h) as the result s = pp~" = s(1}) obtained for shear flows in frames of ideal MHD(7] (v
is adiabatic exponent). The break-down of the requirement (8) results in the narrowing
of the class of permissible stationary flows. E. g., in axisymmetric case VVs L =
V*9,;,L =0, that gives immediately V? = 0 (or & = 0) when 8,51 # 0. Therefore, if
pressure distribution in tokamak doesn’t satisfy (8), only toroidal stationary flows may
appear. To avoid that narrowing we shall consider below a general case (8) only.

The obtained shear flow structure (6) satisfies the stationary equations (2-4) for any
configuration with nested magnetic surfaces. In particular, divpV = 0, curl [V xB]=
—curl (nV¢) =0, and the flow lines are lying on the magnetic surfaces. The magnetic
surfaces should be calculated from Vi-component of the force balance equation (1),
which can be rewritten in the form similar to the Grad's one [3):

Ve B?
pVT +Vp—(1-— O‘)V—Z— = [curleB x B| — peurl V x V] . (9)
Two other compenents of vector equation (9) give the additional solvability conditions,

which can be revealed for a general 3D-case. Multiplying (9) by B and V we find
immediately the needed requirements in a divergent form:

div (% (p%z+§pu+m)+{v><l"x3]]) =0, (10)

V2
div(V(,aT-}-gpn-i-pJ_)-l-d[Bx (VXBH) =0.
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Using (6, 7), the conditions (10) can be rewritten as

x— 1R VE S+ VB
- pval e T T LA i Y [ vB

= , ¥R,

VE oSy +2. 0 pV* 4+ 3py + 21 .

BV ((l‘i = WR‘) (T + 20 =+ ;B —-oVB = —Jﬂe(V(T‘
+ oB*J).

The direct transition to the static equilibrium (x, 7 = 0) in formulas (11) is not
appropriate, because those formulas only result in the requirement for the quantity
(3p) + 2 1 )/20 be a surface function. Indeed, such a requirement follows from the
longitudinal equilibrium equation

BVp - 1—;‘?']E!VB2 =0

ander the conditions (8). However, there is no reason to satisfy (8) without plasma
Aows. Therefore, the presence of flows is able to reduce an arbitrariness in steady state
distributions of plasma parameters. It should be noted again that all the considerations
in this section do not invoke any assumption on geometrical symmetry of the configura-
tion considered, but are based on the prescribed topology of nested magnetic surfaces.

Axisymmetric steady state
To compute a steady state Tor axisymmetric system, we work in the conventional cylin-
drical coordinates r, {, z with corresponding orthogonal basis e, &, €. leel = les| =

r~1|e¢| = 1. The maguetic field (5) in these coordinates has a form:

1 1
B= - (B,-a,'!\b +e¢ T e.-3r¢) ' (12)

where poloidal current = gJr? is introduced instead of g. However, in presence of
shear flows poloidal current I does not appear to be a surface function. The toroidal
coordinate { is presumed to be ignorable due to axial symmetry, i.e.

do=eVa=0 (13)

for any stationary physical quantity a. The following useful expressions can be easily
derived using (12):

1
B! = ;(IV¢|’+1"),
VB = -;-B’+q1, (14)
2 2 2
v = (ﬂ) +nzrz+2ﬂI:(M) +('_‘.{+m~) .
P P or pr

Let us consider the requirements (11) closer. Due fo axisymmetry (13) the right
sides in (11) equal zero identically, and the quantities under gradients in the left sides
have to be surface functions. Using (14) we can write explicitly:

HW) = iVl + )= et + 2 (19)
F(y) =1 (a' - ”;) —qKr? . (16)
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For chosen flow velocity parameters x and 5 the relations (15, 16) restriet the ad-
missible distributions of p and I to provide H and F be surface functions. When the
relations (15, 16) are satisfied, the only s-component remains in Eq. (9) that looks as
follows:

2 FI s (IN* VyV ;
—2(0'——) ﬂ'ﬂb—%v¢v—+’?ﬂ‘ﬂr2+r—2+%(;) + #:.2 l:T"- (17)
;TR Y
LS_L 2 Il 8

Here the usual notation 5 oy iy
i 1 h
Ap=ra (FE) +
was introduced. This formula generalizes the Grad-Shafranov equation for a flowing
anisotropic plasma and together with (15, 16) provides the complete set of steady state
equations for axisymmetric configuration. Equation (17) allows a formal transition to
isotropic case analyzed in Ref. [5] by putting simply ¢ — LippL — 507,y = 5/3.
Without flows (x = 0,7 = 0) this formula gives the static anisotropic equilibrium (3, 4]
(with above given remarks concerning the relation (8)).
To demonstrate these transition let us note that, the quantity
] ]. .S"
7ol —p SL_ 1 8
Z=p Big 27 i
in Eq. (17) can be rewritten in terms of partial o-derivatives:

K B? pB? K o
Z = (; +o— 1) 8\(,7 + a(j,p" + —2—-8‘(, (E) - 53‘0 (7]21'2) . (18)

All the above mentioned transitions should be done using a form (18) rather then
(17). In particular, without flows the form (18) gives immediately:

B2
7 —w-n8,T +am,

&, —0

that provides the correct form for Eq. (17). If we go then to an isotropic case, Eq. (17)
(accounting Eq. (18).) results precisely in canonical Grad-Shafranov equation. The
only addition following from (8, 15) is the reasonable requirement for p to be a surface
function while there is no such a requirement in conventional theory of static equilibria.
Thus, the equation set (15-17) covers indeed all the important particular cases [4, 5].
This work was supported in parts by INTAS grant 94-3802 and Russian Foundation
for Basic Research (project 94-02-03443-a).
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Numerical simulations of density fluctuations in T-10 SOL

Soldatov S.V.,Vershkov V.A.
RRC "Kurchatov Institute " Institute of Nuclear Fusion, Moscow, 123182, Russia. -

Several turbulence types were identified in T-10 experiments in core and SOL
[1,.2:37] The present work is devoted to numerical modeling of turbulence structure in
the SOL obtained by means of multipin Langmuir probe. In principle the
reconstruction of the whole spatial and time evolution of the turbulence from
measurement at several fixed spatial positions is difficult and even not correct in the
case of small propagation velocities of fluctuations. Usually only two spatial points,
separated in poloidal direction were registered. Thus only restricted number of
parameters such as the form of the signals, Fourier, cross-phase and coherency spectra,
auto- and cross-correlation functions were available to characterize the turbulence. As
the direct reconstruction of the spatial turbulence structure was not possible, so the
numerical model was developed. The best fitting criteria were the coincidence of all
mentioned above parameters in experimental and model data. The final goal of
modeling is to determine spatial and temporal characteristics of different turbulence
types in order to compare them with theory. The turbulence model was developed on
the base of probe measurements due to the fact, that interpretation of probes data
much more certain, then reflectometry.

It is supposed, that the fluctuations may be described by the stochastic space
distribution of local density enhancements. The perturbations have spatially
distribution as Gauss function with a half-width A , which may vary randomly in the
range +/- & and move in poloidal direction with the phase velocity V. The fluctuations
rise and decay ( life time ) exponentially with times T and 15. The Gaussian and
oscillating spatial distributions are possible according to expression:
n(xy.xp, t)=expl-(xo- x1) UA2)x { b+ axcos(2my(xg-% | WA) x
x fexp-[(t-to)/1a] - exp-{(t-to)/t ]},
where x| = xg+V*t;  x,- probe position; xg- initial position of perturbation: x; -
position of enhancement at time t: y - spatial period of oscillation; c - the parameter
which control the time evolution: parameters a and b determine the relative
contributions of aperiodic and oscillating parts.

The local density enhancements are introduced with time period T to the
computational field randomly in time and space. Each local enhancement is treated
during certain time, when it decays to negligible level. The probes positions are chosen
inside the computational field. The code generates the time realizations of density
evolution at two probe positions with the time step of 1 ps. Thus the form of code
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output exactly simulate experimental data and can be processed with the same
procedures as experimental data.

The comparison of experimental and simulated turbulence characteristics for
the two cases of "broad band" turbulence [ 1, 2 ] is presented in Fig. | a and b. This
type of turbulence is typical for all plasma column and characterized by very broad
amplitude spectrum. flat coherence spectrum and low coherence value. The
autocorrelation function are very nafrow about 1.5 - 3 ps. The experimental data for
both figures were taken in one discharge during density build up phase and after
switching off the gas valve. The experimental and the simulated data were obtained
with the probes distance of 0.6 cm. The Fourier amplitude spectrum, cross-phase,
coherence spectrum and autocorrelation function are presented. The model parameters
for the Fig. 1 awas: A=0.2cm; ;= L1 ps ; = 6ps ;V=L1L75x10EScm/s ; o = 5.
For the second case those parameters were: A= 0,15 cm: T =28 =20 ps: V=
2.35x10ES cm/s : oo = 1. It is seen that in both cases the computer model well simulates
experimental data. It must be underlined that it is possible to reproduce very broad
amplitude and coherence spectra together with the autocorrelation functiohs with one
waveform of single turbulence event. The poloidal velocities from the slope of cross-
phase correspond well to the code input value. The simulations show that the gas puff
significantly influence the properties of "broad band" leading to the increase of spatial
localization A.

The comparison of experiment with the code for the case of "edge" turbulence
[2]is presented in Fig. | c. Those fluctuations are typical for the cold SOL regions and
look like aperiodic relaxations with tising time 2 - [0 ps and decay time about 100 Hs.
The spatial dimensions are about 3 - 5 cm. The most important peculiarity of the
"edge” turbulence is the value of coherence of 0.5 as it is seen in Fig. 1 ¢. Such low
coherence value for the probes separation 0.6 cm is absolutely inconsistent with the
perturbation width 3 cm and life time 100 ps in the frame of simple computer model,
discussed above. Special model have been developed to simulate this turbulence. It is
supposed that local enhancement of 3 - 5 em contains stochastic turbulence of smaller
scale inside. It looks like a turbulent envelope moving poloidally. The low caherence
results from low life time of this small scale turbulence. It is seen that results of such
model are in good agreement with experiment. The small fraction of "broad band" was
alsa added. "he parameters of the model are as follows: A of envelopes equal to 1.75
cm: Ay for secondary turbulence is equal to 0.5 cm and their life time 15 us. The
velocity was 0.3x10ES cm/s. Good agreement with experiment supports the idea of
complex nature of "edge" turbulence. The case of mixture of the "edge" turbulence with
the "broad band" is illustrated by Fig. | d and 2. Figure 1 d presents the comparison of
the experiment and the model for the probes distance 0.6 cm. Simple model was used
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for simulation of two types of turbulence. The model parameters for "edge" turbulence
were: A=2cm: T = 15pus ;1= 30 pus ; V=1.8x10E5cm/s . For the "broad band"
cage those parameters were: A=02cm: 1= 1.0 ps: 1= 5.5 ps; a=6; V= 1.8 x10E5
cm/s. The results are presented in Fig.2 a and b for probes distance 0.6, 1.2 and 1.8
cm. The coherence disappears uniformly in experiment and model at 1.2 and 1.8 cm
distance over all frequencies except the lowest. High coherence at distance 1.8 cm,
proves big dimensions and long life time of the "edge" turbulence.

The case of "high frequency quasi-coherent” turbulence [ 1.2, 3] is shown in
Fig. | e. This turbulence type is always observed together with the "broad band" and
some fraction of "edge" turbulence. The "HF quasi-coherent” turbulence is
characterized by the maximum at 30 kHz in amplitude and coherence spectra. It was
modeled by stochastic bursts of oscillations at this frequency. The parameters of HF

quasi-coherent turbulence are: A=2cm; T = 15us ;1= 20 ps ; V=1.0x0EScm/s ; y
0.65. The "edge" turbulence parameters in the model were : A= 1.5cm; 1p=10 ps:it
;=50 psi V=04 10ES5 cm/s and for the "broad band": A= 0.25¢m ; 1) = 2.3 ps | 1,7
2.8 ps : V = 1.2x10ES cm/s . The agreement with experiment is good. The presented
results illustrate the typical case when all three turbulence type have different
velocities. Figure 1 f shows the experimental and model results for the correlation
reflectometry in core plasma. These data were simulated by means of "HF quasi-
coherent” and "broad band" turbulence. This result is just qualitative due to the
difficulties in interpretation of reflectometry data.

In summary it is possible to conclude that the simple model may satisfactory
simulate "HF quasi-coherent" and "broad band" turbulence, while more complex
model is needed for the "edge" turbulence. The question about unumbiguity of such
interpretation must be addressed in future.

This work was supported by Russian Foundation for Fundamental Researches,
the Grants Nos 94-02-06521-a and 96-02-18807.
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Investigation of three types of core small scale density fluctuations,
identified in T-10 experiments

V.A.Vershkov, S.V.Soldatov.
Nuclear Fusion Institute RRC "Kurchatov Institute”, 123182, Moscow , Russia.

Three types of small scale density turbulence were identified in the core plasma
in previous T-10 experiments with correlation reflectometer [ 1, 2, 3 ]. Experiments
with multipin Langmuir probes were carried out [ 5, 6] to verify reflectometry results.
This report summarize the properties of core turbulence.

The T-10 experimental setup and diagnostics described in [ 3, 5]. The probes
and reflectometry register simultaneously two poloidally separated channels at | MHz
sampling rate for 0.5 s. The OH and ECRH discharges were investigated.

Figure | f presents the typical data of two poloidally separated reflectometry
channels reflected at r=18 cm in the core plasma. The Fourier amplitude of the first
signal, the coherency spectrum of two signals and the autocorrelation function of the
first one are shown. Three turbulence types may be distinguished. They are associated
with maximums at zero and 170 kHz frequencies and the low coherent broad
frequency band ( 10 - 500 kHz ) forming background of both maximums, which were
referred to in [ 3] as Low Frequency ( LF ) and High Frequency ( HF ) quasi-coherent
turbulence and "broad band" turbulence respectively. In contrary to the HF quasi-
coherent turbulence "broad band" and LF turbulence encounter significant difficulties
in interpretation. In fact the broad spectrum with Fourier amplitude ~I/F was
predicted in [ 4] as the universal spectrum of the reflected phase fluctuations at high
turbulence level and LF maximum may result from the stochastic phase jumps at the
moments, when interference of several reflected beams gives zero total amplitude. The
probes data were used to clarify those problems. The ion saturation current of two
probes spaced poloidally 0.6 cm apart was measured at five radial positions. In Fig. |
b one can see the appearance of "broad band" turbulence with high frequency tail and
low, but constant, coherency value alongside with "edge" low frequency fluctuations
[6]. The dashed line proves a low poloidal coherence at the increased poloidal
separation of the probes (1.2 cm). The case of practically pure fluctuations of that type
may be seen in Fig. | d. The "HF quasi-coherent" bursts of oscillation appear in Fig. 1
¢ at r=25.5 cm as a maximum at 40 kHz. It's evolution with decrease in radius can be
seen in Fig. 1 d, e, f for r=23.5 cm, the rail limiter probe and correlation reflectometry
in plasma core. The maximum position is shifted to 100 , 120 and 150 kHz for the
three cases, respectively. Figures | d.e.c also show the appearance of the "LF core"
turbulence which corresponds to the maximum near zero frequency. Thus all three
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core turbulence types were observed in the hottest part of the SOL by means of
Langmuir probes. The computer model of turbulence types is presented in [7). The
properties of the three core turbulence will be discussed bellow.

"Broad band" turbulence - The "broad band" turbulence was found to be the
most universal instability, as it exists over whole plasma column. It is characterized by
very broad and practically constant amplitude Fourier and coherency spectra. The
value of poloidal and radial correlation length is about 0.5 cm in core. The estimations
give the value kp,xpj~1 in the cold and hot parts of the SOL and in core plasma. This
turbulence is highly asymmetric poloidally [6]. It rotate in ion diamagnetic drift
direction with respect to plasma [6], thus indicating possible ion origin. The "broad
band" is sensitive to the gas influx, but it seems governs by the local plasma
parameters. There are no observations of quick variations of that turbulence in
response to the fast change of an edge conditions. The ITG instability is considered
now, as the physical mechanism of the "broad band" turbulence.

"HF quasi-coherent" turbulence - The time evolution of that turbulence is
analyzed in Fig. 2. The traces a - e are the Fourier amplitudes of autocorrelation
function of one of the reflectometer channel. The autocorrelation functions were
taken with the intervals of 0.5 ms for time realizations of 1 ms. The Fig. 2 f show the
Fourier amplitude of time averaged autocorrelation function. The Fig. 2 g and h
present the time averaged cross-phase and coherence. The presence of a quasi-
monochromatic oscillations are clearly seen for each 0.5 ms realizations. The values of
their frequencies vary in time from 110 to 160 kHz in random way, resulting in
appearance of the maximum in spectra at 125 kHz in Fourier of average
autocorrelation function and coherence. The poloidal phase velocity of oscillations
from the slope of cross-phase equals to 2.7x [0ES5 cm/s, which gives the wavelength
about 2.0 cm and m=~45, n=30. The radial correlation length is also 2-3 cm. Thus two
physical mechanisms may be distinguished: the existing of unknown driving force over
frequency range of 110 - 160 kHz and realization of that drive in random excitation of
high rational modes. The exited wavelength is sensitive to the impurity composition
and it decreases after Ne puffing [ 3]. The amplitude and the number of oscillations in
the bursts decreases during working gas puff. The decrease of the oscillation number in
the bursts evidenced the increase of dissipation. Thus the amplitude decrease may be
explained by the relatively more strong increase of the dissipation due to toroidal
modes coupling with respect to excitation rate. The HF turbulence rotates together
with plasma [I, 7). The HF quasi-coherent turbulence is sensitive to the edge
conditions [3] and may be involved in "nonlocal" transport.

"LF core" turbulence - This type of turbulence is the most difficult in
interpretation due to the existing of quick stochastic small density jumps and the
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absence of rotation typical in core plasma. The first reflectometry measurements with
{he registration of the phase derivative show the excitation LF quasi-coherent modes,
as it is seen in Fig. | d and e, alongside with the stochastic spikes. In order to exclude
the specific reflectometry technical origin of such spikes, experiments with direct phase
recording and probes measurements were made. Figure 3 a show the ion saturation
current trace in the cold SOL region. It is clearly seen specific relaxation type "edge"
turbulence [6] together with the burst of oscillations. The latter were considered in [6]
as the edge localized "Alfven Frequency Modes" (AFM) observed in TFTR [8]. The
time traces of the probe ion saturation current in the hot SOL ( Fig. 3 b ), the tip
limiter probe ( Fig. 3 ¢) and core reflectometry measurements with phase converter (
Fig. 3d) also show the presence of stochastic jumps. It is important that typical time
of the jumps for all four cases about 2-5 ps, which is near to the period of ARM equal
to 4 psin cold SOL ( Fig. 3a) and 2 ps ( Fig. 3 ¢ ). Thus the experiment proves the
reality of the jumps. It may also indicate the involvement of MHD processes in this
phenomenon. The typical feature of LF Core turbulence in the central part of
discharge is the absence of rotation. It is clearly seen from the constancy of cross-phase
in Fig. 4 a, taken at the r=12 cm. In contrary at r=17 cm it begins to rotate with the
same velocity as "HF qusi-coherent” turbulence ( Fig. 4 b ). The estimated poloidal
wavelength about 18 cm for 30 kHz at r=17 cm, but such estimations not possible in
the central case.

This work was supported of Russian Foundation for Fundamental Researches,

the Grants Nos 94-02-06521-a and 96-02-18807.
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ON THE MODELS OF HEAT
TRANSPORT IN A TURBULENT MAGNETIZED PLASMA
Yl;.V.Gott, E.I. Yurchenko
RRC “Kurchatov Institute”, Moscow, Russia

Models representing various types of turbulent transport in the plasma
confined by an external magnetic field are complex sets of non-linear differential
gquations in partial derivatives in a real space and in a phase one. The complexity of
these model sets of equations applied to production of heat transport coefficients and
to prediction of the energy confinement time in toroidal magnetic traps at present
makes it necessary to use the methods of the similarity theory for a theoretical
analysis. Examples of utilizing these methods for a number of turbulent models are
represented in [1-3]. _ )

In a given paper, we shall investigate the properties of the heat transport
models in a turbulent magnetized plasma, dependent on the main decisive parameters:

d l s .
.% B A v A. Herep and d are the Larmor and Debye radii, B is the plasma

pressure to the magnetic field pressure ratio, A is the particle range respective to the
Coulomb collisions, a is the characteristic plasma size.

Qince we consider four main dimensionless parameters, the total number of
transport models is determined by the number of all the possible combinations out of
four different elements, being equal 16. In [1-3] eight kinetic models and two MHD
ones were analyzed.

In this paper, using algebraic equations representing physical conditions of
collisionality, quasi-neutrality, electrostaticity and magnetohydrodynamicity, the
similarity ~ criteria  for eight MHD-models have been produced. The
magnetohydrodynamicity condition was first proposed in [4]. Satisfying this condition
the transport coefficients do not depend on the Larmor radius.

For conveniency of comparison with the experimental data, let us write the ion
diffusivity coefficient in the form:

P = il el (1
where n and T are the plasma density and temperature, B is the magnetic field
magnitude. The indices p.g,r.s are chosen so that the results of papers [1-4] could be

used.
For an initial four-parametric model the ion diffusivity coefficient can be

represented as

R K v
~op() 0 G)
a-vp | —| 75— -|— 2
tH T [a g a a @
where v, is the thermal velocity. Indices R , o, K'n v are found from the comparison
between the expressions (1) , (2). The condition of going to zero for the indices of
parameters %. B %. % in the expression (2) are the conditions of plasma

collisionality, ~quasi-neutrality, electrostaticity —and magnetohydrodynamicity,
respectively.
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v=2p+r—-s5 =0 3)
cx:—3p—q—-§r+s=0 (4)
K=-8p-29-5r+ds =0 9
R=6p+2q+4r—2s-1 =0 (6)

The form (2) of an expression for Xy allows one to produce the equations for
the indices p.g.r.s and the concrete relationships for the model coefficients x; forall

the simpler models without an analysis of the corresponding sets of equations with all
possible combinations of conditionsy =0 ,a=0, K=0, R=0 only, in accordance
with the diagram, Fig.1. It is of interest to note that in such a way one can produce
the transport coefficients of MHD models for which the corresponding sets of non-
linear differential equations neither studied, nor even written.

As an example of implementing the similarity methods and turbulent transport
models, given in Fig.1, let us obtain the expressions for the ion diffusivity coefficients
in the Enhanced Reversed Shear mode (ERS) at the TFTR [5].

Physical processes resulting in the ERS-mode emergence are unknown at
present. However, with the help of the methods of the similarity and of the invariance
principle [1-3], even in this case, one can select a suitable model - having analysed
various turbulent models - representing the ion heat transport and find the limitations
to the transport coefficient dependencies on the main plasma parameters.

One of the ERS-mode features is that the ion diffusivity and diffusion
coefficients in the vicinity to the magnetic axis of the tokamak are smaller by a few
orders of magnitude than the corresponding neoclassical values. The modified ion
diffusivity coefficient [6] is only a few times smaller than the standard neoclassical
values, therefore it cannot explain the existing transport.

An analysis of the experimental data at our disposal on the Standard Supershot
(5S) mode and on the ERS one allows one to make the following conclusions:

I. The turbulent mode at which the ion diffusivity coefficient is inversely-proportional
it the ion temperature and to the magnetic field magnitude is realised in the vicinity to
the tokamak centre in the SS-mode.

2. The mode at which the ion diffusivity is proportional to the root square of the
electron temperature and inversely-proportional to the magnetic field magnitude is set
in the vicinity to the plasma boundary. Such a turbulence was previously observed in
the L-modes in the vicinity to the centre in a number of tokamaks [3].

3. Under ERS, at a power of heating exceeding the threshold one, the turbulence in
the central region is suppressed.

The informational-physical technique proposed in [2] allows one to show that
the ion diffusivity coefficient in both modes can be represented by Vlasov’'s G three
parametric nonquasineutral electromagnetic model.

Within the framework of that model, the ion diffusivity coefficient in the
vicinity to the facility centre has the form :

(pe 3 'yz 7y2 m, %
X1 PV 7] BB, y @)
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the form convenient for calculations :

orin
670 <n> |r rY’
n :—7-_- —-[1—0.6-[;) ) (8)
T,-B-4* n, a
In the vicinity to the plasma boundary, one has
hoos
rrp,n L (Be) g ©)
a

or

4 3
x2=_7_69_7;.<">.(9 .[1-0_75.[1) ] (10)
B-JZ n, a
where p, u d are the electron Larmor radius and Debye one , v; and v, are the
thermal velocities of ions and electrons, g and g, are the ion and electron plasma
component pressure to the magnetic field pressure ratio, @ is the minor tokamak
radius, T; and T, are the ion and electron plasma temperature, 4;is the atomic mass of

jon, n, is the plasma column centre density, <> means an averagening over the plasma

volume.
In the SS-mode the ion diffusivity coefficient for the whole plasma column is

represented by the relationship

Yss=X 12X (an

The ERS-mode differs from the SS-one by the fact that the ion diffusivity
coefficient is determined in the main by processes occurring outside the central region,
being represented by the relationship :

Xers =X S (12)
where f =exp(-exp(-2), z= (t-1,)-0™', t=r/a, c=0.05 1,~035- normalised I-
radius, where the derivative of the safety factor respect to the radius ( ¢’) is equal
Z€ro.

The comparison between the experimental ion diffusivity coefficients (solid
line) and the calculated ones with relationships (11) and (12) (e, x ) are given in Fig.2
for the SS-mode (before transition) and for the ERS-one ( after transition). In this
Fig. one can see that the proposed relationships well represent the radial dependence
of the ion diffusivity coefficient for both modes under consideration.

1. Connor J.W., Plasma Physics and Controlled Fusion, 1988, v.30, p.619

2 Gott Yu V., Yurchenko E.I, Plasma Physics Reports, 1994, v.20, p.853

3. Gout Yu. V., Yurchenko E.1, Plasma Physics Reports, 1996, v.22, p.13

4 Gout Yu.V., Yurchenko E.I, 22" EPS Conf. on Contr.Fus. and Plasma Phys.. 1995.

v.19C. pt.1V, p.221

5. Levinton F.M., Zarnstorff M.C..Batha S.H., et al, Phys.Rev.Letters, 1995, v.75.
- p.4417

6. Gott Yu.V., Yurchenko E.I., On effect of finite plasma pressure on the neoclassical ion

heat transport. this conference 4
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NEOCLASSICAL ION HEAT TRANSPORT IN
A PLASMA WITH HIGH GRADIENTS IN PARAMETERS
Yu.V.Gott
RRC “Kurchatov Institute”, Moscow, Russia

All the relationships used at present for representing neoclassical transport in the
tokamak plasmas have been produced under assumption that the characteristic gradient
dimensions are much greater than the maximal width of the banana trajectories. In that case the
heat and particle fluxes in the plasma are proportional to the gradients of temperature and
dencity.

Under real conditions these assumptions are not alwais satisfied, and therefore it i1s of
interest to produce relationships representing neoclassical transport in a plasma with large
gradients of parameters.

The distribution function produced by Kovrizhnykh [1] in the © (Krook) -
approximation [ 1] does not include limitations to the rate of changes in the plasma
parameters along the radius, and therefore it can be used for solution of a given
problem.

The first attemt of finding an effect of banana trajectory width on the neoclasical
heat transport done in [2,3] has shown that an increase in the banana trajectory width at
the fixed characteristic plasma temperature and density gradients results in a non-linear
increase in the heat fluxes.

In this paper the radial plasma temperature and density dependences are taken in

the form :
T =T,- 0~/ M
n(/y=n,-0-(7) 0)

where a is the minor tokamak radius, T, and n, are the ion temperature and

the density at the plasma column centre. A change in the temperature gradient size
-1 o
Ly =(dln%) and in the density one L, :[‘“”%r) has been done due to a

change in the parameters a and f. Neoclassical walues were taken as maximal widths

of banana trajectories, A .
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The calculations have been done by the numerical method in a banana range of
collisional frequencies with help of method published in [2,3]. The results of
calculations are approximated by analytical relationships.

It was shown that the ratio of the ion diffusivity coefficient  to the neoclassicaj
coefficient ync can be represented in the form :

1.5
y 1422, 4627 +6(Z; Z,) 3
Inc 1+152Z4

Thus the ion diffusivity coefficient in the complicate nonlinear way depends on
Zr=AlL;,andon Z,=A[L,.

One can see that when the ratio of the maximal banana trajectory width to the
size of density gradient approachs to unity the ratio x / ync is 2-2.5 times reduced, and
when the ratio of the maximal banana trajectory width to the size of temperature
gradient approachs to unity the ratio x / yxnc , is almost eight time increased. At the
tendency of these quantities to be equal unity simultaneously, the jon diffusivity
coefficient is 10-20 times increased (See Fig.1).

In the neoclassical theory, the total energy flux Q is related with the heat flux q
and with the convective energy flux T'T by the relationship Q=g+ yI'T, where I is the
diffusion coefficient. The quantity y depends on the frequency of collisions and it is
changed in the range from 1.33 in the banana range to 3 in the Pfirsh-Schliiter range.

In the case under consideration, the ratio % has the form :
'Ne

y _ 14026208 437 7Y ”
Yne 140162, +Z,Z3

One can see that in the banana range y depends on Ly, L, and their
combination, being varied from 1.33 up to ~3 (See Fig.2).

So if one wants to reduce the heat losses through the ion channel due to
neoclassical processes, it is necessary to increase the plasma density gradient size and to
reduce its ion temperature one.

1. Kovrizhnykh L. M., Fizika plasmy, 1982, v.9, p. 1105
2. Gott Yu. V., Yurchenko E.I., Plasma Physics Reports, 1994, v.20. p.853
3. Gout Yu. V., Yurchenko E.I, Plasma Physics Reports, 1996, v.22, p. 13
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TEMPORAL EVOLUTION OF CHROMIUM LINE EMISSION
DURING ARGON PUFFING IN T-10

V.A. Rantsev-Kartinov, V.A. Shurygin
RRC "Kurchatov Institute”, INF, Moscow, Russia

1. Introduction o
The assumption of coronal equilibrium and empirical so-called anomalous diffusion

coefficients are commonly used to model the impurity radiation in tokamak plasmas.
However, il is necessary to take into account the effects of suprathermal electrons and
neutrals on the impurity radiation [1, 2] These effects can result in appreciable
increasing ionization, excitation and recombination rates especially during the
nonstationary processes in the plasma periphery. It is in these regions the
underestimate of rate coefficients is an equivalent to the overestimate of impurity
diffusion. Taking into account these effects one can obtain the reducing of the model
diffusion coefficients [3] and provide the calculation of x-ray spectra time evolution in
startup phase and during a major disruption [4] generally without using of adjustable
anomalous diffusion coefficients. Similarly, the electron-impact excitation of resonance
lines with transition energy AL,/ 7, >>1 for plasmas with 1, ~ 103 em™ and 7, < 1 keV
appears to be under strong effect of suprathermal electrons [1].

Experiments in tokamaks have shown how the population of suprathermal electrons
can be changed by puffing in some gas from almost complete suppression of their
production up to regimes in which the majority of the current are carried by runaways
[5, 6]. Hence, in these cases one would expect that the intensities of resonance lines with
AE,/ T, >> 1 are governed by population of suprathermal electrons. For example,
when a large fraction of them is lost rapidly after gas pufling.

This paper presents time-resolved observations of resonance line emission (2p-1s -
transitions) for Li- , Be-, B-like states of Cr ions with temporal resolution of about 1
ms (and A/ AX = 10%) during pulse puffing argon in the T-10 tokamak. The founded
differences in time evolutions of continuum and line chromium emission allow one to
assign the observed radiation processes to the class of nonlecal transport effects [7]
although our interpretation deals with the effects of suprathermal clectrons on impurity
radiation but not with traditional anomalous diffusion.

2. Experiment

The experiments were carried out in the T-10 tokamak (7, = 2-1013 cm?, plasma
current 220 kA, minor radius 34 cm, magnetic field 1.5 T). The horizontally scanning
crystal spectrometer [8] was used on a shot-to-shot basis along the central chord of T-
10. Four channels of the spectrometer were used simultaneously to record three
resonance (2p-1s - transitions) lines of Li- (A=2.202 A), Be- (1=2.214 A) and B-like
(r=2.228 A) charge states of chromium and continuum emission (close to 2=2.0 A).
The data collected during several tens of shots in T-10 were averaged and then
measured background signal was subtracted. The final estimated error of intensity
determination was about 10-15%. The duration of pulse puffing argon at 400 ms of the
discharge was | ms. The K, radiation (E,/K,)=3.0 keV) from the plasma core and the
clectron temperature T,(¢) have shown the delay time close to 40 ms (see Fig.1). All of
the signals from chromium lines decayed immediately after the argon puffing without
any delay time (it was at least lesser than 1 ms, see Fig. 2) while continuum signal
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Fig. 1. Time 1races of plasma density.  Fig. 2. Time evohuion of resonance line intensities and
remperature and x-ray emission of the argon  contimasn emission in discharges with the argon puffing
K, line measured along central chord in T-10. ar 460 ms.

even slightly increased during the first 40 ms after puffing. In contrast to this line
intensity decaying following the argon puffing, the time evolution of their ratios shown
in Fig. 3 reveals distinct correlation with the time evolution of continuum signal.

3. Interpretation and modelling
According to the estimate [1], the interpretation of resonance line intensity based only
on the effect of thermal part of plasma clectrons can lead to the error comparable with
measured intensity if £,/ E = 4 e"u,,A /ET, < 14E,/ T., where E and E; are the
electric and critical Dricer’s fields respectively, e is the electron charge, A is the
Coulomb logarithm. It means that for the T-10 conditions with E;,/E=10-20 and T. =
0.4-0.8 keV the nonthermal effects could be neglected only in the part of the x-ray
spectrum where E, = AE, < 3 keV. In the case of interested lines AE,/ T, ~8-12 with 4F,
=5.65 keV. Averaging over the real non-Maxwellian electron distribution onc can
obtain that nonthermal contribution to the excitation rate could be decisive being
proportional to the relative population of suprathermal electrons ¢, - From the other
side, the intensity ratios for resonance lines are determined by ionization balance effects
A T T (1)
The resulting balance due to effects of suprathermal electrons and neutrals on the
charge state distribution [I, 2] can provide the ratios (I) even close to corona
equilibrium but only for some states with fulfilled quasi-stationary conditions of
coupled balance equations [4]. However, beside T, the ratios (1) are functions of
relative populations of neutrals £, = n,/n, and suprathermal electrons ., as follows

N R & RU+R

- St o (2)
R (1=a,) (0, U+ 2, (0,0,,,)
;

All ienization {guy; and recombination rate coefficients (R™,, , &:R™,, . R, are
radiative, charge exchange and dielectronic respectively) were calculated by the
formulas from Ref. [9]. In particular,
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&, B P 2B L - - 3
.Uy
BEwRe,. in em?® s, v, is the velocity of neutrals, 1,=2.2-10% cm s, Z;+| is the ionic
“;1 arse T;m parameter &=, v, )(n.vp) from (3) varies in wide limits over the plasma
¢ ;

cross section and/or in nonstationary processes such as a major disruption [10].
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Fig. 3. Experimental (dashed) and calevlated (solid) Fig. 4. Model fincrions used in calculations.

line inrensities and their rarios during argon puffing.

As follows from our calculations, the effects of suprathermal electrons on the
jonization balance of Li-, Be- and B-like chromium states at 7, = 0.4-0.8 keV can be
neglected if a.; (T = 3 keV) < 0.05. Hence, while the time evolution of ;‘,j is
determined by @,,(t) (note that AE,/ T, = 8-12), the resonance line ratios 7,/ / [,
depend on T.(r) and &,(t). The results of modelling and their comparison with
experimental data are shown in Fig.3. The model functions for T,(1) , &..(1) = &,(t)
+8,.(1) and a.y, (1) used in (1)-(3) are shown in Fig.4. According to the model, the
changes observed on I,/() during the first 150 ms after the argon puffing arc related
mainly to the time evolution of plasma electron energy distribution function. The time
evolution of a,,, () was adjusted as followed from the time behaviour of Be-like state
intensity in Fig.2. Moreover, similar time evolution of hard x-ray signals caused by
runaway electron bombardment of the limiter have been observed on the PLT tokamak
during gas puffing experiments [11). The sharp a,,, decrease immediately after puffing
does not affect the time evolution of ratios [, /1,] as shown in Fig. 3. According to the
model, the argon incoming changes the charge exchange recombination rate
appreciably only in 150 ms after puffing and, finally, results in decrease in the ratios Lt
I,/ for Be/ B, Li / B and Li / Be states. Thus, the average charge of impurities decreases
only in 150 ms after gas puffing.
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It could be assumed that the e, increase in 40 ms after puffing deals with the
secondary generation of runaway population [12]. In this time interval some part of
incoming argon works as a source of secondary gencrated runaways, This assumptiop
corresponds to the increase in /,) and probably in hard x-ray signals caused by
runaway electrons as observed in PLT [11]). Morcover, the time of the Coulomb
collisions between the runaways and the particles of argon is about 30 ms [12].

4. Conclusions

The time-resolved measurements of resonance line emission for Li- , Be-, B-like
states of Cr ions during pulse puffing argon in the T-10 tokamak and their
interpretation were presented. To interpret the data, we have developed a computer
code that calculates the emission of chromium lines and their ratios taking into account
the cffects of suprathermal electrons and neutrals on impurity radiation. The
calculations has shown that the time evolution of line intensities in T-10 is caused by
the time behaviour of nonthermal part of electron energy distribution. Most likely that
the plasma periphery gives the main contribution to the line intensitics [8]. In contrast
to the line intensities, the behaviour of line ratios are driven by thermal and cx-
recombination effects. The change of the cx recombination rate for interested
chromium charge states begins only in 150 ms after the argon puffing. The rapid
decrease in o, immediately after puffing as it follows from the model means also the
decrease in the part of plasma current that carried by runaway electrons. Due to this
plasma current redistribution one would assume rather small increase in thermal energy
of plasma electrons that observed also on the continuum signal (see Fig. 2) and have
been interpreted as nonlocal transport effect in Ref. [7]. The time scale of the"
suprathermal population redistribution over the plasma cross section could be lesser
than | ms at least [13]. At the onset of puffing, the peripheral changes in plasma density
and temperature result in a suppression of runaway tail generation. Then, 40 ms later
the secondary runaway clectron generation becomes significant because of close
collisions between fast tail electrons and electrons bounded on the shells of the argon
ions. These clectrons gain a considerable transverse momentumn pi/py=>>1112].

The time-resolved observations of line intensitics during gas puffing can be useful
to study nonstationary phenomena in tokamak plasmas and to analyze the effects of
nonthermal electrons, charge-exchange and associated profile distributions on the line
intensities of K, - specira of plasma impurities.
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EFFECT OF A FINITE PLASMA PRESSURE
ON THE NEOCLASSICAL ION HEAT TRANSPORT
Yu.V.Gott, E.IYurchenko
RRC “Kurchatov Institute”, Moscow, Russia

In modern tokamaks [1] the ion diffusivity and diffusion coefficients in the central
part of the plasma column can be a few tens-times smaller than the corresponding
transport coefficients predicted by the Standard Neoclassical Theory (SNT).

The SNT of transport in tokamaks has been developed without taking into
account of the plasma pressure, assuming that the particle displacement from the
magnetic surface is much smaller than the radius of this surface. In this connection, the
neoclassical theory turns out to be unjust in the vicinity to the plasma column centre.

The due to regard for the finite plasma pressure results in a distortion in the
magnetic surface configuration in the vicinity to the magnetic axis and in the toroidal
magnetic field in the region occupied by plasma. One can assure himself that a
reduction in the magnetic field - related with the plasma diamagnetism - does not affect
the transport, but the ellipticity - related with the plasma pressure - results in reduction
in the transport coefficients.

Let us consider the tokamaks with elliptic magnetic surfaces, presenting them in

the form r(8)*(1 + e-cos2@)=r"-(1 + €) and compare the transport through

elliptic and circular cross-sections, equally long. Making transition to the rounded
coordinate system p,,8 let us find the relationship between the minor ellipse semiaxe r
and a new radial variable :

p, = {05151+ K) - JK)]} )
where e=(K’ - 1)/(K° + 1), K is the ratio of the ellipse semiaxes.

The trajectory of particle motion in the rounded coordinate system is represented
by the set of equations of trapped particle motion :

Po it ’

p'dp' R .

et ) 2

;j»'. g o VT

.-ﬂ=—p'ﬁv,]—v,,-cose‘=0 3)
d q-R

where g is the safety factor, Q is the gyrofrequency, R is the major tokamak radius,
vy is the parallel to magnetic field component of velocity, vy is the drift velocity, p,
and 6. are the return point coordinates of trapped particles.

Considering the value of g as constant along the particle trajectory one can
obtain from Eq.(2),(3) the dimensionless equation describes the trajectory of trapped
particles :
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xz—x,g:i(\/x-cosﬂ_x*-cosﬁ*+Vz-v] (4)

whereg =2-p-q/(R-VE) ,v=|cosa. /(4.x.),r=x.g%.E=0.5-[1.5-(K+1)—JE]

An analysis of these equations shows that when the particle turn-back point s

located in the range of angles 0<@.<7/2, the trapped particles exist upon any magnetic
surface, at x. —0. Under condition /2 <@.<z a limitation to the minimal radius of g

magnetic surface emerges, where the particles still can be trapped
1
X. 2 X, =202 (|cos 6?.|/4)/3 (5)

The treatment of the numerical solution results of Eq.(4) allows one to produce
approximate expression representing the trajectories of trapped particle motion in the
form convenient for flux calculation in the tokamak plasma.

For a positive branch of the trajectory we have :

8, = JeosB-cos . /(1+2:[x.) ©)

For a negative one we have:

57:x.-,fc0597cos&l(l+2-x.3/1) (@)
where & is the deviation of a particle from the surface with the radius x. . In this case,
X. should satisfy the limitation (5) .

The equation for calculation of the ellipticity of magnetic surfaces - dependent
on the plasma pressure and the boundary plasma surface configuration [3] - can be
written in form :

rie" +(5-2-85)-r-e~§-e=3-[a-A"—(2-85) A"] (8)
where the prime designates the derivatives with respect to r, S=r- q' /g is the magnetic
field shear, «=-8-x-p'-R-q*/B’is the relative plasma pressure gradient, A is the
Shafranov's shift.

Since we are mainly interested in the processes in the vicinity to the magnetic
axis, we shall solve Eq.(8) for the almost uniform current, i.e. at a small value of S for
plasma column with equivalent radius a. For p=p, .(I-r*/a’)" the solution found by
expansion technique with respect to the degrees of deviation from the magnetic axis has
the form :

e 1+5°-r* 12 5 np-q' R-(-r'd)
‘148" 112 2 a(1+8"-a* 112)
where ¢, is the ellipticity of the boundary plasma column surface, f=4-7-p, !/ B? is the

©)

thermal/magnetic energy ratio.

One can see that the maximal ellipticity is reached in the vicinity to the magnetic
axes and its value depends on the sign of a shear. At the negative shear the ellipticity is
greater than that at the positive one.
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For calculation the modified neoclassical ion diffusivity coefficient x we have

used the method d
(Kroﬂk) < approxim

escribed in [2] and the ion distribution function found in the 1
ation in [4]. Using the expressions (6),(7),(9) it is possible to write

7 boxtdet % i
g=c s [eost vt i 10O S

P =3
= ().l’."-A/z e [%) /z-t.‘r2 -7 is the neoclassical ion diffusivity coefficient

¥
: -(§l+§—’]-dm (10)
. X, X,

+ =

where Xwc
through circular surface of the radius r, A= R/a is the tokamak aspect ratio, z; is the
time of particle scattering within the angle n/2, ¢, =2-p(T)-q/R, T is the particle
(emperature, X, =X, % 8., x| is the magnitude of x, at =0, o is the ratio of
particle energy to the T, 2c* = 1 - cosb, siny =x-sin(9/2), other quantities are
determined in [2].

Having done the numerical integration of the expression (10), one can produce
the dependence of y on the radius :
) (r/a)?’
E* [ 1a) +0.20- 42 (g, INEYP]

From (11) one can see that, in difference from SNT, the modified ion diffusivity

X = Xnc (n

coefficient tends to zero, when the radius of magnetic surface under consideration tends
to zero too. An increase in plasma pressure results in a rise in ellipticity, thus reducing
the transport coefficient.

The ion diffusivity coefficient dependencies in SNT (curve 1) and modified one
for the quantity &= A% -¢p =01 - typical value for the DIII-D tokamak (curve 2) and
for £= 0.2 (TFTR) (curve 3) are given in Figure. Solid curves are calculated with help
of relationship (11) for K = 1, dash curves are calculated for K = 2. One can see that
the modified diffusivity coefficient trends to zero when approaching the plasma column
centre, in difference from SNT where it tends to infinity.

We consider as a pleasant duty to express our gratitude to V.Merezhkin who has
attracted our attention to a given problem.
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FAST PROCESSES WITHIN THE CANONICAL PROFILES
TRANSPORT MODEL

Yu.N. Dnestrovskij, S.V. Cherkasov, Yu.V. Esipchuk, S.E. Lysenko,
K.N. Tarasyan, S.V. Tsaun

Russian Research Centre “Kurchatov Institute”, Moscow, Russia

The Canonical Profiles Transport Model (CPTM) is reconsidered. The new equation for the evolution
of canonical profiles and corresponding boundary conditions are proposed. The model is used for the
description of fast transient processes in the TFTR and JET with cooling of the plasma edge.

1. INTRODUCTION

Recent experiments confirmed that the energy transport in tokamaks is determined not only by
the slow diffusion time, but also by some collection of fast times. Most spectacular are
experiments with cooling of the plasma edge by injection of impurities [1-3] or gas puffing,
and with heating of the plasma edge by fast current ramp up [4]. In these experiments the
central electron temperature changes at T4=1-3 ms after strong action at the edge, and the
absolute increase of the central temperature AT,(0) is about 100-300 eV. The time delay of the
response, Tq is 1-2 orders of magnitude less than the energy confinement time tg, and 2-3
orders less than the skin time of the current redistribution, t..

In this Report we attempt to describe the experiments [1-4] using the Canonical Profiles
Transport Model (CPTM) [5]. We revise the basic ideas of the model, and include an additional
equation with a fast time Tcecty. This equation describes the evolution of the canonical profiles.
The main point of the modified model is a revision of the boundary conditions for the

canonical profiles. As a result, the canonical profiles become depending on the profile of the
real electron temperature T.(r) near the edge. The change of the T.(r) profile near the edge leads
to fast redistribution of the canonical profile over the whole plasma cross section, and, as a
consequence, to visible changes of the heat diffusivities x. and ;. The resulting model is self
consistent. We use it for description of the JET and TFTR experiments [3-4].

2. THE MODEL DEVELOPMENT

We assume that the form of the canonical profiles is determined by the minimum of the free
energy functional and by conservation of the total plasma current [6]. Then using the

.. cByladfa ) o
Maxwell equation j)=————{r“|L|, where p=1/g, and assuming that j(p)/jo=p(1)/po,
4nR r Or

where jo=j(Lt0), po=p(po), fo=1(r=0), and eliminating j and p, we obtain an Euler equation for
the canonical profile p(r)

@ _d By

2 dwb dp
Py (uf A —5-) =0 1
= dreR =) zd(ﬂ)) M
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4cR
where M:BL [MHpo/((y-1Y0)), w'=dwdr, X, is a Lagrange multiplier, other notations are
0
standard. The regular solutions of (1), pe=p(r), satisfy to a more simple equation of second
order
du
d(r?)

containing the parameter A,. Therefore, for the selection of a unique solution we need three
boundary conditions. In [6] the following conditions were used

dVIdr=0, W=pZ + Xy @

Hes=He(a) = 2IR/(ca’ Bo) Be(0)=po, pe(r) —> 0 at r—oo 3
and the simple analytical (Kadomtsev) solution was obtained
Ho

He= Pf == - a=a(ua{po-p )" 4)
1+r°/ aj

Solutions (4) were used in paper [5] with po=1. However, the boundary conditions (4) raise
many questions. What is pg? Why does the plasma “know," what is happening beyond the
chamber? To resolve these questions, we suppose that the evolution of canonical profiles is
described by the time dependent equation

dp a¥

T, =— (5
dt dr

where 1. is the characteristic time of evolution, which is small in comparison with the energy
confinement time g (t.<<tg). We suppose also that in the Ohmic (OH) and L modes the
boundary conditions for Eq. (5) have the form

(@) =pa=2IR/ca®By) , Wi (a=p'(af), Ko (anN=p"(ar) (6)

where p(r,t) is the solution of the equation for the poloidal magnetic field. Hence

4
=atah, A= I @)
l—aug /g
The electron temperature and conductivity at the plasma edge are small, therefore for the
estimation of the A value we can use the steady state equation for diffusion of the poloidal

. dl1 d,6 2 . 5
magnetic field —| — —(#~) | = 0,where o is the plasma conductivity. Hence
dr\ro dr
A= ’ 1 = IG' u @
1~35£b+2iﬁJ 42
4o, aply 8nR(j—jq)

where U=21Rj,/g,, is the loop voltage, ]:II(rcaz) is the average current density,
ac'y4o,0c(3/8)al( T, [ T}, )a - (1/4)a(Z'/Z),. As a result, the parameter A depends on the current

density, the logarithmic derivatives of the temperature and Z.gat the edge.

The second term in the denominator of (9), containing the product o',U, is very sensitive to the
scenario of the plasma edge cooling. During the cooling the value of ¢'; decreases as the
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glectron temperature profile becomes more flat, and simuitaneously U rises. Their product can
either to decrease or torise. Asa consequence, the proposed model can describe both the
heating of the plasma core (experiments on TEXT and TFTR), and its cooling (TET) during the
edge cooling. Using the expansion D_f e(r,1) in the plasma centre and the conformity principle
[5], we obtain the following expression for Tecic(r).

Tl Y Teel =Tl VT~ X (X (0 %™ ©)
where Go(A)=(Ao-1)/A-1, Ag is the steady state value of A.

3, SIMULATION OF TFTR AND JET EXPERIMENTS

At first we simulated the steady state OH regimes described in [2,3] and obtained the value
A=1.29 for the TFTR shot #31889 and A4=1.32 for JET shot #31736.

The second step is the choice of scenario for the description of the edge cooling. In the TFTR
(2] the pellet is small and the increase of radiation power P4 is not large. Furthermore, for the
limiter OH shots the boundary electron temperature 7¢(a) in the steady state is low (we assume
50 eV), and it is natural to propose that this temperature remains unchanged during the
transient stage after the pellet ablation.

The scenario of Prq(f) and Te(a,t) for transient process in TETR is shown in Fig. 1. We
proposed also that the radiation power is localized in the region 0.85<r/a<1. The flattening of
T(r) near by the boundary leads to peaking of a canonical profile and, as a consequence, to
peaking of Ti(r). In Fig. 2 we compare the behavior of Te(r,f) in the calculations and
experiment for the two spatial points: 7/a=0.16 and 0.22. The maximum values of the
temperature deviations 87, vs the radius are shown in Fig.3. The experimental points are
marked by black circles. The points of 87, sign change are close one to another. The absolute
values of 6T, and 5T.°" in the plasma core are also similar. The divergence of these values
at r/a=0.7-0.8 can be explained by the influence of unablated pellet fragments in the
experiment,

In the JET experiment [3] the pellet is large, and Prq rises in a factor of 5. The value of
7.5%(0.92a) quickly diminishes from 170 eV to 20 eV. So, the scenario here is quite different.
Fig.4 shows the chosen JET scenarios for Ppag and 7e(a,f). The temporal evolution of Te(r,r} for
two points is shown in Fig.5. Fig.6 shows the radial variation of maximum of 87... In this case
plasma is cooled everywhere.

As a conclusion, the developed transport model allows to describe the fast transient processes.
The experiments in the TETR and JET with opposite signs of the electron temperature
deviations were simulated. The model predict the similar behavior of the ion temperature.

This research was supported in part by the UKAEA contract GQ 11001.
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Fig. 5. The time evolution of the electron
temperature at two spatial points in JET.
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Fig. 2. The temporal evolution of the electron
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NEUTRAL ATOM DISTRIBUTION FUNCTION BEHAVIOUR IN
NON-MAXWELLIAN PLASMA

N. T. Besedin

Institute of Plasma Physics, National Science Center "Kharkov Institute of Physics and
Technology", 310108 Kharkov, Ukraine

1. INTRODUCTION
Neutral atom distribution function in plasma has been studied for the case when the ion
distribution function f, is highly anisotropic. For the isotropic one the problem was considered
earlier [1, 2]. In the present paper Boltzmann kinetic equatior.: has been. solved numerically by
jterative method. The maximum values of plasma parameters in calculations are the following:

plasma density n=10" cm™, electron temperature To =5 keV, ion temperature (in the

plasma regions where function f; is Maxwellian) T, =5 keV. The ion distribution function
anisotropy is described by simple model function.
2. THE KINETIC EQUATION
Directing z-axis normally to the plasma boundary and using the cylindrical coordinates

Vz,Vp,0 In the velocity space the kinetic equation for the neutral atom distribution function

£(2,Vz,Vp,0) can be written in the form

¢] 3
vz——r—af(z"'a’; Y00 27, v5,0) 5. 812, v ) +
1

@ +o In
(292 V0 OV, ¥, | 0V, [ 00 12V, vy 001N+ Sa(zvan v OO (1)
—a0

w0 +0 n
where 8(z,vz,vp,0) = (j)dv’p 8 | av', g de' fj(z,v',.v',.0"0(8)s, (=1,2,3,4),

-c0

2
g= J(iv‘zfvz)z +V'P +vp2 —2"'pr cos(8-8"), fi=fy=f;, f =fq =fe .
The cross-sections G;,0,,03,04 in Eq. (1) describe the processes of charge exchange,
ionization by electron impact and by proton impact and recombination respectively [1].
The dimensionless quantities are used in Eq. (1). The width of the plasma layer z, (in

cm), the scale factor for the particle density n, (in cm™) and the characteristic temperature T,
(in V) are used as the main scale parameters. The scales of cross-sections, velocity and

distribution functions are determined in the following way: o, =7""/(n,z,),
v, = (1.6021-1072-2-T, /m,)", (m, ision mass ), f, = n,/ (**vg).

Function f(z,v4,v,,0) satisfies to the symmetric boundary conditions
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f*(O.vz,vp,B) =10, +RIT(0,-v,,v,,0), 7 (Lvg,vp,8) =1, + Rf*(l,—vz,vp,e) (2)
Here, f" =7 for v, >0 and ™ =f for v, <0, f,, is the distribution function of low energy

atoms, R is the refiection coefficient,
Using expressions (2) the solution of Eq. (1) is obtained by iterations.

z3
Forvz <0 fiy1(z,v,.v,.0) = [f + Rff(l.—vz,vp,ﬂ)]cxp[—vij _E]Sj(u,vz,vp,e)dujf
s z1j=

il,, m"+mI2xlll'| ,
_;z_idz fi(z,vz,vp,ﬁ)[b[dvpvp_LdVZ £ de fk(z,vz,vp,ﬂ Jo1(g)g+54(2', 2, v,,0)] x

3
cexpl-—- | £(6,v,,vp, )du] @

Vz 2j=1

zZ3
For v, >0 f}:ﬂ(z,vz,vp,e) =[fy +Rfk'(0,—vz,vp,9)]exp{——lj T 5i(u,v,,vp,0)du]+
Vzoj=1

12 @ +a0 n
F [l G2 v vp O AV, v, [ AV, T 4O f(2,v,,v 0001 ()8 + S4(2, v, v, 0) I x
Z0 0 —oo 0

z3
X f:xp[—-L | £S5y, VgV, 8)du] (k is the iteration number) 4
vV, =t
The iterative processes starts from fi(z, VZ,VP,G) =0
3. NUMERICAL RESULTS

Three cases are considered in this paper In the first case the plasma region with
anisotropic ion distribution function is 0.15<z<0.85. In the second case it is 0.4<2<0.6_In the

third case it is given by 0.15<z<0.4 and 0.6<z<0.85. For the other z values function f is

modeled by Maxwellian using ion temperature profile Ti(z) coinciding with Te(z).
.
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Anisotropic function f, is modeled by the function shown in Fig.1. This function coincides with
Maxwellian for v, <2 and has two characteristic high energy tails for v, >2. Such tails may

appear during plasma heating [3]. For the real experimental conditions the anisotropic ion
distributions may be calculated using RF heating or NB injection codes. -

Assuming plasma density and electron temperature profiles n(r} and Tg(r) as cubic
parabolic ones electron distribution function f is modeled by Maxwellian in the whole plasma
volume. In the plasma center Te(0.5) =Ty (T, = 5000 V), n(0.5) = 100n,. At the plasma edge

Te(0)=Te(l) =5 eV, n(0)=n(l)=1n,. The n,z; value is equal to 13-10"% cm™, that at

25 =130 cm and ng=1012 em3 corresponds to the parameters of the W7-X project. The

calculations were performed for distribution functions independent on the angular variable 8.

In the real experimental conditions the ion distribution anisotropy varies with €. In the present
caleulations R=0.5.

In the first case function f(z,v,,vp) in the plasma center and at the plasma edge is
shown in Figs. 2, 3 respectively. Comparison of Fig. 2 with Fig.1 shows that function

£(z, vz, vp) and function fj have much in common. Function f(z,v,,vp} is tail-distributed too.

o =
—~
= =
g =
= A
= w
24l =3
= k=]
= (o]
= oy

. v, - P .
Fig.3- ° 9 Fig.4
Function f (z,vz,vp) which corresponds to the second case as in the plasma center

(Fig. 4} so at the plasma edge (Fig. 5) has an additional hill at v, =0. This hill is caused by
broader as compared with the first case plasma region where function f; is Maxwellian.

Comparison of Fig.3 with Fig. 2 and of Fig. 5 with Fig. 4 shows that f(z,vz,vp) varies with z

only for the small velocity values and is practically independent on z at i+ vg)”2 >2. The

variation of low energy part of neutrals distribution function is caused by the cold atoms
penetrating into plasma.

In the third case function f(z,vz,vp) in the plasma center (Fig. 6) coincides very good

with the one in Fig. 4, though in comparison with the second case function £ is Maxwellian in
the region 0.4<z<0.6. Identical distributions of neutrals correspond to the different local values
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of ion distribution function, Function f(z,vz,vp) at the plasma edge in the third case (not
shown in this paper) coincides with the one in Fig. 5

0

H0,V2.Vp)
5

]

log

4 i oy . / =
Fig.5 : g Fig.6 : £
4. CONCLUSIONS
High energy part of neutral atom distribution function is almost the same in the whole
plasma volume. The outgoing neutral atoms possess in themselves information about the ion
velocity distributions in the most hot regions of plasma. The determination of the local ion

distributions from measurements of the neutral energy distribution may be very difficult
problem

An accurate description of neutral atom distribution function is of primary importance
for interpretation of diagnostic measurements. The numerical code described here can be used

for this purposes. For a long time the following energy dependence of the neutral particle flux
is used for interpretation of the diagnostic results. [4-6].

F(Eq) L 12 gt B TV e 1 an
o) e [nngoy(g)gEy “exp(~Eq/ T exp(—[ds/ A ) / T “dx (5)
0 0

Here, ny is neutral atom density, L is a chord length.

Note that expression (5) may be obtained from expression (3) using the total mean free
path X, value and assuming functions fi ¢ of Maxwellian and oj(g)g=const. As it was
shown in Ref. [1], the last assumption brings the significant errors to the neutrals density and
distribution function.

The calculations have shown that the influence of the reflection coefficient value on the
neutral distribution function relief is small.

The code developed here facilitates the calculation of neutral atom distribution function
both for a two-dimensional velocity space and for a three-dimensional one.
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RUNAWAY ELECTRONS SECONDARY GENERATION

I M. Pankratov, N. T. Besedin
Institute of Plasma Physics, National Science Center "Kharkov Institute of Physics and
Technology", 310108 Kharkov, Ukraine

1. INTRODUCTION
In present tokamaks with longer discharges in low density regimes the. .energy of
runaway electrons reaches up to tens of MeV an_d even more. Due_ to close collisions these
high energy electrons may kick thermal electrons in the runaway region [1]. The knocked-out
electrons have a significant transverse momentum p, >>p, ( p, and p, are transverse and
allel momenta of runaways with respect to the magnetic field B ). The inequality of

Py > Pias Pia = ﬁp:. /3 (1)

determines the runaway region of the knocked-out electrons [2], p2. = 4ne’mnL(2+z)E™, e
and m are the charge and the rest mass of the electron, n is the bulk plasma density, L is the

par:

Coulomb logarithm, z.; is the effective ion charge number, E is the inductive electric field.
The avalanche-like process of the runaways generation arises with the avalanching time
tp=1/cno(W, ) = V1ZmeL(2 + zgp ) / 9E. @

This process of the secondary generation of the runaway electrons was experimentally
demonstrated in the TEXTOR tokamak [3], that is why the present calculations were carried
out for the TEXTOR experimental conditions

n=0.85.10"*m™>, E=0.08V/m, L=12, z.4=2, B=2.25 T. @
We assumed the maximum energy of runaways to be 25 MeV, and electrons with higher value
of the energy were not taken into account.

2. RUNAWAY ELECTRON DISTRIBUION FUNCTION
The present analysis is performed on the basis of the integral of close collisions [2]

-1
Pe Py _ Puy Pw_?l m'c’
J(p!! + pﬂl)l +m’c? \[plz +m’c? P1 (P" +Pn

1(p,.p,.t) = 4ncr; 5 E(p, +punt), (@)

2
Py = e S eEt @
Pu = Pu T F(]J!. +p.u‘[)=9( _]]+2“Ip1dPJ.F(Pu +p|n-pi-t)
P - (1/pz +m'e’ - mr.‘.) Py +Puy g

8(x)=1"forx=0, 8(x)=0forx<0, r,=¢e'/mc’.

The drag force [2] and radiation losses [4] are taken into account (1’ =\1+p*/ m’cz)

g8

3 2
4Py _ gl BB | 2.p: B (_pL) _ )
dt (pf, + p3) 3 mel” \ me
The runaway electron distribution function formed as a result of close collisions can be
written as follows

279




a092

Flpy, pu.t) = 0y dp', £(py, ', 102D, 80 1(p.p', 22D, At)exp~(p? +p2 )/ 4D, At]). (6)

Here £(p,, P, .t} is the secondary generation distribution finction without including the

diffusive spreading , and the term in the braces describes ( for a certain value of p, ) the
transverse momenium diffusive spreading of the distribution function due to distant collisions
of secondary runaways with the bulk plasma particles

1 ¢ JF 4 2y -3
St, {F}=— -[p D ——J D, =2re'nmL(1+ 2, )pllp~, (7
poap U ap, - "

Iu(x) is the modified HBessel function, At is the time interval during which the knocked-out

electron changes its parallel momentum from Py = p, /Y27 to a certain value of po- Eq. {7} is
obtained from the relativistic Landau collision term [5],

The relief function f(p‘,,pl,t) and its fragment in the region p ~ p_ at t=2s are shown
in Figs.1 and 2 respectively. At this moment the distributicn function does not relax to the

stationary state yet. The projection on the plane (p!,,pl) of the first line in relief f'(p‘.,pi,t) is
indicated by the triangle. The knocked-out electrons are arranged on elongated ellipses, major
axes of which are equal to
momenta of the energetic
incident electrons. A part
of the ellipsis for the
incident  electron  with

max(p, )=50mc is
indicated in Fig. 2 by the
circle.  The birth of
secondary generation
elecirons  takes  place
mainly near this curve,
where P, ~ Pie-The
radiation losses of
electrons with p, ~p,
are not too large.

The curve where

Fig.1

21132 :
(pi+pl)”=pp? s
indicated by the square. The maximum value of the transverse momentum in this curve is

P.= #l—z-pu /3atp, . =p, /427 The region where (pj + pi)y2 < p,p2, is the barrier for the

krocked-out electrons, Therefore, we have the regime of continuos acceleration if the energy
of knocked-out electrons W is

W>W_ W,_=pl /2m . (8)
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In the figures

Pie =0.35mc, in
accordance with (3).
The function
f(py,p,,t) is not in
equilibrium with
respect to the
transverse momenta

(efrop, > 0).
From Eq. (6) we
obtain that the
region of

Ap,.py ~ Po /327
always exists, for

— which
ig.
g At(Ap,!)‘:piu!ZDL.

Hence in this region Ap, F( PusPy ,t) is not in equilibrium with respect to the transverse and

parallel momenta (aFfapL‘" > 0). For the parameters (3) D) = 5.4m%c?-s”! and

Ap, ~0.1mc in accordance with At <1.3:107%s.

Therefore, the observed intense infrared radiation in TEXTOR [3] is the result of
instability of the runaway electrons distribution function which is not in equilibrium with
respect to the transverse and parallel momenta.

3. FAST CHANGE IN THE INFRARED RADIATION

If during the shot z.g suddenly increases , the barrier, where (p2+ pi)y2 <p.pa. also
increases at this moment. Just from this moment we have a new condition p, >p .,
(Proa> P.oi), and a strong reconstruction in the relief F(p,,p,.t) starts in the region p ~p,
In the relief of F(p,,p,,t) for p, <piess Pu>Puy /Y27 a zone with 8F/dp, >0 will be

formed, which moves in accordance with Eq. (5). The region, where &F/dp, >0, will be

removed to a higher value of p, . The essential increase in the instability zone leads to the fast
change in the infrared radiation. This fast phenomenon was named as Fast Pitch Angle
Scattering Event [6].

In general, if p,, = Jn(2 +2.)/E is changed stepwise or in some other way, this
results in a change of the instability condition. The fast change in the infrared radiation will be
observed.

In the case of instability at frequency © = 2w, N, =0 (signal of the ECE channel), the

resonant condition © =lo,, /T (0, =eB/mc, N, is the parallel refraction index) for runaway

electrons is fulfilled on the circles p; +p} = pj, where p, = mc (172F -1, 1=5/2,3, 712, 4....

Hence the distance between two neighbouring resonant values of p, is Ap, ={0,25— 0.3)mc.
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A stepwise increase of the ECE signal during the fast event [6] may be explained by the step-
by-step addition of new groups of resonant runaway electrons, when the rezonant zone
increases. In accordance with Eq. (5) for Ap, =~(0.25-0, 3)me, At is equal to (5-10)ms, and

that is in a good agreement with the experiment in TEXTOR.

4 4. RUNAWAY DENSITY BEHAVIOUR
% 1 In Fig. 3 (curve 1) the time dependence of the relative density
g n /n' of secondary generation runaways is presented for parameters
& (3) (n' is the density of runaways without the secondary generation
23 process ). For a given value W,... the density of secondary runaways
1 2 strongly depends on the local zy value. For example, in Fig. 3 (curve 2)
the time dependence of n, / n' for the case Zy=4.6(p,, =045mc )is
Oé) presented, the remaining parameters being the same as in (3) and

t (s) W =25Mev.

Fig. 3 Earlier it was shown that the electron density value of the bulk

plasma influences the secondary runaways density [7].
For the value of t.,(t),  where n/n'= exp[t / ttrr(t)} ; (9)
from Fig. 3 for p,_ =0,35me ( curve 1 ) we obtain t; = 0 7s at t=1s and t.y = 0.56s at 1=2s,
From Eq. (2) we have 1, = 0.55s. For the case Pie =0.45mc (curve 2 ) we obtain t, =~ 1.3s at
t=Isand t; = 0.95s at t=2s. Eq. (2) leads to ty = 0.9s for this case.

5. THE ROLE OF SECONDARY GENERATION DURING A DISRUPTION
As it follows from Eq. (2), the avalanching time t, during the disruption in TEXTOR
( n=(0.5-1)10"m™, E=30 V/m, z, ~3 }is ty =~ L.8ms. This t, is lower than the L / R -time
( 4.5ms ). In Ref[8], where the role of secondary generation during disruption was

investigated, the time t,,=(2+z:,,}mcLleE was used instead of expression (2). This
inaccuracy may change the conclusion about the role of the secondary generation process
during disruptions.
6. CONCLUSION
It is shown that a series of the phenomena observed in the runaways secondary
generation experiment in TEXTOR can be explained by the peculiarity of the runaway
distribution function in the region p ~p_ .
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CHARACTERIZATION OF CORE IMPURITY TRANSPORT
AND ACCUMULATION IN VARIOUS OPERATING REGIMES IN DIl-D*

M.R. Wade,T D.G. Whyte,AR.D. Wood,? and W.P. West '
General Atomics, P.O. Box 85608, San Diego, California 92186-9784 USA

Impurity contaminants in the core plasma o{ fmgre burning 'devices such as the Intemaﬁ?nﬂ]
Thermonuclear Experimental Reactor (ITER) are inevitable a:}d will undoub.tedly have a deleterious
offect on plasma performance. Unfor_tunalely. because of lhe_]:mlted amount of mformauon‘ ava:lab!e, the
models presently being used to predict ITER performance supply assume a flat concentration prof[le for
all impurities with an ad hoc concentration chosen for each impurity. In an attempt to start closing the

ap between present experimental data and thq_:s_e models._cxpenm_ems. hgve_: beeq lconfiucted on DIII-D
with particular emphasis place_d on 1) chzliracterlzlng the ?Julldup of intrinsic impurities in the_pla‘smla core
in various confinement and divertor regimes, 2) measuring the steady-state impurity (both intrinsic and
seeded) density profiles in various operating regimes, and 3) determining whether impurity transport
properties are dependent on the charge (or mass) of the impurity. The primary focus of these studies has
been on characterizing impurity buildup in a wide variety of operating conditions in ELMing H-mode
plasmas. However, enhanced confinement regimes such as ELM-free H-mode, VH-mode, and the
negative central shear (NCS) regime offer the potential of a more attractive reactor scenario. Since the
degree of impurity accumulation will have a significant impact on the attractiveness of these regimes,
studies have also been conducted to characterize impurity buildup in these regimes.

In the present configuration of DIII-D in which graphite tiles cover ~90% of the plasma facing
surface, spectroscopic surveys show carbon to be the dominant impurity with the core carbon
concentration typically between 1%-3% of the electron density. These studies are made possible by the
ability to accurately measure carbon density profiles on DIII-D using active charge-exchange
recombination (CER) speclroscopy.' In most DIII-D plasmas, carbon is fully stripped over the majority
of the plasma cross section, and therefore the total inventory of carbon can be computed directly, thereby
alleviating uncertainties associated with transport modeling that is generally required to determine the
charge-state distribution.

Impurity Behavior in L-mode and ELMing H-Mode Plasmas

In both L-mode and ELMing H-mode plasmas, the carbon inventory reaches steady-state shortly
after the onset of the mode, provided other plasma parameters (e.g., injected power, magnetic
equilibrium, plasma density, etc.) are maintained constant. This is similar to previously reported
observations of high-Z impurity behavior in DIII-D.2 The steady-state carbon concentration (relative to
the electron density) profile is flat in both L-mode and ELMing H-mode. Presently, analysis is in
progress to provide a complete survey of carbon buildup in a variety of operating conditions in L-mode
and ELMing H-mode plasmas. Although this survey is incomplete, several interesting phenomena have
been observed to date. Of particular interest to ITER are data from power scans and radiative divertor
discharges which suggest that the core carbon content is not necessarily directly related to the
heat/particle flux incident on the divertor target. Table | summarizes data of interest from a set of
attached divertor, ELMing H-mode discharges in which the injected beam power was systematically
increased from 3 MW to 9 MW. As expected, the increase in beam power resulted in a concomitant
increase in the total conducted power to the divertor target, One would expect that such an increase in
the heat flux would result in an increase in target erosion and carbon influx to the divertor plasma. This
expectation is verified by inference of the divertor carbon density from measurements via a SPRED UV
instrument viewing the divertor plasma which indicate that the carbon density increases by a factor of 2 as
the power is increased from 3 to 9 MW. However, measurements of the core carbon content via CER
show the content decreases as the input power is increased. Such a trend suggests that the divertor and

*Work supported by the U.S. Department of Energy under Contract Nos. DE-AC03-89ERS51114, DE-AC05-960R22464,
and W-7405-ENG-48.

T0ak Ridge National Laboratery, Oak Ridge, Tennessee.

AINRS — Energic et Materiaux, Varennes, Quebec, Canada.

9L awrence Livermore National Laboratory, Livermore, California.
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SOL plasma becomes more efficient Table 1. Selected Parameters During an Input Power Scan
in screening impurities from the

core plasma as the input power is Input power (MW) 8.9 6.2 3.1
increased. One possible mechanism | Line-averaged density (x 10!? m=3) 6.0 6.0 6.2
for this improvement is an increase | Separatrix density (% 1019 m=3) 2.0 1.8 2.0
in the ELM frequency as the input | Separatrix temperature (V) 90 80 75
power is increased. Since previous | o) heay flux to divertor (MW) 39 3.4 1.6
studies have shown that ELMs are

effective in sweeping impurities out ELM frequency (Hz) 150 140 40
of the edge plasma , it is likely that | Core carbon content 1.0 1.2 1.8
an increased frequency of ELMs (x 1019 particles)

leads to better screening of impuri- | Carbon concentration at p = 0.7 (%) 0.9 0.95 1.5

ties. The data shown in Table 1 is
consistent with this hypothesis as the ELM frequency increases in these discharges from 40 Hz to 150 Hz
as the input power is increased. However, since there are several other possible mechanisms for this
improvement (e.g., improved ionization potential of the divertor plasma, increased particle flow toward
divertor larget thereby entraining the impurities, better, etc.), detailed modeling (including modeling of
the carbon sources) is requited to determine the primary mechanism responsible for this trend.

Over the past several years, several modes of operations have been demonstrated on DIII-D in which
the peak heat flux to the divertor target has been reduced by a factor of 5 through controlled gas
injection of either deuterium, neon, or nitrogen.3¥ Given this large reduction in heat flux to the divertor
target, one might expect a similar decrease in the core carbon content. Because the formation of radiative
divertor conditions in DIII-D are accompanied by increases in the plasma density, systematic
comparisons between the detached and attached cases are difficult. The comparisons made here take
advantage of the fact that gas injection to form radiative divertor conditions generally begins subsequent
to the high-power phase and H-mode formation. This allows measurement of the evolution of the
carbon conlent from the attached divertor phase into the heat flux reduction phase. Such analysis shows
that in the deuterium injection case the core inventory of carbon to be ~20% larger while the fuel dilution
due to carbon remains essentially the same due to a similar increase in the plasma electron density. In the
ncon injection case, a large reduction (~ a factor of 2) in the core carbon inventory and fuel dilution due
is observed even though the additional neon radiation in the core reduces the ELM frequency from
~60 Hz to 10 Hz. However, because of the additional influx of neon impurities, the core Zgff increases
substantially from 1.5 to 3.0. In the nitrogen injection cases, the core inventory of carbon increases by
approximately 50% and the fuel dilution due to carbon increases by ~25%. The difference between Ne
injection and either Dy or N2 injection suggests chemical sputtering of carbon in the deuterium and
nitrogen cases may play an important role in the total carbon sputtering rate, but further studies
(including detailed modeling) are required to determine the predominant mechanisms in these cases.’

Impurity Behavior in Enhanced Confinement Regimes

In enhanced confinement regimes such as ELM-free H-mode, VH-mode,5 and NCS discharges,7 the
carbon inventory evolution is somewhat more complicated. In ELM-free H-mode plasmas, the carbon
inventory increases monotonically throughout the ELM-free phase. The carbon density and
concentration increases over the entire profile at equal rates until late in the discharge when central
accumulation occurs. This central accumulation leads to increased radiation and eventually to loss of
H-mode confinement. This observation is consistent with previous observations on DIII-D and other
tokamaks with regard to impurity accumulation in ELM-free H-mode plasmas. In VH-mode plasmas,
the total carbon content in VH-mode plasmas is observed to increase approximately linearly with time
throughout the entire VH-mode phase (see Fig. 1). In some cases, the electron source rate from this
influx (9 x 1020 s-1) exceeds the beam source rate by a factor of ~2-3. In contrast to the ELM-free
H-mode results, this influx of carbon primarily accumulates in the plasma periphery (near p = 0.8),
resulting in carbon concentration profiles that get progressively more hollow throughout the VH-mode
phase. Typically, this leads to an edge Zgff (computed assuming carbon to the only impurity) near 4.0
(~6.0 in some extreme cases) while the plasma corc remains relatively clean with Zefr ~ 1.5. Since the
carbon density profile does not reach equilibrium during the short extent of the VH-mode phase, it is not
‘possible to determine a priori from this data whether such a hollow profile is inherent to the VH-mode or
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is primarily due to the transient nature of the measurement. Transport slu.dies designed to elucidate the
intrinsic transport properties of VH-mode as well as L-mode and ELMing H-mode are described in
more detail in Section 1L

The carbon behavior in NCS discharges appears to be dependent on whether the edge plasma exhibits
an L-mode or H-mode character. The evolution of a typical NCS discharge is shown in Fig. 2. As is
typical of NCS plasmas, the target p]asma is I_Jroduceq by the application of an early beam during. the
plasma current ramp-up phase. In this particular discharge, the edge plasma exhibits an L-mode
character (shallow gradients in density and temperature) from the initiation of beam injection to 2.25 s.
At 1.9 s, the input power is raised to 8.0 MW and a transport barrier forms in the core plasma near p =
0.4 as evidenced by a rapid increase in the core ion temperature. The carbon density in the core plasma
is also observed to increase during this phase while the edge carbon density remains nearly constant. The
simultaneous increase in the core electron density and the impurity density results in a carbon
concentration (and Zeff) that changes little during this phase. Also, it is observed that the carbon
inventory increases only slightly throughout the L-mode phase. At ~2.25 s, the edge plasma undergoes a
transition and begins to exhibit an H-mode character (sharp gradients in density and temperature).
Subsequent to this transition, the carbon inventory increases linearly throughout the remainder ELM-free
portion of this phase. As in the VH-mode case, this carbon influx primarily accumulates in the plasma
edge with impurity concentrations on the order of 6%-10% quickly achieved while the core plasma
remains relatively clean (fc < 3%). Discharges in which NCS has been maintained simultaneously with
ELMs exhibit a clamping and subsequent decrease in the carbon concentration once ELMs begin, similar
to what is observed in ELMing H-mode plasmas.

From this set of data, it is clear that enhanced confinement regimes with edge plasmas which exhibit
an H-mode edge (ELM-free H-mode, VH-mode, and NCS H-mode) are susceptible to impurity buildup
to the extent that calls into question their suitability for a reactor. Clearly, some means of controlling
impurity buildup is required. In the case of ELM-free H-mode and NCS H-mode, ELMs have been
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From this set of data, it is clear that enhanced confinement regimes with edge plasmas which exhibit
an H-mode edge (ELM-free H-mode, VH-mode, and NCS H-mode) are susceptible to impurity buildy

lo the extent that calls into question their suitability for a reactor. Clearly, some means of controiling
impurity buildup is required. In the case of ELM-free H-mode and NCS H-mode, ELMs have been
shown to be effective in reducing the rate of carbon buildup. In this regard, the benefit of ELM; in
controlling the impurity levels in these confinement regimes likely outweighs the loss in energy

confinement associated with the ELMs.

Low-Z Impurity Transport

As discussed above, distinct differences in the measured steady-state profiles of various low-Z,
impurities have been observed as the confinement mode changes. In L-mode and in ELMing H-mode
plasmas, the concentration profiles of helium, neon, and carbon are all similar to the electron density
profile. However, in VH-mode plasmas, the helium density profile continues to mimic the electrop
density whereas the carbon and neon profiles are distinctly hollow. To address these obvious differences
in transport behavior of low-Z impurities, experiments to determine the transport cocfficients (namely,
particle diffusivity and convective velocity) have been carried out by introducing perturbative gas puffs

of helium, nitrogen, and neon in L-mode. ELMin

g H-mode, and VH-mode plasmas. The evolution of

impurity density profile subsequent to the gas puff is followed using the DII-D CER system with a time
resolution of 5 ms. To deduce transport coefficients, the impurity particle flux T'; is determined from
the continuity equation. Assuming the impurity flux is be made up of diffusive and convective flows, the

relevant transport coefficients (namely, the diffusivity .DZ

and the convective velacity Vz) are

determined by using a linear regression analysis of the normalized flux Iz/n; and the normalized
density gradient Vg fn, %7 The results of such analysis are shown in Fig. 3, where the diffusivity and
pinch velocity for helium and neon is compared for both L-mode and VH-mode plasmas. It is found
that in L-mode plasmas, the transport of helium and neon is essentially the same. The lack of a
Z-dependence in L-mode plasmas suggests that impurity transport is dominated by anomalous processes
in this regime. However, in VH-mode plasmas, there is a substantial difference in the transport properties

of helium and neon.

Although the diffusivity for both helium and neon are nearly the same, the
convective velocity is nearly equal and opposile in magnitude in the two cases.
Z-dependence is suggestive of neoclassical-like im

This observed

purity transport, in which a strong Z-dependence is

expected. Note that the L-mode and VH-mode regimes are also characterized by substantial differences
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Fig. 3. Comparison of the transport
coefficients for helium (A) and neon (o) in
L-mode and VH-mode.
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MAGNETIC AND THERMAL ENERGY FLOW DURING DISRUPTIONS IN DIfl-D*

A.W. Hyatt, R.L.Lee, J.W.Cuthbertson,! D.A. Humpreys, A.G. Kellman, C.J. Lasnier,?
E P.L. Taylor, and the DIII-D Team

General Atomics, P.O. Box 85608, San Diego, California 92186-9784 USA

We present results from disruption experiments where we measure magnetic energy flow across a
closed surface surrounding the plasma using a Poynting flux analysis to measure the electromagnetic
ower, bolometers to measure radiation power and IR scanners to measure radiation and particle heat
conduction to the divertor. The initial and final stored energies within the volume are found using the
full equilibrium reconstruction code EFIT. From this analysis we calculate an energy balance and find
that we can account for all energy deposited on the first wall and the divertor to within about 10%.

INTRODUCTION

A disruption is an abrupt termination of a tokamak discharge, usually caused by a loss of MHD
stability, in which the magnetic and thermal energy stored in the tokamak is rapidly lost. Disruptions
in an ITER-scale fusion device are projected to distribute in excess of 1 GJ of thermal and 1 GJ of
magnetic energies to in-vessel tokamak components on a time scale of milliseconds. The energy flow
magnitude, the spatial distribution, the time scale and the loss mechanism taken to the various in-
vessel components are critical issues for any large tokamak and resolution of these issues will have a
significant impact on the engineering costs.and the lifetime and reliability of the components.

We have begun dedicated disruption experiments on the DIII-D tokamak! to address these issues.
DII-D has a large complement of disruption relevant diagnostics, including fast core and divertor
Thomson scattering. toroidal and poloidal arrays of halo current monitors, fast ECE, fast Xuv
spectrometry, several IR scanners viewing different internal wall locations, and multichannel
bolometry that covers the inner chamber. The DIII-D tokamak has a robust internal mechanical
structure 1o withstand a disruption's electromechanical forces. Conditioning of the vessel and carbon
first wall, including baking to 350°C, boronization, and inter-shot helium glow cleaning provides
immediate recovery from high power disruptions.

This paper describes an effort to address the disruption energy flow/energy balance issues by
measuring the magnetic, radiative and conductive power fluxes. We use the MHD equilibrium
reconstruction code EFIT2 coupled with a Poynting flux analysis? at a surface nested just within the
conducting vacuum wall, multichannel bolometry, and two toroidally separated infrared (IR) scanners
with full radial view of the divertor floor.

ENERGY FLOW ANALYSIS METHOD

In the paper we are concemed with energy flows and energy balance within the first wall defined
surface. OF particular interest is the flow of energy in or out of the surface, specifically through
radiation, conduction and electromagnetic energy flow. We begin by applying conservation of energy,

oW- -
—T(E+J STor RdA=0 n
at surface

where WroT = Wit + Wy, Wi = [dV(B-H + ED), Wy is the plasma thermal energy, Wy = Wyt
+ Wpp and Wyp, Wyt are the poloidal and toroidal magnetic field energies respectively. The
contribution of the E-D term is small and can be neglected. Stot = Saux + SEM + Sconp + SRAD
where Saux is the input auxiliary heating flux, Sgy = (ExH) is the Poynting flux- of electromagnetic
energy across the surface, Sconp i the thermal energy conducted across the surface, and Spap is the

*Work supported by the U.S. Department of Energy under Contract No.s DE-AC03-89ER51114 and W-7405-
ENG-48 and Grant No. DE-FG03-05ER-54294.

tUniversity of California, San Diego, California.

Al awrence Livermore National Laboratory, Livermore, California
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energy radiated across the surface. Power balance can
be written in terms of two coupled equations:

dWrn/dt = Popm ~ Paux - Prap-Pconp (2) IR Scanner
and

dWp/dt = - Py - Poum 3)

Bolometer
Arrays
Here Poum, Paux, Prap, Pconp and Py are the
surface integrals of Sayx, SRAD SconDp and Sgu.
and Poym = JJE dV is the conversion of
electromagnetic energy to thermal energy.

For DIII-D we choose a closed toroidally

symmetric surface just inside the vacuum vessel
surface, but outside the first wall, as shown in Fig. 1.
This surface passes through a set of 31 magnetic probes
so that Hy is measured directly on the surface. The
Poynting flux in an axisymmetric system consists of
two components: (ExH)-hdA = (E Hy-EpH,,)dA, where
ft points outwards from surface A, ¢ is in the toroidal
direction, and p = ¢ xn. Then Py = PemtT + PEMPS
where Py is due to EpHg and Prvp is due to EgHp. A Fig. 1 A cross sectional view of DIII-
full time-dependent reconstruction with the code EFIT p showing the poloidal locations and
provides REy = -2nd@/dt on the surface, where Ris the  |gkamak views of the IR scanners and
major radius, and hence one component of the Poynting bolometer arrays. The outermost line
flux at the surface is unambiguously measured. EFIT  denotes Surface A. The line labeled
also calculates the time dependent Wy and Wy, The First Wall denotes the plasma facing
local value of the toroidal electric field is known, but carbon armor surface. Not show[n is l.hc
only the average poloidal electric field. The average  vacuum vessel inner wall which lies
poloidal electric field <Eg> = L=! 3®/0t, where L is the  Just outside Surface A,
poloidal length of the surface and @ is the enclosed
toroidal flux. db/dt is approximately measured by a
diamagnetic flux loop just outside the vessel wall.
It can be shown that in the tokamak if the change in toroidal field is small, i.e. By = Byg(1+8) with
8 << 1, then to lowest order dWyp/dt + Pyt = 0. Then the change in toroidal field energy, AWwmT,
passes through the surface as fleEM'I’- This near equality is confirmed by specific example in the next
section.

Using the full equilibrium reconstruction from EFIT gives an accurate representation of the time
dependent Poynting flux. However, robust equilibria are not yet available throughout the entire
disruption process; progress is still being made on improving the robusiness of solutions during
disruptions. We can still estimate the total amount of electromagnetic energy crossing the surface. We
note, following Hosogane? that the poloidal field coil cage defines a highly conducting boundary; see
Fig 1. During the time of the disruption, the electromagnetic energy flux crossing this boundary is
very small, so that the electromagnetic energy flux across the surface just inside the vacuum vessel is
approximately equal to the nct change in electromagnetic energy in the annulus between the poloidal
coils and surface A. We term this assumption the "coil cage assumption” and use it in the following
energy flow calculations to carry the analysis past the point where EFIT does not converge well.

Pconp is measured using Inframetrics 525 IR scanners at 8 kHz.5 The scanners view a radial
chord spanning the lower divertor floor at two toroidal locations 105 degrees apart. Each scanner has
about 5 ms dead time every 16.7 ms and cannot be externally synchronized, so any given disruption
may have incomplete coverage. A one dimensional model is used to convert measured temperatures to
heat flux.® Where there is toroidal asymmetry in the calculated heat flux a simple average is used.
Toroidal asymmetries of deposited energies (Max/Average) of up to 1.6 have been observed.

PrAD is measured using two poloidally separated 24 channel metal foil resistor bolometer arrays.”
The total power is calculated using the sum of all channels' line averaged power and by geometrically
constraining the radiating volume with EFIT reconstructed boundaries. The last reconstructed EFIT
boundary is assumed for times after successful EFIT reconstruction stops. This assumption should
have only a small effect on the total radiated energy.
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With use of the Poynting flux, all of the components of the energy flux in Egs. (2) and (3) except
Popm and PAux are determined. Popm need not be explicitly determined for an accurate energy flux
(o)

accounting,
neutral beam
accelerating voltages and neutral currents.

EXPERIMENTAL RESULTS

since it simply transfers energy from the magnetic to the thermal within the surface. Only
heated discharges are considered here, and Ppyx is determined from the measured

Three types of disruptions are analyzed: #84356, a high beta disruption precipitated by exceeding

the expected MHD high beta stability limit; shot #81168, a disruption precipitated by an argon gas
uff induced radiative collapse, and #88824, a Vertical Displacement Event (VDE), precipitated by
disabling the vertical feedback controls. The evolution of 84356 is shown in Fig. 2. For reasons
discussed above we omit Wt and Pgpmr in the following analysis. We choose tg at 2200 ms, and tepg
at 2240 ms, when the plasma current has vanished. At tg EFIT calculates a total energy W(tg) =
Wry(to) + Wmp(to) = 1.01 MI + 1.33 MJ = 2.34 MI. From a central soft x—ray signal we see that
there is a large initial dump of thermal energy at 2212 ms which is followed by the thermal quench
(TQ) at 2222 ms. The EFIT reconstruction at ttq = 2223 ms shows that Wy has dropped to nearly

sero. The energy remaining is then measured to be W(ttq) = W(tg) — [(PAux+PEMPPCOND*+PRADIL
— 1.41 MJ. Over this interval Jdt PAux has input 0.40 MJ of thermal energy, and Jdt Peyvp has input
0.06 MJ of magnetic energy. The bolometers measure [dt Prap = 0.70 MI radiatively flowing out of
the volume, and the IR scanners measure Jdt Pconp = 0.69 MJ conducted out calculated from the 0.83
MJ thermal flux measured by the IR scanners minus the 0. 14 MJ of energy radiated to the divertor
measured by bolometry tomography. At ttq EFIT calculates Wy = 0 and Wyp = 1.44 MJ. If we
define an energy balance EB = f(PAUX+PEMP+PC0ND+PR ADAV[W (t0)-W (teng)] and express EB as a
percentage, then at the thermal quench EB = 103%, i.e. the net energy flow is accounted for to within
39. This measure of energy balance is attractive in that all the measured flows are in the numerator,
and only end point EFIT reconstructions are in the denominator. Measurement errors are estimated to

be £10% for the bolometers and the IR
scanners, and 5% for EFIT. We employ the
_coil cage assumption to carry the analysis to
teng. This implies a total of about 0.47 MJ of
magnetic energy input during the disruption.
Then the measured net energy flow leaves 0.26
MI in the volume at tepg while EFIT calculates
0.17 MJ of vacuum magnetic energy for an
overall EB = 96%.

From Pgymt determined experimentally
from diamagnetic loop measurements, we find
JdtPepT = 0.3 MI flowing out of the vessel over
the span of the disruption. The change in the
toroidal magnetic energy calculated by EFIT,
AWt = -0.3 MJ, as expected. So to within the
accuracy of the measurement all of the
diamagnetic energy within the surface flows
electromagnetically through the surface and is
not converted to thermal energy which might
appear on the first wall.

Analyses for all three cases are summarized
in Table 1. In the second row we see that the net
energy flow is accounted for to within 10% or
better for the first two cases; for the VDE the
overall energy flow is 22% too large. We
believe the over counting is due to the relatively
low level of pre-disruption energy. The third
row displays the pre-disruption energies and
the measured total magnetic and thermal energy
inputs. In the cases shown there is a net flow of
electromagnetic energy, AWgMp, into the vessel
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Fig. 2. Time history of the disruption. The
central soft xray signal shows the initial thermal
collapse followed by the thermal quench at
2223 ms. The vertical lines are tg, tTQ, EFIT,
tend from left to right. Paux, Pconp and Frap
are shown as solid lines with the integrated
power as dashed. Wgmp is the net energy flow
out of the surface due to Pemp. Note WgEmp is
negative; magnetic energy flows into the plasma
chamber during the disruption.
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TABLE |

81168 84356 88824
Discharge Type Radiative Coilapse High Beta VDE
Current, Field 1.5MA, 21T 1.5MA, 12T 1LOMA, 10T
EBat TQ 110% 103% 102%
EB overall 111% 06% 122%
Wonlto) 117 1.01 0.53
Wigp(to) 1.53 1.33 0.64
AWENMp 0.50 047 0.19
AW sux 0.41 0.54 0.11
Weonn/Wilg) 0.67/2.70 = 25% 1.16/2.34 = 50% 0.68/1.17 = 58%
Wrap/W(ty) 2.88/2.70 = 107% 1.75/2.34 = 75%, 0.90/1.17 = 77%
Wrw(lrl/ Wil 2.18/2.70 = 81% 1.39/2.34 = 5% 0.711.17=61%
Wew{lena ) Wiip) 3.55/2.70 = 132% 291/2.34 = 1249 LSB/1.17 = 135%

Witg) = Wy (1) + Wp(ip), the initial stored energy at ty, in MJ
Wew(1) = energy deposited on inner walls & divertor, in MJ, at time 1
Weonp = tolal energy conducted 1o divertor, in MJ

Wrap = total energy radiated 1o first wall, in MJ

aWgyp = total magnetic energy input from Pepmp, in MJ

AW Ayx = total thermal energy input from Pauyx, in MJ

during the disruption which is approximately 30% of the pre-disruption magnetic energy stored
within the vacuum vessel. The fourth row displays the measured conducted and radiated energy flows
normalized to W(tg), the total pre-disruption energy. Radiation dominates, and for the radiative
collapse case it strongly dominates: the extra radiation comes at the expense of conducted power. The
radiative collapse case conducts about half of ity pre-disruption thermal energy to the divertor, while
the other cases conduct more than 100%. The fifth rew displays the total net energy that flows to the
first wall, Wy, similarly normalized, at it and teng. We see that in all cases ~130% of Wy, the rotal
pre-disruption cnergy, eventually flows to the walls. This is due in part to AWpyp, the total
electromagnetic energy inflow during the disruption, and to AW 4 :x, the total thermal energy inflow
from Payx. Presumably AW iy can be significantly decreased if auxiliary heating is terminated
carlier in the disruption, but AWEwP is not likely to decrease.

DISCUSSION

The Poynting flux analysis described here provides a precise method to measure magnetic energy
flow into and out of the vacuum vessel volume. It may also prove beneficial for simnilar energy flow
measuremnents 1o the vacuum vessel itself, and to structure outside the vacuum vessel, The energy bal-
anee based upon it give a total accounting of energy flows to roughly 10%. Analysis indicates that net
electremagnetic energy flows into the plasma during disruptions where it is converted to thermal
energy and deposited on the first wall, In DIII-D the assumption that the relevant volume for caleulat-
ing the stored magnetic encrgy is defined by the poloidal field coils gives a good overall cnergy bal-
ance, and this is likely more or less true for any tokamak with a resistive vessel depending on the
details of the coil cage. Projections which assume that only the stored magnelic energy associated
with the plasma internal inductance, I;, will be deposited in a disruption will be too low; in DII-D by
a factor of 2. The data indicates that unless mitigation efforts are employed over 100% of the pre-dis-
ruption thermal energy will be conducted to the divertor, Finally, the data indicates that the plasma
diamagnetic energy is not converted to heat which may be conducied or radiated to the first wall.

'Tnylor. P.L,etal., Phys. Rev. Let. 76, (1996).916; Evans, T.E., et al., “MNon-Axsymimetric Halo Currents With
and Without “Killer” Pellets During Disruptive Instabilities in DII-D," to be published in J Nucl. Mater.

2L.L. Lao, et al., Nuel. Fusion 25, (1985) 1611.

JEjima, ctal,, Mucl. Fusion 22, (1982) 1313,

4Hosogane, JAERL-M 90-066.
Lee, R.L., et al., “Thermal Deposition Analysis During Disruptions on DIII-D Using Infrared Scanners,” Proc.
15th Symp. on Fusion Engineering,, (Institute of Electrical and Electronics Engineers, Ine. Piscataway, New
Jersey) to be published,

6Hil|. D.N., Eliis, R, Fergusen, S.W., Perkins, D.E, Rev. Sci. Instrum. 59, {1988) 1873.

TLeonard, AW., ctal., Rev. Sci, Insturn, 66, (1995) 1201,
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TRANSPORT IN HIGH PERFORMANCE WEAK AND NEGATIVE
CENTRAL SHEAR DISCHARGES IN DIil-D”

C.M. Greenfield, D.P. Schissel, B.W. Stallard, E.{&ﬁ. Lazarus %A Navrati|b§ R.V. Budny,i

K.H. Burrell, T.A. Caspe_l:.T 1.C. DeBoo, E..J. Doyle,” R.D. Durst.A R.J. Fonck,” R.J. Groebner,

L L. Lao, D.C. McCune,* M. Murakami,” C.C. Pety, CL. Rettigi"B.W. Rice,! T L. Rhodes,*
HLE. St. John, T.S. Taylor, K.L. Tritz. M.R. Wade,* and D. Whytel

General Atomics, PO Box 85608, San Diego, CA 92 186-9784, USA

In recent experiments in the DIIT-D tokamak, the previously reported enhanced performance
regime with negative central magnetic shear (NCS)"** has been extended to further improve: fusion
performance. This was done by using controlled L-H transitions to further broaden the pressure
profile, thereby del;gying the onset of MHD activity which would lead to the termination of the high
performance phase.” Such discharges have achieved record parameters for DIII-D, including D-D

fusion power up to 28 kW and stored energy in excess of 4 MI.

Discharge Evalution

As in the earlier discharges, the core magnetic shear is reversed by use of low power neutral beam
injection during the plasma current ramp. This has the effect of heating the core region, thereby
“freezing in" the hollow current density profile peaked off-axis. By varying the early beam power, we
can alter the degree of inversion of the current profile.

These discharges frequently undergo a transition to a regime of high performance. This transition
typically involves formation of an internal transport barrier, developing in the region of negative
central shear, as indicated by peaking of the ion temperature and rotation velocity (and with sufficient
power, the electron density and temperature) profiles. These L-mode plasmas with peaked profiles
have exhibited high fusion performance in DIII-D, but are frequently unstable, often resulting in
disruption at relatively low normalized beta.

In recent experiments (Fig. 1), a double-null divertor configuration was biased toward the top of
the vessel, in order to direct the VB drift away from the primary (upper) X-point and suppress the
L—H transition.* Shortly before the plasma would otherwise reach the stability limit, the plasma is
shifted downwards to make the lower null the controlling null, thereby reducing the H-mode power
threshold and triggering a transition to H-mode. This has the effect of broadening the profiles (Fig. 2),
and delaying the onset of detrimental MHD activity.

With these broadened profiles, the plasma continues to evolve, with increasing confinement time,
beta and reactivity, until the regime of high performance terminates with MHD activity similar to the
VH-mode termination.” During these experiments, such a procedure resulted in record performance in
DIII-D.

Transporl

The recent discharges (Fig. 1} were typically produced using somewhat lower beam power during
the early phase, resulting in current profiles with weak negative (or neutral} shear (WNS).% Although
local magnetic shear in the core is much weaker than in the NCS regime, the region with low shear
extends over more of the plasma (to p £0.7 instead of p <0.5).

*Work supported by the U.S. Depariment of Energy under Contract Nos. DE-AC03-89ERS51114, W-7405-ENG-48, DE-
ACO05-960R22464, and Grant Nos. DE-FG03-85ER53266. and DE-FG02-89ER53297.

‘Oak Ridge National Laboratory, Oak Ridge, Tennessce, USA.
Columbia University, New York, New York, USA.

! Princeton Plasma Physics Laboratory, Princeton, NJ, USA.

*Lawrence Livermore National Laboratory, Livermore, California. USA.

3Univcrsi1y of California, Los Angeles, California, USA.
University of Wi in, Madison, Wisconsin, USA.

1INRS — Energie et Materiaux, Varennes, Quebec, Canada.
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At the internal transport barrier formation,
fluctuation diagnostics including beam emission
spectroscopy (BES) and far infrared (FIR)®
scattering indicate reductions in turbulence to
below the minimum detectable level (ii/n <
0.1%, Fig. 3) in regions of weak or negative
magnetic shear. This effect is seen regardless of
the strength of the magnetic shear in this region,
as long as the shear is not strongly positive. The
volume in which the transport barrier develops
is typically larger for WNS than NCS plasmas.
At the H-mode transition, this region extends to
cover the entire plasma.

A pair of discharges was selected for
detailed transport analysis, each with [p=2.1
MA, BT = 2.1 T and PNpy = 20.5 MW (during Odd MHD
the full power phase of the discharge). The amplitude
main difference between these two discharges is s 1 2 1
that one (87937) had weak central magnetic I
shear (WNS, Pnypr = 3.5 MW in the early
phase) and the other (87953) negative central
shear (NCS, Pnpjy = 5.5 MW in the early phase)
at the time of application of full beam power
(Fig. 2). The NCS discharge clearly reaches
stability limits earlier in its evolution, limiting Fig. 1. Time traces for a pair of high

the peak performance achieved in the dis- performance discharges with weak (87937,
charge.ﬁ Prior to the termination of the high solid ln_1es) and negative (87953, dotted lines)

: ‘ magnetic shear and a controlled L-H mode
performance phase in the NCS discharge, the transition. The high power neutral beams are
two behave similarly, with nearly identical applied at 2.0 s, with an L-H transition
evolution. We will focus on a comparison of occurring at 2.106 s following a downward shift

transport analysis between the two discharges. ot ths piisma,

During the L-mode phase, the formation of an internal transport barrier becomes evident in the ion
temperature profiles (Fig. 2). After an L-H transition at 2.106 s, the identifiable transport barrier
vanishes, with steep gradients now extending over the entire ion temperature profile. During this
period, the second largest term in the core power balance (Fig. 4) after the applied heating power is
dW/dt. In other words, the plasma core at this time acts as an integrator of the applied power. As a
result, there is little power available to be diffusively conducted away from the core. In both
discharges, these calculations suggest ion diffusivities consistently below Chang-Hinton neoclassical
(Fig. 5). This implies that diffusive transport is not an important term in the core power balance in
these discharges during H-mode.

Based on the transport analysis, during the H-mode phase, these discharges behave essentially the
same. The difference between NCS and WNS discharges appears to be mainly in stability, with the
NCS discharge reaching peak values ~100 ms sooner and at lower levels of BN and reactivity.

High Performance

The discharges exhibit Ievals of fusion performance (D-D reactivity) a factor of 4 above the high-
est seen in DIII-D VH~modes, and a factor of 3 above the highest observed in DIII-D NCS dis-
charges prior to the introduction of the controlled L-H transition as a profile control “knob” (Table 1).
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10
We used the TRANSP co§c to Yl s HF = R
simulate the discharge with the highest 10

QpD (87977, Ip= 225MA,BT=21T . e (Jo-fg-m_s)

and PNBl[ =17.75 MW, SN =_252 .X o . -

1016 5!, Qpp=146 x 1077 in o [F7 ")
conditions where a portion of the 8 - :
deuterium injected by the neutral beams - "' - Tg (keV) E - .
is replaced by tritium. In this numerical F

experiment, the density, temperature and
impurity rotation profiles are all held
fixed in the DT plasma as measured in
the DD plasma. No correction is made

for differences in transport due to isotope 308
effects, other than the poorer penetration
of the tritium neutral beams.

Under conditions where TRANSP 0
computes roughly equal amounts of g

deuterium and tritium in the plasma core,
we calculate a power multiplier
(Pp1/Ppp) of 220. Applying this to Qpp 0
=1.46x 10" mcasure]d in the best dis- 0
charge yields QER™ ™ = 0.32. We
note that this multiplier is higher than  Fig. 2. Profile evolution of two similar discharges with
published predicted multipliers for weak (87937, left) and negative (87953, right) magnetic
S hot Hewas. imil shear. Profiles shown in L-mode (2.05 s), H-mode
TFTR UPIE,rS Ot mace uITe a SImItAr 5 15 5) and prior to the termination of high performance
procedure.'’ This is not unreasonable (2.3 s for 87953 and 2.4 s for 87937).
given the differences between the DIII-
D NCS/WNS and Supershot regimes.

s a B 3 3 a e x L 5 3 3 2

; . .- —~10.00

The higher central ion temperatures in = o ] i R

Superstgms (~35 keV vs. <20 keV in e . * Lmods » NE3 - 10

NCS/WNS) result in a considerably 8 1.00 r Z

lower ratio <Gv>pp/<ov>pp (by about @ : ° /7

25% on axis), and therefore of the g 0.10 r : - 549

thermonuclear reactivity multiplier. The & _[_ R o

higher neutral beam voltages in TFTR £ - vV VvV Vv ]

(110 KV vs. 80kV in DIII-D) lead toa ‘= 0.01 tetedmtlu i L

reduction of about 10% in the ratio 0.4 0.6 0.8 1.0

opr/Gpp and therefore of the beam— ‘ p

plasma reactivity multiplier. Fig. 3. Data from BES indicates that turbulence is
suppressed by even weak shear in the current profile as

Summary compared to standard L-mode.

The high performance obtained in

NCS and WNS plasmas in DIII-D has been further enhanced by application of controlled L-H
transitions as a means of profile control. These discharges exhibit characteristics of a transport barrier
(steep gradients, suppressed turbulence and low calculated energy flows) extending over nearly the
entire plasma resulting in DIII-D record levels of fusion reactivity. The erude profile control employed
gives a hint of the possibilities open to us in future experiments where we expect to have more
toolsavailable, including radio frequency power (fast wave and electron cyclotron), density control via
the pumped high triangularity divertor and pellet injection (deuterium and lithium).
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Table 1. Highest parameters achieved in H-mode NCS/WNS
plasmas in DIII-D (not simultaneously achieved)

Neutron rate Sy 24 % ]O“5 §!

Fusion power Ppp 28 kW

Fusion power efficiency Qpp 146 % 1072

Equivalent DT efficiency QpT 0.32

Stored energy WMHD 4.4 MJ

B 4.3

Confinement time g (.55 (at PNy =17.75 MW)

Normalized confinement time H 48

2 lons|
(WNS)
o 1
E 3
2
290 @
o
5 E
-1 L
e Electrons Electrons
(WNS) (NCS)
o 1 = ]
= T
2 E
=
o
. E
Heating — =rereimee Convection 0
----------------- dW/dt === i-e coupling 50
] CX (ions)
------- Conduction «==-==- radiation — 87937 (WNS} o 87953 (NCS)
(electrons)
Fig. 4. Power balance for both discharges Fig. 5. Ion diffusivities vs. time for p= 0,25,
during H-mode phase (2.150 s). 0.50 and 0.75 in both discharges.

'Strait, E. 1., et al., Phys. Rev. Lett. 75, 4421 (1995).

ZRice, B.W., et al.. Phys. Plasmas 3, 1983 (1996).

3Lazarus, E.A., et al.,"Higher Fusion Power Gain With Pressure Profile Control in Strongly Shaped
DIII-D Tokamak Plasmas,” submitted to Phys. Rev. Lett.

dCarlslmm. T.N., et al., Plasma Phys. Contr. Fusion 36, A147 (1994).

5Lazaru::, E.A., et al,, Plasma Phys. and Contr. Nucl. Fusion Research (Proc. 15th Ininl Conf.,
Seville, 1994), paper IAEA-CN-60/A5-1 (1995).

8La0, L.L., etal., Phys. Fluids 3, 1951 (1996).

"Durst, R.D., et al., Bull. Am. Phys. Soc. 40, 1790 (1995).

8Renig,, C.L., etal., Rev. Sci. Instrum. 61, 3010 (1990).

®Greenfield, C.M., et al, Plasma Phys. Contr. Fusion 25, B263 (1993)
"Gotdston, R.J., et al, J. Comput. Phys. 43, 61 (1981).

"Budny, R.V., et al., Nucl. Fusion 32, 429 (1992).
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current profile evolution and equilibria in negative central

ing of
Modeling shear discharges in the DIII-D experiment.”

T. A. Casper, ]. Crotinger, W. Meyer, . Moller, L. D. Pearlstein,
B. Rice, and B. Stallard
Lawrence Livermore National Laboratory
P.0O. Box 808, Livermore, CA 94550 USA
L. Lao and T. Taylor
General Atomics
P.O. Box 85608, San Diego, CA 92186 USA

1.0 Abstract

Recent DIII-D advanced tokamak experiments with negative central shear
(NCS) have resulted in operation at high normalized B, fn=p/(I/2B), to 4.2,
confinement enhancement factors to H=4 (H=1E/TITER-89P), and record neutron
rates for DIII-D to 2.4x1016 neutrons/sec. These data were obtained during high
triangularity, single and double null diverted operation with peaked (L-mode)
and broad (H-mode) pressure profiles. We are modeling the spatial and temporal
current profile evolution for these discharges using Corsica, a predictive 1-1/2 D
equilibrium and transport code. Current profile evolution is self-consistently
determined by including current diffusion resulting from current drive due to
early neutral beam injection during the ohmic current ramp-up phase of the
discharge and the bootstrap current drive associated with pressure profile
evolution.

1.0 Introduction

The prospect for achieving high performance discharges in reduced size
advanced tokamaks has stimulated much of the current interest in negative
central shear (NCS) experiments. Recent studies!2 have indicated that NCS is a
leading candidate scenario for operation in steady state due to improved stability
to high-n ballooning modes and bootstrap current density aligned with the total
current profile and it has been proposed as an advanced confinement scenario in
ITER3. We are applying Corsica to model DIII-D discharges to explore techniques
to improve and sustain these discharges, ultimately leading to steady-state.

Corsica? is a comprehensive, predictive toroidal plasma simulation code
being developed for design and simulation of existing experiments and of future
experiments such as ITER or other advanced tokamaks and alternatives. Corsica
is currently running with the combined capabilities of 1D tokamak transport
codes and 2D free-boundary equilibrium and edge modeling codes. It is being
*Work supported by U.S. DoE under LLNL Contract W-7405-ENG-48 and GA
contract DE-AC03-89ER51114

295




a096

used to model ITER ohmic operation and to assess feedback control capabilities
and power requirements. Previous DIII-D L-mode simulations have compared
favorably with the EFIT analysis code for high fp operation and for the low
pressure phase of NCS discharges. We are now extending this modeling to high
performance phases of NCS and weak shear discharges in DIII-D. :

2.0 Simulation methodology

We are presently simulating the temporal evolution of the current
profiles to develop an understanding and validation of the models for forming
and sustaining the high performance NCS configuration. At this time, we use
experimental measurements of the density and temperature profiles rather than
model the particle and energy transport. We take as input the measured electron
and impurity densities and the electron and ion temperatures and infer the ion
density and effective charge (Zeff) from quasi-neutrality using carbon as the main
impurity. We initialize the equilibrium by choosing the pressure (p') and
current (ff) parameterizations used in fitting data with EFIT. A free boundary
calculation provides a starting equilibrium with forced convergence to the
plasma current and fitted values of the poloidal field coil currents to account for
currents in structures. This prescription allows us to directly compare with the
EFIT results and boundary shapes produced in this manner are in generally good
agreement. The simulated discharge is evolved from this initial state using a
fixed boundary equilibrium calculation while simultaneously accounting for
current diffusion.

In previous simulations, an approximate particle orbit model resulted in
too little neutral beam current drive on axis. We have replaced this portion of
our neutral beam injection code with an orbit following calculation for the
Meonte Carlo simulation of neutral beam current drive. The injection process is
now tightly coupled to the local equilibrium flux surfaces with current drive
determined from the residence time of particles in flux zones. By evaluating the
trapped, passing, and lost particle distributions we infer the direct current drive
from passing beam particle orbits and the bootstrap contribution due to the
trapped injected ions.

3.0 Simulation Resulis

We have begun our modeling with two different high performance
discharges. Shot 84682 is a double null, negative central shear discharge with
peaked pressure profilesd. Confinement factors up to H~2.5 were obtained while
maintaining the pressure profile with an L-mode edge which allows for good
penetration of the neutral beams. The inverted g-profile is achieved by early
neutral beam injection during the ohmic current ramp-up phase of the
experiment. lon temperatures in excess of 15 KeV were obtained with peaked
density profiles, n(0)/<n> ~2.2. A second case, shot 88964, is a single null, weak
central shear discharge with H-mode-like pressure profiles giving a broader
deposition profile for the neutral beam injection. The weak shear is formed at
reduced neutral beam injection power during the ohmic ramp. This DIII-D
shape is representative of the JET and ITER advanced tokamak scenarios.
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In Figure 1, we show the plasma current and .neut'ral b_eam injection
.+ e for these two shots along with the simulation time interval. We model
h.lstorle‘SI | beam injection as two aggregate sources having the proper geometry
the neun:o beamline orientations on DIII-D and step the average power in time
i?,;;}iftent with the experimental variations. Corsica is run in time dependent

rrent : J15
2.0 g ﬁlauust%cll Seam fo o,/ ONPSRRS | SN B
< 15 4682~ | 10>
= (a) shot 8 ,2' 1 1
;1.0 ] 5
FERE
2 05k, simulation 1. B
0.0 Q
Tasm t 315
20F oo ggustracl, ggg:gapowir_,.-.,-«'— 1 §
£ "F (b) shot 88964 .~ J103
) 1.0 1 5
=5
2 o5k ] E
0.0 10

time — seconds

Figure 1. Time history of plasma current and neutral beam power injected.

mode to simulate the evolution of the equilibrium associated with the current
diffusion process and obtain spatial-temporal profiles of plasma parameters. We
show profiles of the total, ohmic, bootstrap, neutral beam driven current
densities in Figure 2 at times near the peak stored energy. As indicated in

Figure 3a for the NCS simulation (84682), we obtain good agreement between
the simulated g-profile evolution and EFIT analysis outside of p=0.2

(p= < [normalized toroidal flux]), where we note good agreement with the
minimum value of q and of g95 . Inside p=0.2, the current drive due to neutral

(o) Shot 84682 (b) Shot 88964
4 T v r : 4 . T IO
- N S O bootstrap
3f - - NBCD
\ < —.—ohmic
3 T oy : 3f time = 2.4 ]
£ M ) £
Pl N S =
= : i T = 21 j’ ‘-\ ]
0 d ~am N . :
I 7 NI N
- 1 ! ____total it TN \
T Tk TR
-7 g —.— ohmic i . N
X . - N S
ElL L tmests N
0.0 0.2 0.4 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
sqrt(toroidal flux) sqrt(toroidal flux)

Figure 2. Current density profiles at times near peak stored energy
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beam injection dominates the total current and forces the simulation qo to drop
below that inferred from the EFIT reconstruction. For the weak shear simulation
case, Figure 3b, there is agreement over most of the profile during the entire
simulation as indicated at times t=2.0 and 2.6 s. However, the predicted g-profile
evolution does not show the weak bump near p~0.35 that arises in the EFIT
analysis during the times when the density and temperature and, presumably,
the ensuing current distribution are rapidly changing. The presence of this bump
is critically dependent on fit parameters used in the analysis and on
reconstruction constraints such as the motional Stark effect measurement of the
local magnetic field. We are investigating the details of the current drive
associated with the neutral beam injection which dominates these and all high
performance discharges in DIII-D.

(o) Shot 84682 (b) Shot 88964

o ) SE__TFIT

8 _Corsica @t = 1.2 s Y _Corsico @t =2 s A
o 5F -4 a3 E

4 2F E

2 1 4

0 o

0 5

g * t=23s

6 3 2
- e

) 2k E

2 === -=-- - E
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sE 3 4
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aF el 2 =

2T T T S 1

0 0

0.0 0.2 0.4 0.6 0.8 1.0 0.0 02 0.4 0.6 [R:] 1.0

sqri(tor, flux) sqri(tor. flux)

Figure 3. Simulation g-profiles with data fits from EFIT for comparison.

In summary, the initial results at simulating the formation of high
performance discharges in DIII-D using our new neutral beam current drive
calculation in a fully predictive simulation code are encouraging. We are able to
simulate the characteristics of the current profile formation during the evolution
of these complex, high performance discharges and we are in general agreement
with the experimental data fitting. Discrepancies due to the peaking of the
neutral beam current drive near the magnetic axis are a concern and we are
investigating the details of these differences. In future simulations, we will be
incorporating the use transport models.
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Thermal Transport Coefficient for Ohmic
and ICRF Plasmas in Alcator C-Mod
. Daughton. B. Coppi. F. Bombarda!, L. Sugivama

Afassachusetts [nstitute of Technology. Cambridge. MA 02139
t 4 ssociazione Euratom-ENEA sulla Fusione. Frascati. 00044 Italy

1 Introduction .

The observed similarity in the gln.b:al_ thermal confinement ber.we.en the ohmic and ICRF heated L-mode

lasmas 11).:2),{3) opens the possibility that lhermal.{ranspﬁrt in the Alcator C-Mod machine m: ; be
gﬁcribe:{ by one transport coefficient for. both regimes. ‘\ modified form of a transport ccefficient
previcmsl)' reported [4] has beer.x used to simulate both ohmic and [CR_F discharges over a wide range
of parameters. Detailed simulations carried out by ineans of ‘the BALDUR code reproduce the observed
temperature profiles, loop voltage a_nd energy conﬁn?ment time of .the Alcator C-Mod discharges. The
coefficient DE* includes the constraint of profile consistency and is inspired by the properties of the so-
called electron and ion “ubiguitous” modes ’5). Thus D!* includes a significant dependence on the electron
pressure gradient. The resulting confinement time improves with the plasma current, in agreement with
the observations, and contains only a weak dependence on density. A total of necrly two dozen ohimic
and ICRF Alcator C-Mod discharges have been fit over the range of parameter space available using this

transport coefficient.

2 Thermal Transport Coefficient

Consider a toroidal geometry where  is the square root of the normalized toroidal flux and ¢, and & are
the toroidal and poloidal angles. We assume that the electron thermal conductivity is the main form of
power loss and write the surface averaged electron energy equation as

(V- ) = (Su). (1}
where §; is the heat flux and Sy is the heating power per unit volume. The surface average is defined by
1
(M=Fjwwwa @
where g = |V€ x V¢ ¥ 1 is the Jacobian and
av
Viz—= i
5 = [ vassas
The divergence theorem is used to write
. d [.
(&b = g [ & Sevadss )
where ¥ is the volume within the fux surface labeled by £. Substituting this into equation (1) gives
18
-"-,"55“(\ (qe - ¥€)) = {Sw). (4)

If we assurne that the electron thermal transport coefficient D" is a function of the flux surface variable:
we can write the heat flux as :

- 3T,
(§e* ¥ = —nDP =2 (V). (3
9
Integrating over £ from the magnetic axis to a given fux surface and solving for Dt* gives,
]
D = - e 6
I (Ve @
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where

€
Pu= j; V(i .

is the heating power. In addition. we consider the temperature profile to be represented by
—ale)”
] )
a

is a constant and 1} is the total plasia volume. Then equation (6) becomes

th_ Prulby
nT ATy )

where T,

(]

(8)

In order to derive a transport coefficient which is dependent only on the local and global plasma
parameters, it is desirable to relate the heating power to the global plasma parameters. We observe that
a key difference between ohmic and ICRF discharges is that 3, is roughly constant for ohwmic discharges
but increases when there is a significant fraction of ICRF heating as shown in figure 1. Motivated by the

0.6 T T T T

05 b . e

0.1

0 " . L
1 2 3 4 5 6 7

Py /Py

Figure 1: Experimental values of 3p verses Py /P,, where Pan is the ohmic heating,

properties of the “ubiquitous” modes{4] we assume that the underlying collective modes responsible for

the energy transport are driven by the electron pressure gradient and consider the pararneter

_ 87p.. _ {dp.
=g = (e ’)m,,‘“

")

where a is the half width of the flux surface with maximum dp,fdf. We draw inspiration from the

transport coefficient suggested by Coppi et al.i4] far ohmic plasmas and we take

@( L e )m [z,]“ﬂ

“pidy == T
Vi A;

P = Co3pule(6)5- ale)V ()]

where C, is a constant numerical coefficient. /4 is the toroidal current within a Bux surface. d, = ¢,

(10)

/-—'ﬁt-

-, is the mass number of the main ion population, Z, = 4; Ei n;Z7f(n.4;), and {] represents a volume
average and the quantities appearing in the braces are all functions of the flux surface. We note that

since

1/3
T (5] xmorme)
the

is a weak function of € we may conclude that equation (10) gives a relationship between alf) and

Pr(€}/14(£). In particular

L[ Pulf) 0
ale)x g | e
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hat in the case of ohmic heating where Py (£) x 1,(£). as the loop voltage is constant over

is Im lies t ]
3;::;35],;3 column. a(€) is about constant. Then D'M takes the form

1/ . 1/2
AP L0 Sl S VR
Dt =Ce ("Pl eTT.::) en(“-‘-z}jﬂ' |5 E (12)

is found to be ¢ = 0.11.

For a plasma with a circular cross section and assuming that the profiles and radiative losses remain
constant, equation (12) implies that the energy con.ﬁ:lf;nem time should increase with current and de-
crease very weakly with heating power, g ~ I""’_/P,, : In. reality. th‘e p.roﬁtes.and radiative losses do
vary and the scaling for the energy COHﬁnf'l‘nent time resulting from the simulations cannot be deduced
in a simple way by the adopted form of Dg".

where Ce

3 Transport Simulation

The simulation was carried out with the 1 1/2D transport code BALDUR. The electron thermal transport,
that is considered to be the dominant one, was described by equation (12) while the ion thermal transport
was assumed neoclassical as was the electrical resistivity. The density profile was held fixed to match the
experiment and the particle transport was set to zero. The simulation was performed with an up-down
symmetric plasma shape while the actual configurations had a bottom null point. The fraction of ICRF
heating going to the electron and ion channels was estimated by first running a Fokker Planck simulation
to determine the distribution function of the minority species and the collisional transfer to the electrons
and ions. Typically 80 percent of the energy was collisionally transfered to the electron population.
For high current discharges with sawteeth, a simple model was used with sawtooth period set to match
experiment. The geometric parameters and boundary conditions were set to match a particular Alcator
C-Mod discharge at equilibrium and the transport simulation with arbitrary initial conditions was was
run forward in time until an equilibrium was reached. Table 1 and 2 give the plasma parameters for
the ohmic and ICRF discharges which have been simulated. Agreement between the simulation and
experiment for the energy confinement time, loop voltage and stored energies is quite good. Figures
2 and 3 show simulated electron temperature profiles and experimental ECE temperature profiles for
selected discharges.

In canclusion. detailed transport simulations indicate that the coefficient can reproduce the temper-
ature profiles, energy confinement time, and loop voltage for both ohmic and ICRF discharges. The
coefficient is simple to derive, contains only one numerical coefficient and captures key elements of the
physics.
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Table 1: Experimental Parameters of Ohmic Discharges. (* are hydrogen discharges)

- shot Ip (MA) | % 107 {cam) ™ | Pon (MW) | Prag (MW) ] Zojs
930818011° 0.376 0.829 0.50 0.22 1.76
930518022 0.376 0684 0.51 0.24 214
910603018 0.410 0.88 0.52 0.37 1.42
931021022 0.565 1.06 0.52 0.13 1.0
931008014 0.608 0.939 0.61 0.19 1.29
931006015 0.676 0.781 0.70 0.21 1.6
940603012 0.786 1.33 1.1 0.68 1.21
931013013 0.800 1.75 1.1 0.21 1.0
931021010 0.850 1.15 0.93 0.21 1.24
931012007 0.992 1.45 1.29 0.27 1.0

Table 2: Experimental Parameters of [CRF Discharges

shot Ip (MA) [ % 10" (cm)™ [ Py (MW | Por (MW) | Proa (MW) [ 2oy
950302010 1.01 1.55 0.78 1.29 1.37 2.6
950301016 0.64 1.43 0.90 0.62 0.88 1.3
950406036 1.01 2.34 1.24 1.38 1.46 1.9
950208028 0.85 1.62 1.33 0.89 L.15 1.6
950303010 1.02 2.72 1.41 1.36 1.18 1.7
940616025 0.44 0.91 1.48 0.32 0.78 1.9
940602019 0.82 1.51 1.66 0.86 1.07 1.5
950301025 0.64 1.29 2.2 0.48 2.00 3.5
950407016 L.o1 1.72 2.88 1.28 3.49 3.0
950118033 0.82 1.00 3.42 0.96 3.40 2.4

931008014 1=0.61 MA 1, = 094x10" o
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1.2
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02
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Figure 2: Comparison of simulated and ex

charges
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Figure 3: Comparison of simulated and experimental ECE temperature profiles for selected ICRF dis-
charges.
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Rationale for Ignition Experiments and the Ignitor Program
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1. Introduction
“Ignition, of near-ignition, is the first requirement for a fusion reactor. Unless reproducible

plasma conditions close to ignition can be achieved, work on other aspects of a reactor will be
without meaning. Achievement of near ignition conditions, together with the exploration of
alpha particle and burning-plasma physics, would be truly impressive rescarch achievements
. and would signal a major advance toward an economically viable fusion reactor” [1]. In
addition, it has been recognized that “...the initial model (experiment) need not resemble the
one that is later commercialized; much of what would be learned in a tokamak ignition
experiment would be applicable both to more advanced tokamak approaches and to other
confinement concept” [2]. These ideas that have been expressed in recent analyses of, and
debates on fusion research have in fact guided the Ignitor program since its inception, when
the value of pursuing ignition had not been fully recognized on one hand, and the problem of
reaching ignition in any type of confinement configuration was commonly underestimated on
the other.

2. Physics of Ignition

Ignition in a D-T plasma is defined as the condition at which the heating power of the fusion
o-particles equals the total of all energy loss. Thus a relationship between the confinement
product, nt, and the plasma temperature can be established. For reason of confinement, the
considered plasma current in practice is the highest compatible with the applied toroidal
magnetic field, corresponding to low values of the edge safety factor g, (q, = 3.3 is the lower
Limit that we consider). A high current also provides the poloidal field needed to keep B
sufficiently low as a form of protection against the onset of m’=1 and coupled m’=2 modes,
since at ignition the central pressure is relatively high. Reversed shear configurations would
allow higher values of q, (g, ~ 6), therefore lower currents, but in this case the toroidal field B,
should be sufficiently high to produce the desired plasma currents, because there is a
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limitation on plasma size and on the minimum value of B, that is acceptable. Experimentally
it is seen that the peak electron density correlates with the average current density. In fact,
high field, compact machines have repeatedly reached n, = 10" m®,

There are other features of ignition regimes to consider: i) the slowing down time of q-
particles is less than the energy replacement time T,,” < 7, ii) the electron temperature T, > T,
to ensure energy transfer from electrons to ioms, iii) the high degree of plasma purity
(numerical simulations indicate that, in practice, Z,, should not exceed 1.6). Thus the
objective of ignition can be pursued at present by compact, high field, high density,
experiments igniting at relatively low temperatures using normal conducting magnets,
Furthermore, relatively low dimensions and low ignition temperatures involve small values of
the collisional current equilibration time Tre a2’ T (a is the plasma minor radius). Ignitor is
expected to reach full ignition at T, ~ 12keV and n, ~ 10" m® and to produce approximately
20 MW of o-particle heating.

15

i Ly /'ﬁ"."‘--—.-_._- B
/ //“"""'—I 12 MA \

4 il ---T1I1MA
5 —s—B(T) _
4 2 0 2 4 6 8 10

Time (sec)

Fig.1 Toroidal field and plasma current time evolution for the 12 and 11 MA scenarios

3. The Ignitor-Ult Experiment
The choice of machine parameters (Table 1) has been guided by these main principles: i) to
reach D-T bumn conditions under realistic assumptions on the expected degree of energy
confinement, in particular by exploiting ohmic heating to the maximum possible extent, thus
limiting the role of injected heating to that of a backup; ii) to operate over a wide range of
plasma parameters; iii) to attain significant ratios of the plasma duration time to the plasma
intrinsic times by adopting supercooled magnets (He-gas with initial temperatures of 30 K);
iv) to make full use of the adopted ICRH system to extend the machine operating conditions.
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The time evolution of the plasma current I, and toroidal field B, are shown in Fig. 1; ignition
regimes are expected to be reached shortly after the end of the current ramp [3], during which
the magnetic field, density and plasma size are all simultancously increased. The dynamic
pature of the path to ignition should be stressed here: the loop voltage is not constant over the
minor radius, but it has a hollow profile, thus allowing a strong rate of ohmic heating, in spite
of the fact that the temperature is high at the center of the plasma column as the current is
grown adding “skin layers™ in the outer region. For the 12 MA maximum parameter scenario,
the current is gently decreased 1 sec after reaching its top value to increase the edge q and
ugreeze’ in the current density profile (at 11 MA I, can be held flat), but the plasma should
remain in ignited conditions until the toroidal field is turned down at 8 sec (see Fig. 1). Thus
the burning phase is over 200 times longer than the @-particles slowing down time.

The detailed engineering design has been

Major radius R, (m) 1.32 carried out by members of the Ansaldo,
s m 2
Minor radif a X b (m) 047>086 | EIAT, and ABB industrial groups. The
e A main components of the machines are
i 1.85
{Elongation & shown in Fig. 2. Full scale prototypes of
i ity & 0.43
Primgitirity all the key components of the machine
Vacuum toroidal field B (T) 13 )
have been constructed. These include
Toroidal ‘current I, (MA) 12
, 1/12th of the plasma chamber, including
IPoloidal current Iy (MA) <9

Paramagnetic field (T) produced by Iy 15 the major access port, one module of the

Mean poloidal field B,=L/A(5+/ab)(T) 375
Confinement strength S= B, I, (MN/m) 45
Av. toroidal current density <J,> (MA/m?) 9.3
Maximum poloidal field B, (T) (R<R) 6.5

toroidal magnet, one C-clamp (the main
structural element outside the toroidal

field coil), the innermost element of the

central solenoid, and a section of the

Magnetic flux swing (Vs) 37 machine tensioning system. Advanced
attop (s) 4@ 13T technological processes to be used in the
ge magnetic safety factor gy 33@12MA | construction of the machine have been
asma volume V, (m’) =10 developed and successfully tested. The
lasma surface §, (m?) =36 ' ongoing phase involves the construction

Additional heating power P, MW) 18 of the full central post and solenoid and

Table 1. Ignitor reference parameters. the full completion of 1/12th of the

machine, including a fully tiled sector of
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the plasma chamber, with C or Mo as first wall material. The high values of the density that
characterize the main regimes of operation of Ignitor involve correspondingly relatively low
values of the temperature at the edge, and Z , nawrally close to unity. This observation as we|j
as engineering considerations have led to the decision of not using a divertor. The average
surface power density in Ignitor is also low (~0.5 MW/m®), similar, for example, to the valueg
presently obtained by the Alcator C-Mod machine,

(D PLASMA CHAMBER"
@ TOROIDAL MAGNET
@ SHAPING COILS
@ EQUILIBRIUM COILS
® OUTER TRANSFORMER COIL
® EQUATORIAL PORTS
@ CENTRAL SOLENOID
® SHAPING + TRANSFORMER COIL
® axiAL PRESS
(@ CENTRAL POST
@M c-cLamp
@ SHRINK RING
[ TENSIONING WEDGES
Re=1320 mm
g = 470mm
b= B870mm

Fig. 2: The Ignitor machine: main components
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Global Stabllity and Operational Regimes
of Ignition Experiments
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One of the primary requirements of an ignition experiment is stability against pressure-
driven global intemal modes which may degrade energy confinement or causa disruptions of
the plasma in toroidal magnetic confinement systems. Among these are the internal m=1
modes, that are belioved to be responsible for the sawtooth oscillations of the central plasma
prassurre. Large scale sawtesth can hinder or even prevent ignition, by mixing the central
portion of the plasma column with the colder surrounding regions, and spoiling the
confinement of fusion products. The necessity of avoiding them puts rather stringent
conditions on the design of ignition experiments such as Ignitor {1] and ITER [2]. It should be
noted that, while the two devices have similar aspect ratio, Ignitor will benefit from significantly
lower values of f-poloidal and from a programmed equilibrium [1] which will keep g, =1 up
until ignition and then increase qa, the edge safety factor, by decreasing the current.

Our stability calculations are carried outin a (1, 8, ¢) coordinate system where v is
the normalized paloidal fiux (O< Wy = 1) and the equilibrium is parametrized as follows:

P =po (1 - ¥*F)®pand QW) =90 +(da-q0)¥%q (1)
with (unless otherwise stated): ap=1, ap=3/2, ag=3, while qo = 0.85 and qa =3.0. These
profiles are similar to those constructed by equilibrium codes, following prescriptions from
PRETOR simulations for the ITER design [2]. We note, in particular that these profiles have
relatively low magnetic shear, resulting in a mean radius of the q =1 surface lyingat p, ~a/2.
The pressure profile is rather peaked, with central-to-average ratio p,/ p = 3.3-3.4

The stability of global n=m=1 internal modes is studied, for equilibria [1], with a
conducting wall placed at p/a=1.1 in order to avoid so-called external modes which are largely
caused by the presence of a finite gradient in the current density at the plasma edge, which
may be a numerical artifact We recall (3] that intemnal n=1 modes become unstable in
configurations with finite magnetic shear once the value of the parameter fpi=
(2ug/ Bplz)[q:w-rp 1] exceeds a critical value that depends on profiles of the pressure and
magnetic shear and on the geometry of the plasma cross section. The subscript 1 refers to
the q= 1 surface and < > denotes an average over the corresponding volume. Our
computations will make use of the more directly available parameter, B,q = (2,p, / B?)
where B, =2u,1,/ fdl . For gnitor, we find B,=35T and Bpp=079, while the
corresponding values for ITER are ﬁp =1.14T, Ppo=232. We also construct a simple

parameter of merit that takes into account the magnitude of the g=1 volume:
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where g is the engineering safety factor and Inf is the total current in the toroidal magnet
(here BT is in T, Ipisin MA, R in m and p in MPa). Taking the empirical relationship,
nias=l/ g, we find that Mq=2.35 for as typical set of Ignitor parameters, while for the
reference parameters of ITER, Mq=095. Fig. 1 presents the normalized growth rates
relevant to ITER; two curves are shown corresponding to ag=2,3 while ap=1 and ap=3/2.
Clearly increasing magnetic shear improves stability, but not nearly enough to avoid a strongly
growing macroscopic mode at the nominal operative pressure (,GPD =2.72). In this context,
we mention that these growth rates are substantial, much larger than the local diamagnetic
frequency, and hence rule out any possibility of stabilization by finite diamagnetic frequency
effects. We have also looked at effects due to fast particles, i.e. fusion a-particles, and found
no stabilization is likely from them sither. It is important to realize that, although the me=1
harmonic dominates the poloidal spectrum of this mode, toroidicity couples it to other
harmonics, notably the m=2 component. For the ITER reference configuration this means
that the mode influences the plasma up to the g=2 surface, namely pla=3/4,

Since these modes are

pressure-driven, one  expects

Flgure 1
003 NiGEE SRR ke flatter profiles to improve stability.
0o2s —.—;L We have varied the parameter af
. =3 { |
102 ‘. = " _'__ and found that, generally, one
= ’ . : must nearly flatten the pressura
: 1 T e T T
| LI within the g=1 volume in order to
o —— g
I . ‘ ‘ achieve stabilization: a, = 5.
Doos { —_— ]
| | Recent experiments  in
9 i L i 1 _._._1 L
L : o, o 3 TFTRand DIII-D have indicated the
e

good confinement and stability
properties of high-q, reversed shear configurations (typically qa=6 and Qmin>1). We have
briefly considered them for ITER, constructing a model equilibrium with the pressure given by
Eg. (1), with ap=1 and ap=3/2, while the q-profile matched that measured in the high-power
TFTR supershot 84011. We find that high-nq ballooning modes will be unstable over a large
portion of the plasma (roughly 0.35 =y=<0.8) unless the pressure profile is also modified so
as to place the largest pressure gradient at a radius smaller than that where magnetic shear
reverses.
These results raise the question of the extent of validity of the ideal-MHD analysis.
One can expect that the orderings implied in the small amplitude expansion of linear theory will
fail when the gradient in the perturbed pressure (or, equivalently, the density) becomes
comparable to the equilibrium pressure gradient. Referring 1o the case of m=1 modes and
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denoting by & the radial component of the perturbation displacement and by & the width of
the transition layer, centered about the g=1 surface, the condition for breakdown of the
approximation becomes:

E>0 < yr,<Elr (3)
In other words, as one approaches marginal stability, the layer (whose width in the ideal-MHD
imitis 5=yt , with TA the characteristic poloidal Alfven time) becomes thinner and a smaller
linear displacement is sufficient to result in a macroscopically large perturbed pressure (or
density) gradient. Hence, we may define a "practical" point of marginal stability, yta=Cm
where the constant ¢ can be chosen appropriately, 8.9. 1-5%.

Alcator C-Mod offers a rich variety of sawleeth varying from simple sawteeth in Ohmic
plasmas to long duration "monsters” in discharges with high-power ion cyclotron heating and
including compound sawtesth. A common thread runs through all these phenomena: they all
appear o be related to resistive internal modes. Calibrated temperature traces from the ECE
polychromator suggest that the amplitude of the precursor oscillation seen before the crash
increases with radius from the center to the q=1 radius, a feature that is characteristic of

modes involving magnetic reconnection at the g=1 surface. This is confirmed by a simple
calculation in which the radial displacement, & =-0T . /(dT /dr), is shown to increase

withr.
Figure 2 A synopsis of our analysis is
B = gﬂnrggn.l:b“w prasented in Fig. 2, where the
+  hocawl
74 o Beot Alcator C-Mod data is plotted in
spH_"® ':"’""“‘“""“ » Ay - w.t, space, with AH
5 L i § @ i
s ] being the ideal MHD instability
o 4b
P . STABLE REGION o 4] parameter [4] proportional to
, %o e WD and . is the
; - ] o diamagnetic frequency (where
i - pernecingmyde unhatie i i we assume equal ion and
b 25 -2 1.5 A 0.5 o
A" electron temperatures). It

should be noted that one

point (the highest one in the

figure) corresponds to a "monster" which occurred in a shot with 2.4MW of ICRH in an H-mode

plasma. This "data point" actually includes the effect of energetic minority ions, whose kinetic

response, MK, stabilizes [5] the ideal mode: A, — Ay + A, <0 < A, and lies in the stable

region. We speculate that, as in JET, the sawtooth-free period of the "monster” is terminated,

by a crash, as a result of the expansion of the q=1 radius. This increase in r 1/ R reduces the
stabilizing kinetic response relative to the ideal-MHD term [6].

Considering that ignition can only be attained with relatively high pressures, typically

p, =~1-4MPa, the avoidance of global internal n=1 modes is of crucial importance. The

path to be taken is suggested by the factor of merit M, given in (2), and indicates the need
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for high poloidal and toroidal components of the magnetic field. The reference paramsters of
Ignitor are By = 13T, p, = 2.4 10”keV / m’, I =12MA, R, =1.32m, a =0.47m while

for ITER B =5.7T, p, = 7.5 10"'keV /m”, I, =2IMA, R, =814m, a=280m. We

note that it is possible to obtain small or altogether non-existent q<1 volumes, under slawly
transient conditions, by programming the current evolution [1]. In the case of Ignitor the rise in
size of the g=1 volume is limited by a decrease of the plasma current after Ohmic ignition is
achieved at 12 MA so that qa is gradually raised toward 5. Another option considered for
Ignitor is to operate with a constant maximum plasma current I, =1IMA so that q, = 3.6.
Altemnatively, one may consider operating in the so-called "enhanced reversed shear"
scenarios of, e.g., TFTR, though care must be taken to simultaneously program the pressure
profile (as well as the current profile) so as to avoid ballooning modes. Of courss, these
profiles with non-monotonic q(r) are themselves transients. In addition, high currents are
needed for confinement even in this regime, thus requiring the adoption of relatively high

toroidal fields.
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Abstract. Using a fixed combination of theoretically derived transport models in the
BALDUR transport code, we predict the evolution of temperature and density profiles
in tokamaks. Our model has been successfully benchmarked against a wide variety of
discharges from different tokamaks including L-mode scans in current, heating power,
density, normalized gyro-radius (p,), collisionality () and 8. Recent work has focused
on studying DIII-D and JET H-mode scans in normalized gyro-radius, density, heating
power, and elongation. The transport model in these simulations combines the Weiland

ion temperature gradient and trapped electron mode model together with the Guzdar-

Drake drift-resistive ballooning mode model.

1. Introduction

We use a fixed combination of theoretically derived transport models in BALDUR
transport code to predict the evolution of temperature and density profiles in tokamaks [1,
2, 3, 4). This model has been extensively tested and benchmarked against a wide variety
of experimental data from many different tokamaks. These discharges include L-mode
scans in current, heating power, density, normalized gyro-radius (p.), collisionality (i.)
and f, and 20 discharges from the ITER Profile Database including DIII-D and JET
H-mode scans in gyro-radius, density, heating power, and elongation. In Fig. 1 the total
stored energy predicted in the simulations of the L- and H-mode scans are compared
against the reported experimental values. Here, the solid line indicates a perfect. fit to
the data. We find that the relative root mean square deviation (rms error), defined by

7 = B Wi, ~ Weap )/ Wewy )] 8 11.4%,

T T
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=
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Figure 1. Predicted total stored plasma energy versus cxperiment data
for L- and H-mode scans from TFTR, DIII-D, and JET.
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2. Transport Model

The transport. model employed takes the hasic form of previously used Maulli-mode
models [4, 5] in that a linear combination of neoclassical theory, electrostatic drift waves,
and balloouing modes is used Lo predict the radial transport of particles and energy in
the plasina core. The model presently used to predict the transport associated with
the trapped electron (TEM) and ion temperature gradient (ITG) modes is the Weiland
formulation as derived in Ref, 3, 6] with finite beta effects and parallel jon motion
included [7]. The other relevant picce of our care transport model is the Guzdar-Drake
model [8] for the drift-resistive ballooning mode. When used in conjunction with the
Weiland 1ITG formulation, it was recently found that the nominal Guzdar-Drake model
vielded significantly improved results compared with those obtained using the nominal
Carreras-Diamond prescription previously used. With this transport model, we achicve
the correct current scaling while maintaining a scaling with density and heating power
consistent with the I'TER-89P L-mode confinement, scaling [2].

3. Results for Parameter Scans

In addition to the other parameter scans, time-dependent, transport simulations have
been carried out for ten dimensionally similar neutral beam (NBI) and radiofrequency
(RF) heated L-mode discharges from TFTR, DIII-D, and JET [1]. We find that our
fundamentally gyro-Bohm transport model (x oc Br') produces an observed non gyro-
Bohm behavior due to imperfections in achieving “true” dimensionless similarity between
discharges [1].  This results from changes in the neutral penctration depth as the
normalized gyro-radius is varied, thus altering the collisionality and normalized pressure
gradient, is such a way that they are not held constant near the plasma edge.

While the profiles tend to be robust to changes in the transport, the scaling of the
ellective diffusivitios is sensitive (o variations in collisionality and Lemperature gradients,
Thus, small deviations in dimensionless parameters within uncertainty in the experimental
data can canse a gyro-Bohm transport. model to appear to deviate from its intrinsic
scaling. Typical temperature profile results are shown in Fig. 2 for TFTR low p. discharge,
#50911, plotted as a function of major radius.

7.0 . ; 7.0 v ;
Data * Data
6.0 Theory E 6.0 ~——Theory E
S.0F E 5.0k E
- =
3 40 i 3 a0} 3
= x
« 3.0F i T_ 30 E
= -
20F E 2.0F E
1.0 1.0F 3
0.0 .= L L L ) 0.0 2 L - 3
1.5 2.0 2.5 3.0 35 1.5 2.0 2.5 3.0 35
Major Radius (m) Major Radius (m)

Figure 2. Electron and ion temperature profiles for the low p, discharge
TFTR #50911 at 3.93 seconds.
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For sawtoothing discharges, it is important to model the sawtooth period and phasing
accurately as a function of time when comparing the predicted profiles with experimental
data at a given diagnostic time. We use either soft x-ray data or the evolution of the
central electron temperature to prescribe the period and phasing in our simulations.‘
Fig. 3 shows the predicted central electron temperature (solid line) plotted against the
TRANSP analyzed experimental data (dashed line) for a TFTR discharge included in the
ITER Profile Database. In this particular case, the temperature difference between the
top and bottom of the sawtooth crashes is relatively large illustrating the possible impact

of sawteeth activity on time-dependent modeling.

8.0 g T T T T T TrT YT TS
70 F 3
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5.0
4.0
30 F E
20 . Data E
1.0 § ——Theory
O-D 1 1 1 P 't ' n L L

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6

Time (secs)

(keV)

e0

T

Figure 3. Time evolution of the central electron temperature for
L-mode discharge TFTR #45950.

Recently, we have applied the same transport mnodel and methodology to H-mode
discharges in the ITER Profile Database, but enforcing the boundary conditions for
density and temperature at the top of the density pedestal. For the seven DIII-D H-
mode discharges comprising scans in gyro-radius, density, power, and elongation along
with the three JET H-mode gyro-radius discharges we find a relative rs error of 7.9%
for the total stored energy. Fig. 4 shows the time evolution of the total stored energy for
one of the JET H-mode discharges.

15 P
— —-Data
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Os5 61 62 63 64 65 66
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Figure 4. Time evolution of the total stored energy for the
dimensionally similar H-mode discharge JET #35171.

For the 10 H-mode profiles, the average rms error relative to the maximum is 7.3% for
T, 5.3% for T,, and 5.6% for T;. Here, the relative rms deviation between the simulated
profile and the experimental data is defined as ¢/ = ,/ j‘=, e/ Ji/ Xgb, where J; is the
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number of data points on i* profile, X2 is the maximum experimental value for the ith
profile, e;; = X" — X&m is the residual for any given ;' measurement on the ;h profile,

4. Conclusion

A benchmarked Multi-mode transport model based upon the Weiland jon temperature'
gradient and Guzdar-Drake drift-resistive ballooning formulations has been applicd to
numerous L- and H-mode discharges. These discharges include scans in normalized gyyo.
radius (p.), plasma current, heating power, electron density, elongation, collisionality ()
and 3. Sensitivity studies indicate that L-mode profiles are robust to changes in the

from TFTR, DHI-D, and JET. For all the L- and H-mode scans studied, we find ap
rms deviation of less than 8.0% (relative to the maximum) for the predicted density and
temperature profiles compared with experimental data. Moreover, for the total stored
encrgy, the relative rms error is 11.4%,
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Introduction

The stability of magnetic islands has been extensively studied in connection with |
the problems of anomalous transport and MHD stability in tokamaks. There exist in
particular several analytical calculations. An important result [1,2] is that diamagnetism is
destabilizing when the island width w is smaller than an ion Larmor radius pj, although
any small perturbation is stable (linear stability). This leads to the conclusion that islands
could be self-sustained [1,2] for a large enough beta. This paper presents a numerical
study of such islands, in slab geometry with a two-fluid model (Braginskii equations).
The island width is smaller than pj and the electron temperature gradient is much larger

than the density gradient.

The model

The equilibrium magnetic field is B=Bye, + VA, xe,; 4, = x*, where x is

=
2L,
the radial distance to a resonant surface. Equilibrium profiles (electron temperature and
density) are linear. The plasma is then perturbed by an electromagnetic mode. As
pe<w<pi, we must treat the electron and ion responses separately.

The electron response is given by the Braginskii equations :

An, +vp.Vn +V,(j,/e)=D V] n,-i-nnfy- +al2viT
T T,

T el  n Ty
alAz +‘$VH("¢ +ﬂ0'_+ K_07;J=_TJJI(J: _jcq)

L T
py

alT- +VE'VT: + KHVH(J‘: /€)=
3n,

4

= %D‘L{a %Vi(n, + ’ie"‘:;‘.t'j")"" o ViT}-i--i—x”Vf,T‘

[}

where ¥=1.05, k=1.71, 6=—0.5, &'=2.66 and D, =-;-v‘pf.
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The island size being smaller than a gyroradius, the ion response is adiabatic
B 160
ng TTy
where T is the ratio of the ion temperature to the electron temperature. The self-
consistency is ensured by quasi-neutrality condition nj=ng and the Ampére law .
2 .
ViA,= ~Holz-
In the following, we consider o, o and D, as free parameters in order 1o model
the perpendicular particle and heat transport by plasma turbulence.
2
. . 4unT [ L T
We define f =-"@’- —%| and the operator [F,G]=—VF xVG.é,.
’ By e By
Normalizing properly the density, temperature, current, electric potential and vector

potential ( noted N,T,J,U,A ), we obtain the system :

3N+[U.N]+ [34‘ [J,A]=D,V2(N+U+qT)

P
a,A+(N+U+KT,A]=VS—T‘(J—Jm)

8x
3B,
U=1( N-Ngg)
-via=J

P
BT +[U,T]+ 2% [4,A]= %DLV_ZL(OL(Ni- U)+a T)+ [T A].A]

Theoretical results

Two types of modes can be linearly excited: small-scale Te modes and collisional
microtearing modes. Te modes (5] can grow if n,=dInT,/dlnn, >n, =175.
However, they are stabilized at 1=0. Collisional microtearing [3,4] can be unstable above

*
a [Sp threshold. For the present system, and under the constant A assumption, it can be

shown analytically that damping occurs. A numerical study, where the constant A
approximation is relaxed, confirms this result.

In the studies of the nonlinear regime, it is usually assumed that there exists a
quasistationary island with a width larger than the linear value and constant A. Regarding
diamagnetism and perpendicular diffusion as perturbations, the above system can be
expanded. The detailed calculation is given for instance in [5]. Cancelling the current in

quadrature of phase (perpendicular diffusion) determines the rotation frequency and yields
Q=a+1/n,. Diamagnetism is destabilizing for Q>1/n, or Q < ~T/M, , equivalent to
o>0 or o<-(1+1)/M ¢ With the above expression for the rotation frequency.
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Numerical results
We have simulated the full time evolution of one island at ©=0 and infinite Tle. In

this case, theory predicts no linear instability and nonlinear self-sustainment. One reads

the evolutio
tions in ¥, one can deduce the rotation. From our numerical results three conclusions

n of the amplitude on the curve A(x=0) as a function of time. Comparing three

loca

follow.
It has been verified that the frequency of the mode is governed by perpendicular

diffusion. Without diffusion, the island does not rotate.

Varying o from -1 to +1, the theoretical dispersion relation Q=a+1/ 1, gives
the correct trend, but the slope is found to be a factor two lower (see fig. 4).

So far as stability is concerned, more significant differences are met. If a>-1, the
island is damped (see fig. 1). The island shrinks into the O-point surrounded by a current
sheath and the X-point degenerates in a long flat plateau. For a=-1, the island is self-
sustained (see fig. 2). On the section passing through the O-point, diamagnetic effects
appear as & dip in the current profile near the boundary of the island (see fig. 3). Far from
the island, we recover the linear current.

During its evolution, the island leaves rapidly the domain of validity of the
constant-A approximation. This could explain the discrepancy between theory and the
observed behavior. However, the detailed mechanism of damping remains to be
understood.

Conclusion

In the present work, we exhibit cases of non linearly self-sustained islands,
whereas they are linearly stable. The drive is diamagnetic. However, this situation is not
generic. The island shrinks in most cases, even for a range of parameter where it is
predicted to be self-sustained. The reason is yet unexplained.
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TAE and alpha particles
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1 Introduction

There is an increasing interest in the interaction of the toroidicity-induced Alfvén eigen-
modes (TAE) with thermonuclear alpha particles. In the intrinsic stochasticity regime,
this interaction can result in a strong radial diffusion of particles, which might nega-
tively influence the energy output from the tokamak - reactor. This interaction has been
discussed in papers [1,2]. Our contribution is aimed at a more detailed study of this
interaction in the intermediate regime between the passing and trapped particles ones.

2 Hamiltonian formalism

For the study of a rather complicated behaviour of particles (both untrapped an trapped)
under the effect of RF fields, the use of a suitably chosen canonical formalism is effective.
Our approach is based on the use of the non-orthogonal coordinate system, determined
by the Euler potential [3] (for which, one of the set of coordinate curves is formed by
magnetic field lines), and on our previous study [4] and application in [5]. After having
determined, by the usual canonical procedure, the conjugated generalized momenta [6],
we have found a Hamiltonian, describing in a convenient form the motion of particles
in the tokamak magnetic field and in RF fields. Finally, introducing into the coordinate
system three types of angles (the angles of the cyclotron, poloidal and toroidal rotations)
we have obtained a simplified form of the interaction Hamiltonian (see [7]) for an alpha

particle
H = woh1- (P ) cos,@]+ 3 [l ( 2)co ﬁ] +
+— 2e, P, B —~——[u (P+£2—)]x
at2D0 alf st R
xcos(n,Q —m,f —wt). (1)
Ry
The meaning of the canonical coordinates in (1) is the following: P, = =B g2 p, =

legBor?, P{l—?"cos{}’)_m v, Q1 = wat, ﬂ—B—Q2+2L Q;,ﬁ.RuqS, r=
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—7%. Here, Ro, @ are the major and minor radii of the tokamak, wyg = 5:";‘—?“- is the cy-
clotron frequency on the tokamak axis and g is the safety factor. 0 and ¢ are the poloidal
and toroidal angles, respectively, and e, is the charge and m, is the mass of an alpha
particle. Parameters 6B, m,, w, v,y are the parameters of the considered toroidicity-
induced Alfvén eigenmode; §B is the perturbation of the magnetic field, caused by TAE.
TAE is represented by its scalar potential ®,; and the parzllel component of the vector
potential, A ,s. The usual assumption Ey..s = 6B,y = 0 allowed the expression of
both potentials by means of §B. Parameters n,, m, are the toroidal and poloidal wave
numbers, respectively, w is the angular frequency of TAE and vais is the Alfvén velocity.
The toroidal magnetic field Br has been taken, as usually, as By = ﬁéﬁ;.

It is well known that the banana motion is characterized by ist oscillations in the
poloidal and toroidal direction, as well as by ils precession velocity. Tt is supposed that
the banana bounce frequency wp = T/ 1 satisfies wp < weo. In this case it is
possible to neglect any resonance effects on the cyclotron frequency, and to take average
of the Hamiltonian over Q. This is the reason why the Hamiltonian (1) is cyclic in Q.

3 Numerical results

For the numerical discussion, we use the following set of ITER parameters [8]: Hy =
T.15m,a = 2.8m, By = 6T, ng = 1.4 x 10%°m~3, &, = 0.26, T2 =04,Ag = 2. Here,
the radial profile of the density n(r) is defined as n(r) = no(1 — (£)*)2~, and the radial
profile of g is chosen as g, = 1 + Ag(%)2.

The results of the numerical discussion is presented in the form of the Poincaré plots.
The surface of section is defined by the conditions f=0andr = rpq. The parallel axis
represents the phase = n,% ~m,B—wt, the perpendicular axis the parallel component
of the particle velocity, vy, both taken at the moment the phase line crosses the surface
of section. The initial values were chosen as w = 3.41 x 1%~ ,n, = 3,m, =3,L=0.5.
We choose the energy of particles 3.52 MeV.

Iig. 1 presents the Poincaré plot for both types of particles, untrapped and trapped,
for éaf = 107°. The separatrix is in the region vy = 6.8 x 10°ns™!; trapping appears
in the lower half of the picture. Fig. 2 shows the same for the same parameters, but
for % = 5 x 107%. Fig. 2 already presents a stochastic region. This is seen in the
next pictures. Fig. 3 shows the radial excursions of particles in the banana regime
for two close parallel velocities, y = 5.25;5.5 x 108ms~!. (These points are defined
the conditions # = 0,7 = Tmas, and are connected by straight lines). These excursions
are impressive (in the region of a half meter). Fig. 4 presents a typical maximum
radial particle’s excursions in the region close to the passing-trapping boundary. Here
we choose £ = 0.9, % =5 x 107" and other parameters the same as in the foregoing.
Starting with vy = 7.5 x 105ms~", the particle jumps stochastically between the banana
and passing regime. Here the particle travels between Tmaz & 2.Tm and rj, & 1.9m.
We have found nonnegligible stochastic radial excursion also for particles with the energy
330 keV; this can perhaps help with the ash extraction.

Since we have considered only a single TAE mode, the stochasticity regime appears
only in a limited region. A global stochasticity can be expected in the case of several TAE
modes, however, if their relative spatial displacement is of the order of the characteristic
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radial excursions for single mode interaction.

According to recent proposal of Fisch and Rax [9], the radial diffusion of alpha parti-
cles, induced by the stochastic interaction with lower hybrid waves (LHW), 35 generically
coupled with the transfer between LHW energy and alpha particles perpendicular energy.
It can be easily shown that a similar effect appears also in the case of the stochastic
interaction of alpha particles with Alfén waves. Considering the resonant condition
(for simplicity, for passing particles) pws + qws — w = 0, where w; represents the basis
frequency of the motion of a particle in the poloidal direction and wj the basic fre-
quency of the motion in the toroidal direction, the following integral can be obtained:
P= ;’-Pg + const.. Here, the symbolics of the Hamiltonian (1) was used, together with
the analogical procedure in (10]. Consequently, there exists a transfer of energy beiween
the wave and the parallel energy of a particle, accompanying its radial diffusion. The
significance of this effect requires a further study.

4 Conclusion

We have found that the stochastic interaction of TAE with alpha particles in the regime
close to passing/trapped boundary results in large radial excursions of particles for usu-
ally considered wave amplitudes. Deeper in the passing or trapped regimes, parlicles
move radially rather quasiperiodically. The stochasticity appears not only for thermonu-
clear energies, but also for rather low energies of the ash regime. Our results need to
be discussed for a broader regime of parameters and for several simultaneously acting
modes. Finally, the effect of these losses on the global reactor efficiency needs to be
estimated (for this, see e.g. [11]).
Acknowledgement. The authors thank Dr. R. Klima for valuable discussions.
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Figure captions

Fig.1. Poincaré plot for w = 3.41 x 10°s7",n, = m, = 3,L = 0.5, 2 = 10~°.
Fig.2. Poincaré plot for the same parameters, as in Fig.1, but for % =5 1074
Fig.3. The change of the maximal radial excursion of particles with vy = 5.25;5.5%
105ms~! and for other parameters as in Fig.2.

Fig.4. Particle’s maximal radial excursions for parameters of Fig. 2, but for Z = 0.9
and for vy = 7.5 x 10°ms™".
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INTRODUCTION

Enhanced confinement modes have been observed as in auxiliary also in ohmic heated tokamaks
and physics of these regimes is not well understood. The role of edge microturbulence suppression and
electrical fields across L-H transition is considered as important aspect of the reduction of anomalous
transport [see f.e. 1.2). However, the mechanisms that produce the changes are not yet understood. There
are conceptions [3] that consider the tokamak turbulence to consist of a few types of turbulences having got
different physical narure, frequency and wave number spectra. The types react differently on dynamic
changes of the discharge condition, impurity and working gas puff, intensity of every type depends on small
radius. The aim of this study is to analyze T-11M experimental data edge turbulence in respect of types of
the edge turbulence observed and link of the turbulence fractal properties with transport ones.

EXPERIMENTAL RESULTS AND DISCUSSION

Edge microturbulence changes across L-H transition in T-11M [4] were studied by movable
Langmuir probes in the shadow of rail Emiter (ECRH antenna) positioned at r=19 cm. Ohmic H-mode
was induced typically into a plasma with 2-4x10" cm? line-averaged density, a plasma current of 86 kA,
and toroidal magnetic field of 1.14 T. Probes were located at outerboard of tokamak midplane and allowed
to measure the edge plasma time-averaged parameters and fluctuations (with bandwidth 1<f<500 kHz) of
density n (determined from the measured probe ion saturation current L), floating potentials @g, electron
temperature T,. Two poloidal spaced probes allow poloidal electric field E; 1o be estimated from difference
in g (assuming T, is ime invariant). The inferred turbulent particle flux T=<nE,>/B, where <> denoles a
time average over 1 ms. Fluctuations in I, (fig. 1) over the radial region exiended from r=24 10 20.5 cm
like “events” measured on T-10 (5] and ASDEX [6]. In the hotter region spectra become broader (fig. 2).
These observations are in qualitative correlation with the drift ballooning resistive model [7). For both L-
and H-mode the coherency between L, and E, is 0.4-0.6 in frequency range < 150 kHz for both L- and H-
mode (fig. 3) and phase angle between . I, and E; is in range [-n ,-71/2] and does not change significant.

At the L-H transition the edge plasma density decreases by approximately 20-25% in the shadow
of rail limiter (fig. 5a). Density fluctuation level dropped from 0.35 in L-mode up to 0.2 in H-mode.
Poloidal electric field does not change significantly in L-H transition, r.m.s. of E, drops. Turbulent driven
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flux is reduced by the factor 2-3 - in H-mode and did not retumed to L-values after edge teacheq
equilibdum in H-mode. This reduction caused mainly by decorrelation in cdge turbulence (fig. 5b). The
correlative properties of the microturbulence observed are formed by the fractal structure of the edge
turbulence strange attractor. Probe data have been processed by fractal analysis, that allows
observe a catastrophic change in turbulence fractal structure across L-H transition and compare
turbulence properties in these two confinement modes. The dimensionality of T-11M edge turbulence in |
mode was typically 3.5 (fig. 3a). Low value of the dimensionality in L-mode shows relatively higher order
in comparison with H-mode turbulence (fig. 4a), where the turbulence dimensionality was about 5
(fig.5a). Higher disorder of edge turbulence in improved confinement mode is observed also in
TEXTOR [8]. This change in the wrbulence structure causes the decorrelction in modes of edge
turhulence and leads to the reductions in anomalous turbulent transport. Spectra of Lyapunov exponents,
that characterize intensity of the turbulence modes, have shown the number of coupled modes 1o
be about 6 (Fig. 4b). This result correlates with the T-10 wrbulence fractal features observed
near the wall [9]. Across the L-H transition the number of T-11M edge wrbulence modes is not
appeared to change.

CONCLUSIONS

The probe measurements of the time-averaged and fluctuating plasma and electric field over a
radial region in the shadow (SOL) of the rail limiter installed at r=19 cm are presented. At the L-H
transition the normalized density fluctuation level is reduced by approximately 20%, density and potential
fluctuations are decorrelated over an extended region. Decorrelation are caused by changes in fractal
structure and by higher disorder of rurbulence Strange attractor in H-mode. The higher disorder results in the
reduction of the turbulent particle cross-field transport by the factor 2-3 in this region. The measurements
in the poloidal rotation shear region near LCFS are needed 1o be taken for detailed studying the role of
fractal properties in the transport barrier formation in H-mode.
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Ya.I. Kolesnichenko, V.V. Lutsenko, Yu.V. Yakovenko
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1. Experimental [1] and theoretical [2,3] studies of radial redistribution of fast ions
during crashes of sawtooth oscillations have shown that the redistribution depends on
the parLicle energy and the pitch angle. Thus, the post-crash velocity distribution differs
from the pre-crash one, being anisotropic even when the pre-crash state is isotropic.
Furthermore, according to the most widespread opinion, the sawtooth crash is associated
hthem=n=1 instability. That is why the spatial structure of the ion flux as well as

:‘l;l:_ post-crash spatial distribution of fast ions are likely to be non-axisymmetric. The aim
of the present work is to study post-crash collisional relaxation of the fast-ion distribution
function (f) to the axisymmetric and isotropic state.

2. According to Refs. [1-3], the radial profile of the distribution function of the
toroidally trapped ions of MeV energies almost does not change during crashes. In contrast
to that, the circulating ions are well redistributed [2,3]. Therefore, the fast ion population,
which is peaked in the plasma centre before a crash, becomes enriched with trapped ions
near the magnetic axis and dominated by the circulating ones at r L Tz (Tmiz 15 the
sawtooth mixing radius) after the crash, see Fig.1.

There are two factors that contribute to relaxation to the isotropic state. They are
the pitch-angle scattering and replacement of the anisotropic population as a result of
isotropic production of ions and the particle slowing-down. As the width of the trapped
particle region is Avy /v ~ /€ (where ¢ = r/R, R is the major radius of the torus, and
is the particle velocity along the magnetic field, B), the effective time ol Lhe pitch-angle
scattering is T) ~ Ti€mir, where 71 is the perpendicular scattering time, €niy = i/ -
The time of the replacement in a steady state is the ion slowing-down time, 7,. Thus, the

anisotropy relaxation time can be estimated as follows:
Trel = min (Ts-. Ti.fml':r) (1J

For instauce, for plasma parameters T = 10keV, n = 3 % 10%ecm™, eniz = 0.1
we obtain 7,4 =~ 1.3s for 1-MeV tritons, the relaxation being dominated by pitch-angle
scattering. For 3.5-MeV a-particles 7, = ls, heing determined by slowing down. In both
cases 7, may well exceed the sawtooth period. Thus, the sawtooth-induced anisotropy
may persist throughout the sawtooth cycle.

3. If a crash is associated with the magnetic reconnection uniting the flux surfaces
with different particle densities (this is the case in e.g. the Kadomtsev model) then the
particle distribution along the flux surfaces will be inhomogeneous (having the helical
m = n = | structure) immediately after a crash, see Fig. 2(a). Such inhomogeneous
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distributions were observed in numerical simulations [3]. One can expect that a similar
state would follow from any model where the redistribution of particles is associated with
the m = n = 1 instability. Below we investigate relaxation from such a state to the
axisymmetric one assuming that the magnetic configuration is axisymmetric after the
crash. '

We proceed from the [ollowing kinetic equation:

ﬂf (Jf 1@ df
= Dy — 2
£ Ya0 ~ nax \"ox 2)
where w = @ — p, 0 and ¢ are the poloidal and toroidal co-ordinates, respectively,
e il A T vy
w=w(v,Ar)= (¢ 1)<R)-i-ﬂg, (3)

Dy = 2yl (1 +€cosb)’)/ (rav?), A = viBy/|v]'B, Bo = B(r = 0), 7 is the
bounce/transit period, vy is the particle velocity across the magnetic field, (Qp is the
toroidal precession [requency, and angular brackets denote bounce averaging. The LHS
of Eq. (2) represents the collisionless bounce-averaged kinetic equation obtained in Ref.
[4] and simplified here for the considered case of an axisyminetric magnetic configuration.
The RHS is the bounce-averaged collisional term written in assumption that the pitch-
angle scattering dominates. Collisions play an important role because without them the
inhomogeneity would persist infinitely long for cach group of parlicles with fixed v and
A, rotating along the flux surface with the particles.

To solve Eq. (2), we take advantage of the fact that 7, is large as compared to w™!
and find at first the solution of Eq. (2) with the zero RHS as follows:

f=flw—dt,o,Ar) =3 filv,\r)exp [ij(w - it)] (4)
i
where f; are arbitrary functions. Now we apply the method of variation of arbitrary

conslant in order to find the solution of the full equation (2). Taking f; as functions of

time and keeping only the highest-order terms in @', we obtain:

B B it [—% (m) D,

Hence, the characteristic time of homogenization of f is determined by the dammping time

(5)

of the first harmonic (j = 1) and equals to:

RN
Thom = l:; (67) D,\} ~ thad-’izn (6)

One can see that 7., is much less than Lypical characteristic times associated with
collisions. The mechanism of the homogenization can be qualitatively explained as follows.

Fast toroidal rotation with the rate depending on the pitch angle changes the fast jon
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di tribution, decreasing characteristic scales in the velocily space as shown in Fig. 2,
is

which enhanc ; 1
tliet s direction after the time interval 7 can be estimated as §A ~ (rw)™ . The collisional

es Lhe effect of diffusion. The characteristic length of the inhomogeneity in

relaxation time can be found from the equation 7 ~ (5A)1/DA, which immediately gives

the estimate of Eq. (6).
Aswis mainly determined by the longitudinal motion for the well circulating ions and

by the toroidal precession for the trapped ions, Eq. (6) yields for these groups of ions:

g 27 -1/3 b1 -1/3
.| La-) i—‘l] , = [;F(H)(M) } M
il G7y R 8y 2kkriwg

where x = y/v, &2 = [1 = A1 —¢)]/(2Xe) is the trapping parameter, G(x) = 1 —
2B(k)[K (k) ~ 1, Flx) = 2[E(k) — (1 = &})K(x)] /K (k) ~ 1, K(x) and E(x) are the
complete elliptic integrals, k is the ellipticity of the cross section, and wp = eB/mc s the
cyclotron frequency.

Thus, Thom Weakly depends on the ion energy (74, o v='/%, 7f, o v!/3). It is much
less than characteristic collisional times but typically exceeds the crash duration (107%s).

Let us find what time resolution is required to observe the considered inhomogeneity
experimentally. This time is determined by the rotation period of the inhomogeneity
along the torus, which, in turn, is determined by the particle rotation. The motion of
particles across a m = n = L helical perturbation is described by Eq. (3). The rotation

period of the well circulating and trapped ions is given by:

2r 2rR oo 2r _ dmkrRwgo (8)
Tyl =17 O T wiG(R)

3¢

<

rol —

&

For instance, for 140-keV deuterium ions located al r = 0.3m in JET Eq. (8) yields
T:;l =18%107*s-GY(k), 75, =54 x107s-|¢7" — 17" v~ As 1%, strongly grows when
q approaches unity, a possibility arises to measure g(r) by measuring the rotation period.
Note that a short pulse of neutral beam injection is also suitable for this purpose. To
implement this possibility, one has to have diagnostic equipment able to observe fast ions
with time resolution not exceeding 75,,. Eq. (8) shows that 75, ~ 107*s for g7 — 1| ~ 0.1,
which is Lypical at the plasma centre. In the case when there is a region of low shear near
the ¢ = 1 surface [3,6], ¢~ = 1| ~ 0.01, 75, as well as 77, is greater being as large as
2 107%.

4. We have shown that the collisional relaxation time of the crash-induced anisotropy
of the fast ion velocity distribution may well exceed the sawtooth period so that the
pre-crash pitch-angle distribution in general depends on the previous sawteeth. This
anisotropy may affect plasma stability, which should be investigated in the future.

Concerning the relaxation of the crash-induced axial asymmetry of the fast jon spatial
distribution, the mechanism of the relaxation was found to be the pitch-angle diffusion
enhanced by the dependence of the toroidal rotation on the pitch-angle. The resulting

relaxation time is much less than the characteristic times of collisions.
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As the toroidal rotation of circulaling ions depends on g, the spatial asymmetry Inay
be used for diagnostics of q(r).

Acknowledgement. This work was supported in part by Research Contract No.
8924/R0 of International Atomic Energy Agency.
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Fig.1. Crash induced transition [rom the isolropic to anisotropic distribution function
J(A) at r = 0 (curve 1) and r = (curve 2). The post-crash distribution is taken from
numerical simulations of Ref. [3].

Fig.2. Formation of a small-scale structure because of non-uniform rotation of particles
in the w direction. (a) J(A,w) at a flux surface immediately after a crash; (b) the same
function after several rotation periods. Black and white colours correspond to high and

low values of f, respectively.
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EFFECT OF SAWTOOTH CRASHES ON FAST IONS
WITH VARIOUS ENERGIES AND PITCH ANGLES
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1. Introduction. Experiments on tokamaks indicate that crashes of sawtooth os-
cillations affect particles with various energies and pitch-angles in different ways [1].
This peculiarity was predicted theoretically in Ref. [2], where the physical picture of
the sawtooth-induced transport of fast jons was elucidated. According to Ref. [2]. the
particle redistribution is associated with the electric field, E, arising from evolution of the
magnetic configuration during the crash. It was shown in Ref. [2] that the E x B drilt
drives the particle redistribution, and the resulting effect is determined by the competition
of this drift, the toroidal precession, and the longitudinal motion. Basing on approach
of Ref. [2], a kinetic equation suitable for numerical treatment was derived in Ref. [3].
However, till now no quantitative results on the redistribution of ions with taking into
account the toroidal drift have been obtained. The purpose of the present work is to make
the first step in this direction, generalizing the kinetic equation of Ref. [3] and finding the
solution of this equation numerically.

2. Kinetic model of fast ion transport. We proceed from the following bounce-
averaged kinetic equation for the distribution function of fast ions (f), which gencralizes
the equation of Ref. [3]:

af .of .of  .9]

Here w = 0 — ; rr, 8 and ¢ are the radial, poloidal and toroidal co-ordinates associated
with the unperturbed magnetic flux surfaces, respectively; and £ is the particle energy.

The coefficients . & and £ and are given by:

o B (ﬂ)f’_‘IL il )
~ Byg\R/dw Bgow
._ R yup 0¥ ch 3% ,
. 3 BV@(E> o T B e T (3)
. 0%
83*8551[3 [4)

where angular brackets denote bounce averaging, @ is the electric potential associated
with the instability, ¥ is the helical magnetic flux, R = Rg + rcos 8 is the distance to
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the axis of the symmetry, fly is the radius of the unperturbed magnetic axis, /g is the
metric tensor determinant of the co-ordinate system, and (1p is the toroidal precession
frequency. In this work the analytical expressions for W(r,w,t) and ®(r,w, t) modelling the
Kadomlsev-Lype crash and suggested in Rel. [2] are used. The proposed expressions for
¥ and @ contain an arbitrary function a(t) which determines relative rate of the change
of the magnetic configuration at different stages of the crash. Note that considering
and @ as given functions implies that there is a strong polarization current which almost
compensates for the current arising from different redistribution of the fast ions and the
bulk plasma.

Eq. (1) differs from the corresponding cquation of Ref. [3] by the presence of the
term associated with the particle acceleration by the electric field of the m = n = |
instability driving the crash, E(’)f/(')ﬂ Using Eq. (4) and the relations V& ~ Broif(ere,),
Qp I v/ (2wpRyr), one can show that the energy change during the crash is rather
small, AE < Erpir/ Ro, where iz is the sawlooth mixing radius, wg is the ion cyclotron
frequency, and 7, is the crash duration. Nevertheless, the & term plays an important
role. Indeed. as vy = -um (A= pBofE, Bo = B(r =10), and g is the particle
magnelic moment), the turning point of a trapped particle is R, = ARy, which implies
that the particle cannot move into the region r < R, — Ry when Ry > Ry. The energy
change leads to AR, = RyAMX, removing the restriction on the particle approach to the
plasma centre.

The characteristics of Eq. (1) are the solulions of Eqs. (2)-(4), which determine the
bounce-averaged particle trajectories in the clectromagnetic field evolving during the
crash. Our analysis shows that during the crash the particle bounce/transit orbils may
undergo transformations, which can be of three kinds. First, an orbit of a trapped particle
may split into two orbits of circulating particles, which means that the particle may be-
come either a co- or a counter-circulating one. Second, 1wo circulating orbits may merge
into a trapped particle orbit. Third, & = sgn(vy)) of a circulaling particle may change. The
last possibility means the reflection of a circulating particle, which occurs at the boundary
between trapped and circulating particles, » = Ro{l = X) = Ry — R,. An example of orbit
transformations is shown in Fig.l. The described orbil transformations are taken into
account by means of setting the appropriate boundary conditions at r = Ry — Ry when
solving Eq. (1).

3. Results of calculations. Eq. (1) was solved nurnerically for the paraholic profile
of the pre-crash salety factor, ¢(r), and a given pre-crash distribution function, f~(r. p, a).
which is justified when 0f/dIn€ < [f(r = 0) ~ f(r = rui)|Ro/rmie. As a resull,
the distribution function of fast ions immediately after the crash, [T(r,w,& p,0), was
obtained. Calculalions were carried for both circulating and trapped a-particles with
energies from 280 keV to few megaelectronvolts in a JET-like tokamak (Tmis/Ho = 0.13,
By = 3.5 T, q(0) = 0.8, and the ellipticity of the cross-seclion k = 1.5). The results are

presented in Figs. 2-4. Note that they are valid also for deutrons of twice less energy.
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Fig.1. Orbit \ransformations during particle motion in an evolving electromagnetic con-
figuration. The arrows show the direction of bounce-averaged motion. Solid, dashed and
dotted lines correspond to trapped, co- and counter-circulating particle orbits, respec-
tively. 1 and 2, the points of reflection where vy changes the sign; 3, the point where two
orbits of circulating particles merge. Calculations are carried out for 2.8-MeV a-particles.
Fig.2. The redistribution of trapped and circulating a-particles with £ = 2.8 MeV.
Dashed line, f~; solid lines, f*. 1, trapped particles with A =1; 2 and 3, co- and

counter-circulating particles with A = 0.875.
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Fig.3. The redistribution of trapped a-particles with A = | and various cnergies. Dashed
line, f~; solid lines, f*. 1, £ = 2.8 MeV; 2, £ = 1.4 MeV; 3, £ =0.56 MeV; 4, £ =0.28
MeV.

Fig.d. Post-crash radial profiles for two different laws of time evolution of magnetic
configuration. Solid line, f* for a(t) as in Figs.2,3; dotted line, f* for a(l) corresponding

to faster plasma flow at the plasma centre; dashed line, f~.
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Fig.2 shows very different behaviour of trapped and circulating particles with £ = 9.5
MeV. We conclude that the toroidal precession almost prevents the redistribution of the
Lrapped particles with the energy in the MeV range. On the other hand, the circulating
particles are strongly redistributed.

Fig.3 demonstrates that the influence of the precession on the redistribution of trapped’
ions is small al energies below 300 keV. This justifies the modelling of redistribution of
ncutron emission in NBLIET experiments, which was carried in Ref. [4] in the assumption
that particles follow the evolving flux surfaces.

It follows from Fig.4 that in the intermediate case, when the precession is important
but does not dominate, the particle behaviour depends on dynamics of the crash even
for the same kind of crash (in the considered example different redistributions take place
in the framework of the Kadomtsev model). The redistribution is stronger in the region
where the plasma flow is faster. Because of ihis, different post-crash distributions are
possible for particles with the same pre-crash characteristics.

4. Conclusions. Our caleulations confirm qualitative results of Ref. [2] that the
trapped and circulating particles are affected by the crash in a different, way, this difference
growing with the particle energy. In particular, the calculations show that the trapped
fast jons in the MeV range are not sensitive to the crash whereas the trapped particles
of lower energies and the circulating particles are strongly redistributed during the crash,
The weak redistribution of the trapped particles of MeV energies is consistent with the
experimenlal data [1].

On the other hand, it is found that the character of the temporal evolution of the
magnetic configuration during the crash is an additional factor affecting the redistribution
of well trapped ions of intermediate energies or marginally trapped and circulating ions
of high energies for which the effect of the toroidal precession is noticeable but does not
completlely decorrelate the phase of the wave-particle interaction.
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key mechanism in the origin of Ion Cyclotron Emission (ICE) in tokamak
as the present general but preliminary analysis has shown, is the
ffected cyclotron resonance interaction between superthermal ions and Fast
Waves (FMW) with very small parallel wave numbers (k). It is also

Abstract. The
experiments,
toroidicity aftec
Magnetoacoustic
found that the dependence of the growth rate (7) of cyclotron-magnetoacoustic

instability on the fast ion density (#,) is, in general, complicated, and in fact y may

even decrease with #,.

L.Introduction. The present work considers rapid instabilities with growth rates
exceeding the bounce frequency of the fast ions. Tts analysis is based on the following

dispersion equation for FMW:

1 o’ 5 o’ (e'r + E‘x) 1
= =—7 \"
kzui a):._ 1 11

Here v, is the Alfven velocity, @, is the plasma frequency of the bulk ions, €, is a
thermal correction to a component of the permeability tensor of the bulk ions and €
is a contribution to the permeability €, due to fast ions.

2.Instabilities involving the Hermitian part of €. In this section we demonstrate that
despite the fact that the number of fast ions is small, the Hermitian part of g; can

affect the character of the solutions of Eq.(1). Let us assume the magnetic field to be

homogeneous and take the distribution function of the fast fons as f, = fi(y)f,(v,)

where f, = exp{—uﬁ /u,z}/(v?u,) , f=8(v, - v,)/ (2m,;). Such a choice enables us in
the simplest way to make qualitative conclusions regarding instabilities excited due to
non-monotonic energy dependence and/or velocity anisotropy of the fast ion
distribution. Writing @ = @,(1+y) with @, = ku,, |yl<<1 and taking & =lw,/v,,

we can approximate Eg.(1) as

¥ =0, +0,2(a) (2
where
I*I,(a;)exp —aj! n *1 gl s 2 2%
o, = — > { o 7“-—55—@'1—, Z(z) = ~iJmz exp(-27) 1+—j_;£exp(fz)ii
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I =Ti(§,) is the Bessel function, &=k, /wy, I, =I(a) is the modified Besse]

function, a = k'p?, p, = v, fo,, a = @, Aky,) .

In the limit aly>>1 (k" - 0), the resonant wave-particle interaction is negligible
and Eq.(2) has a simple solution:

y = o, + 0, (3)
It follows from Eq.(3) that fast ions will affect the gap between the wave branches
when o,+0,>0 and they will lead to instability with 7 -n, for

o, <0,|o)l<da,l. A "coherent" instability of this kind excited by a -particles with
fo = 8(v - v,) has been considered in earlier works (see overview [1]).

On the other hand, when alyl<<1, resonant wave-particle interaction plays an

important role. In this case one usually neglects the real part of the RHS of Eq.(2),
which leads to a growth rate proportional to #,. Here we will show that completely
different dependences of y on ", are possible under certain circumstances, and that
even when y is proportional to n,, the solution differs from the one obtained by
neglecting the real part of the RHS of Eq.(2).

Assuming a’|o<<1 and o, <0 we find:

¥y = :'%al azfi‘ﬂa, —%af’cri (4)

From (4), we conclude that y increases with #,y but y - n_ takes place only when the
expression under the square root is positive. In this case, waves with the frequencies

@, * 6w are excited simultaneously. However, we note that éw is very small
(dw < Jt;cuo, and o, <10for />3 in JET) and therefore excitation of these waves
would be seen as single lines in the ICE spectrum. Besides, when k #/w, fu, and
lwy = lo,|>> Jo, then o, and ReZ can be neglected in Eq.(2) which leads to an
increase of the numerical coefficient of 7 by a factor of two as compared to Eq.(4).
However, « decreases with |a, - lwg|, which means that the waves with
|@ - lw,|<< @ are most strongly destabilized.

When o, <0, a’|a,|>> 1 we obtain:

yhv’i[,-i (80, _
ala,|

ype 1]. (5)
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This shows that the growth rate does not depend on n, if 8o, > 7] @,| but this is valid
is

ly in a narrow region Anm, where 80, - #|o,| (otherwise the condition alyl<<1 is
on
violated).

The described instabilities are excited due to the non-monotonic energy dependence

of f, which provides @, < 0. When o, > 0 the instability can arise due to anisotropy
of f.(v). Then the instability may be driven by ions with v, <wv,, which is not

possible for the instabilities associated with &, <0. For a'o, >>1, o, >0 we find:

Lsfi(n ™o ©
w da O,
Eq.(6) is consistent with the condition a|y|<<1 provided that 8o, << 7c,. )

The unusual dependences of y on #, described by Egs.(5),(6), i.e. dy /dn, <0,
agree with the observations in the TFTR experiments where the intensity of ICE does
not necesserily follow the increase of the production of neutrons [2]- However, we
cannot claim that Egs.(5), (6) are applicable to TFTR experiments as we do not model

the specific TFTR conditions and we disregarded the effect of toroidicity on the

instability.

3. Instability driven by the toroidicity affected cyclotron resonance. When Aw /o
(Ao = @ —lw,) is small but well exceeds the minimum distance between the wave

branches near the [ cyclotron harmonic, then €], and Re & can be neglected in

Eq.(1) and we obtain:

e (o]
e EAC . @

x
le/ o
Here &=#kv, /wy, z, is the magnitude of the pitch-angle y = vy /v determined by

r
@

the resonance condition

Q=Aw-kpy-op =0 (8)
®, = -mvy /7, m is the poloidal wave number, v, is the toroidal drift velocity.
Egs.(7),(8) allows for the results of the eigenmode analysis that the edge localized
FMW are characterized by k, << k [4] and that they are localized not only radially
but also poloidally near the outer circumference of the torus [5].

We conclude from Eq.(7) that y(@) has a maximum when Aw = w,,. It exceeds y

for Aw>> @, (the case of Refs[1-3]) by a factor of z'v where ;7 >>1 and
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v=Aw/w, >>1, as well as y for Aw << @p (the case of Ref.[4]) by a factor of
x.?. This conclusion is general as it is only based on an analysis of the dependence of
&y / c’fﬂb on Aw in Eq.(7) and does not involve any assumption on the form of Falv).
Moreover, it provides an explanation of the splitting into doublets of the spectral lines
of ICE observed on JET. Indeed, destabilization of waves with @ = lw,+lw,| and
@ =lw,~|w,|, for which the growth rate is maximum, implies a formation of
doublets lines with the width &§=2@,|. The only important parameter of the fast
tons which affects the relative width of the doublets (6/ @) is their energy. This
explains why the observed doublet width in experiments with a deuterium plasma,
where 3 MeV protons were produced, is approximately the same as in a DT plasma
containing 3.5 MeV alpha particles. The ratio §/ @ can be estimated to be 0.6-0.7 for
JET, in agreement with experimental results [6].

The discrete character of the wave numbers breaks the symmetric dependence of
yon @ around /w,. Because of this, the magnitude of & changes and the peaks
within doublet spectral lines of ICE usually have different intensities. Furthermore, the
discrete wave numbers make simultaneous excitation of waves with @ > lw, and
@ < lo, impossible for /=172, which explains why spectral lines corresponding to
/=1,2 are single in JET experiments.

The toroidicity affected cyclotron resonance leads to an instability growth rate that
well exceeds the bounce/transit frequency of the fast ions even if n, /[ n is very small
(less then 107") as is the case in experimental conditions. This growth rate provides a
broadening of the resonance which is sufficient to make spectral lines merge into a
continuum in the high frequency range, > 8, again in agreement with experiments.
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s of Electron and Ion Transport Properties in JT-60U H-mode Plasmas

Analyse
with Improved Core Confinement

H. Shirai, T. Takizuka, M. Sato, Y. Koide, T. Hirayama
Japan Atomic Energy Research Institute, Naka Fusion Research Establishment
Naka-machi, Naka-gun, Ibaraki-ken 311-01 JAPAN

1. Introduction

H-mode plasmas with good energy confinement (H factor 2 2) have been obtained in JT-
60U. These plasmas called "high T; H-mode plasmas" [1] or "high » H-mode plasmas” [2]
have a feature of improved core confinement (ICC) with high T{0) and T;(0)/T,0) > 2 in
addition to the edge transport barrier. In the previous work we clarified the time evolution of the
improvement of thermal energy confinement (TH factor, in Sec. 2) at L-H and H-L transitions
[3]. Atthe L-H transition TH factor increases much faster than thermal energy confinement
time, 72, and keeps increasing with a time scale of 7} in the successive H phase. At the H-L
transition, on the other hand, TH factor decreases much faster than 7 and remains at small value
during the L phase. We have also clarified that the effective thermal diffusivity, %z, which is
evaluated by adding both the electron and the ion heat flux, changes over a wide plasma region
simultaneously at L-H and H-L transitions.

We proceed the previous work and examine the characteristics of the relative change of the
electron and ion thermal diffusivity, 6%, /%, and &%;/%;, at H-L transition in JT-60U ICC H-
mode plasmas with different plasma current. We also study the relative change of the particle
diffusivity, 6D/D.

2. Numerical Method

Profiles of ¥, and ¥; are calculated from the profile data of n,, T,, T;, P,up, Pa, and so forth
by using 1.5 dimensional tokamak transport analysis code, TOPICS. An Orbit Following Monte
Carlo (OFMC) code is used to evaluate the NBI power deposition profile in order to take into
account the large ripple loss rate of beam ions. We added the convection heat flow to the
conduction heat flow when evaluating ¥, and %;. We also added the particle diffusion term and
the pinch term at the estimation of D. Thus obtained y and D values just before and after the H-
L transition provide their relative changes as 8y/x = 2 (x(L)-x(H)) / (x(L)+x(H)) and 6D/D =
2 (D(L)-D(H)) / (D(L)+D(H)). We represent ¥ and D values at r/a = 0.6 for the estimation of
8y/x and SD/D. In order to make clear the difference in transport properties, we study the
transition from ELM free H phase (not ELMy H phase) to the L phase.

We evaluate the change of thermal confinement improvement at the H-L transition together
with the local transport properties. The scaling of the thermal stored energy, Wy, in JT-60
ohmically heated plasmas and NBI heated L-mode plasmas is given as follows [4],

Wi (M) = 0.026 M7 k7 R™*(m) a®P(m) B{*(T) I5°(MA) a2%(10°m?) PIP(MW) .
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When W, varies in time, we put P, =Paps~dWy, /dt. Here we define the "TH facigp"
(Thermal H factor) by W3*/W ™. The relative change of TH factor at the H-L transition ig
also defined by 6TH/TH = 2 (TH(H)-TH(L)) / (TH(H)+TH(L)). Since the improvement of
core confinement does not fully vanish even in the L, phase, TH(L) is larger than unity, which -
is different from the 'usual' L-mode plasmas. This ICC gradually decreases during the I
phase in the time scale larger than 72

3. Results

We have analy_zpd seven discharges in the parameter range of I,=1.6~3.5 MA,VB,=3.9~4,2
T, q,4=3.2~5.7, P\},=21~31 MW, R=3.2~3.4 m, 2=0.82~0.90 m, V=65~72 m’, A,= 1.8~3 5
% 10¥ m™3, T,(0)=6.2~8.5 keV and T,(0)=15-30 keV. The deposition profile of NBI is rather
broad. None of these shots has internal transport barrier (ITB), "

Figure 1 shows the waveform of shot E21440 (7,=16 MA, B=39 T, q45=5.6, R=34 n,
a=0.82 m, x=1.58, V=67 m?). The line integrated electron density, n, L (L is about 2.4 m),
the injected NBI power, P,,;, the nct power, P, the stored energy measured by diamagnetic
loop, W,,, the D, from the divertor region, D, and the TH factor are shown. L-H and H-L
transitions appear alternately. Both W, and n, L begin to increase at the L-H transition and
decrease at the H-L transition. Just before and after the H-L transitions at £ = 8.15 s, TH factor
drops from 1.57 to 1.16.

Figure 2 shows the profiles of n,, T, and T, at t=8.13 s, just before the H-L wansition. The
n, profile is fairly flat, which is common for all analyzed shots. In the plasma core region, T;
profile is peaked, while T, profile is almost parabolic and does not have clear central peaking.
More than 70 % of NBI power is absorbed by ions in this shot. The local T, and T; values over
the wide region (0.4 < r/a < 0.8) also begin to change at the ransitions.

Figure 3 shows the profiles of y, and X in the H phase (thick line) and the L phase (thin
line). At the H-L transition, ¥, increases over the whole plasma. The increase of ¥; in the
region r/fa 2 0.5 is remarkable, but is very small in the plasma core region, because T; in the
central region is not sensitive to H-L transition for this case. At the H-L transition, D also
increases over the whole plasma. The value of 8D/D at r/a = 0.6 is about 0.34.

Figure 4 shows the relation between [  and 8TH/TH, where the dependence cannot be seen.
We also found that 6y, /x,, 8z, /x; and 8X o7 /X o do mot have I, dependence, either.

Figure 5 shows the §TH/TH dependence of X, /%o Sx;/%; and 5;’(.;5/25;;- We evaluate
Sx/x atrja = 0.6. An interesting point is that STH/TH dependence of &y, /x, and 8x;/y; is
different. The 8y, /%, becomes large (0.5~0.6) from small STH/TH value (=0.15) and does not
increase too much with STH/TH. On the other hand, 8%,/x; increase with STH/TH. In the
discharge of the largest STH/TH value (=0.35), 8, /%; becomes the same level as ox./x, and
ZX: decreases over the whole plasma region at the H-L transition. As for the effective thermal
diffusivity, 5z, IX .y behaves like 6y;/y;. The improvement of total thermal confinement
depends on the reduction of ion heat transport.
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The relation between SD/D and 8y/y are shown in Fig. 6. Itis found that there is no clear
correlation between them. Two shots have negative 5D/D value at the H-L transitions, although
Sy/x values are positive. In these shots 7, keeps increasing after the H-L transition although the
NBI power remains constant and no gas puffing is done. Since D estimated here includes both
the diffusion term and the pinch term, it is necessary to examine the roles of both termis
separately at the H-L transitions. This is an important future subject to clarify the relation
perween the heat transport and the particle transport.

4. Summary and Discussion

The relative change of the electron and ion thermal diffusivity, 8%, /. and 8%; /x;, and that
for the improvement of thermal energy confinement, STH/TH, at the H-L wansition has been
studied in JT-60U H-mode plasmas with I, = 1.6~3.5 MA and B, = 4.0 T. As for 8%, /X, it is
large (0.5~0.6) even for small STH/TH value (=0.15) and changes very little with the increase of
STH/TH. On the other hand, 8x;/x; increases with STH/TH. The improvement of total
thermal confinement in H phase is dominated by the reduction of ion heat transport. The relative
change of the effective particle diffusivity, 8D/D, is independent of STH/TH.

In the discharge with the largest &%;[x; value, both the toroidal and poloidal rotation shear
profile change drastically at the H-L transition. In the discharge with lower &y; /x; value, the
change in the rotation shear is much smaller. Detailed study on the correlation between the ion
heat transport reduction in the H phase and plasma rotation is necessary. In the high 8 » H-mode
plasmas with ITB, the rotation shear profile accross the ITB [5] and the time evolution of X, %;
profiles behave differently accross ITB [6]. We will clarify the transport characteristics of high
B, H-mode plasmas and compare the results with this presentation in order to make more clear
physical picture of ransport phenomena in H-mode plasmas.

Acknowledgments Authors are grateful to Drs. S. Ishida, Y. Kamada and T. Fukuda for
fruitful discussion and suggestions. They are indebted to members of JT-60 team for their
collaboration.
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Relation of the Toroidal Current to the
Radial Plasma Flux in Tokamaks. Possible
Manifestation of This Relation in L-H
Transition in the TUMAN-3 Device.

S.G. Kalmykov
A.F.Toffe Physical-Technical Institute, St. Petersburg, Russia

1. On the nature of the relation. Conventional neoclassical Ohm’s law is
well known to be not adequate to real experimental situation because in the experiments
radial transport fluxes are anomalous and exceed the quantities given by the neoclassical
theory by the order of magnitude and more. The disagreement causes repetitive Ohm'’s
law examinations and attempts of revision. In several recent works [1,2,3] a formulation
of Ohm's law for tokamaks

gy = osp(By + V. By /), (1)
alternative to the conventional one, is proposed to be considered. It implies that there
is a relation between the parallel plasma current, j;, and the radial plasma flux velocity,
V.. In frames of the MHD approximation, this formulation takes place when a sign
dependent poloidal force, F,, exists [4]. Its parallel component induces an additional
current and the transversal one results in radial plasma flux. Then the additional,
"plasma flux driven", current may be expressed in terms of the plasma flux velocity as
Jpsa = 0s;VeBp/c.

Two situations are known when the Ohm’s law formulation (1) does work. One of
them is magnetic plasma compression [5]. There the poloidal electric field is induced
by the toroidal magnetic field increasing in time: E, = —r(dB,/dl)/2¢, and V; is the
plasma compression velocity, V; = —r(dB,/dt)/(2B;). The standard neoclassical theory
is another case [1,6]. Here F, = =V p; — en 9¢/06 + ... (8 is poloidal angle) originates
from poloidal variations of plasma pressure and potential induced by the gradB drift.
Then the Ohm law (1) is quite equivalent to commonly used

j: o anmE" + Jos (2)

if neoclassical V.00 = Virare + Viifneo 15 Substituted as V.. Basing on formulae of the
neoclassical theory (e.g. [7]), it may easily be shown that (g, — 05p)E; = Jware =
T5pViware Bp/c Decause the Ware pinch velocity, Ware, is proportional to Ey, i =
Jaifneo = 5pViiifneaBp/c, and finally

j{ = USpE;i +jWnrr + jdij.uea (3)

So far as the anomalous transport is concerned, it is necessary to stress that this is the
poloidal direction of the force F}, that defines the Ohm’s law form (1). Some turbulencies
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which distort the magnetic configuration (ergodization, "magnetic flutter", magnetic
islands, etc.), contribute sufficiently to the radial transport by means of plasma flow
parallel to the magnetic field lines. Instabilities of a different kind, similar to the flute
instability, produce the radial particle flux owing to a fluctuating electric field exactly
perpendicular to the magnetic one. These both will induce no additional current. But if
the averaged turbulent electric vector has both parallel and perpendicular components,
such an instabilicy has to maintain the additional current proportional to the velocity
of the anomalous radial plasma flux. Besides, one can imagine a kind of turbulency
which distorts the plasma potential through a weak intervention into the ambipolar
flux, then the proportionality between Jppa and V. may also occur. Thus, in spite of
a distinct comprehension is hardly attainable. the possible relation between the
toroidal current and the radial plasma flux should be studied to obtain an adequate
Ohm's law form for the tokamak practice.

2. Plasma influx and countercurrent in pellet injection experiments on
the tokamak T-10. In experiments on off-central injection of small low-Z (LiD
or H,) pellets into plasmas of T-10 (Moscow, Kurchatov Institute) an enigmatic post-
injection approximately twofold increase in the loop voltage was observed [2,3]. It could
be explained conventionally neither by weak and transient plasma conductivity decrease
nor by accompanying changes in the poloidal magnetic flux. In contrast to the tempera-
ture, the profile of the plasma density exhibited stronger variations what suggested that
a plasma influx arose, at least, in an inner part of the discharge r/a < 2/3. The influx
velocities were derived from the experimental particle balance; they were found to be
about -50cm/s at the middle of the minor radius. By analogy with the Ohm law (3) the
influx has been assumed to be responsible for generation of a countercurrent. Then the
loop voltage had to be increased to maintain the plasma current flattop. Numerical loop
voltage simulation based on Ohm’s law (1), where the plasma conductivity was deduced
from experimental data on the plasma parameters and V, was the experimental plasma
velacity, has been performed. The good agreement of the calculated waveform with the
experimental one has validated the hypothesis. Attempt to understand whether the
anomalous diffusion outflux was related to an additional toroidal current failed because
the outflux velocities were substantial only at the plasma periphery where their influ-
ence on the loop voltage was negligible, within the 20% accuracy of the analysis, due to
low conductivity.

3. Analysis of TUMAN-3 ohmic H-mode. . It has been speculated in (3]
that dramatic alteration in the plasma potential value and even in its sign characteristie
of the L — H transition should suggest noticeable variations in Jpsa as well. Really,
a loop voltage excess has been observed during the early phase of the ohmic H-mode
in TUMAN-3 tokamak (St.-Petersburg, Russia) (Fig. 1) [8]. To explain it, the authors
of the paper assumed a rather substantial electron temperature drop in a boundary
zone of the plasma column where the measurements were not performed (Fig. 2, dashed
curve). However, a pronounced plasma influx has been reported there to arise just after
the L — H transition. In Fig. 3 of the present work the plasma flux velocities are
displayed. They have been derived from the experimental data in [8] on evolution of the
electron concentration and of the ionization rates. By analogy with the above discussed
case, the influx has been supposed to be related to the voltage excess.
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loop voltage simulation has been carried out taking into account the plasma

Calculation made for the stage before the transition has shown that the
al correction to the conductivity (i.e. jware) contributed some half to the loop
he anomalous diffusion outflux influence might be only insignificant.

A new
velocities.
neoclassic
voltage whereas t
Ohm's law in form

I = OspB} + pinch + Jbs (4)
was used in the simulation. Here jy, is the neoclassical bootstrap current [7] and e —
Q'SPVpl',LEhBP/c' ) .

In the quasi stationary stage before the transition the actual pinch velocity, Vpiych,
was anticipated to be equal to the Ware pinch one. During the transitory period the
piﬂCf-l velocity should be obtained from the total plasma flux (Fig. 3) by subtracting
that of the anomalous diffusion. Minimum and maximum estimations of V.. were
made, respectively, at Vzif = 0 and when assuming Vy;s to keep the same value as before
the transition. In Fig. 4 an intermediate V. value is shown (dashed curves). It has
been calculated in the belief that the diffusion, in accordance with data of [8], was
less than before the transition by a factor of 3. The solid line (t = 27.0ms) represents
Vpinch = Viware just before the transition. It is seen that during the transient process the
actual pinch velocity exceeded its neoclassical value by a factor of 2 to 3 returning back
to it at the end of the non-stationary phase.

To calculate osp, electron temperature profiles (Fig. 2, solid lines), based on reported
in [8] Thomson scattering data, were used. Current ramp up stage of the discharge was
included into the simulation to account for the skin effect persisting at the current
flattop. Sawteeth were also modelled. '

Comparison of the simulated loop voltage with the experimental one is shown in
Fig. 1. Curve 1 reproduces the experimental waveform. Curve 2 is the result of the
simulation using the standard neoclassical Ohm’s law (2). It is clear that the voltage
behaviour cannot be explained in the conventional way if the hypothesis on the sub-
stantial transient temperature drop at the plasma column surface is not used. The
loop voltage simulated with use of Ohm’s law (4) and with taking into account the
effect of Vi (curve 3) demonstrates quantitative agreement between modelled and
experimental waveforms.

4. Conclusions. Thus, in two different experiments, where transient processes
were provoked by two quite different mechanisms, plasma influxes arose in the opposite
to the density gradient direction. In the both cases the same relation exists between
these pinches and the parallel current, similar to that in the neoclassical theory.

Earlier, in different non-stationary processes, the plasma influxes were also observed
(e.g. [9]). That time this pinch had been termed as "anomalous pinch". However the
factor of the excess above the neoclassical level was always not so high, about 2 to 5.
Perhaps, the actual pinch has, nevertheless, a classical nature but a "dynamic" version
of the neoclassical theory is needed to describe non-stationary processes.

References

[1] Segre, S.E., Zanza, V., Nucl. Fusion 32 (1992) 1005.

[2] Kalmykov, 5.G., et al., Nucl. Fusion 35 (1995) 795.

[3] Kalmykov, $.G., Sergeev, V.Yu., Controlled Fusion and Plasma Phys. (Proc. 22nd

345




all5

EPS Conf., Bournemouth, 1995), Vol.19C, Part II (EPS, Geneva, 1995), p.11-081.

[4] Rozhanskii, V.A., State Tech. Univ., St.-Petersburg, Russia, personal comm., 1995,

[5] Goncharov, 8.G., et al., in Plasma Phys. and Contr. Nucl. Fusion Res. 1984 (Proc.
10th Int. Conf., London, 1984), IAEA, Vienna, 1985, v.1, p.155.

(6] Kim, J.-S., Greene, J.M., Plasma Phys. Control. Fusion 31 (1989) 1069.

(7] Hinton, F.L., Hazeltine, R.D., Rev. Mod. Phys. 48 (1976) 239.

[8] Andrejko, M.V, et al., in Plasma Phys. and Contr. Nucl. Fusion Res. 1992 (Proc.
14th Int. Conf., Wiirzburg, 1992), IAEA, Vienna, 1993, v.1, p.485.

[9] Dnestrovskii, Yu.N., et al., Sov. J. of Plasma Phys. 10 (1984) 137.

4

1000

500

V(cm/s)
o

-500 1

-1000

346

TUMAN-3. Ohmic H-mode. —‘

experiment
&-—8 simuation, V,=0
®-—-® simuation, V,=V,

L-H transition

27 29 31 33
t(ms) Fi g- 1
TUMAN-3. i
Ohmic H-mode. I
in
il
il
H
; ;-"
- it
R N B
TR i
SN It
N e
N I .
B I
—
—— t=270ms
-——- t=27.3ms
~—-— t=205ms
se=e- t=33.0ms
r{cm) Fi 3.3

200 TUMAN-3. Ohmic H-mode.
A t=270ms
800
t=29 5ms
700 330ms
=
L
)
—
-5 0 5 10 15 20 25
r(cm) Fi g.2
1000
TUMAN-3. Ohmic H-mode.
— t=270ms
-——- t=27.3ms
Sor e t=29.5ms
-- -~ t=330ms
2
E
L. 0 :

% 5 10 15 20 25
£ B e Y
ol W s <a

NN, =
A T
-500 Y b
™ e
<1000
r{cm) Fi g- 4



all6é

Profile dependent signature of the linear MHD
spectrum

H.A. Holties!, A. Fasoli, J.P. Goedbloed',
G.T.A. Huysmans®, W. Kerner?

1FOM Instituut voor Plasmafysica Rijnhuizen, Nieuwegein, The Netherlands
2CRPP-EPFL, Lausanne, Switzerland
3JET Joint Undertaking, Abingdon, Oxfordshire, United Kingdom

1 INTRODUCTION

The steady state version of the CASTOR code (Complex Alfvén Spectrum in TORoidal
geometry) [1] has been developed to study the stable part of the magnetohydrodynamic
(MHD) spectrum of toroidal plasmas. In this paper the influence of equilibrium param-
eters on the Alfvén spectrum is studied. The goal of this study is to solve the inverse
problem: identification of the plasma profiles, and especially the safety factor profile,
using measurements of MHD waves. This new kind of spectroscopy has been called MHD
spectroscopy [2].

The determination of plasma parameters from measurements of the magnetohydro-
dynamic (MHD) spectrum has become a subject of interest because this spectrum is
sensitive to the safety factor profile. This profile is essential for determining the MHD
stability of plasmas, but it is difficult to measure accurately, especially in the center of
the plasma.

2 THE SAFETY FACTOR ON AXIS

For specific values of the central safety factor, the TAE gap closes due to the coupling
parameter (the local inverse aspect ratio ¢) being zero on axis. For a pressureless J ET-like
equilibrium the » = —1 continuum and gap frequency ranges are shown in figure 1 as a
function of q on axis. The general behavior is generic for plasma equilibria in toroidal
geometry. When g on axis has the value 1.5 (or more general: when g(0) = (m +1/2)/n),
the TAE gap on axis is closed. In this case there can no longer be undamped global modes
in the TAE frequency range. The observation of TAE modes during phases where the
central safety factor profile goes through a change can thus provide a diagnostic for the
safety factor on axis.

When the central shear is sufficiently small two TAE modes can exist for each value
of the toroidal mode number. One has a frequency near the top of the gap. The other
mode has a frequency closer to the bottom of the gap. They are localized in the central
region of the plasma and are therefore called core-localized TAE's (3, 4]. As the central g
value approaches the value (m +1/2)/n, the frequencies of the two modes will coalesce.
The two modes only exist when g(0) < (m +1/2)/n. For larger values the corresponding
TAE-gap is no longer existent in the plasma. The (dis-)appearance of these core-localized
modes thus provides a good diagnostic for the central g value.

Knowledge of ¢(0) is important, for example, for predicting the onset of sawtooth
crashes. An accurate diagnostic can help operating a plasma close to, but on the stable
side of, sawtooth stability limits. However, this parameter is difficult to measure directly
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Figure 1: Continuum frequency ranges as a function of ¢ on axis. The
n = —1 TAE-gap is closed for (0) = 1.5 . The dotted lines correspond
to the TAE frequencies.

and it is usually not known within an error margin of 10%. The measurement of core.
localized TAE's could lead to much more accurate values of ¢(0) for those moments when
the TAE gap closes.

3 MULTIPLE GAE SPECTRUM

In this section we will study the spectrum of MHD waves in a high beta plasma with
reversed shear. The cross section is circular and € = 0.34. The normalized pressure
gradient dP/d¥ = 1 — U, where ¥ is the normalized poloidal flux. The poloidal beta is
equal to 1.25. In figure 2 we show the antenna loading of this equilibrium, for n = —1
excitation, as a function of the excitation frequency. There is a large resonance peak,
at the normalized frequency w/w,(0) = 0.415, belonging to a TAE that is continuum
damped because of its coupling to a continuum branch at s = 0.6. A sequence of sharp
(undamped) resonance peaks oceurs starting from the frequency w Jwa(0) = 0.49 upwards.
The modes are apparently clustering at a continuum branch with a maximum, The high
beta causes the Alfvén and sound continua to be strongly coupled, so that it is difficult
to distinguish which is the most important component in this branch. There is one
dominant poloidal harmonic in the modes, suggesting that they are of the Globa] Alfvén
Eigenmode (GAE) type. They are localized near, but away from, the plasma center,
where the continuum branch has a local maximum. The component in the perturbation
normal to the magnetic field is larger than the tangential component, indicating that the
discrete waves are of the Alfvénic (as opposed to slow magnetosonic) type.

GAE's are usually found to be strongly continuum damped in tokamaks because of
coupling to the Alfvén continuum wave, due to toroidal effects. The multiple GAE'’s
found here are not necessarily continuum damped because they can appear in the TAE
gap where strong coupling between poloidal harmonics creates a frequency range free of
Alfvénic continuum modes.

4 VERY LOW SHEAR PLASMAS

In plasmas with very low shear, the existence of an enlarged spectrum of ideal TAE's has
been predicted from analytical theory (5] It is found that for small values of €(r)/5(r), two
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TAE modes can exist inside a single TAE gap. One comes from the top of the toroidicity
induced gap and the other comes from the bottom of the gap. These correspond to the
two core-localized modes studied in section 2. When the parameter e(r)/5(r) is increased,
new modes Appear near the top and the bottom of the TAE gap. Each new mode has
one more radial node in the amplitude of its harmonics than the previous mode.

Multiple TAE’s are of special interest for tokamaks with a very tight aspect ratio.
A small aspect ratio tokamak experiment is planned at the university of Texas. This
experiment (USTX [6]) will have an inverse aspect ratio of 0.7 and might be used to
study the spectrum of multiple low shear TAE's. The minor radius of the plasma is
approximately 50 cm, the toroidal field is about 0.5 tesla. In this section we will study
a plasma relevant to the USTX experiment. The elongation is 1.7, the triangularity is
0.19, the plasma beta is 12%, the plasma self induction [; is 0.57, and the plasma current
is 1.125 MA. We have chosen the current density profile to be non-monotonic to make
the safety factor profile flat in the plasma center with a high plasma beta value.

We have calculated the n = —4 MHD spectrum, with g on axis equal to 1.05, so
that the TAE gap closest to the plasma center is the m = 4,m' = 5 gap at the flux
surface where g = 1.125. On this flux surface, the flux parameter is s = 0.45, giving a
Jocal inverse aspect ratio of approximately 0.32. The shear parameter § is 0.12, so that
€(s)/i(s) = 2.6.

To assess the possibility of exciting multiple TAE modes with an external antenna we
have used the stationary state version of CASTOR described in Ref. [1]. Figure 3 shows
the result of the simulation of an excitation experiment for the USTX plasma modeled
here. The antenna loading curve for the frequency range close to the top of the TAE gap
has been calculated using = 1075 for the plasma resistivity. The resonance peaks in the
curve indicate the existence of global modes.

All the modes are localized in the region of the (m,m') = (4,5) TAE gap. The m =4
and m = 5 poloidal harmonics are the ones with the largest contribution to these modes.
They have opposite sign, which indicates that the modes are localized on the high field side
of the plasma. The number of nodes increases when the mode is closer to the continuum.
As with the multiple GAE modes in the previous section, the multiple TAE modes can
be used for MHD spectroscopy. The localization, frequency, and number of modes can
be used to determine local values of the density, the g profile, and the magnetic shear in
the plasma core, respectively.
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Figure 3: Antenna loading spectrum near the top of the TAE gap for
a USTX-like plasma equilibrium. The resonance peaks correspond to
the spectrum of multiple core localized TAE',

5 CONCLUSIONS

The relation between the spectrum of MHD waves and plasma parameters has been
studied. An important result is that detecting the existence and frequency of core-lo-
calized TAE's can lead to an accurate diagnostic of the central g value. We find that core
localized modes appear with the opening of the TAE gap in the center of the plasma,
which is directly correlated with gon axis. Experimental indications from JET and TFTR
for the existence of core localized TAE's are consistent with the numerical calculations,

We have shown the existence of multiple discrete modes that are related to the safety
factor profile. A multiple spectrum of undamped Global Alfvén Eigenmodes can appear
in plasmas with an inverted safety factor profile and high 3 values.

For a low aspect ratio USTX-like plasma we have calculated the multiple Toroidicity
induced Alfvén Eigenmode spectrum. The spectra can be used in the context of MHD
spectroscopy since their characteristics (frequency, frequency spacing, localization, num-
ber of modes) depend on the details of the plasma equilibrium profiles. This will be
explored in future studies.
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Abstract

The stability of the KT-2 tokamak plasma has been analyzed in the frame-
work of ideal and resistive linearized magnetohydrodynamics (MHD). KT-2 is
a Korean tokamak project which involves a large aspect-ratio divertor tokamak
with up-down symmetric plasma cross-section [1]. Three numerical codes have
been used for this purpose, viz. CASTOR. [2] for the study of kink modes and
infernal modes, HBT [3] for the ballooning stability analysis and the calcula-
tion of equilibria, and HELENA [4] as an interface between HBT and CAS-
TOR. First, equilibria with monotonic g-profiles are investigated. Starting
from four ballooning stable ‘reference equilibria’ with ever broader pressure
profiles, the effects of the shape of the poloidal plasma cross-section (ellip-
ticity and triangularity), the aspect ratio, and the total plasma current on
the ballooning and ideal and resistive external kink instabilities are studied.
Also, ‘advanced tokamak scenarios’ have been investigated for typical KT-2
parameters. A local profile optimization study is performed for a lower total
current, viz. I, = 300kA, and a magnetic field of 2T. Next, the stability of
the marginally ballooning stable equilibria with respect to so-called ‘infernal
modes’ is analysed [5].

1 Monotonic g-profiles

Four marginally ballooning stable equilibria have been determined characterized by ever
broader pressure profiles and different current density profiles and by the parameter values:
aspect ratio €7! = 5.6, ellipticity b/a = 1.8, triangularity 7 = 0.6, plasma current [, =
500 kA, and magnetic field By = 3T. These are typical parameter values for the KT-2
tokamak.

The four reference equilibria are ‘marginally’ ballooning stable in the sense that an
increase of the pressure yields at least one ballooning unstable magnetic surface. The
effect of the ellipticity and triangularity of the poloidal cross-section of the plasma, and
of the aspect ratio and the total plasma current on the f limits has been investigated
for these four equilibria. Fig. 1, e.g., shows the effect of the ellipticity on the normalized
plasma beta, gy = 100 f a[m)Bo([T)/(ptL5[A]), and the poloidal beta, §,. From this plot
it is clear that gy is close to optimal for b/a = 1.8, for all four reference equilibria.

The marginal poloidal plasma beta, fpmaz, increases monotonically with increasing
ellipticity. The optimal value for the triangularity turns out to be 0.6 for all four reference
equilibria. The aspect ratio was varied from 4.0 to 6.0. An increase of the aspect ratio
reduces the bending of the magnetic surfaces so that the plasma becomes less susceptible
to ballooning instabilities. The relative change of G,z in the aspect ratio scan was roughly
the same for the four reference equilibria, viz. about 8%. The total plasma current was
varied from 300 kA to 550 kA. The marginal plasma beta, B4z, increases monotonically
with the plasma current. However, the marginal poloidal plasma beta, 5,maz, decreases
almost linearly with increasing plasma current.
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Figure 1: The normalized plasma beta, gy, and poloidal beta, By, versus the ellipticity of
the plasma cross-section for four reference equilibria with ever broader pressure profiles
(A — D) and with ¢! = Ry/a = 5.6, B=3T and I, = 500kA. The triangularity of the
cross-section is 0.6.

The four ballocning stable ‘reference equilibria’ are unstable with respect to ideal
external kink modes. The calculations show that g, 1/I, plays a key-role for the
growth rate of the kink instability. The reference equilibria have g, = 4.8. By lowering I,
somewhat, we can get q; > 5. This proves to be sufficient to stabilize equilibria A and B.
The kinks of equilibria C and D, i.e. the most unstable equilibria with the highest current
gradient at the edge, are not stabilized, but their growth rate becomes lower. Figure 2
summarizes the result of the calculations. The equilibrium with the highest 3, which is
still stable for external kinks, is attained from equilibrium B with I, = 477kA, where
g1 =35.05, 5 =19%, g =3.03, gy =241, and gy = 1.34. The findings for the n = —2
instability are similar to those for the n = —1 instability.
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Figure 2: The normalized growth rate (Re(A) = Re (iw/74) with 74 the Alfvén transit
time) of the n = 1 ideal external kink as a function of ¢1, i.e. g at the plasma boundary,
for four ‘reference equilibria’ (the labels on the curves refer to the equilibrium), where g,
was varied by changing the total current I,

The influence of the different plasma shape parameters, i.e. triangularity, ellipticity
and the aspect ratio, has been investigated. The variation of the triangularity and the
ellipticity of the plasma cross-section offers a possibility to stabilize the external kink
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Figure 3: The normalized growth rate for equilibrium B of the n = —1 ideal external kink
as a function of g1, where g, was varied by changing the total current L. Labels X, Y,
7 indicate the value for the inverse aspect ratio, i.e. € = 0.17, € = 0.1786 and ¢ = 0.19,
respectively.

for some of the reference equilibria, because of the impact of these parameters on qi.
The effect of total current was calculated for different values of the inverse aspect ratio.
Figure 3 compares the reference value of ¢ = 0.1786 with ¢ = 0.17 and € = 0.19 for
equilibrium B. It is remarkable that the external kink in this equilibrium B can not be
stabilized for € = 0.19. The ‘stability window’ at g, > 6 is wider for e = 0.17. Some
analogy can be found with the calculations of the ballooning stability, where a higher
Pinaz is found for € below the reference value (e = 0.1786,¢' = 5.6).

The growth rates of the resistive external kink modes calculated are higher but very
sensitive to the value of 7. Calculations show a p'/? scaling with growth rates from
1.14 % 10~! for 7 = 107 to 2.63 x 1072 for n = 10-7. At realistic tokamak values for 7,
{e. 10-7 — 10~®, the resistive external kink modes have growth rates of the order 1073

2 Advanced tokamak scenarios for KT-2

For the study of ‘advanced tokamak scenarios’ for KT-2 the total current is lowered to
I, = 300 kA corresponding to B = 2T. A local optimization procedure for the pressure
profile for a fixed average current density profile (we took a typical profile from profile
control experiments at JET, yielding an inverted g-profile) yielded a marginally ballooning
stable equilibrium for the profiles displayed in Fig. 4.

Here ‘optimal’ means ‘marginally ballooning stable’. If the marginal ballooning stable
pressure profile is increased locally, e.g. at one specific -value, that magnetic surface
becomes immediately ballooning unstable. Also, when the plasma beta is increased, e.g.
by increasing the horizontal shift of the magnetic axis, all magnetic surfaces become
ballooning unstable at once. The marginally stable equilibrium obtained has a plasma
beta of 3.425% and 3, = 4.086. This corresponds to quite high Troyon factors, viz.
gn = 4.540 and g = a[m]Bo[T]/L[MA] B = 5.705.

We have looked for infernal modes for the marginally ballooning stable equilibria
discussed above. Infernal modes require a high spatial resolution. In particular the
number of Fourier modes is typically quite high. Hence, we first did a convergence study
for the number of Fourier modes with CASTOR. The instability we found turns out to

353




all7

P/PO

I
-5 1.0 -1.0 -5 ) 5 1.0
Q-PROFILE
T T
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marginally stable pressure profile.

be an external mode. This is exemplified by shifting the wall towards the plasma surface
which results in a decrease of the growth rate of the instability.

3 Main conclusions

The stability of the KT-2 tokamak plasma has been analysed in the framework of linearized
resistive MHD. The cross-section shape parameters 7 = 0.6 (triangularity) and b/a =
1.8 (ellipticity) are close to optimal for this large aspect ratio tokamak (Ry/a = 5.6).
Current control offers a tool to maintain stable equilibria. For stability with respect to
external kink modes this requires that the safety factor profile, and in particular q, is
fixed before the plasma is heated. The highest value of the Troyon factor gy obtained
in the kink stability analysis for monotonic g-profiles is 2.79 (B = 2.34%). A profile
optimization study for ‘advanced tokamak scenarios’ with inverted g-profiles yielded a
marginal ballooning stable equilibrium with B, = 4.230 and f# = 3.542% corresponding
to quite high Troyon factors: gy = 4.697 and g = 5.902. For this optimal equilibrium we
found ‘infernal’ modes with large growth rates for + < 0.6. For 7 = 0.6 the growth rates
are much lower and stability windows are found in a scan of the total plasma current.
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Abstract
In the Rijnhuizen Tokamak Project (RTP) steady-state hollow electron temperature (T.)

profiles have been sustained with strong off-axis electron cyclotron heating (ECH). The
hollow Te profile leads to a hollow current density profile. In the transition to the hollow
profiles a bifurcation in confinement is observed. Discharges in the good confinement
branch often exhibit strong MHD activity. Sawtooth-like oscillations of T, at half radius
are observed with a typical period of 1 ms. The amplitude of these oscillations is modu-
lated by a more global sawtooth oscillation with a period of 10 ms. These oscillations are
understood in terms of the double-tearing mode at the q=3 and g=4 surfaces, respectively.

1. Introduction

Tokamak plasmas with reversed magnetic shear have gained the interest of the fusion
community in view of their good confinement [1, 2] In RTP ( Ry =0.72m, a = 0.164m,
By < 24T, I; < 150 kA), hollow T, profiles can be made reproducibly by off-axis ECH
in high density (ne(0) > 5 x 10'°m~?) discharges [3]. Power from a 110 GHz gyrotron
is injected in the horizontal mid plane, from the low field side. In these experiments the
deposition radius (rg.,) Was chosen around 0.5a. The absorbed power is 350 kW, which
is 5 times the Ohmic input power Pn. The steady state hollow Tk profile leads to a
hollow current profile and reversed shear. Within the region of reversed shear the ef-
fective electron heat diffusivity is very small. Preliminary experiments indicate that the
low net heat flux is the result of a balance between the inward flux driven by VT, and
an outward flux driven by other gradients. In this paper we discuss the transition from
peaked to hollow T-profiles, and present an analysis of MHD activity that is associated
with the double-valued g-profile. Measurements have been carried out with a 19-channel
interferometer-polarimeter, a 20-channel radiometer, a bolometer and a 118-point single
shot Thomson scattering system.

2. Results

Fig. 1 shows a series of Thomson scattering Te-profiles. At t = 150ms ECH is switched
on. First a rapid increase of Te(r > 0.5a) is observed. As a consequence, the current
diffuses outwards. The central current density decreases, and with it, the Ohmic power
density in the centre of the plasma. For sufficiently high n., the electron-ion energy ex-
change can now beat the Ohmic input, leading to a hollow T profile. Typically after
50 ms a new equilibrium is reached. Interestingly, this new equilibrium can be in one of
two classes with distinctly different confinement.

Fig. 2 shows the evolution of T.(0) for 6 near identical discharges Although the
discharges all start from nearly the same state, they develop into two branches. The
subtlety of the bifurcation is exemplified by one discharge, which hesitates and then
crosses over from the low branch to the high branch.
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Discharges with hollow T, profiles sometimes show vigorous MHD activity. However,
this is only observed in discharges in the high confinement branch. It appears that two
reconnection processes occur simultaneously, one acting as an envelope of the other. Fig.
3 shows the T,(t) of two discharges. For one of them T,(0) shows sudden increases (at
t =191, ,201, ,213, , 224 and 253 ms) followed by slow relaxations. The increase is 'fast’,
occurring typically within 400 us whereas the decrease is a process of 10 ms. Fig. 5 shows
the T, profiles just before and just after the crash. The increase of T,(0) coincides with
a decrease of T, at rgep. The crash flattens the T, profile over the whole central part of
the plasma. After the crash, Te(raep) increases until the next crash occurs, forming sharp
off-axis maxima ('rabbit ears') on the T,-profile.

Fig. 4 shows 2 ECE channels corresponding to r = 22 and 69 mm, respectively. While
the central channel shows only the 10 ms reconnection sequence discussed above, the
off-axis channel shows an extra oscillation with a period of 1ms. This fast oscillation
starts with a large amplitude and spreads out over about 6 cm, and gradually decreases
in amplitude while contracting to about 2 cm. Note that the 1 ms oscillation is modulated
by the 10 ms oscillation. Fig. 6 shows T, profiles just before and just after the crash of
the fast oscillation, showing that this MHD event affects only a small part of the plasma
around rgep, chopping off the rabbit ears.

Finally, in one discharge it is observed that the frequency of the fast oscillation sud-
denly doubles.

3. Interpretation and discussion

In reversed shear profiles, double tearing modes [4] can develop at rational values of the
g = § in which m and n are the poloidal and torcidal mode number, respectively. These
double tearing modes can short-circuit the plasma between the two radii with identical
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Figure 6: T, profiles just before and just
after a crash of the fast oscillation. This
crash affects only a small part of the
plasma.

Figure 5: T, profiles just before and after
a crash of the slow oscillation. This crash
affects the entire plesma column .

rational q on either side of the off-axis minimum in the g-profile. This diminishes all gra-
dients in T, and n. and redistributes the current density convectively. Frequency analysis
of the precursor proves the toroidal mode number n to be 1. In fig. 7 q.(r) just before
the big crash and right after a minor crash is shown. Exactly at rgep a pronounced min-
imum formed, that touches q = 3. The g-profile has been derived from Thomson T,(r).
The high collisionality and the negligible bootstrap current imply that Spitzer resistivity
@ o Te(r)*? can be applied. There are two possible rational values of g: =3 and q = 4.
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Figure 7: Safety-factor just before the big crash. Note that at r4e, the profiles touches
q=3.

We interpret the fast crash as a double tearing mode involving the q=3 surfaces alone,
while the slow crash as a double double tearing mode involving both the q=4 and q=3
surfaces. During the fast crash, only a small part of the plasma column is short-circuited.
During the sequence of fast crashes the central g-value gradually increases. This process
leads to a g-profile in which there are q=3 and q=4 surfaces located, on either side of a
region of almost zero shear, with q just below 3. This is the q-profile that is measured
just before a big crash. After the big crash the central q is below 4 and the cycle starts
again.

The bifurcation in confinement is mainly caused by a different heat conductivity in
the region outside rq.,. The only macroscopic plasma parameter correlating with the two
regimes that we have been able to identify is rqep,: in the discharges with good confine-
ment the deposition is about 1 cm further out. It is at present not clear why such a clear
distinction between two different modes of confinement should occur.
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Introduction, motivation

In RTP, as shown in [1], the m = 1 precursor phase of internal disruptions can display a
behaviour suggesting that it can be driven by either ideal MHD or magnetic reconnec-
tion. This paper investigates the assumption that the relative importance of resistivity
might determine whether the m = 1 precursor displays an ideal or a resistive devel-
opment. A measure of the relative importance of resistivity is the magnetic Reynolds
number. In order to study its effect on the character of the m = 1 precursor, a series
of dedicated discharges in which the magnetic Reynolds number S was systematically
varied has been analyzed by means of the method introduced in [1, 2], where an MHD
invariant, the enthalpy H, is calculated from tomographic reconstructions of the Soft
X-Ray (SXR) system on RTP.

A scan in S has been made, by varying the magnetic field, the density and the
temperature. This scan was done in 2 single day in order to minimize the change of
impurity content of the plasma, and hence its effect on the resistivity. Constraints
over the range of variation of these parameters are both set by the characteristics of
the SXR system (which defines an upper limit to the density, to avoid saturation),
and by the physics of ohmic heating (a higher density corresponds to a lower electron
temperature). It follows that these parameters cannot be varied independently, and
not over a large interval. The main plasma parameters of these discharges are given in
Table 1, together with the duration of each sawtooth oscillation. In order to keep the
magnetic field configuration and current density profile shape as constant as possible,
the g, value (= 3.4) and the pressure profile shape were kept fixed within the operational
constraints. The variable parameters left are therefore the magnetic Reynolds number
S and the absolute value of the central pressure. These are the two quantities that are
expected to be of direct influence on the m = 1 instability.

Description of experiment
The value of S can be calculated in terms of easily accessible experimental values:

g TM _ poL?va
A toRm

where L is the radius of the ¢ = 1 surface and 7, is the average resistivity inside the
g = 1 radius (m = poVieep/4mBa). For the toroidal Alfvén velocity the value on axis is
considered, assuming that minority impurities do not play a role:

va = 2.18 % 10'® By[T]4/myp/min;[1018 cm—3].
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By keeping q, ~ 3.4 constant, all the discharges of this series had the ¢ = 1 radius at
z~ 5 cm with Rp = 72 cm. It then follows

B3[T]
Vioop[V]v/1e[1089cm=23]/m; fm, Z;

For ohmically heated discharges in RTP the loop voltage Vj,op is always == 2 V.
Therefore it is possible to vary S by varying the magnetic field B, the electron density
ne and the majority ion species. In Table 1 examples of these three possibilities are
given. They lead to a variation of S between 0.8 and 2.3 x 10°. Within the operational
constraints of RTP it was not possible to obtain a wider range in ohmically heated
discharges. However, with 400 kW of ECR heating at the second harmonic electron
resonance frequency, the loop voltage could be reduced by a factor two, thereby reaching
the highest S value of this series, 3.5 x 10°.

Table 1. Main plasma parameters of analyzed discharges.

S =1.74 x 105

heating B T.(0) n.(0) Pe(0) Vieop §  duration

method (T) eV 10¥m™3 (kPa) (V) (ms)
#21.042 H (ohmic) 2.05 900 2.8 40 1.9 2.3x10° 0.5
#21.052 H (chmic) 1.495 560 4.6 42 1.8 1.0x10° 1.2
#22.042 He (ohmic) 2.04 830 6.4 8.7 2.5 0.8x10° 1.5
#21.044 H (ECRH) 2.05 1400 4.3 10.0 1.0 3.5x10° 0.6

As it can be seen from this table the absolute central electron pressure varied within
a factor 2.5. The inclusion of the ion pressure to obtain the total pressure can be made
by multiplying the electron cyclotron pressure with roughly a factor 1.5. It has been
checked if indeed the pressure profile shape has been preserved. Figures 1 and 2 show
that the pressure profile shapes were indeed identical for all cases. Also the inversion
radius of all four cases indicated that the g = 1 radius was kept constant at =~ 5 cm.

P_s [kPa)]

T T T T
0.1 -0.05 00 0.05 0.1 0.15 0.1 -0.05 0.0 0.05 a1 0.15
f[m] tm)

Fig. 1 Electron pressure profile measured by Thomson scattering at 200 ms of (a) two
H plasmas with different S values (# 21.052, S = 1 x 10%, dotted line, and # 21.042,5 =
2.3 x 10%, solid line. (b) the He plasma (# 22.042, S = 0.8 x 10%, solid line) and a H plasma
with ECRH (# 21.044, S = 3.5 x 10%, dotted line).
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Fig. 2 (a) Electron pressure profile measured by Thomson scattering at 200 ms, of one of the
H plasmas of Fig. 1 (# 21.042), solid line, and a He plasma (# 22.042), dotted line. (b) same
as (a), normalized to Pe(0) of (# 21.042).

Discussion of results

In Fig. 3 the uncalibrated brightness of the channel of the side camera of the SXR
system (tangent to the g = 1 radius) are given in sequence of increasing 5 value for the
four cases of Table 1. From raw data it is already apparent that the precursor behaviour
at low S values is much more pronounced and appears as a regular oscillation whilst at
high values the precursor is irregular. The pressure difference is seemingly not relevant
as there are considerable pressure differences between the discharges of Table 1 (Figs. 1
and 2).

';2”’ r19951122.042 £19951121.052
(a) (5=0.8 10°) 25 (b) (s=1 10%)
30
28 3.0
26 25
24 _
199.0 199.5 200.0 ' 199.0 199.5 200.0 200.5
tlme {ms) time (ms)
1' 1‘2‘”" r19951121.042 119951121.044
) (c) (5=2.310%) (d) ($=3.510°)
1
11.0 ’
10.5
10.0
199.2 199.4 199.6 199.8 200.0 2002 () 189.2 199.4 199.6 199.8 200.0 2002 il

Fig. 3 Signals of SXR detector a07 (impact parameter p = 3 cm) for different discharges.
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Subsequently, the enthalpy H has been calculated from the tomograms, as described
in [2], in order to detect reconnection. From this four cases only the one with the lowest
S number showed evidence of magnetic reconnection before the sawtooth crash. The
discharge with the highest S value shows no reconnection before the crash. Also in
this aspect the absolute pressure value does not appear to have a large influence. The
analysis of other cases than the ones given in Table 1 yields a similar pattern: resistive
ohmic discharges with low S tend to show m = 1 with reconnection whilst ECRH
heated discharges with high S values tend to behave according to an ideal MHD model.
However these cases have all different ¢ = 1 radii and profile shapes. Therefore more
statistics should be gained before a firm conclusion on the role of S can be drawn.

A different but interesting observation, which might be related to the difference be-
tween reconnection and ideal MHD behaviour, can be made from the sawtooth duration
column in Table 1. There appears to exist an inverse proportionality between S and this
duration. This might indicate that the early development of the islands by reconnection
in the sawtooth rise phase diminishes the tension in the magnetic configuration such
that it takes longer to reach the sawtooth crash. Also this aspect deserves more analysis
in the future.

Conclusions

Measurements have been conducted to determine the influence of resistivity on the de-
velopment of the sawtooth instability. With increasing values of the magnetic Reynolds
number S, in the range 0.8 — 3.5 x 105, the m = 1 precursor instability of the sawtooth
crash changes from a magnetic reconnection behaviour towards ideal MHD behaviour.
This transition does not seem to be influenced by the absolute pressure value. With
increasing value of S the duration of the sawtooth diminishes. Firmer conclusions could
be drawn in the future if a similar analysis is done on a larger class of sawtooth crashes.
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ABSTRACT

Effects of programmed resonant helical fields (RHFs) were studied during
discharge of the IR-T1 Tokamak. Sawtooth and Mirnov oscillations are observed and
their characteristics are analyzed. Also, the intensity of visible line emissions from
oxygen (OII), carbon (CII)-impurities and (Ho) have been measured with and without
RHF. Diagnostic methods included soft X-ray (SXR), visible spectrometer and magnetic
probes.

LINTRODUCTION

IR-T1 is a small air core transformer tokamak without a copper shell and divertor. The major and
minor radii of tokamak are 45and 12.5 cm, respectively. The plasma parameters in our experiments
were: Ip=15-40 kA, Vioop=2.6-8 V, Bt = 6- 9kG, ne=(0.7 -3.0)x L0* *em~3 Te(0)= 150-250 eV, t
discharge =18-23 ms, Zeff <2 and safety factor g=2-4. The ordinary diagnostics are soft x-ray (SXR)
detectors, clectron cyclotron emission (ECE). visible spectrometer, HCN far infrared (FIR) lascr
interferometer and electromagnetic measurement systems .

Weak external helical fields can act as local resonant disturbances in a tokamak plasma. Such fields
can therefore be used as "active magnetic probes” in the study of magnetohydrodynamic (MHD)
instabilities in tokamak plasmas. For this purpose, £=2 and £=3 helical windings have been installed on
the IR- T1. In these experiments the resonant helical fields (RHFs) are weak, the total current through
the =2 and #=3 helical winding is between 120-350 A, comparcd with a plasma current of 15-40 kA,
and the magnitudes of the RHFs are normally about (0.5-0.01%) of that of the poloidal field (B8)
around the resonant surface. The pulse length and the magmitude of the helical windings could be
programmed.

II. DESCRIPTION OF INSTRUMENT

In these experiments, The main diagnostics used for the MHD studies are; an array Au-Si detector, a
visible spectrometer and Mirnov probes located at different toroidal positions . The raw data were sent to
a data acquisition computer through a common A/D C AMAC system and then analysed by a central
computer. !
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A. Soft x-ray system

The soft x-ray measurement system for IR-T1 includes a detection chamber, an array silicon
surface-barrier detector (SBD), an electrical discharge filter circuit, and a data collection system. An
array SBD is located at a place facing the center of the vacuum chamber; the end detectors are capable
of detecting soft x-ray signals from different parts other than the center of the chamber. The detector
array, which is placed at horizontal location, consists of 23 silicon barrier diodes.

B. Visible spectrometer

The profiles of visible line emissions from the OII (A=4416 A, configuration:2p 2 3s-2p?3p) and CIII(
A=4647 A configuration:2s3s-2s3p)- impurities and Ha(A=6563 &) line are determined using visible
spectrometer, in which there is a two-lens image system in front of the spectrometer entrance slit and a
multichannel optical fiber attached to its exit slit. The detectors in the system are photomultipliers.

C. Helical Windings
There are helical windings with optimized geometry installed closely outside the vacuum chamber
(£=2 ,£=3). The radii of these two helical windings are 22 and 23 cm, respectively.

III. RESULTS

Fig. (1-a) shows variation of plasma current versus time while Fig.(1-b) is the signal of Mimov
coil at (6=0). We observe that the amplitude of Mirnov coil signal at flat top (8-15 ms) is smaller
than the rise and the fall priod of plasma current. This can be attributed to high poloidal field
fluctuation(1,2].

Fig.(2-a and b) show a 20% decrease in the amplitude of Mimov coil when the RHF is on. The
expanded profiles of three chanels of Mimov coils at three angles(8 =0, © = 45 and 6 = 90 ) with RHF
show a phase shift in signals, which disappear after RHF is applied(Fig.3-a and b).

A very intersting point is that a weak RHF could significantly influence sawtooth processes and
thereby change the global thermal propertics of the plasma.The ¢=2 RHF (I£ =300-350 A) could
increases the amplitude and ramp-up of sawtooth oscillation (Fig.4). This amplification correlates with
an improvement in plasma confinement, such as a decrease of the thermal conductivity, and an
improvement in particle confinement. The fluctuations in the SXR emission from the hot plasma core
are mainly due to two processes, i.e. the m=1/n=1 oscillation and the m=0/n=0 sawtooth oscillation. On
IR-T1, there are two kinds of discharges with different SXR signals. For the first kind there is only a
19-25 kHz oscillation, and for the second kind there is very clear sawtooth oscillation in the SXR
signals[3.4,5,6,7].

Fig.(5) shows the signals of the soft x-ray array  versus time with (a) (=3, (b) =2 and (c)
without RHFs, respectively. From the soft x - ray signals it has been found that the amplitude and the
frequency of the sawtooth also be influenced by so weak £ =2 or £ = 3 current. The RHFs are effective
only when their magnitudes are chosen to be near critical values; when the RHF is too low, there are no
observable changes in any of the diagnostic signals. For the /=3 current (120-160 A) seems enlarge the
sawtooth and /=2 current suppress it.The periods prolong from 200ps-300ps. The crash time of the
sawtooth is 35ps- 45us[8].

The spectral visible line emissions of the light impunty ion were investigated in the [R-T1.
Figures (6-a,b), (7-a,b) and (8-a,b) shows the measurement results of visible line emissions of OII, CIII-
impurities and Hoo with and without RHF (£=2), which the plasma pulse duration being slightly
differcnt for each shot. The visible line emissions of light impurities (OII and CIII) and Hoe held a
plateau while RHF was on for 3 to 17 ms. The visible line emissions from both oxygen and carbon
impurities was about 1/3-1/2 of its original values. The line emissions of OII and CIIl-impurities
increased over the whole plasma. We noticed that, the Ha. radiation behaved differently from OII and
CIll-impurities during the RHF period, it rose in the first 1-3 ms and immediately decayved to its original
value[9].
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Iv. CONCLUSION

When we apply the resonant helical field (RHF) the amplitude of this Mimov signals is decreased
and the phase shift between the signals at different angles disappeared. The stability properties of the
discharge arc improved by RMFs and also by the suppression of mode signal at soft x-ray (SXR)
diodes. The £=2 RHF (1£ =300-350 A) could amplify the sawtooth oscillation but changes the period a
lirtle and also, suppresses m = | fluctuations. '

This RHF could increase the amplitude, and ramp-up of sawtooth oscilation. This amplification
corrclates with an improvement in plasma confinement, such as a decrease of the thermal conductivity,
and improvement in particle confinement. For the £=3 (1£~120-200 A),it seems that the sawtooth
enlarges and =2 current suppress it. RHF (£=2)enhanced the impurities line ( e.g. Ol and CIII)
emissions but, The Ha radiation did not be enhanced by RHF.

REFERENCES
[1]Equipe TFR, Nuclear Fusion, Vol.18, No.5, pp 647-730,1978.
[2)Huchinson, L.H., Principles of Diagnostics, Chapter 2, 1931.
[3]Chen Jiayu, Nuclear Fusion, Vol. 30, No.11, pp 2271-2284,1990.
|4)Huang rong, Xie Jikang, Academia Sinica, ASIPP/126, pp1-10, Jan.1991.
(5]Xie Jikang, modification of Sawtooth behavior using RHF on HT-6B Tokamak, proc. 14th
Euro. conf, Madrid, Vol. 11D part 1 , 221, 1987.
[6]Xie Jikang and et al, plasma physics and controlled nuclear fusion research, Vol.1, IAEA-
CN-47/A-V-6,1986.
[71Zhaoa Qingchu, plasma physics and controlled nuclear fusion research, Vol.1, 1985.
[8|HT-6B Group, Institute of Plasma Physics, Academia Sinica, Hefci, /2th Europ. Conf.
Buduapest, 1985.
[9]Y.P. Huo, Small plasma physics experiments II, ICTP Trieste, IAEA, pp52 - 89, May 15 -
June 9,1989.

365




w1 R B [ 13 due 3 ;
A
“r.u r (xA) ¢
[ . A ' !
30 ] 30 |
20 I’ J s %
10 } i 1 10 f
o s 12 18 26 30 (mm) % 12 - 18 24 30 (as)

. Fig.(1-a):Plasma current without(RHF).
Fig.(2-a):Plusma curreat with (RHF). Ei<) (

18 24 30 (ws)

HPy
ney
HP4
&0ps “Ous”
Fig.(3-u):Expanded profiles of MP without (RHF). Fig.(3-b):Expanded profiles of MP with (RHF).
power spectral
AT density

Tind 12515 —

Do

16 20 30 «0 kHz

BI25154 DL11(260,89) }$53826009. 022

sX,L2 |

r=+1 cam

mmmm—mmm =l ————

8 g 10 11 12 13 14 15 16 (ma)

366




al22

J

eyt a2

5X,L2

()

a3 w2
SX,NO
KHFS

}V‘w.\«'wv-‘“ﬂf,l\.u e ) -

(<)

13 13,4 13.8 14 4.4 (ms) . % J .

o [] 12 8 24 A0 (ms)
a(5):Sawiuoth bebavior with REFs,curves from Fig.(6):Line emission signals of QL (+3.56 cm) (a) without and (b)with ¢

Le tup are SXR at +3 cm,(a) with £=3, (b) £=2
and (c) without RHFs .

LIZ5158 |, OLLICRED, 2011350826011, T02

g u ams 3=rz
[re 7 Wi B ] iy (
] a)
| r =356 =
L (2
1 b ) .
!l'-,x.uv‘a-._-..,.a L e A anerh ™ !%W,Wﬂ-\*\_‘r'_i '-‘lll‘”""""""’*.l‘w
[ H r ; -
IS i 3
i i
i | ,
o 6 12 18 2& 30 l
i (-S) s e
7oms JE-2 ® 2333
) r = 60 am Ao RTE154 0L1: (260,001 1950928079, 092
AU

' : 3OMS FE+Z
I of
~ W :
® s _ ]

S Ty
" i o

9 12 15 18 21 2& 27 30 (mu)

c
-
<

Fig.{7):Visible linc emissions CII (+3.56 cm) (a) with
and (b) without £=2,

Fig,(8): Visible line emissions Ho(+3,56 cm) (a)with and (b)without £ =1

367




al23

368

Pellet disturbed plasmas in the RTP Tokamak

J. de Kloe, J. Lok, M. N. A, Beurskens, J. F. M. van Gelder,
B. de Groot, G. M. D. Hogeweij, A.A.M. Oomens, and the RTP Team
FOM-Instituut voor Plasmafysica 'Rijnhuizen’, Association Euratom-FOM,
P.0. Box 1207; 3430 BE Nieuwegein, The Netherlands

Introduction

On RTP we have the possibility to measure temperature, density and pressure profiles with high
spatial accuracy using our Thomson scattering (T'S) setup. This gives unique opportunities to gain
more insight. on the process of pellet ablation and the reaction of the plasma to pellet injection.

In this paper we concentrate on one outstanding problem: precooling. The process of pellet ab-
lation is often assumed to be adiabatic (the kinetic energy content of the plasma remains constant)
and local (the flux surfaces not crossed by the pellet trajectory remain unperturbed). Experi-
mentally violations of these assumptions are reported (2, 5, 6, 8, 10], and known as the precooling
effect, i.e. a cold front propagates radially through the plasma with a velocity larger than the pellet
speed. Several types of precooling have been reported. First a small but very fast cooling of the
plasma centre when the pellet is still at the edge. Second a very sudden large drop of temperature
in the plasmacenter when the pellet reaches a certain position outside q=1. Third a cooling front
moving faster than the pellet after it has crossed the g=1 surface. We try to determine wich type
of precooling occurs in RTP using various diagnostics like the ECE radiometer and TS.

If ECE observations are used, one has to be very careful in interpreting the signals as temper-
atures, since other effects, like refraction, could play an important role. This is investigated by
a comparison of ECE profiles with high temporal resolution (2 ps), as measured by an antenna
viewing from the low field side (LFS) and one viewing from the high field side (HFS), and TS
profiles with high spatial resolution (1% of the plasma minor radius). It is shown that in these
experiments an apparent precooling phenomenon is caused by a small region in the plasma in
which the EC-cut-off density is exceeded (i.e. w* > 2w..). Furthermore that for small pellets a
precooling of the second kind, i.e. a sudden drop of the temperature in the plasma center, as seen
in ref. [5], at least outside the g=1 surface, does not accur. For large pellets TS profiles show
precooling only when the pellet is inside the q=1 surface [3].

Experimental setup

The measurements in RTP have been done under the conditions: g = 0.72 m, ¢ = 0.164 m,
Iy =80—120kA, By = 1.5— 2.2 T, central density n. = 1.5 — 5.0 x 10*®*m™3, central temperature
T. = 0.6 — 0.9 keV, edge safety factor g, = 3.6 — 7.3, Hz plasmas and boronized vessel. The pellet
injector was built by the Risp National Laboratory [9]. The pellet velocity and time of arrival are
measured with two optical detectors when the pellet is in free flight. The pellet mass is measured
using a microwave resonance cavity. The emitted H, radiation is measured with a photomultiplier,
and used to estimate the ablation rate. Barlier results of experiments with this equipment have
been reported in [3] and [7]. For this investigation H, pellets with a particle content of 0.5 x 1012
atoms, which is comparable to the particle content of the plasma, and v, ~ 1000 m/s have been
used. The pellets have been injected in the stationary phase of an ohmic discharge and the effects
were observed with the following diagnostics: a TS setup, which yields T., n,, and p, at 118
points along a vertical chord through the plasma center, with a spatial resolution of 1.7-2.5 mm
at one point in time [1]. The laser of the TS system can be fired during the ablation process on &
pre-programmed position of the pellet. In this way the reaction of the plasma to the pellet can be
scanned. The radiation temperature (Tq aq) of the plasma is measured with an ECE radiometer
(2nd harmonic X-mode, 20 channels, time resolution 2 ps, spatial resolution 7-16 mm in the radial
direction, spacing between 2 subsequent channels about 20 mm in the plasma center) [4]. The
Te,caa profile is measured along a horizontal chord either from the LFS or the HFS of the plasma.
The density profile is measured with an interferometer viewing vertically through the plasma along
19 chords (time resolution 16 ps). The toroidal angle between the pellet injector and the ECE-
radiometer (LFS and HFS), the TS setup and the interferometer is 30°, 60°, and 120°, respectively,
all in the electron drift direction.
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Measurements

The Te,raa profiles observed from the LF'S with the radiometer are plotted in Fig.1a. The instants
at which the pellet is at the limiter radius and the magnetic axis are indicated by arrows and
vertical dashed lines. The projection of the pellet trajectory on the flux surfaces is indicated by
the diagonal dashed lines. The pellet penetrated 14 cm into the plasma, thus up to r = 2.4 cm.
A sudden drop in this signal is seen when the pellet is halfway the plasma at r=~0 cm. After that, )
the plasma seems to be very cold for a while (less than 50 V), except for 2 channels on the HFS.

- 900 kev
- BOO keV
~ 700 keV
~ 600 kev
- 500 keV
- 400 keV
~ 300 kev
- 200 keV
0 - 100 kev

posilion (m)

time (ms)
Figure la: T, ¢sa mensured by the ECE radiometer observed from the LFS . (plasma parameters: In = 7T kA,
Br=22T, To = 0.0 keV, neo = 2.4 x 1019m~3, g, = 5.4) The arrowa indicate when the pellel passes the
limiter radius and the magnelic axis (ignoring its lifetime). The projection of the pellet trajectory ia indicated by
the oblique dashed lines. The time is set to zero when the pellet passes the limiter.
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Figure 1b: As Figure 1a for a similar discharge, but now the plasma is observed from the HFS.

Te,raa profiles as observed from the HFS for similar pellet and plasma parameters are plotted
in Fig.1b. In this case the sudden drop in the signal when the pellet is halfway the plasma is not
seen. There could be a precooling effect inside the q=1 surface (between -3 and 3 cm) but the
ECE measurements do not resolve this because of the limited spatial resolution.

During the short interval (< 400ps) of the ablation itself, a series of TS profiles under similar
conditions was measured. An example of these profiles is plotted in Fig.2. Here the horizontal
bars indicate the flux surfaces crossed by the pellet. When these profiles for a series of successive
pellet positions in the plasma are plotted as a function of time, Fig.3 is obtained. The diamonds
indicate the positions where a Thomson profile was taken.

Interpretation

On first sight the sudden drop in Teraq in Fig.la cannot be accounted for by too high a density
cutting off the ECE-signals because the maximum increase in density as seen on the TS profiles or
on the interferometer profiles is not large enough. However, if these T, aa profiles are compared
with Tersa profiles measured from the HFS in Fig.1b, it is clear that T, a4 only drops for those
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Figure 2: Plasma temperature (a). density (b) and pressure pralile (c), measured by Thomson Scattering, 2 ps after
the end of pellet ablation. The penetration depth is up to r=3.0 cm. The left part of the profiles between -0.1 and
-0.164 m is an extrapolation and nut measured. (Note that the centers of these profiles do not exactly correspond
to the magnetic axis due to a Shafranov shift of about 1 em)
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Figure 3: Pseudo-2D plot of the temperature profiles measured with Thomson scattering in a series of identical
dischiarges. The diamonds indicate the time at wich the profiles were taken. Plotted in between arc values obtained
from a linear hit.

flux surfaces that have been crossed by the pellet trajectory. The TS temperature scan (TFig.3)
confirms the Ty aq profiles as measured by the HFS ECE during the ablation. The irregularitics
inside q=1 in Fig.3 are most probably caused by the not quite reproducible plasma and pellet
parameters from shot to shot, which makes it difficult to conclude something about precooling.

The first 200 ps after the end of the ablation the central temperature is of the order of 200
eV according to the TS measurement, which is in contradiction with the LFS ECE measurements.
For the LFS measurement most channels are affccted by cut-off. For the HFS-ECE measurement
the channels between -0.05 and -0.15 m seem to give the right temperature, indicating that the
density perturbations affect mainly the LFS of the measured chord.

The density perturbation at the position of the radinmeter antennae is estimated to explain this
cut-off. It is assumed that the ablatant travels along the magnetic field lines, that the ablation clond
has a polnidal extension in the order of 1 cm, and that the ablatant is uniformly distributed over the
flux-tube between the pellet trajectory and a shock front. Furthermore the H, signal is assumed
to be proportional to the ablation rate. For a small pellet with 0.5 x 10'" atoms, the maximum
electron density perturbation at the poloidal cross-section of the radiometer is = 2 x 10*' = when
the ablatant passes this cross-section for the first time. After the ablatant has travelled around the
torus once, the material is spread over a roughly 10 times larger volume, so the second time the
perturbation passes the poloidal cross-section of the radiometer it has a density of = 2 x 10%%m=2.
This density is large enough for all channels of the radiometer to go in cut-off. This effect is shown
in Fig.4. Shown in Fig. 4a are 2 measured profiles and 1 artificial density profile with a high peak
at the edge, which are used to calculate the cut-off frequencies shown in Fig. 4b, The dashed line
indicates 2w, (r) which determines the position of the Ty g measurement.

If the geometry is such thal the ablatant passes the viewing line of the radiometer antenna
within 1 or 2 toroidal turns (which is the case in our tokamak for the LFS antenua, but not for the
HFS antenna), then cut-off can be expected. However, it should be noted that when larger pellets
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expected cut-off due to a local peaking of the density.

are used the cut-off effect can cause problems after much more than a few toroidal rotations, so
the geometry should always carefully be considered.

Due to the geometry in the RTP setup it is impossible in the case of relatively small pellets to
see the high density peak at the outer part of the plasma with the TS setup, since it takes several
toroidal rotations of the ablatant to get into the viewing line of TS.

The reason that these short density perturbations are usually not seen on interferometer profiles
is twofold:

- these measurements are in most tokamaks often taken relatively long after pellet injection (300—
400us), which gives the local perturbation time to spread over the whole flux-surface;
- interferometers measure line-integrated densities. For RTP a very localised perturbation, for
example a peak of & 1 x 10°m3 with a width of only 1 cm, on a profile with central density of
~ 5 x 10%m~3 would give a change in the interferometer signal of no more than 5 % .

If we accept the HFS measurement as shown in Fig.1b to be true temperatures we can say that
strong precooling at least outside the g=1 surface does not occur. Due to the noise in these signals
we can not draw conclusions on a small precooling in the center when the pellet is still in the outer
regions of the plasma.

ECE measurements for larger pellets (= 2 x 10’ atoms) give the same results, except that the
cut-off at the LFS antenna occurs even earlier (when the pellet has only penetrated 2 to 3 cm).
Some TS profiles for larger pellets are available, and these show precooling when the pellet is inside
the g=1 surface [3]. A systematic scan of the ablation process for these pellets with the TS setup
will be the subject of future studies.
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1. Introduction

The TORE SUPRA (TS) tokamak (circular limiter plasmas with major radius R<2.40 m, minor
radius a<0.79 m) is especially designed for long pulse operation in which plasmas have been
sustained for up to 2 minutes. During long pulse operation, the plasma current is partially or
fully driven by Lower Hybrid (LH) waves. During steady state operation, the flux on the plasma
boundary is constant (Vioop=0) so that no ohmic power flows from the transformer to the
plasma.

A new plasma control system [1] has allowed to operate TS in a steady state scenario in which
two separate feedback loops are used simultaneously : one to control the flux on the plasma
boundary (¢,,,,..) by varying the voltage on the ohmic power supply (Vo) and the other to

control the plasma current (Ip) by a variation of the LH power ( )i

F, =aAl,
VDH = ﬁA¢plade

With this scenario, TORE SUPRA has sustained steady state plasmas for up to 70 seconds [2]
(figure 1) operating at Bi=3.9 T, <ng>= 1.7 1019m3, [p=0.65 MA while the average LH power
is about 3 MW.

However, control of the flux on the plasma boundary and the total plasma current alone is not
always sufficient to access and sustain a steady state plasma.

First, 'sawtooth like' MHD instabilities located in the plasma core [3] can cause a sudden
decrease of the plasma pressure (Teq crash form 9 to 5 keV) and the formation of magnetic
islands. The reduction of current drive elficiency can then terminate the pulse. Particular ohmic
initial conditions in combination with pre-selected values of the parallel index of the LH waves
(n//) have been used to cope successfully with this problem.

Second, in the fully non inductive driven phase, the current density profile can change in shape
and the plasma can access to a regime of Enhanced Performance (Hrrw=We/We-prw=1.3-1.8).
This 'hot electron mode' is characterised by a sharp increase of the electron temperature in the
centre of the plasma (from typically Tep=5to 9 KeV) together with a flattening of the q-profile
(go=1.5 while q2=7) and a high internal inductance |; (li=1.6-1.8). However, unforeseen events
like influx of impurities, bad coupling of the LH power or variations of the plasma density can
change the current profile shape again and terminate the phase of Enhanced Performance. Thus,
in order to make a long pulse in a LH driven steady state Enhanced Performance mode, it is
required to have a control of the current profile.

Therefore, the steady state operating scenario has been extended with a feedback control of the
global shape of the cument density profile by changing the phasing between two adjacent
modules of the LH grill :

8¢ = YAl (1.2)

(L.1)

The current profile is characterised by its internal inductance Ij, defined as L, =(B!) B and
derived in real time from the magnetic measurements. The suprathermal contribution to the total
presure is <5% so that Ij has only an error of a few per cent. The Alj represents the difference
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petween the desired and measured value of i : Al = 1 ~1, . The phasing A¢ between two
adjacent modules of the LH grill results in a variation of the parallel index (n/) of the launched
LH waves. The feedback loop varies the phasing between the modules of the LH grll with

respect [0 a fixed, preset value so that Ag =A™ +5¢. Thedd are limited to |6¢] < 45° in
order to avoid bad coupling of the LH power.

2. The role of n// in Steady State

When TORE SUPRA is operated at reduced plasma density and current (B=4T 1p=0.75 MA
and <ng>=1.6 1019m3), the LH waves are only weakly damped and travel many times around
the torus before being damped out, In this so called 'multi-pass regime', the rays become
sufficiently stochastic to fill up the phase space accessible to them [4]

Thus, in order to control the location of the LH power deposition in a steady state discharge, we
have to change the shape of the domain in which the LH waves propagaie. At constant current
and constant electron density, this can be achieved in two different ways : i) variation of the nj
of the launched LH wave spectrum ii) variation of the g-profile.

Both experiment and theory have shown that the g-profile has a strong influence on the
localisation of the absorption of the LH power : peaked current profiles tend to have a central
deposition of the LH power, while flat or even hollow current profiles have an off axis power
deposition. On the other hand, in the theoretical case of a fixed plasma equilibrium, the variation
of ny from 1.4 to 2.2 will change the wave propagation domain only weakly, since the ray
behaviour in a mutli-pass regime is stochastic.

In the steady state experiments presented here, these two effects are always coupled. Therefore
one has to realise that the LH current drive efficiency changes with njy. This was experimentally
confirmed by operating at different (but fixed) nj/ at Vigop=0 and Ip=0.8 MA using scenario
(1.1). Figure 2 a shows that current drive efficiency varies as (nj)"L. This is different from the
theoretical predictions about the current drive efficiency in a simple single pass regime where the
current drive efficiency varies as (n//)2.

Thus, in our experiments, a variation of the launched wave spectrum (n/y) results in a variation
of the total LH power. The variation of the plasma pressure and the magnetic equilibrium fields
change the wave propagation domain as well as the location of the absorbed LH Power. Then,
the current profile will change its shape. From a large number of steady state equilibria at Bi=4T
1.=0.75 MA and <ne>=1.6 1019m3 it is observed that the internal inductance I varies with the
n// of the launched LH waves (figure 2 b) : increasing n// leads to an increase of lj.

The variation of the wave propagation domain with n/ and the q-profile is also observed during
the transition of the plasma from an ohmic fo a steady state phase. In the ohmic phase, the
current profile is characterised by an li=1.4 while qo=1.1 (Ip=1 MA, ga=5), while purely LH
driven plasmas at [p=0.8 MA have current profiles with lpl.gand go>1.2 and qa=7 (figure 3).
Thus, as soon as the loop voltage is fixed to zero, the current density profile starts to change its
shape towards a pure LH current profile. If qo>1.5 during the transition, magnetic reconnection
events are systematically observed in the plasma core. This can be avoided by ramping the
plasma current down prior to application of any LHCD. Then, only LHCD at njj=1.6-1.8 leads
to sufficient peaking the g profile so that qo<l.5 (figure 4). This is again in contradiction with
the simple condition of Electron Landau Damping (ELD) n/Te!?[keV]>6.5 in a single pass
regime which would lead to much more pronounced flattening of the q-profile.

3. Feedback control of Ij with n// in Steady State

Real time variations of njj have allowed for experiments with feedback control of the current
density profile in steady state plasmas for the first time on TS. Figure 5 shows a steady state
discharge in which the plasma current, the flux on the plasma boundary and the internal
inductance are controlled simultaneously. The {lux on the plasma boundary is constant from 5
seconds onwards (i.e. V]oop=0). Initially, there is no LHCD present, so that a resistive L/R
decay of the plasma current begins. [n this process the current profile is peaked, which is visible
as a rapid increase of the internal inductance. Peaking of the current density profile is required in
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order to get smooth access to the steady state regime (see scction 2). At 5.5 seconds, LHCD g
switched on and the feedback control regulates the LH power in order to keep the plasma current
constant at Ip=0.75 MA. With the variation of the current profile the plasma enters a regime of
Enhanced Performance in which Hgy w=We/We-giw=1.4.

The pre-programmed value of the phasing between the LH modules in this shot is set to
Ap™* = —40° (i.e. ny=1.7). Initially, the measured |; is below its reference value (dotted line;

bottom figure) so that the feedback (1.2) responds by increasing A¢ (increase of ny). Then, at
16 seconds, |j is required to vary in a stepwise manner from lj=1.70 to 1.50. The feedback loop

reacts with a rapid decrease of A¢ thereby briefly saturating at A¢ =-85°, The rapid decrease of
A leads to increase of the current drive efficiency so that the LH power is reduced in order to

keep the plasma current constant. The variations of A¢ also results in a decrease of the plasma
pressure and the central electron temperature, measured by the ECE radiometer.

Directly after the variation ofAg, at 16 seconds, the current profile starts to change its shape. The
internal inductance is slowly reduced to lj=1.55 while qq (interfero-polarimeter) is increased. A
new steady state equilibrium is reached about 10 seconds later. The A¢ ~ -60° (n/=1.5) while
1i=1.55 and qo=1.45. A small decrease of the enhanced energy confinement is observed.

In this example, there is a finite difference between the desired and the measured internal
inductance. This partly due to the use of pure proportional control, but also due to the fact that
the variety of profile shapes in a steady state discharge with LH current drive alonc is limited.
Too much flattening of the g-profile for example, leads systematically to the onset of magnetic
reconnection events in the plasma core if go>1.5 (qa=7) (see next section).

Conclusion

At reduced plasma current and density, the shape of the current profile has been controlled
successfully by varying the nj/ of the LH waves. The variation of the g-profile has probably a
large influence on the location of the LH power deposition. At qa=7, a physical limit to the shape
of the g-profiles has been observed, formulated as qp<1.5. Further increase of qo leads
systematically to the onset of 'sawtooth like' MHD activity in the plasma core. Further
experiments have to be carried out at other plasma currents and densities. Electron Cyclotron
heating and on line determination of qg are foreseen for the 1997 campaign.
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Figure 1 (top left) : 70 seconds long pulse steady state operation with LHCD.

Figure 2a (top right top) : Experimentally observed Current drive efficiency in steady state
discharges.

Figure 2b (top right bettom) : Experimental observed variations of 1j (average values,
deduced from a large number of steady state experiments) as a funcyion of ny/.
Figure 3 (middle left) : Current profiles in a pure ohmic and a fully LH driven plasma.

Figure 4 (middle right) : Transition from ohmic to steady state : ny/=1.7 and no ramp down
(diamonds) gives MHD acitivity, similar to ramp down and nj/= 1.9 (iriangles, squares). Only
ramp down with nf=1.7 keeps qo<1.5 and provides MHD stable access lo steady state (closed
circles).

Figure 5 (bottom) : Feedback control of the internal inductance lj in a steady state LH
driven plasma through real time control of the nj/ of the launched LH waves. At 16 seconds,
the reference curve for lj (dotted line) is varied from 1.7 to 1.5.
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Internal small-scale magnetic turbulence is a serious candidate to explain the anomalous
heat transport in tokamaks. This turbulence was measured on Tore Supra with an original
diagnostic: Cross Polarisation Scattering (CPS) [1]. Measured fluctuation levels were found
compatible with observed electron heat diffusivities. Strong correlation was observed between
the CPS signal increase and global confinement degradation during radio frequency (RF)
heating. In this paper the magnetic fluctuation behaviour is analysed over a wide range of
plasma current, density and RF power. A scan of plasma density or magnetic field is used to
move the CPS measurement location from r/a = 0.3 to r/a = (.75. A fluctuation radial profile is
thus obtained by these two different means. In L-mode discharges, the relation between
magnetic fluctuations, temperature profiles and local heat diffusivities is investigated, With all
measurements, we attemplted to find a simple local driving parameter for ‘the turbulence in a

large domain of plasma conditions.

1°) Description of the CPS diagnostic and operating conditions.

The cross-polarisation scattering (CPS) diagnostic relies on the eigenmode change of a
probing polarised microwave beam scattered by magnetic fluctuations [1.2], close to a cut-off
layer for the incident wave. Two scattering scenarios can be chosen, O +B>X or
X+B— 0, depending on which eigenmode is reflected in the plasma. Both theoretical
considerations [3-3] and experimental indications [1] suggest that the CPS process is strongly
amplified in the cut-off region, which provides a spatial localisation in that area for the scattered
signal. The working frequency is 60 GHz (kg = 12.57 cm™!), and the fluctuation wavenumber
selected by the Bragg resonance condition at the cut-off layer is IEH_ = ko; ko = 0. The data
acquisition system of the diagnostic includes :

* a4 MHz heterodyne detection, providing turbulence spectra at selected times.

= a signal S3pp, monitoring the component at 300 kHz (£ 10 kHz) of the scattered
spectrum.

The magnetic fluctuation spectral component at IEN is evaluated from the S3pq signal
through several steps:

= The CPS power is proportional to S3pg, once a Doppler effect is corrected. This
Doppler shift is due to the poloidal plasma rotation at the cut-off position.

 Using a 1D scattering model defined in [!], the CPS source term at .E,( is then deduced
from the CPS power. In this model the measured CPS power is proportional to a scattering
volume size defined by Ly, the density gradient length at the cut-off layer.
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An estimate for (8B/B)? values (£100%) is infered from the CPS source term by

integrating over 2 k-spectrum assimilated to a square box (Aky = Akg= k). The errorbars in all

figures account

for the dispersion of S3p0, and for the uncertainty on Ly

Without special mention, typical plasma conditions in these experiments were : toroidal

magnetic field Bo= 3.7 T, major radius R = 2.32 m, minor radius a = 0.75 m, helium gas,

scattering scenario O+B - X.

2°) Radial profile of magnetic fluctuations.

A set of ohmic shots was carried out with three current plateaus (I,= 0.7, 1.0 and 1.3MA)

at fixed volume average density <ne>. <ng>
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Fig.l : Magnetic turbulence profile derived
Jrom O—X measurements.

5.2%1019m-3. Thus the O-mode cut-off layer
location (determined by a local density
ne = 4.47x1019 m-3) was shifted from
ra=0.3 to rfa=0.75. In this density domain
the energy confinement time is found constant,
i.e. we are in the SOC regime.

Within instrumental errorbars, the
measured turbulence levels show no clear
dependence on I, and strongly increase with
<ng>. This behaviour can be attributed a priori
to a radial variation of (6B/B)2 for different
locations of the cut-off, or to a parametric
dependence on <n,>. In the first case a
fluctuation radial profile in the gradient region
can be derived from cut-off positions. Figure 1

was scanned shot by shot from 2.2x10'¢ to
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Fig.2 : Radial variation obtained in
experiments with X—0 configuration.
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Fig. 3 : fluctuation levels in X—=0
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shows that (8B/B)? is a growing function of r/a , with an 9-fold increase between r/a = 0.3 and
rla =0.7.

To discriminate between radial and parametric dependence, experiments were conducted
at low <n.> and Bg with the X—0 CPS scenario. The incident X-mode cut-off layer was
moved either by sweeping Bg or <ne>. The results are shown on the figure 2. Note thai
whatever By, observed radial variations have similar features, which are consistent with that
reported in the figure 1. Interpreting the X—0O results in terms of a parametric dependence on
By or <ng> is more difficult, since turbulence levels are sensitive to small parameters changes
(see Figure 3). These indications lead to attribute the major variation of the observed (6B/B)2 to
the fluctuation radial profile.

3°) Magnetic fluctuations and transport in L-mode.

A series of experiments was carried out with Ion Cyclotron Resonance Heating (ICRH,
minority heating scenario) and Lower Hybrid (LH) waves heating. The plasma conditions are:
Ip = 1L3MA, <n> = 3.5%101% m3, The additional power was scanned from | to 3 MW with
four 1 second steps. Density profiles remained unchanged throughout the shots, and thus also
L, and the cut-off position (r/a = 0.55).
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Fig. 4. Heat diffusivities determined by Fig. 5: Quasilinear estimate of fluctuation
transport analysis, compared to those  induced heat fluxes Qe=npxe VT, versus
expected from magnetic fluctuations. VT, at the cut-off layer.

In these experiments, (6B/B)? measured at the gradient region strongly rises with the
additional heating power. This increase can be attributed to a steepening of the temperature
profile, which was the only plasma feature significantly modified by RF application.
Correlation can be found between (8B/B)? and either VT, or VT/T, at the cut-off. In the same
time, the additional heating causes an increase of the local electron heat diffusivity ¥, at half
radius, that can be explained by a temperature profile peaking. On the figure 4, y, determined
from profile analysis [6] is plotted versus diffusivities expected from magnetic turbulence levels
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through the non-collisionnal quasilinear formula [7: ¥ = ngRv,, (8B 1 B)’_ Note that both
diffusivities have similar behaviours with additional heatings and the same order of magnitude.
A factor of 1.5 is found between ™ and actual ¥, This difference can be originated in the
uncertainty of various parameters in the expression of y™€ : the correlation length ngR,
(5B/B)* measured for one component at k=k,, etc. As illustrated on the figure 5, the local heat
flux calculated from magnetic turbulence depends linearly on VT, with a critical gradient close
{0 that observed in transport studies [6],

4°) Discussion and conclusions.

Three major observations can be drawn from these experiments :

« Sweeping the cut-off layer positions has allowed to estimate, by two different means, a
radial profile of magnetic fluctuation. The profiles obtained in the two cases have compatible
shapes : (8B/B)? strongly increases radially towards rfa=0.7.

« A large increase of the turbulence levels is observed with additional heating, that can be
linked to the deterioration of local and global confinements in L-mode. The magnetic
turbulence-induced heat fluxes estimated by the non-collisionnal quasi-linear formula exhibit a
linear dependence on VT, with a threshold. |4

This critical gradient is very close to that F——————

. ; [ | @ICRH 1,3MA
obtained by local transport analysis. 12 oLH 1 3MA

« If the turbulence is assumed to be | oOH 0.7 MA

Jocal, all experimental results obtained in this 10 . aOH 1,0 MA
paper should reflect the variation of a local ' |mOH 1,3 MA
plasma parameter at the cut-off position. This ? 8 &
parameter should increase radially, and be ”@ r
weakly dependent on I, in the SOC regime. It & 6
should also involve the local shape of the — [ &
temperature profile. Several simple plasma 4t o
parameters were tested over the whole O—X : @H H
database. Among these parameters, a good 2 F
correlation is found with either the temperature [ & |
gradient length L7, (see fig.6) or the pressure 0 s ——t
gradient length Lp. Empirical relations show a 0 5 10

VT, /T, cutoff

Fig.6. Compilation of all the O—X results as
a function of Lye at the cut-off.

threshold, which is to be linked to the critical
gradient observed in RF-heated discharges.
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GLOBAL ENERGY CONFINEMENT TIME SCALING DERIVED FROM
THE LOCAL REBUT-LALLIA-WATKINS TRANSPORT MODEL

J. Johner, 1. Villar Colomé
Association Furatom-CEA sur la Fusion
CEA Cadarache, 13108 Saint-Paul-lez-Durance, FRANCE.

1. Introduction

The Rebut-Lallia-Watkins (RLW) local transport model [1] is implemented in the PRETOR
transport code [2]. This transport model is characterized by a critical temperature VT crie above
which the thermal diffusivity is independent of the temperature (except through a gradient length
dependence). Such a mode] is known to result in a global energy confinement time with an offset-
linear dependence with respect to the total heating power.

Comparison of PRETOR calculations of the energy confinement time with the offset-linear
RLW scaling for the global confinement time [3] exhibits quantitative and sometimes qualitative
disagreement. .

Starting from the steady state local transport formulation for both electrons and ions, we show
that, assuming a constant T,/T; ratio, and a flat Zety profile, transport for [VT,| 3 VT
can be described by 2 single fluid equation. Taking the local RLW expressions for anomalous
electron diffusivity and for the x; /x, ratio, and for given density and external heating profiles, the
incremental global energy confinement time expression may be analytically derived except for a
universal function Cr(A4, an, ap) where A is the torus aspect ratio and 0, ap the peaking factors
for the density and the heating profiles, respectively.

An analytical expression is also derived for the offset thermal energy content assuming that it
corresponds to the energy content of the critical temperature profile.

2. The one fluid transport equation for |VT.| 3 Ve crit
Summing the steady state radial transport equations for electrons and N ion species supposed
to have the same temperature T; and same thermal diffusivity Xi» and using the following RLW
assumption valid for |VT,| = VT, o
X 2T 1 e

=C
Xe T+ T; (14 Zegy)V2 lion

where nion = 2_‘;’:1 n; and Cy,, I8 a constant, we obtain the following one fluid transport equation
for a large aspect ratio circular plasma

1d dT,
e (mckxﬁ) = Pext m
where p., is the total external power density and ¥ is an effective thermal diffusivity defined as
Cy 26; T
=l e————nte . T ith i, =2t
X [ 1+ Ze”)uz 1+6;, Xe wi ie T,

For |VT.| 3> VT cri, the RLW electron diffusivity is

[P\ |1dl. | 2dne| ¢* (T\Y? (14 Z;0)/?
o~ 1-y/=)|=—+——= ]| 2 (= — =
Xe Cx.,ﬂ!.w ( A) T dp g dp I%’ (:ﬂ) BgRllQ with p r/a

Supposing that T./T; and Z, /7 are approximately constant, assuming the following modelisation
for the electron density and the external heating power profiles

e (p) = 7e0 (1 = Pz) > ) Pezt = Pext0 (1 o Pz)ap
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where the 0 subscript is used for central values, and supposing a Spitzer like resistivity 7 =
.,.',ozgﬁ/j‘fn, the q profile at equilibrium (radially constant electric field) may be computed as
a function of T, and Eq. (1) for decreasing temperature profiles may be written as

I P\ L 1dn | nENATL 1 [Poapm o e s o820
o0 A (1— \/;)ng (ﬁd_p +2n—:) T ’pEA 77220 dp~T*(p) =0 (2)
where T} is a normalized temperature, ng = Ne/Meo, and the prime denotes differentiation with
respect to p.

The above integral equation for T} is only a function of A,an,ap. It may be shown to be
equivalent to a second order differential equation for y1 = Tll ” However, for the form of the
density profile that we consider and the zero edge temperature condition, this equation for y, may
be shown to exhibit a numerical singularity for p = 1. This problem is solved by introducing the
variable u =1—(1— p)1—e=/2_ The resulting equation for 1 (u) is regular. Its solution is obtained
by a Runge-Kutta shooting integration of the differential equation obtained for the function B(u)
defined by the relation y1{u) = (1 — u)f(u) and which can be shown to have a finite value and a
zero slope for u= 1.

3. Expression for the incremental energy confinement time

From the above model, the incremental electron energy confinement time T‘(;;)m may be shown

to be
1/2
@ _to_1 . —LR
A0 o Cr{A,an,0p) ——73 ot ©
FEinc 47|.thuw v (4,20, ap) (1+ngf)li2+cx|‘=12':éin ’
with
3 ln‘ T 92,
AT ) “)

i ey €
T Jy T (p)2pdp

where T}, and T} (p) are given by the numerical solution of Eq. (2). The following fit is proposed

for Cr
- 5
Cr (A, an,ap) &-Cr (A=3:E‘n:af’) (5)
1=z
with

0.3200 0.2313 —0.0316 i
00366 —0.1607 —0.0007 -
~0.3371  0.4856 —0.0195 £

Cr(A=3anap)=(1 an a} of) :
0.1016 —-0.4064  0.0542 2F

The fit for C; (A = 3,an,cp) gives a maximum error of 4% in the range of values o, =0+ 1
and ap = 0 + 1.5. For the aspect ratios in the range A = 2.6 + 5, the fit for C; (A, an, ap) with
o = 0.65797 gives a maximum error of 10% for A = 5.

The above expression is to be compared with the incremental part of the global RLW confine-
ment time expression, i.e. (SI units):

1
172
ef f

T e = 1.2 x 10— [,k a 6)

Comparing Eq. (3) and Eq. (6), we see that the plasma current dependence is the same. In con-
trast, the detailed dimension dependence as well as the Z,;; dependences are different. Moreover,
the global RLW scaling exhibits no dependence on T;/Te, an, and ap.
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4. Comparison with the PRETOR code
In order to check the validity of our scaling [Eq. (3)], we compare the values obtained for the
incremental energy confinement time Ty, in the case T, ~ T; (giving Tgin. ~ 21'},;)“6) as calculated
by the PRETOR code [with VTecrie = 0, Cy,, = 2, Cy, — 2, Zepp = 1, Te(a) = Ti(a) = ],
using our scaling with the exact value of C; [as given by Eq. (4)], or the approximate fit proposed
above, and using the global RLW scaling. Fig. 1 shows the variation with the aspect ratio, Fig. 2
the variation with the external heating peaking parameter ap, Comparison of the electron energy
confinement time when varying the plasma effective charge is presented in Fig. 3 .
0.08

0.07

0.08

0.05

Tenc(S)

0.04

0.03

0.02

0.0

0

o 5 10 15 0 o a5 ! a, L] ?

Fig. 1. Comparison of the incremental confine- Fig. 2: Comparison of the incremental confine-
ment time given by PRETOR (full line), our scal- men! time given by PRETOR (full line), our scal-
ing [Eq.(3)] with the ezact value for Cy (dash- ing [Bq. (3)] with the ezact value for Cr (dash-dotted
dotted line) or the proposed fit (dotted line), and line) or the proposed fit (dotted line), and the global
the global RLW scaling (R=10 m, By=6 T, I,=0.22 RLW scaling (R=9 m, a=3 m, B,=6 T, I,=6 MA,
MA, Z.;r=1, b;, =1, 0, =0, ap=0, variation of A Zfr=1, B =1, an=0).
obtained by varying a).

We see that our scaling reproduces the 4, ap as well as the Z.ss; dependences given by the

code and that it is numerically accurate.

5. Expression for the offset thermal energy content
Supposing that the offset thermal energy content is approximately given by the energy content
corresponding to the temperature profile for which |VT,| = VT, o at each point, and taking the
RLW expression for VI, crit
1/2
33
V1. erit = CVT, T q (ET;EE)
T,

the equation for the critical temperature profile may be shown to be
.1/2T1/4dT2 [ T (25df =0

where T is a normahzed temperature. The corresponding electron energy content is

3 2
Wi = sl sk O, ., e () ZL5 1 (7)) B/ R0 )
where
1« -
GWD (an) s L JrO ﬂe(la):re (,D)gpdp

Tad” [ 3 me(e)dp J3 T2 ) 2080
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The following fit, with an error below 1% in the range anp =0+ 1.5, is proposed for Ciw, (@n)
Ce (@n) = 07730 +0.2635tp, — 0249201, + 0.1326a%

The above expression for W}:a is to be compared with the offset energy content given in the
global RIW scaling, i.e. (SI units):

WS puw = 26 x 107 BEZ L/ ) BRI
15
=10
=3
0.4 -
03
RW s
0.2 :
al RIW
0 0
1 15 2 25 3 a5 4 0 50 100 150 200 250 300

L Pac (MW)

Fig. 3: Comparison of the ineremental electron en-  Fig. 4: Comparison of the energy content given by

ergy confinement time given by PRETOR (full line), PRETOR (full line), our scaling [Eq. (8)], and the

our scaling [Eq. (3)] with the ezact value for C, global RLW scaling (R=10 m, a=0.5 m, By=6 T,

(dash-dotted line) or the proposed fit (dotted ling), I,=0.22 MA, 8;c =1, an=>0, ap=0).

and the global RLW scaling (R=9 m, a=8 m, By=6

T, I,=6 MA, b =1, an=0, ap=0}.

Fig. (4) compares the total energy content as calculated by PRETOR, with the expression

WE = Wi + e Peat ®)

with Wt(:‘), given by Eq. (7) and TE;)M given by Eq. (3). We see that Eq. (7) describes the offset
energy content with a very good precision. For large P.y, the incremental energy confinement time
is well described by Eq. (3).
6. Conclusion
Semni-analytical expressions have been derived from the local RLW transport model for the
incremental electron energy confinement time (T,(g;“',lc) and the offset electron thermal energy content
(Wl(,fa) for circular plasmas. Comparison with the global RLW scaling shows important differences
namely in dimension and profile dependences. With respect to the results of the PRETOR code,
our scaling shows for arbitrary parameters much better agreement than the global RLW expression.
Effect of clongation and finite edge temperature will be considered in a subsequent paper.
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Scaling laws of turbulence in tokamaks
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General Atomics, P.O. Box 85608,
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I.Introduction

Several experimental studies of dimensionless confinement scaling laws are now
available. As expected from usual turbulence theories, the scaling of the electron thermal
diffusivity is gyroBohm, i.e. E%B p%, with a=1, where p. is the ion Larmor radius Ps
normalized to the minor radius a, T is the temperature and B the magnetic field [1]. In
contrast, the ion scaling is found to vary from the Goldston regime (ot=-0.5) through Bohm
(or=0), up to gyroBohm (a=1), depending on plasma parameters. Several explanations have
been proposed to explain this behavior. One of them relies on shear flow stabilization [2].
This effect can be understood as follows. Electric and diamagnetic shear stabilization induces a
decrease of the growth rate y, which is given by the relation y=yo-d/dr(V,+VE), where vy
scales as cg/a (cg is the ion thermal speed), and d/dr(V,+VE) scales as p,cg/a (V, is the
diamagnetic drift and Vg is the electric drift which is diamagnetic when there is no external
momentum sources). Assuming that the correlation length scales as an ion Larmor radius pg, a
random walk argument leads to a diffusivity XE%B p«(1—c.p.). The latter scaling
exhibits all possible coefficients o. Numerical simulations of Ton Temperature Gradient (ITG)
turbulence confirm this picture, which holds when the temperature gradient is close to the
threshold and p, is large enough. In particular, the departure from gyroBohm scaling comes
mainly from the breaking of the correlation time scaling, whereas the scaling of correlation
lengths is gyroBohm. The purpose of the present study is 1o give some insight on this issue
by analysing the turbulence signal with a Singular Value Decomposition. It is shown in
particular that the principal spatial components are close to linear modes, called global modes,
when a breaking of gyroBohm scaling is observed.

II. The model
The code which is used is based on a simplified model, which captures the main features
of ITG turbulence [2]. Writing the relative density, pressure and potential fluctuations as
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Bn/n(r)=(p50/a)ﬁ, 8p/p(r) =(pso/a)P, and c8/T(0) =(psp/2)®, each field is developed
as a Fourier series, namely

(A, ﬁ,q—:}(r,e,(p.t) = Z[n,p,q:]k(r - rk,t)exp{i(me + n(p)} (n
k=(m,n)

Throughout we use the time unit a/cgy, where ¢y = (‘l'c(()),"mi)”2 is the ion acoustic speed
on the magnetic axis, the levels of fluctuation are normalized to p*=pgp/a, where
P = m;cgp/eB is the central ion gyroradius on the magnetic axis. The parallel ion motion
dynamics is expected to determine the radial structure of the poloidal and toroidal Fourier
harmonics (m,n) through the magnetic shear. Here, these radial shapes are predetermined with
a fixed model detailed below and thus the fast parallel ion motion is ignored. The moment
equations for the gyrocenter density Nk and pressure Pk are given by

% = iy (T~ Ay + Ay |+ (@12 + 1@ @
% = —im;[iqa]k + ﬁ¢2k]+ Fi(®@pei2), + Mit(@pP), + xglit(@p(P = N)),

where Ny = [y +7(0 — 01 )/T]. and P ={pi + [0 1/ 3o -2/ 30 ]/T} are
related to the physical density ny and pressure py, and $1k, 2k and 912k = (O1x+b2k)/2 are
gyroaveraged potentials. Using the Pad¢ approximates for the modified Bessel functions these
are adequately represented by Qvk = (1+b)"Vdk where b= Tp?ki‘ T =T;/T,, and pg(r) is the
local ion Larmor radius and T is the electron temperature normed 1o the central temperature.
The radius ranges between 0 and a, and m; =pgm/T, i:(n/Ln)(r), and 7 =(a/L7;)(r).
The quasi-neutrality imposes ny = (A9, —i8y0)/ Tto represent the electron dynamics. The

time derivative is defined as

d _d . “ _ & =

S/ Dve + 9.V — o - pipi(m/ B2 —Hap (m/ D) €)
where Vg is the local ExB drift, plo, {1, and 2 are model damping parameters, the non linear
ExB convection term is ¥, - V.

Each (m,n) Fourier component is characterized by a combination of even and odd

radial shapes W. These shapes are Gaussians centered on the resonant surface r=rm n. Their
width w scale as the local gyroradius. For the n=0 radial modes, we have taken the radial

functions to be given by sinusoidal forms. Details cun be found in the reference |2].

III. Signal analysis

The SVD allows to decompose any signal Py(t) under the form
min (K pax bonax )
(= X ATCj) @
=1
where the vectors Tj and Cj are sometimes called topos and chrones and constitute two sets

of orthonormal functions [3]. The cases which have been chosen here correspond to p.=0.02,
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0.01, and 0.005. Ton thermal diffusivities normalized to the gyroBohm value p,T/eB are
found to be different (Fig.1). It is therefore clear that the scaling is not gyroBohm.

I — p+=0.005]
e p*=00]
-.a p*=0‘02 1

|
4 XX gB

.-
- -
- S

o - 2
& P L b | |

0 s
0.0 0.2 0.4 0.6 0.8 1.0
Fig.1: lon thermal diffusivity normalized to the gyroBohm value ygp=p.T/eB

Figs.2 show the first topos and the first global eigenmodes for np,=0.12. It appears
that these are close for large p,, and different for small p.. In practice, it is found that the
correlation time normalized to a/csg depends on p,, i.e. the simulation is dominated by long-
lived global modes for small p.. On the contrary, the scaling of the correlation lengths is
mainly gyroBohm [2].

0.6 Ikl I | I I =
—svd
020 b ot ] |l global
0.4 -
a1 : px=0.02
0.2 |- —
0.0 0.0
0 200 400 0 20 40 60 80

Fig.2: Comparison of the first topos (j=1)with the most unstable global mode np,=0.12

It may be surprising to find a correlation length which scales as a gyroradius whereas
the spatial structure of the principal components is close to the linear global modes. This may
be understood as follows. Let us assume that the topos are global modes, corresponding to a
given toroidal number n and associated to even shape functions. The index k will now label
the poloidal number. From numerical results, these global modes are of the form
exp[~k2d2/L2+ik8j}, where L scales as \/E (L>>w) and 8j is the ballooning angle. A
spatial correlation function is defined as C(x)=fP(0,[)P(x.t)dl/JPZ(O,l)dt with
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<2 %8 w6l
p(x,[)=zxjcj(:)P}-(x) : Pj(x)=zk:Tkjwk(x)=exp —?H e (5)
J .

where d=1/nq’ is the distance between two adjacent resonant surfaces and w is the width of
the gaussian radial shapes Wi (x). The correlation function is given by

2n2
w e x0;
Z?L% cxp{— d +iJ}
J

24> d

2n2

w 0%

A% expd— :
S5

Two cases are possible. [f only one global mode is excited, the correlation length is given by

2
C(x)= cxp{—i—z} (6)

L=\ ps. If a broad spectrum of A is excited, and if 8 varies smoothly with j, the expression
(6) shows that C(x) is close 10 exp [ -x3/2w2] , i.e. the correlation length is given by w=ps.
Fig.3 shows that the Aj spectrum is flat, corresponding to a gyroBohm correlation length.
Exceptions can be found when the temperature gradient is very close to the threshold and for
large values of p,. It can be seen indeed on Fig.3 that the eigenvalue spectrum is more peaked
for a large p.. On the other hand, the correlation time is clearly given by the function Cj(t)

which exhibits the largest characteristic time.

| [ I I [
] e p+=0.005
1.0 ]
® s p==0.01
= 2% . o ps=0.02
u L] ®
° L W : ° o
0.5 —
* B g
* +
MR
0.0 L1 1 l | 1
2 4 6 8 10

Fig.3: First 10 SVD eigenvalues for different gyroradii.

1V. Conclusion

A SVD analysis shows that global modes are present when a breaking of gyroBohm
scaling is observed. These modes are long-lived structures, leading to a breaking of the
correlation time scaling. The fact that several global modes are usually excited explains why
the correlation lengths still scale as the ion gyroradius.
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Diffusion processes in stochastic magnetic fields
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A detailed study of the evolution of colliding particles in a stochastic magnetic field is
presented. We analyse the effects on the effective diffusion coeflicient produced: (a) by
particle collisions, (b) by the stochastic drifts determined by the gradients of the magnetic
field which are always present along a stochastic magnetic line, (c) by the macroscopic flows
of the plasma (perpendicular and parallel to the confining magnetic field) and (d) by the
time variation of the stochastic magnetic field. The study is based on analytical treatments
of the Langevin-type equation that describes the guiding center approximation of particle
motion.

The equations for the guiding centre trajectories are:

FEOBEINO L0 @, LSOm0y
where Bob is a small stochastic component of the magnetic field which is perpendicular to
the confining magnetic field Boe,. Here z, (t) = (z.), m(t),n (t) are the parallel and
resp. the perpendicular collisional velocities, up(z) is the magnetic drift velocity that can be
approximated as vp, = —(V2/0)ab,/dz, up, = (VE/R)8b./8z (Vi is the thermal velocity
and ) is the gyration frequency). uj, &y are the components of a deterministic (average)
velocity which can be produced by an electric field perpendicular to the confining magnetic
field or by any other flow of the plasma.

The following statistical properties of the collisional velocity are considered. n)(t), 7, (t)
have zero average and are modelled by a Gaussian coloured noise:

(m(Om()) = xR, (mi(0n} () = xuvR (2)

where R = exp (~v|t — ¢'[), v is the collision frequency of the plasma, x = VZ/(2v) is the
(classical) parallel diffusion coefficient, y, = Vifu/(200%) is the cross-field diffusion coefficient
and i = z,y. The statistical properties of the stochastic magnetic field are modelled by means
of the vector potential W (z,t) which is 2 Gaussian random field, spatially homogeneous,
isotropic in the (z,y) plane and stationary. Its Eulerian autocorrelation function is taken as:

r

T2 2 % i
(U (z+r,t+71)¥(g,t)) = 6223 exp [— 2;ﬁ - 2‘/\%} exp [*%J , (3)

where g is the amplitude of the stochastic field, Ay, AL are the correlation lengths along and
resp. perpendicular to the unperturbed confining field and 7, is the correlation time. The
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offect of the nonlinearity is described by the parameter o = BAy/AL. Our caleulations apply
to the quasilinear regime o < 1.

Two methods are developed for dealing with the Langevin equations (1). The first [6, 7]
is an exact method and applies when the stochastic perpendicular velocities determined by
collisions and magnetic drifts can be neglected (, = 0 and up =0 in Eq.(1)). In these
conditions it is possible to determine the Lagrangian correlation of the perpendicular velocity
u=bny determined by particle motion along perturbed field lines:

2
ﬁ2)|| (p.‘] 2 wt UﬁtE uit"’
=" err-Z v 1+ 5 = IR —ut 4
Lu,,( ) I x| v Iﬁ i tﬁ exp 2tﬁ 2& v (4)
2 fi
Lua(t) = Lu, () [1 - *T] 5)
il

where Iﬁ = Ai‘f + <(z{t) - u“£)2> and ¢(t) = xj(1 — exp(—w»t)). The particle mean squlare
2
displacement (MSD) I'(t) = ((a:(t) - (I(t»bq,) > and the time dependent diffusion coef-
by

ficient are calculated as integrals of this function.

The second method [4,6] is used for estimating the effects of the perpendicular colli-
sional velocity and/or of the curvature drift velocity. The moments of the modification of
the trajectory due to these small stochastic velocities are obtained in the quasilinear and
Markovian approximation and the decorrelation time t4 is calculated. Finally, a random
walk estimation of the diffusion coefficient is performed: D % )3 /(2tq)

The following results were obtained:
First, a time independent stochastic magnetic field is considered.
(a) Our calculations [4] confirm the well known results of Kadomtsev-Pogutse [2] and
Rechester-Rosenbluth [1] which describe collisional particles in stochastic magnetic fields
(only b, ny, no # 0in Eqs(1)). We also obtain a new form of the diffusion coefficient, valid
in the weakly collisional domain.
(b) The effect of the magnetic drifts, determined by the gradients of the stochastic
magnetic field, consists in an intrinsic particle-field line decorrelation [6] which leads to dif-
fusion even in the absence of 7,. We determine a new effective diffusion coefficient produced
by this mechanism. A general graph [5] which describes the physical domains corresponding
to the validity of various transport regimes determined by the three stochastic processes b,
and v, is obtained. The diffusion coefficients and their validity ranges can be represented in
terms of two dimensionless parameters n = (A3 v)/{4D V) and p = (p7v)/(4DmVr) where :
D = \/n/26% ) is the diffusion coefficient of the magnetic lines. 1
(c) The influence of a macroscopic flow of the plasma (produced e.g. by a radial |
electric field) is determined. We show that such an average motion commonly found in
experiments, superposed on the stochastic velocity of the collisional particle motion in a
stochastic magnetic field, can produce a strong increase of the effective diffusion coefficient
[7]. The effect is important in both Kadomtsev-Pogutse and Rechester-Rosenbluth diffusion
regimes and, when the average velocity is large enough, the diffusion coefficient becomes
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independent on the collisionality regime. Analytical approximations for Di(uyj,uy), i ==,y

are obtained:
D (w,0) = 5Dy for uy < Vp, 6)

1 A
Dy (0,u) = Dm‘f;%, D.(0,uy) = 15D, (0,01} for uy < A—lvT, (7)
I

—

0.5

Ty T

Fig.1. The dependence of the normalised diffusion coefficient D= Di/(B*3v)
on the flow velocities Ty = uy/(Arv) and Ty = uy/(Av) -

(d) The last part of this work deals with time dependent stochastic magnetic fields.
It shows a maximum,

We determine the diffusion coefficient as a function of w = 1/7c
significantly larger than the diffusion coefficient in a time independent case, which is located

around the inverse of the collision frequency. D(w) can be approximated as:
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_in the strong collisional regime v = (Amspf ) € Lt

JEPNvEE <
D(w) =4 A (1 42\/@ yEL gl (8)
152 Y;
30%-F lg

_ in the weakly collisional regime v > 1:

VEB N V@ gl
D) =1 v (1- @Y+ (B)™) 1«2V ©)
i RS

in agreement with [8]. We have also shown that the collisional stochastic velocity 7, has not
a significant effect on the effective diffusion coefficient at large frequencies.

ol

(¢

Fig.2. The normalized particle diffusion coefficient D = D (w)/ D yax;
continuous line: the result from Eq.(4), dashed line: the approximation (9); (v = 20)

The general conclusion of our study is that the effective diffusion of the particles in a
stochastic magnetic field can be strongly influenced by plasma flows or by a time variation
of the stochastic magnetic field. A significant increase of the diffusion coefficient can arise
due to the coupling of these factors to the collisional particle motion along the perturbed
magnetic lines.
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1) Introduction )

A new experimental approach using dimensional analysis has recently been made in
tokamak plasmas for a better understanding of transport mechanisms as well as prediction of
the performance of future tokamaks[ll. In this method, all non dimensional parameters
governing the plasma are kept constant, except the normalized Larmor radius
p* (=2mTe/(qcBa)). In L regimes, four non dimensional parameters are fixed : the aspect
ratio R/a, the safety factor g, the toroidal beta number Py (=nT/(B%/211,)), and the collisionality
v* (= const (R/a2)>2q,Rne/Te2). From this analysis, the heat diffusivity can be written as [3];

2- = 2B (P F(R/a,q.v* By) e B-(1+20)/3,(2-50)/6 )
where xB (= T/B) is the Bohm transport coefficient. Gyro-Bohm, Bohm, and Goldston
transport correspond respectively to oo =1, a =0 and @ = -1/2. To characterize a similarity
state in ohmic (OH) plasmas, a better choice is to replace By by the Hugill number H (2]
H= Sazndlp). Similar scaling can be defined for OH plasmas:

xOH= xﬂ(p*)(ﬁ. F(Ria,q,v*.H) - B-(]+3n‘.),’4a-c1 (2)
In this case, gyro-Bohm, Bohm, B-independent transport correspond to o = 1, ot = 0 and

o = -1/3. In this paper, results of heat transport from global and local analysis in Tore Supra
are presented, as well as the density fluctuations,

2) Global Analysis of Transport

To investigate the similarity physics of transport in Tore Supra, two series of
experiments, corresponding to two different magnetic fields (B=3.76T, 1.71T), have been
performed. For all considered discharges, the plasma is Helium gas, and the plasma position
remains unchanged: the minor radius a is 0.75 m, and the major radius R is 2.32 m.
2.1) L regime

Tables I and IT show the engineer and non dimensional parameters for shots 16276 and
17833 in their L phase. For B varying from 1.71 Tt0 3.76 T, Ip, Neo, Padd are chosen so as to
maintain constant ¢, Pr. and v*, while p* varies from 1.24x10"* 10 7.68x107. Two heating
methods are used in these experiments: ICRH, which is only efficient in a high magnetic field
range (high density in this case), and lower hybrid (LH) wave heating, which is more efficient
in low density regimes. The global (effective) heat diffusivity ¥crr is evaluated from the energy
confinement time Tpy;, (diamagnetic measurement) with Yefr= a2/Tpia- Xefr includes both electron

and ion effects. In global analysis, the central temperature and central density are used in the
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expression of Br. and v¥, and q is given by the edge value qa= SazB!(RIp). From the evolution
of chﬁ'xa in table II, and using Eq.(1), a value of o = 0.7 is obtained. This means that the
effective transport in L regimes is rather gyro-Bohm.

shot | B (T) | Ip(MA) |neo (1019111'3) Heating | Paga MW) | Tep (keV) | TDia (sec) |
16276 | 3.76 1.32 6.2 ICRH 3.25 4.1 0.152
17833 | 1.71 0.60 2.2 LH 0.9 2.2 0.089
Ratio 0.45 0.45 0.35 0.28 0.54 0.585

Table . Engineer parameters of shots 16276 and 17833 in their L phase.

Shot | Ria | qu IBraod| v¢ |p* a0h| xPB  |Xer=2/tDia| Xerw/x®
6276 | 3.04 | 357 706 | 170 | 077 | 1.06 3.83 3.60
77833 | 3.08 | 350 637 | 19.0 12 | 129 6.37 4.95

Ratio | 101 o099 o090 | 112 | 1.6 | 122 1.66 1.38

Table II. Non dimensional parameters of shots 16276 and 17833 in their L phase.
2.2) OH regime (SOC)

In dimensional analysis for ohmic plasmas, Py should be substituted by the Hugill
number H as indicated in [2]. Tables IIT and TV show the engineer and non dimensional
parameters of shots 16276 and 17825 in their OH phase. For the same B variation as in §2.1,
q, H. and v* remain nearly constant (see Tab.IV), while p* varies from 1.0%10% 10 5.7%x1073.
Note that both plasmas (H=14) are in the saturation ohmic confinement regime (SOC) 121, From
table TV, o is found to be & = -0.03, hence the effective transport in this OH regime is Bohm.

Shot | B (T) | Ip (MA) | ngo (10'%m3) | Heating | Pon (MW) | Teo (keV) | Tpj, (sec)
16276 | 3.76 1.32 6.2 OH 1.29 2.23 0.223
17825 | 1.71 0.60 2.8 OH 0.52 1.45 0.17
Ratio | 0.45 0.45 0.45 0.39 0.65 0.762
Table II1. Engineer parameters of shots 16276 and 17825 in their OH phase.

Shot | Ra | aa | H | v* [p*(0*| %% |Xeft=a/TDia| Xew/x?
16276 | 3.04 | 3.58 14.3 57.4 0.57 0.59 2.61 4.4
17825 | 3.08 | 3.53 13.6 59.3 1.0 0.85 3.68 4.32
Ratio | 1.01 | 0.99 | 0.95 1.03 1.8 1.44 1.41 0.98

Table IV. Non dimensional parameters of shots 16276 and 17825 in their OH phase.

3) Local Analysis of Transport

In §2, the difference between ions and electrons, and the radial feature of transport are
not considered. In this section, a local transport analysis is performed with a numerical code
LOCO [41. To run this code, the following input values are required: the electron temperature
profile Te(r), the electron density profile ne(r), the current profile J(r), the additional heating
power profile Pagq(r) and Zefr. T is measured by three diagnostics: Thomson scattering,
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Michelson interferometry, and heterodyne radiometry. n is measured by FIR inteferometry and
reflectometry. J is measured by polarimetry. Ze(y is measured by Bremsstrahlung spectroscopy,
For Helium plasma as in our case, the neutron flux is not large enough to allow the ion
temperature measurement. Thus in the LOCO code, it is necessary to impose a scaling for the
ion transport. This scaling is in turn controlled by the energy balance, i.e. the total kinetic
energy Wyin (= We + W) is compared to Wiy, W, is obtained from profile measurements, W;
from the numerical code, and Wi, from diamagnetic measurements. It is observed that gyTo-
Bohm scaling for ion transport can not satisfy the energy balance condition for all analysed
discharges, contrary to Goldston scaling, This demonstrates indirectly that ion transport is
rather Goldston than gyro-Bohm in the considered discharges.
3D L regime

The discharges considered in this section are the same as those in §2.1. Fig.1-2 display
the radial profiles of v*, Bc. These parameters are kept nearly constant in the whole profile,
when B varies from 1.71 T to 3.76 T. The injected power deposition in both cases is located
inside the region defined by p < 0.3. In Fig.3, we can see that the electron transport is rather
gyro-Bohm, as well as the effective transport. This confirms the results of global analysis.

1f :
10'|—e~LH: B=171T Il —e-LH: B=17IT 15 o
—O- ICRH:B=376Tp | < | —o-icRi:B=376T | £ | ®%iF%e © X
10° g o, ~ Goldston
P T )
10! 05 =
kS =
1072 -
@
107 0| Oog, '?5 0 L regime |
0 05 P 1 0 05 P 1 0 0.5 p 1
Fig.1 v* profile Fig.2 By profile Fig.3 Heat diffusivity ratio.

3.2) OH regime

The discharges considered in this section are the same as those in §2.2. Fig.4-5 display
the profiles of v*, q, H. Compared to the previous section, only the density ratio is different for
the two considered discharges. The density is now chosen to keep H constant instead of Br. In
OH plasmas, contrary to L regimes, the electron transport is now rather Bohm (see Fig.6), and
so is the effective transport. This result is compatible with that obtained by global analysis.

10 o OH:B=171T #| X o OH:B=1TIT b3 SXiOXAg ® Yoy
-O- OH:B=3.76T g -0- OH:B=3.76T E
£z
1 71
a
‘5‘ =
0.1 E 0.5
i
0.01 - ‘ . ol | ) . ) % 0 OH regime
0 05 p 1 0 05 p 1 0 05 p 1
Fig.4 v* profile Fig.5 H profile Fig.6 Heat diffusivity ratio,

394




al30

4) Fluctuation Analysis

Density fluctuations are measured by CO2 laser coherent scattering 151 in order to
establish an eventual relation with the local transport. Fig.7 displays the two power spectra
of f/n relative to two magnetic fields in L regime. The poloidal wavenumber of fluctuations
probed is kg =3 cr'l, The scattering volume is located in a region from p= 0.6 to p = 0.9. For

B =3.76 and 1.71T, the fluctuation levels are respectively fi/n = 0.22 and = 0.15 [a.u.]. In OH
70

regimes described in §2.2, the density fluctuation levels are
respectively fi/n = 0.18, fi/n = 0.17 for the same B. From 60
these values, a dependence on p* of one component of fi/n @
at a given kg = 5 cm! can be deduced: i/n lkg = (p*y % in “:'-;

E

L regimes, ﬁln|kﬂ = (p"‘)0 in OH regimes. On the other

hand, the mixing length theory can directly link fi/n to p* as i :J%RH ’g: f‘;"f.r
i/n = 1/(<kg>L) = p*flkg p*). This scaling can lcad to a 20— T
Frequence (MHz)

gyro-Bohm transport. For one measured kg-component of
fluctuation and due to the Fourier transform, it yields: Fig.7 Power spectra of i/n.
ﬁ[nlk_a = (p*)zj(ka p*). The function f can be determined empirically by noting that the
experimental fluctuation k-spectrum follows a Kolmogorov scaling [61: i/ |1(E,)2 = kg3, Hence
the p*-scaling of fi/n is: fi/n | kg= kg"”"2 (p*)'"2. For these experiments, the measured density
fluctuations and the internal transport do not follow the same trend. Two explanations are
possible. Either the measured turbulence does not account for the internal transport, or the
above simplistic model is deficient. Therefore, additional experiments are needed to thoroughly
study this point.

5) Conclusions

Similarity experiments have been made in Tore Supra to investigate the p* scaling of
local transport and global confinement. A local analysis showed that in L regimes the electron
and effective transport are gyro-Bohm, the ion transport is rather Goldston, as found in other
tokamaks. On the other hand, in the ohmic SOC regime, the electron and effective transport are
Bohm, and the ion transport is B-independent. All these results are consistent with those
obtained from global analysis. For these experiments, when using a simplistic model, it seems
that the measured density fluctuations and the internal transport do not follow the same trend.

(1] Petty C.C, Luce T.C, et al., Phys. Rev. Lett,, 74, 1763 (1995)
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Association Euratom-CEA sur la Fusion
Département de Recherches sur la Fusion Contrdlée
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Introduction

Snakes have been observed afier pellet injections into Tore-Supra during ohmic as well
as during ICRH discharges as it has already been reported in JET[1]. They correspond mainly to
a density perturbation. For example, on Tore-Supra [2,3], high speed hydrogen pellets (1500m/s
and approximatcly 102! atoms) were injected into deuterium plasmas. In such conditions the
produced snakes exhibil a m=1 n=1 helicity and rotate on a radius rg much smaller than the
radius of the g=1 surface deduced from the inversion radius of the sawtecth (rs/rg=1=0.5) [4]. A
study of the chemical composition of the snake and the consequence upon its stability arc the
purposes of this paper, which is organised as follows: the first paragraph presents the chemical
composition of the snake using a simplificd model, simulating the oscillations of both the line
integrated clectron density and the soft X-ray brightnesses. It has been deduced that the carbon
concentration inside the snake is larger than in the surrounding plasma. The second paragraph is
devoted to the time evolution equation of the snake size, taking into account the tearing
component and two additional effects, namely the resistivity increase through the carbon

accumulation [5] and the bootstrap current [6].

Evaluation of the snake ¢l Ssipaniabtie: .

The snake is observed using data from the following diagnostics: 5 channels of the laser
interferometer, 44 channels of the soft X-ray camera viewing the plasma vertically and 6 ECE
channels interferometer giving the spatial profile of the clectron temperature. The average
cffective charge Zcff is routinely obtained from quantitative analysis of the visible

bremmstrahlung emission at wavelength around 5238A, whereas the impuritics are measured by

the XUV line spectroscopy. Fig.l shows the evolution during the snake lifetime of the central
ECE signal, the soft X-ray at the snake radius and two integrated electron linc densities as
function of time.The early appearance of the modulations on the densily indicates thal the snake
is alrcady created at the end of the ablation process at t = 8.56 s. The amplitude of perturbation
is almost constant during the entire snake duration . The modulations on the increasing (because
of the clectron temperature recovery) soft X-ray signals appear only about 80 ms later and reach
a maximum of 30% of the average inicgrated signal around t = 8.85 s and then decreases with a

lime constant of 170 ms.
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For more detailed investigations, the impurity content is obtained by using an impurity
(ransport code simulating simultancously all available experimental data (XUV linc
spectroscopy, soft X-ray emission and visiblc bremsstrahlung) [7].

Prior to pellct injection the described quantitative analysis has given a central Zeff = 1.40
+ 0.05, due to carbon with a central density nC(0) of about 4.5 1017 m-3. Pollution by oxygen,
chlorine and heavy metal (mainly Fc) is negligible, as far as both visible bremsstrahlung (then
Zeff) and soft X-ray signals arc concemed. To eslimate the chemical composition of the snake,
the plasma is divided in two components:

-the unperturbed background plasma obtained neglecting the snake modulations.

-the snake perturbation corresponding to the signal oscillations. The snake has been
simulated as an off-axis perturbation superposed to the unperturbed, previously simulated
plasma. By rotating the snake on the magnetic surface rg the interferometer modulations are
simulated supposing a parabolic density perturbation. The snake electron temperature Tes(rs) is
taken constant in the snake (measured by ECE Fabry-Perot and Michelson interferometers). As
impurity, only carbon is considered with constant concentration inside the electron density
perturbation. Figurc3 shows four simulations at four instants during a snake period at 1=8.68 s.
The simulation of the central snake elcctron density gives nes(0) = 5. 1019 m-3. From Icft to
right the snake is at its intcrior, upper, exterior and lower positions At the same time for the
base plasma ng(0) = 1. 1020 -3, Telrs) € Te(0) = 1.1 keV. The stars show the experimental
soft X-ray brightness profiles, the dashed lines show the simulations of the unperturbed base
plasma. Assuming a C concentration inside the perturbation equal to that of the unperturbed
plasma, it is impossiblc to simulate the snakc oscillations on soft X-rays (dot-dashed lincs). The
solid lines show the final simulations. The central C density in the perturbation, superposed to
the unperturbed plasma, increases from 7.5 1016 m-3 up to 1.7 1018 m"3 with a final Zefr
value inside the snake (parabolic density perturbation plus base plasma) of about 1.36. Figure 3
is the same as Figurc 2 at 8.87 s. Now the simulation of the snake electron density has given
nes(0) = 5. 1019 m-3. At the same time, for the base plasma, ne(0) =7. 1019 m-3, Te(rs) £
Te(0) = 1.5 ke V. In this case to obtain the final simulations il is necessary (o increase the C
density in the perturbation from 1.5 107 m3upiod. 1018 m-3 with a final Zefy value inside
the snake of about 2.1. Other simulations have shown that during the snake decay this latter

value is not changed.

Stability criteria [3.5]
To drive the snake there are two mechanisms additional to the mode , namely:
-the variation of resistivity inside the snake due to the carbon accumulation,
-the modification of the bootstrap current induced by the presence of a large m=1, n=1
island snake perturbation.
The problem is to evaluate the contribution of each effect in terms of A”. To simplify the

calculations we assume a monotonic current profile, consider the snake as an island of m=1 n=1
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helicity and also neglect coupling terms with other modes. The qualitative time evolution of the
half island size 8s is then given by the non linear equation:

a8, 1 ny., ., 7
—=——[A" + AL + A} 1
otk JJ-O[ n Jb"] M

where kj=1.7, T is resistivity and A’is the discontinuity of the vector potential amplitude
1 Y p

across the layer.

*Bootstrap contribution: Ajyg
y 5 , +eort+0p dot .
Starting from the integrated Ampere law ApAgy = HQI ” Z—Jbs(r.u}cosa dr and
—ed-0p 27

taking for the island boolstrap current jys the expression calculated by Carrera et al.[8] Icads 1o
1 rg 1

Aps = 1L154EB, — = —
bs sBp Ly, s

decrease calculated faraway from the resonance and s, the shear value at the resonant surface.

ﬂmp_umy_gmumzﬁa In the same way, supposing a parabolic profile for Zg[f inside
the snake, the relation between the parallel impurily induced current 8Jg;; and 8Zy.is given

81 - -
by: 25 = BZell (1_F) andtcads 1o A = 282758y 1
JSH chrf 15m Sg Zcff 53

Finally the snake time evolution is govemed qualitatively by the equation:

98 i Y A +;_15\/E_SﬂpLi.1_+Eﬂaz_0”L %))
at ky Ko L,sg 8 15w Sg Zeff Og

wherc Bp is poloidal beta defined on rg, L, the density length

Conclusions: To simulate the experimental signals, it is necessary to increase the carbon
density inside the snake. The A' study shows that the impurity and the bootstrap terms are

8Z
destabilizing. After the snake initial phase (1>8.64s), 22l 5 $% the impurity term dominates

cff
over the current bootstrap. In the saturation phase d8s=0, the above simplificd model, implics
. 2—sqg 12 ’ ) ..
that ATy =~ 6 = ——. For a flat q profile ,i.. a low value of sg, this means that A' is
Ss Sg

strongly ncgative. This suggests the presence ol stabilizing cffects.
g
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1. Introduction

In advanced tokamak operation, utilizing bootstrap current driven by pressure gradient is
advantageous since it reduces power required for the non-inductive current drive. With a high
bootstrap current, the current profile is naturally hollow and leads to negative magnetic
shear configuration. This configuration has been thought to be promising for the advanced
tokamak operation since it produces high Py due to high-n ballooning stability and enhanced
confinement due to suppression of anomalous transport mechanism such as ITG and trapped
clectron mode[1]. Dynamic simulation is necessary to investigate the slable route to high b,
high bootstrap current plasma with negative shear over a central plasma region and to
caleulate the required auxiliary heating and current drive power. For the bootstrap current
dominant plasma, the control of pressure profile by the heating and current drive metheds for
the alignment of the bootstrap current to the desired total current is important since  the
bootstrap current is strongly dependent an the pressure profile through the plasma transport,
We  present  time-dependent  simulation studies  of  advanced  tokamak  discharge in a
large-aspect-ratio (LAR), medium-size, diverted tokamak KT-2 which was conceptualized|2]
with a rescarch goal of 100% non-inductive current drive exploiting high bootstrap current
fraction(> 70 *%). TSC[3] transport simulation code is used to determine dynamic cvolution of
the profiles of plasma pressure, current and bootstrap current. TSC evolves MIID equations
describing transport time-scale evolution of axisymmetric tokamak plasma.

2. Dynamic Evolution of Negative Magnetic Shear Configuration

We  perform TSC time-dependent  transport  simulations  for  reference KT-2  tokamak
parameters; major radius Ry=1.4m, minor radius a=0.25m, clongation k=18 and triangularity &
=06 with double null plasma.

A. Transport Model

TSC solves transport equations with respect to evolving magnetic surface containing a fixed
toroidal flux. Also, plasma force balance cquations are solved to maintain plasma in ncar
cquilibrium during its evolution. For details of TSC model equations, we refer the original
paper in Ref. 3.
For the dcnsi'ty prnfil(_‘, we take the Eollnwing parametrized form ;

P

a W D=n, (00 1= 7771 a0, m

where # s the normalized poloidal flux and nift) is the density at plasma boundary. The
exponents ax(t) and fy(f) can be adjusted to match the experimantal data, but in this study
we used av(h=0.5 and Ba()=2.0.

The clectron and ion thermal conductivities are modelled as|4]

L= mxZe (2)
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xr:fu(kz‘:fu‘l'fq,)m ne) |vel ™, (3)
where @ is toroidal flux, F(¢) is a profile factor given in Ref. 5, and
xrew= a1.25 7 10%) 5y (B2 + 55, )
D) o 08 -2
X5n= !ll'L(7 5~ 10“)( "{@) )U r(ffﬂrﬂ'»h) l R 2 (5)

Here P(®) is the total heating power minus the total radiated power inside the flux surface 0.
The time averaged effect of sawtooth instability inside q=1 surface is included in Eq.(3).
Thus thermal conductivity is enhanced inside the ¢=1 surface according to the prescription;
fa=1 forg>1 (6)
fu= for g <1 @
For the calculation of bootstrap current, we use Harris's extension[6](into Plateau and
Pfirsch-Schulter collisionality regime) of Hirshman's collisionless expression|7] which is valid in
the nco-classical banana regime. Neoclassical corrections to resistivity are used as in Ref. 8,
and the effect of sawtooth instability is taken into account by enhancing resistivity inside g=1
surface. In Egs. (2)-(7), mz, o, mz and a are parameters to control transport properties.

B. Scenario I ; Off-avis Heating

@) ()
B,=20T
s
o
1, =300 kA 5 2
P “r
"is '1-!
<n>=5x 10"m’ 14 -
s 23 L
By =35 T § = % 8 & Emzssmozaaang
3 . sl ) ’ S _
- /// . [,.—/
:om Eom
l ‘ Time § - § m
0.5 sec 3.0 sec i i
1MW Heating 5 MW Heating T o'E o = o2 o= 'szzas=czzzaRz
2.0 MW LHCD 1 MW LHCD T ow
Fig. 1 Schematic of scenario [ Fig. 2 q and current density profile (a) t=3.0 sec

and (b) t=7.0 sec: T=total current, B=bootstrap
current, L= LH current, F=FW current.

The schematic of the scenario is shown in Fig. 1. Throughout simulations, toroidal magnetic
field is maintained 2.0 T for the entire simulation and plasma current is ramped from 20 kA
at t=00 sec to at t=0.5 sec. The plasma cvolves from an inboard limited circular shape at
1=0.0 sec, becomes diverted at t~04 sec, and reaches an elongation of k=18 and a
triangularity of 8=0.6 at t=05 sec. The plasma shape and plasma currents are maintained by
feedback control on PF coil currents. The electron density is programmed to increase linearly
with time to the current flattop value of ¢=>=5.0-10" m™ with peak to average value of
0.6. The effective charge Zy is set to 2.0 and the control parameters, m2=0.06, m2=04 in
Eqgs.(4) and (5) are used to simulate improved confinement. Deposition profiles of heating and

cutrent drive are modelled using simplified analytic formula; S btatne.col B = -3"—({—3):—"()1{—;'”—«,
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where # is the normalized poloidal flux, and o, 4, n; and a- are profile control parameters.

At the end of plasma current ramp-up, 2 MW lower hybrid current drive with 1 MW
heating is initiated and as a result, By increases to 2.7 with bootstrap current fraction, 57 %.
The current profile redistributes from peaked OH profile to hollow profile on a long diffusive
time scale. It takes more than 25 sec for a full relaxation of 300 kA plasma current. After
the current profile has broadened sufficiently (non-monotonic q profile develops) to allow
second stable regime to high-n ballooningmode, 5 MW off-axis heating with 1 MW LHCD s
initiated and fx increases to 3.5 with bootstrap current fraction = 73 %. Fig. 2 shows q and
current density profiles before and after second
phase heating. Due to high bootstrap current
fraction(> 70 %), the current profile is hollow. Broad

E v pressure profile due to off-axis heating cause the
" bootstrap current profile to peak on off-axis. A sced
Ko oy R current(20 kA) on magnetic axis driven by fast

TN e 7T wave controls gp value. Time history of qu(Fig. 3)
Fig. 3 qu as a function of time shows current profile is frozen after 4.0 sec.

C. Scenario IT ; Central Heating

(@ (b)
B,=20T
. .
1,=300 kA
& - -
, s
<n>=5x 10" /m’ 7L\‘ ,L
t s 2 o= 3 ox L
) P3l L1
By=36
- -
u -
1 i~ i
Time T T m
0.5 sec i, i,
0.5 MW Heating 2.5 MW Heating N Tz oz oz ozo= oz
1.0 MW LHCD 1.5 MW LHCD i .
Fig. 4 Schematic of scenario Il Fig. 5 q and current density profile (a) t=0.5 sec

and (b} t=4.0 sec: T=total current, B=bootstrap
current, L= LH current, F=FW current.

The schematic of the scenario is similar to scenario | except that we initiate heating in
initial current ramp-up phase of discharge.(Fig. 4) Central electron heating by 05 MW heating
and 1 MW LHCD increases the electrical conductivity and prevent the penetration of the
inductively driven OH current by prolonging the current diffusion time. At the end of current
ramp-up, 25 MW central heating and 15 MW LHCD freeze the current profile and raise
plasma 0« to 3.6 and the bootstrap current fraction
to 70 %. By this way, we can shorten the time
2 e which is needed for current profile redistribution
and avoid MHD unstable transitions from positive to
negative magnetic shear in the region of high
pressure. At this state, LHCD deposition profile

- - - . = . = n =

" e shifts off-axis with increasing density and controls
Fig. 6 qu as a function of time the location and the value of guia for MHD stability.
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More LIICD power is required since the bootstrap current profile peaks near the plasma
center and alignment to the desired current profile is worse than scenario I. Fig. 5 shows g
and current density profiles at 0.5 sec and at steady state. Duc to central heating, peaked
pressure profile causes the bootstrap current profile unfavorable. Control of plasma profiles is
important since bootstrap current and profile are strongly dependent on plasma transport and
resulting pressure profile. To increase Bx > 4, not only more heating power but strong profile
control capability are required. Time history of qu(Fig. 6) shows current profile is frozen after
2.0 sec which is shorter than 4.0 sec in senario L

D. Sensitivity on Transport Models

We perform the simulation of scenario 11 with the 1lirshman-Sigmar bootstrap current
formulation[9] which is valid in all coollisionality regimes. The calculation shows that the
magnitudu of the bootstrap current is similar to the case with Ilarris model but the bootstrap
current density near the magnetic axis is smaller, so the resulting q profile shows a larger
shear in central region. When we use the Kaye-Goldston model for the thermal  energy
transport, the bootstrap current profile is broader and quin ~ 2 compared to guin ~ 1.6 with
the Coppi-Tang thermal energy transport model. The details of the profiles depend on the
transport madels used, but the required heating and current drive power to maintain the
negative magnetic shear configuration is within the KT-2 design specification.

E. MHD Stability

A trajectory of KT-2 equilibria in £iq space indicates kink mode may be unstable but
MIID stability analysis for the equilibria in steady states of the two scenarios show that n=1
external kink mede is stable in the presence of a conducting wall at 1.4 times the plasma
radius. Profile optimization study based on the MIID stability analysis for the ballooning
mode, the infernal mode and the kink mode has been performed and optimized profiles are
found for the advanced tokamak operations in KT-2[10].

3. Summary

Through the time-dependent transport simulation, MHD stable scenarios to high By, high
bootstrap, negative magnetic shear configuration are investigated. Two scenarios(off-axis and
central heating) are considered. Simulations indicate that the advanced tokamak operation
exploiting high boatstrap current in KT-2 tokamak is possible with profiles control using
heating and non-inductive current drive methods.
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Sawtooth Studies on the FTU Tokamak
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1. Introduction

Sawtooth oscillations have been studied on a database including about 800 ohmic FTU
discharges, in which the edge cylindrical safety factor q, was varied between 2.2 and 8 and the
volume average density <ne> ranged from 0.3 to 2.6x1020 m-3. Major radius and toroidal field
at the plasma axis were fixed at R=0.96 m and B1=5.6 T respectively; the radius of the last
closed magnetic surface was about 0.29 m.

The main sawtooth features, namely the existence of m=1, n=1 precursor or successor
oscillations, the collapse time and the period have been analysed by means of an ECE
diagnostic based on a 12 channel grating polychromator.

This paper mainly deals with the influence of the Lundquist number on the sawtooth
characteristics and with the diamagnetic stabilisation of the internal kink mode in the
semicollisional regime.

2. Sawtooth regimes

Several distinct sawtooth regimes have been identified in FTU; each regime corresponds with a
well defined region of the operation space and with a range of the Lundquist number S=1r/t,,
where Tr=|lgr| 2/ is the resistive diffusion time within the radius r] of the g=1 surface and
Ta=(pom;ni) 2R/BT is the Alfvén time. The observed regimes can be classified as follows:

A - Sawteeth with precursor m=1 oscillations are observed for nRq, /Bt >1.2 x1020 wp!;
the the Lundquist number in this regime ranges from 2x107 to about 1.5x106. No m=1 activity
is observed at the highest densities (Fig. 1a).

B - Successor oscillations substitute the precursors if 1.2 >nRq, /Bt > 0.4x 1020, or
$=1.5+3x106. If the density is not close to the upper bound, compound sawteeth, with full
collapses interleaved by partial collapses that do not affect the plasma axis (Fig. 1b) are

frequently observed interspersed with normal ones.
C - For nRq, /BT <0.4x 1020, ie. close to the low density limit of the operation space,

sawteeth with superimposed m=1, n=1 oscillations are observed which differ from precursors
and successors as the oscillation amplitude is either constant or maximum midway between
successive collapses (Fig. 1c). In this regime $>3x106.
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Fig. 1:a) T, evolution at r=2.4 cm for FTU shot #7356 (qa=3.7, <n¢>=2.6x1020m'3,3=106);
b) T, evolution at r=6.6 cm for FTU shot #7987 (qa=3.7. <ng>=7.5x101%9m"3,
§=2.2x106); ¢) T, evolution at r=6.6cm for FTU shot #7987 (qa=3.7.
<ng>=2.7x1019m-3, §=3.3x109).

3. Sawtooth period

The density dependence of the sawtooth period st at fixed plasma current Ip=700 kA
(corresponding to qz=3.7) is shown in Fig. 2. The increase and saturation at low and medium
<ne> resembles, as usual [11, the behaviour of the ohmic energy confinement time, but at
higher densities, well inside the saturated confinement regime, TsT increases again from 5 to
12 ms. Compound sawteeth are absent
in this density range (and are however

r ) excluded from the tsT evaluation), so

i 2 % o that the period increase is due to a delay

T a in the collapse trigger. The gt increase

(ms) B is not caused by a slower evolution of
8 o the g-profile between collapses, and it is -

associated with more peaked density

profiles (see Table 1). The data

& presented in Fig. 2 have been obtained

in nearly steady state conditions; longer

L sawtooth periods have been observed in

0 conjunction with transient strong density

0 5 10 15 20 25

en,> (10"°m™) peaking, both spontancous and due to
. i deep deuterium pellet injection [2]. In
Fig. 2: Sawtooth period versus volume

the latter case, sawteeth are suppressed

average density at fixed plasma

for 70-80 ms (Fig. 3a); subsequently
current [p=700 kA (qa=3.7).
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TsT decreases from 25 to 5 ms on the time scale of the peak density relaxation (Fig. 3b). The

g=1 surface remains in the plasma during the sawtooth suppression period, as shown by the

equilibrium reconstruction based on magnetic data and by resistive diffusion calculations.

Table 1: Sawtooth period and density peaking at the inversion radius

Tsr{ms) ne(1020m-3) ne'/ne(m-1) notes
5 1.6 0.44 gas puff
12 1.3 gas puff
20 4 48 pellet

4. Discussion

The appearance of successor oscillations, compound sawteeth and superimposed oscillations

with increasing values of the Lundquist number points out a dependence of these phenomena

on the weakening of resistive effects. The relative importance of the latter can be evaluated by

comparing the resistive layer width 8g=r(Ss)-1/3 (here ry is the radius of the q=1 surface and s

is the magnetic shear at ry) with the characteristic scale lengths for ideal, electron inertia and ion
Larmor radius effects, i.e. with Sy=rjAy, de=c/tpe and p; respectively. The Ay parameter is

négative if the system is ideally stable; for low B, low shear plasmas we have, manipulating
Eqg. (9) of Ref.[3]: Ay=—0.25(r1/R)2s-1. We will do the comparison for the cases shown in

1o A

Time (s)
Fig. 3: a) central T, evolution for shot #4967
(I,=700 kA). A pellet is injected at 1=0.7 s.
bfPeak density evolution. c) Resistive kink

growth rate yg (dashed line) and electron

diamagnetic frequency @, (solid line).
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Fig. 1c (regime C) and in
Fig. la (regime A).

For the low density example
(regime C) the relevant plasma
parameters are: r;=70 mm,
$=3.3x106, ng=4.7x1019 m-3
and Ti=1.6 keV. Assuming
s=0.1 we have: Sg=1 mm,
6y=—0.9 mm, ds=0.8 mm and
pi=1.4 mm. Ideal effects are not
negligible in this case and
consequently the mode structure
should be intermediate between
the ones of the resistive internal
kink and of the tearing mode [4],
in agreement with the observation
of superimposed m=1
oscillations.
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For the high density example (regime A) we have: =70 mm, S=1x106, ne=3x1020 m-3 and
T;=0.8 keV. The ideal stability is nearly marginal in this case (Ay=0) as the pressure gradient
for r<r, is large and the local poloidal f=0.4 is close to the threshold value derived by
Bussac [5]. The non-ideal characteristic lengths are: dg=1.5 mm, de=0.3 mm and pj=1 mm,
so that in this case resistivity is the dominant effect, although the ion Larmor radius is not
negligible and the appropriate regime is the semicollisional one [6].
The correlation between sawtooth period and density peaking suggests that the existence of a
quiescent phase between two collapses could be due to diamagnetic stabilisation of the internal
kink. This mode is unstable for Sr>(de,/Agl) [6], but non-linear calculations [7] give mode
saturation at low amplitudes provided that:

o258 (1)
where mstA'l(Ss)'m is the growth rate of the resistive kink mode and @,e=Tene/eBrng is
the electron diamagnetic frequency. The calculations of Ref. [7] were done for the collisional
regime (8r»pi); however, since the semicollisional growth rate [6] Ysc=(Pi/5R)4n‘YR=‘YR- we
assume that (1) is applicable in our case. As shown in Fig. 3¢, the non-linear stability
condition (1) is satisfied in the sawtooth free phase after pellet injection.
The shear used 1o evaluate yg was calculated by a resistive diffusion code. Typical values of 0.1
were obtained. The effect of sawtooth collapses was ignored, so that s and then g are likely to
be overestimated when sawteeth are frequent. The yg values are however much smaller than the
inverse of the central Tg crash time which was as short as 5 is in fast collapses.
Condition (1) can be translated into a stability boundary for the shear at the q=1 radius: s<sc; a
formally similar condition was obtained for the linear stability in the collisienless regime [3].
We conclude that the trigger mechanism in both collisionless and semicollisional regimes
depends on a critical shear which increases with the density gradient.
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1 - Introduction

The VH-mode is obtained on the DIII-D tokamak with tangential NBI heating [1]. In this
regime the global energy confinement times Tg exceeds up to a factor of 4 the L-mode
scaling. A necessary condition in order to obtain the VH-mode in DIII-D is the strong
shaping of the plasma column: high elangation (x=b/a = 2) and high triangularity (3 =
0.7+0.8). The VH phase shows a characteristic profile of the radial electric field E;: in
particular, the region where the shear of the radial clectric field is strong encompasses in the
VH-mode the range of normalised minor radii 0.6< p <1, whereas in the H regime it is
limited within 0.85< p <l. There are theories invoking the shear of E; as the cause of the
anomalous transport decrease during the VH-modes and, more generally, of the improved
confinement regimes: as a matter of fact, discharges in DIII-D and in other tokamaks with
reversed safety factor q profile show a transport barrier located close to the shear reversal;
correspondingly very large values of the plasma rotation speed and of the radial electric field
are measured in the central region.

A correlation has been found [2] on DIII-D VH-mode discharges between the increase of the
poloidal beta By (along with the energy confinement time Tg) and a geometrical property of
the plasma configuration: the ratio of the parallel Pfirsch-Schliiter current density Jps and the
perpendicular diamagnetic current density Jy,, which is an estimate of the geodesic curvature
of the magnetic field lines. The strong shaping of the plasma cross-section reduces (Jss/ng>
(averaged upon a magnetic surface). The geodesic curvature can influence the transport
through the reduction of the factor of increase of the moment of inertia (1+ 2(':]2) [3] of the
magnelic configuration. These reductions are d'.c 1o the reduced compression that the flux
tubes suffer going from the exiernal to the internal side of the torus. So strongly shaped
plasmas have higher rotation velocities, wit': the same momentum source, and therefore can
generate stronger radial electric fields and achieve a better stabilisation of the turbulence.

2 - Electric Field and Plasma Rotation

The relation between the radial electric field and the plasma rotation is given by the equation:
e o
= VP.] - (vAB

E ngzic( P‘)r (VA )r M
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where nj is the density of the ion species and Z; its charge number, e is the electron charge, Pj

is the ion pressure, B is the total magnetic field (with poloidal and toroidal components By
and ]_34,) and ¥ is fluid velocity. The gradient of P; is effective only very near to the plasma
edge, while the vAB part of E; is 'Il—Eihﬁoc G(y)RByp; the flux function G is;
Vi . Bp B:"
2
B; RBy

Gly) = - (2)

where v is the flux function, ¥ is the component of ¥ orthogonal to the magnetic field and
R is the distance from the symmetry axis of the torus. If the anomalous parallel viscosity is
much larger than the neo-classical one (verf » Vi), the asymptotic value of the perpendicular
velocity is [4]:

Gy, t»Tg) = S 3)
Pm®Veff

Here Tg=1/Veff is the characteristic time of G, pm is the mass density, Sg is the momentum
source (proportional to the NBI power) and the geometric factor o is proportional to the ratio
between the factor of increase of the moment of inertia (1 +2§%) and the square of the safety
factorq: o <€ (1 +2q2)/ q2. In this case the geomeiry influences the behaviour of G (and so
of the radial electric field) by a factor 1/c.

3 - Experimental Results

From an experimental point of view, a clear correlation appears between the higher values of
the volume averaged radial electric field E, measured during the VH shots and the lower
value of the o volume average (&) which characterises them. In Fig, 1-2 an example is given
for shots 75121 (VH-mode) and 75984 (H-mode), both with the same plasma current and
density. The difference in E, between H and VH shots is already observed at the beginning
of the Neutral Beam Injection pulse, well before the VH phase starts; furthermore the time
evolution of the radial electric field appears quite different: E, saturates quickly in the H-
mode discharges but continues to grow in the VH-mode shots. The ratio of the values of E,
between VI and H-mode reaches a factor of more than 2. The estimate of © shows a
difference between H and VH shots also before the NBI pulse, which spans from 10% to
more than 30%, depending upon the elongation of the H-mode discharge.

Therefore the effect of the magnetic configuration upon the radial electric field seems to be
stronger than the one expected from the model ( G(y,t»tg)oc 1/ ). Furthermore the
characteristic time of the E, evolution (tg=1/Ver) is longer during the VH-modes, implying
that also the anomalous viscosity is influenced by the o factor via the turbulence suppression,
due to the increased electric field. Taking into account that Gy, t»T5) o 1/(averr), the @
dependence of E, should be more than linear. In this way a positive feedback between the
increased electric field and the global energy confinement time (via the magnetic
configuration effect) may be responsible for the good plasma performances observed during
the VH phase.
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Fig. 1: Time behaviour of the quantity O (a) and of the average radial electric field Er (b) for a

VH-mode DIII-D discharge 75121 (solid line) with I,=1.6 MA and PNpr=8 MW, and for an H-
mode discharge 75984 (dashed line) with Ip=1.6 MA and PNpr=10 MW,

SHOT 75121 SHOT 75984 Fig. 2: Flux surface contours for the two
DIII-D discharges of Fig. 1. The H-mode
shot 75984 is a Single Null configuration
less elongated and less triangular (x=1.8,
5=0.4) with respect to the VH-mode shot
75121, which is a Double Null
configuration with x=2.2 and §=0.84.

A radial validation of this model is found by analysing the shots with strongly reversed
magnetic shear. Discharges in which a reversed q profile ( qgs = 6, Quy;s = 4.5, Quin = 2.5 ) is
sustained for more than 1 sec have been obtained on DIII-D at low plasma density by
operating the NBI during the ramp-up of I,, with a shape typical of the VH-mode. When the
NBI power is increased (during the flat-top of Ip), the reversed q profiles shots show a
transport barrier located at p = 0.5 (close to the shear reversal) with very low effective heat
conductivity Xeff in the central region of the plasma, in which record values of ion
temperature and radial electric field are measured. In Fig. 3 the behaviour of Ef’\ﬁ and
24%/q2 versus the normalised minor radius p is shown for a reversed shear shot and is
compared with a VH-mode shot, The 2c"1z,’q2 profile is VH-like in the external zone, but in
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. ¥83721

Fig. 3: Profiles of Ef“n (a) and of Iﬁzlqz (b) vs. the normalised radius p for a VH-mode (shot
78132 at t=2.6 sec) and for a corresponding reversed shear discharge (shot 83721 at t=1.65 sec).
The error bars of the diagnostics that measures the radial electric field is also shown for the non-

monotonic q profile case.

the central region it is lower with respect to the VH-mode, corresponding to an electric field
and a plasma rotation that are strongly peaked for p <0.5.

In JET, although a clear correlation between the toroidal rotation and the magnetic inertia
1+ 2612 is observed, there is no evidence of a correlation between high confinement and
triangularity. Up to now the achieved triangularity is & <0.56. An experiment is proposed to
achieve a larger triangularity (8~0.7+0.8) in the new divertor configuration (Mark-II) at a
current level up to 2.5 MA. In this way it should be possible to obtain values of the @
parameter of the same order of DIII-D.

4 - Conclusions

The following picture of the improved transport regimes of tokamak plasmas is suggested.
The additional heating tends to increase the turbulence level of the plasma: this phenomenon
causes the confinement degradation with the injected power. On the other hand, if the same
additional heating is able to act also as a net momentum source, the induced plasma rotation
can provide an electric field which seems to be able to stabilise the plasma turbulence. The
quality of the confinement regime which is obtained in a tokamak discharge is given by the
balance between those opposite effects. In this framework the magnetic configuration plays a
key role, since a low value of the geodesic curvature can allow a high rotation speed with a
moderate level of injected power.
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1. Introduction

Sawtooth stabilization has been achieved in several tokamaks for a limited period using
ion cyclotron resonance heating (ICRH): experiments of this type in JET are described
in Ref. [1]. In one discharge (hereinafter discharge A), the central electron temperature
T.o initially exhibited sawtoothing behaviour, but rose to a steady value shortly after
the onset of ICRH. This steady state persisted for about 1s, during which MHD activity
was absent. A sawtooth collapse in T, then followed, triggered by an instability with
toroidal and poloidal mode numbers n = 1, m = 1. In a second discharge described in
Ref. [1] (hereinafter discharge B), sawtooth stabilization did not occur: T, rose at the
onset of ICRH, but continued to exhibit sawtooth behaviour. The ICRH power Prr was
4.3 MW in discharge A and 6 MW in discharge B. The potential energy W associated
with m = 1 internal kink displacements is likely to play a crucial role in determining
the occurrence of sawteeth: in the ideal limit, instability occurs if and only if §W < 0.
Trapped ions heated by ICRH give rise to a kinetic term in §W, which is positive and
stabilizing [2]. §W is computed here for ICRH discharges in tokamak plasmas, taking
into account anisotropic pressure as well as kinetic effects, and using parameters which
correspond to discharges A and B.

2. Heated Minority Ion Distribution
The model distribution used in Ref. [2] is

Fulp, €,7) = 2na(r) (er;l—r(r))”z G(r)exp {—m,. [ﬂ?j) %+ |_5;"(+4)301 } (1)

where: magnetic moment p and energy £ are normalized to minority ion mass mu; By
is magnetic induction at R = Ry, where R is distance from the symmetry axis and Ry is
major radius; G is a normalization factor; ny is minority ion density; r is a minor radial
coordinate; and T, T are determined by a model of ICRH power deposition proposed
by Stix [3]. On a given flux surface, maximum power deposition occurs at R = Ry,
where pBy = v} /2 and |€ — pBy| = vﬁ,"Z. If B = By(1 — ecos ), where # is poloidal
angle and € = r/ Ry, the locus of constant F}, in the outer midplane is defined by

e (%) u? _vi(ll—_(jJ./Til) €) [1,1 < vi(1/e- 1)] , (2)

and
w4 43 (T/T) (1- 9

1+ (To/Ty) e

vi =

[ui > vi(1/e- 1)] , (3)
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where u is a constant. These two conics meet at a pitch angle corresponding to bounce
reflection at 8 = +90°, i.e. the points of maximum power deposition. The contour
ghape defined by Egs. (2) and (3) depends only on Ty/Ty: by adjusting the value of
this parameter, it is possible to obtain distribution function contours whose shape closely
resembles those obtained in full Fokker-Planck calculations [4]. Despite its simplicity,
Eq. (1) thus provides a realistic representation of ion distributions heated by ICRH. '

3. Evaluation of Kink Energy

The change in potential energy of a toroidal plasma undergoing an m = 1 internal kink
displacement g is

Bz T1 4 ) = = Bz T1 1
W = 6n* 2—“(—) S 4 Wi + 6Wopape b+ = 6 Rot2 =2 | =) W, (4
ow =or'Roti =t (o) {oWic+ oW + g} = 6n7Rot3=2 2 )
where the safety factor g(r;) = 1 and Wy, §Wr, JW,,MPE are dimensionless forms
of, respectively, the kinetic, toroidal and cross-sectional shaping contributions to 6W.
When the mode frequency is smaller than the precessional drift frequency of the heated
jons we can write

= 2\/5‘"’ HoMh (.Ru)4 ‘/rl jlmein /m 3 th 12
Wy = — asii= d dr | erde——=—2 5
K 3 BuRo T1 0 rar 1/ Benax 0 ar I¢+SI_,’ ( )

where Fy, = Fp(h = v3/(v?B),E,r), Bmin = Bo(1 — €), Bmax = Bo(l +¢€), s
dlng/dlnr, and I, I,, I, are functions of A defined in Ref. [2]. In general, §Wy is
complex: this paper is concerned solely with the real part of §W, which is given by the
principal part of the ) integral in Eq. (5). A tractable éxpression for Re(6W,) may be
obtained by expanding to leading order in 1 —g¢ and s and integrating by parts. The
final result can be evaluated numerically for prescribed radial profiles of Ty, T}, n and
g. Ty(r) is determined by the ICRH power deposition profile, which we assume to be

of the form ( = "
R— R, Z
Py(R,Z) x ‘fx}?{—fTCi = 'ﬁ} 5

(6)

where Z is vertical distance and D is much smaller than the minor radius a. The Stix
model [3] predicts that T, = PRETs/ 201, where prp is the ICRH power density coupled
to minority ions and T, is the slowing-down time. We identify prp with the peak value
of Py on a given flux surface, in which case Ty (r) = T.(0) exp(—r?/D?), where T, (0)
can be deduced empirically from direct measurements of Fy [2,5,6): for a 4 MW ICRH
discharge in JET (such as discharge A), T.(0) = 140 keV.

We assume electron temperature and density profiles of the form
T,(r) = T [1 = (+/a)?]"™" ne(r) = o [1 = (r/a)] ™, (7

where, in discharge A, T = 6.4 keV, vy, =1.90, neg = 2.1 ¥ 10'® m~? and v, = 0.7.
At low ICRH pawer, €Ty /Tj < 1 for r <71 [2], and we can then write [7]

& 1 = w -
§Wr = 28]+ 6Wi + Bp6Ws + BEEWS, (8)
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where: §W;, 6W, and §W; depend on the g-profile; By is the beta poloidal, defined ig
terms of an equivalent scalar pressure p = pp + (py +pL)/2, where ppuy is the bulk
plasma pressure and p||, pL are the parallel and perpendicular pressures of the heateq
minority ions; and By is defined in the same way as B, except that p is replaced by
(py + pL + C)/2, where

B 2 OF), T
=4 — it dE A b 11"2.
C =4 M /f |u|!l('u,_8) o€ d,u. £ ~ 4Gﬂﬁ T“ (T”'T } (9)

By < 0 when Ty > Tj. B, can be split into bulk plasma (ﬁﬂ"“lk) and hot minority jon
(ﬁ;‘“} components. To compute ﬁ;’“lk, we set the central bulk ion temperature and

density equal to 5.5 keV and 8 x 10 m™3; to compute fAlet, we assume a minority ion
concentration ny/n. of 0.02 [2]. Finally, we set

a(r) = qo[1 + Ag(r/a)™]'7". (10)

To model the early stage of the sawtooth—free period we set gg = 0.8, A, =41.2, v = 2.
to model the late stage of the sawtooth—free period, we set g0 =07, ), =1494, v = 2.5.

The contributions to Re(§W) at the beginning and end of the sawtooth—free period are
listed in Table 1. Re(ﬁﬁ") changes sign from positive to negative: our model implies
that the ideal internal kink mode becomes unstable at about the same time as the end of
the sawtooth-free period. The change in the g-profile is such that [6Wr| and [§Wipape|
rise sufficiently rapidly to bring about destabilization. The shape term becomes more
important as r; increases because flux surface cross—sections become less circular to-
wards the plasma edge. Sﬁfshape is also sensitive to v: the sharp increase in ]6Wshape|
is due partly to a flattening of the g-profile at r < ry.

Table 1: Safety foctor parameters and contributions to §W in early stage (second col-
umn) and lete stage (third column) of sawtooth-free period in discharge A.

qo 0.8 0.7
ri/a 0.34 0.40
Re(6Wy) 0.008¢2 0.0098
W -0.0015 -0.0046
Wohape -0.0024 -0.0074
Re(6W) 0.0050 -0.0022

Fig. 1(a) shows the contributions to Re(§W) as functions of T1(0). In discharge B,
T1(0) =~ 210 keV. The change of sign in Re(dW) can be attributed to the fact that
Re(&ﬁfk) scales with ﬁ:,“" whereas JWT contains a negative term which scales with
(,@;‘"‘)2: a sufficiently large increase in minority ion pressure is destabilizing. This change
of sign is consistent with the observation that sawteeth are suppressed in discharge A
but not in discharge B. Fig. 1(b) shows the contributions to Re(§W) as functions of
D: optimum stability can be achieved by minimizing the vertical extent of the ICRH
power deposition profile.
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Fig.1: Re(6W\) (dotted line), §Wr + 8Wihape (dashed line) and Re(§W) (solid line) as
functions of (a) TL(0) and (b) D.

4, Discussion

In a study of two ICRH JET discharges, a correlation has been found between the
occurrence of sawteeth and the sign of the m = 1 internal kink energy 6W. An increase
in ICRH power can reduce §W, leading to _greater instability, as observed. Sawtooth
suppression is clearly associated with Re(6W) > 0, and therefore it is logical to search
for accessible parameter régimes in which Re(§W) > 0 can be maintained. Our model
indicates that stability can be enhanced by minimizing the vertical extent of the ICRH
power deposition profile. We have assumed that the heated minority ions are weakly
anisotropic (eI /) < 1) and have thin banana orbit widths (< 1): these assumptions
break down when the ICRH power is very high, and in fact sawtooth stabilization has
been observed in JET discharges with Prp > 6 MW. However, the contribution of
heated ions to the Shafranov shift (represented by the 8, and 82 terms in Eq. (8))
implies that instability must occur when Prr is sufficiently high.
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Abstract
New results and enalyses of Internal Reconnection Events (IREs) are presented in order
to understand better the disruption immunity of START. Using new diagnostics, belter recon-
structions of changes in the START plasma have been possible. The equilibrium models used
Jor this allow analysis of a range of plasma parameters and eramination of various constraints
in order o model the IRE. We find a modified helicily conservation model generally reproduces
global parameter changes well. Studies of the behaviour of various parameters show that there
are a number of ‘special’ properties of tight aspect ratio plasmas, most notably in responses of
fluz and g values to TREs, which may ezplain the disruption immunity.

1. Introduction

The absence of current terminating disruptions on the START device continues to be of much
interest. In conventional aspect ratio tokamaks (eg JET) they rapidly terminate the plasma
current, and particularly if associated with vertical displacement events, can lead to severe
structural and thermal loads in a future power plant. On START no such event has been seen
at tight aspect ratio (4 = R/a < 1.8) in over 30000 discharges. However Internal Reconnection
Events (TREs) are common and appear to exhibit many of the properties of a disruption (rapid
increase in plasma current, negative spike in loop voltage, increase in elongation, reduction in
plasma energy) but without termination of the current.

IREs on START occur under a range of plasma conditions and with varying signatures.
However in a given regime, it is often possible to achieve highly reproducible effects, and thus
a more detailed study of the IRE is possible. The START tokamak is now equipped with new
diagnostics, including a 30 point Thomson scattering and 3 soft X-ray (SXR) cameras enabling
more detailed information about plasma changes to be obtained.

2. IREs on START

While IREs occur in all operating regimes, they occur more frequently near the density
and current limits in the Hugill diagram. In a typical IRE, fast CCD pictures show that on
reconnection, the plasma elongates, sometimes even touching the PF coils and there is an
increase in visible light intensity suggesting energy loss through the separatrix, and there is
sometimes some inward motion. Afterwards the plasma quickly (2-3ms) returns to its pre-IRE
parameters.

Looking at the SXR data we see various signatures. Typically there i-s a steady growth in
emission prior to the IRE, with little or no radial motion accompanying the event. Also, the
IRE can be accompanied by mode activity in the centre of the plasma, with growth of m=1
and/or m=2 modes just prior to the IRE.

The new Thomson scattering system produces detailed electron density and temperature
profiles in the plasma at a single time. Thus it is possible to compile a full picture of the
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IRE with a range of identical shots. Looking at a density limit IRE (shown below, against
time relative to the start of plasma current rise and major radius), we see that there is a large
and rapid (~ 0.2ms) fall in both electron density and temperature coincident with the plasma
current rise of the IRE. The electron temperature falls more rapidly (~ 0.1ms) than the density,
and slightly ahead (~ 0.1ms) of the current rise, but also recavers faster after the IRE. The
magnetic axis appears to move inwards 2-3cm. In other regimes different effects are seen, eg.

{or broader pressure profiles, the fall in pressure prior to the IRE is much slower (~1ms).
B 150

Figure 1: Electron Density and Temperature Variation during a Density Limit IRE on START
3. Modelling of IREs

Thus, as IREs occur in many differing regimes, accompanied by a wide range of effects, it is

hypothesised that the disruption immunity of START results from some intrinsic property of the
nature of the plasma response to changes. Earlier modelling showed the effects due to the vessel
or coil casing currents to be small. In order to understand the pracesses better, reconstructions
of the plasma have been undertaken using a free-boundary Grad-Shafranov equilibrium code.
The results of such reconstructions are given in lines 1 and 2 of the table below. This is
based on the density limit shots shown above, reconstructed just before the fall in pressure and
I, rise, and at the maximum of the current rise when central pressure is at a minimum. In
order to match the post-IRE state we must redistribute the current profile, thus dropping the
inductance and raising central g. We then find the plasma elongates, and the observed changes
in radius and vertical field are matched. The magnetic energy (AM.E.) also falls, consistent
with the idea of a relaxation of the plasma. Here, there is also a clear rise in edge ¢ and gos

and toroidal flux (¢) as it becomes more paramagnetic.

Case [ Jp/¥A [ Ramis/m | K [JPdL[ b [ Bp | 0 [q0 [ ¢ (¥ AM.E. |
Prior to IRE *132 #0325 | 1.69 | *386 | 0.723 [ 0.169 | 14 |1.1| 91 32 -
After IRE *170 *0.288 | 2.28 | *131 [ 0.340 [ 0.052 | 145 | 2.3 106 | 20 | -379

Helicity cons’ 175 291 233 | 131 | 0333 0.052 14924110 20 -306
Table: Reconstruction of density limit IRE to match to plasma current, radius and vertical field
on the central rod. * parameters forced to match ezperiment, others are therefore predictive.
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If we examine the changes in the plasma parameters more closely, we see that the post-IRE
state is close to a modified helicity conservation constraint, given the same falls in 3, and I:, as
shown in line 3 of the table. The helicity constraint presumes no helicity dissipation between
pre- and post-TRE states, apart from that due to the plasma motion, and is prescribed by:
AK = —(¢f + ¢:) (9 — %)
It is found that other constraints, such conservation of toroidal flux (¢) or poloidal flux (%) in
the plasma, or of LI, are not such a good fit.

Thus we find we can represent the IRE well with a model allowing falls in §, and I; and
requiring conservation of helicity, by adjusting the plasma current. This enables us to scan the
behaviour of the plasma parameters across various types of IRE, by scanning in post-IRE B,
and [; values for some given pre-IRE state.

Performing these scans confirms the trends seen in reconstructions, as described above. This
technique was then used to compare with conventional tokamaks, taking as a second example
a case with a JET-like aspect ratio and f3,, and scanning similar ranges of fractional falls in By
and !;. For A~3 we found the plasma current and elongation changes were smaller, but there
was much greater inward motion of the plasma, with substantial falls in minor radius. Also ggg
and toroidal flux fell substantially, with a modest rise in gq.

Thus we expect a number of clear differences in the behaviour of IREs between START
and conventional aspect ratio tokamaks. However this could be due to differences in A, plasma
shaping, initial 8, or some other parameter. Thus before discussing these effects we attempt

- to analyse more rigorously, with a methodical approach in which pre-IRE conditions were
maintained constant with A, with [; = 1, , = 0.6, for a possible future spherical tokamak with
I,=1.6MA, minor radius of 1m, inboard limiter, and almast uniform vertical field. Post-IRE
states were then constructed with a fall in [; of 0.3 (to represent a partial relaxation), and various
falls in g,, to obtain the changes displayed in Fig 2. It should be noted that the complete loss
of 3, case shown here is an extreme one not usually seen in experiment, but included here to
highlight trends.

The same behaviour is seen for plasma current (Fig 2a) and elongation (Fig 2e) as described
above. However, we now see that the radial motion of the plasma (Fig 2b) is mainly dependent
on the absolute fall in the size of 35, which may explain why strong radial motions are not seen
on START, which usually has a small §,. Note also in this figure, as the plasma is inboard
limited, changes in minor radius will be double the change in radius, leading to substantial falls
from the initial value of 1m for large falls in J,. However, decreases in minor radius, would not
necessarily lead to loss of plasma as, for example, increases in toroidal flux (for example if the
plasma elongates, as it does at low A) may result in the plasma moving towards the magnetic
axis, il the plasma follows flux surfaces.

We can use a force free assumption (J x B=0) to calculate how the plasma motion is based a
combination of the motion of poloidal and toroidal flux surfaces. The results of this are shown in
Fig 2f, with losses given in terms of the percentage of poloidal flux in the initial plasma. We find
these approximately match changes seen in toroidal flux (not shown here). This demonstrates
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Figure 2: Aspect ratio Dependence of Changes in Various Parameters

that unlike at low A, at conventional A we expect to loose a significant portion of the plasma.
This seems a promising explanation of disruption immunity. However, there may be anomalous
effects that prevent the plasma following flux surfaces. '

An alternatively explanation may lie in the g behaviour. At low A, the fractional falls in
edge g are lower, while the initial edge g is higher due to geometric effects. Indeed edge q and
gos can rise at low A if there is a substantial change in elongation (eg see table). This contrasts
with the conventional aspect ratio case where the already low value of edge g falls further,
raising the possibility of successive low g surfaces reaching the edge of the plasma, destabilising
low /n modes, leading to a progressively more unstable situation, and current termination.

Tt is also interesting to note the larger rises in central g at tight aspect ratio. This may have
the benefit of removing low m/n modes that may otherwise grow and disrupt the plasma, as
would be the case in the table above where go rises well above 2.

4. Conclusions

We have seen internal reconnections at tight aspect ratio occur in a range of regimes with
varying precursors. Reconstructions show these can be modelled with modified helicity conser-
vation. Analysis with this model shows that the behaviour of IREs on START is substantially
different to conventional tokamaks. More systematic aspect ratio scans show the origins of this
may lie in flux conserving motions or ¢ changes. Further detailed analysis, and comparison
with experiment, will attempt to resolve the underlying physics of this, and isolate the critical
factors, particularly with access to higher §, regimes with the new Neutral Beam Injector on
START.

This work was jointly funded by the UK Dept. of Trade and Industry and Euratom.
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Halo Currents and VDEs in COMPASS-D
G.G. Castle, A'W. Morris, D. Gates, M. Valovié
UKAEA Government Division, Fusion,

Culham Laboratory, Abingdon, Ozon, 0X14 8DB.

A series of experiments were performed on COMPASS-D in a single null configyr,.
tion (vessel parameters R = 0.557 m, ¢ = 0.232 m, b = 0.385 m) to investigate the
properties of poloidal and toroidal halo currents flowing in the vacuum vessel during ver.
tical displacement events, or VDEs. Both poloidal and toroidal halo currents are induceq
during a disruption and these currents can produce large forces on the vacuum vessel;
these forces are a serious design consideration for ITER and also have consequences for
in-vessel components and the vacuum vessel on devices such as JET. Halo currents are
diagnosed on COMPASS-D by three main diagnostics: three toroidally separate arrays
of B magnetic pickup coils (located at toroidal anglesof ¢ =0, ¢ = %ﬂ' and ¢ = 7 radi.
ans) comprising 72 distinct measurements of each feld component, 3 resistive shunts, and
Langmuir probes located in an X—point limiter tile. The halo shunt measurements are ip
qualitative agreement with the poloidal currents determined from the B, coils (although
the magnetically determined currents are ~ 35% lower on average). Peak poloidal halg
currents of up to 0.55 I, (Ipo is the pre—disruption plasma current) have been observed
with shunt measurements. These values are similar to those seen on ASDEX-U, DILD,
JET and JT-60 [1, 2, 3]. The large number of coils provides a unique and powerful diag-
nostic for halo current measurements. The full set of coils allows determination of both
axisymmetric (n = 0) and non-axisymmetric (n = 1) current modes with poloidal mode
numbers as high as m = 12.
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+ 0.0 0.2 0.4 0.6 shunt measurements.
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Vertical disruptions were induced both away from and towards the X-point and scans
of By (By=1.1-1.85T, I, = 180 kA) and o (Ipo = 115 — 195 kA, By =1.2 T) were
performed to determine the scaling of halo current magnitudes and to investigate any
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differences due to conducting structures in the vessel or asymmetries in VDE direction.
These scalings show that the maximum magnitude of the poloidal halo current scales like
12 and decreases weakly with B, (i.e., there is no direct scaling with g).

’ The calculated peak vertical force due to the measured poloidal halo current distribu-
tion in the vessel wall interacting with the background toroidal field also scales like Isa
but decreases weakly with By. At a given time, the toroidal peaking factor is the ratio of
the maximum ABg|ne: as measured at two toroidally opposing locations divided by the
average ABg|mez between those two locations (ABy|maz is the maximum A By measured
at a particular toroidal angle). It is a measure of the toroidal asymmetry of the poloidal
halo currents. As can be seen from Figure 1, on COMPASS-D the toroidal peaking factor
is close to the toroidal peaking factor for the ITER design point. The n = 1 asymmetric
portion of the poloidal halo current can be a significant fraction (~ 50%) of the peak
poloidal halo current. Unlike observations from Alcator C-MOD [4], on COMPASS-D
only a very small fraction of the halo current structure appears to rotate toroidally. As
COMPASS-D has low intrinsic error fields, presumably the lack of rotation is due to
some mechanism other than mode locking. Scalings of plasma elongation (1.1 < x < 1.6)
were performed which verified the increasing severity of VDEs with increasing . Initial
indications are that the energy quench phase tends to induce poloidal halo currents that
flow in such a sense as to preserve the diamagnetic portion of the toroidal flux (tending
to pull plasma facing components from the vessel wall), while during the current quench
phase the poloidal halo currents flow paramagnetically (tending to compress plasma facing
components) and reach maximum amplitude.
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Figure 2: The figure on the left indicates the time histories of the sum bf the plasma and vessel
currents, along with the vessel current for COMPASS-D shot 17110. The figure on the right
displays the three main vertical magnetic forces acting on the vessel wall during the VDE.

COMPASS-D is equipped with a set of internal and external partial Rogowski coils
to measure the poloidal magnetic field distribution both inside and outside the vacuum
vessel, three E,, Mirnov arrays at different toroidal locations, and seven flux loops for
measuring toroidal voltage. These diagnostics provide the unique ability to measure all
of the currents and fields producing vertical or radial 7o x Bj or ﬁ. % By forces on the
vacuum vessel. Tt should be stressed that it is impossible to separate the image current and
halo current contributions to these forces. The four important fields producing vertical
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forces are Bg, BL, BY, and B} (“0” means m = 0 while “1” means the sin 8 component),
Bg is determined via the current in the T'F coils, B_é is determined by integrating Bgi
from the Mirnov coils {assuming no contribution before the disruption). B} and BY are
obtained by integrating over the By distribution provided by the internal and external
partial Rogowski coils.

[f we assume that both the fields and currents may be expanded in a series of sinmg
and cosmf components, then the integration over the COMPASS-D vacuum vessel shape
zives the following expression for the net vertical magnetic force:

a+b
2
The factor of 0.872 comes from the noncircular shape of the COMPASS-D vacuum
vessel. Fy, Iy, and Fy are displayed in Figure 2 for COMPASS-D shot 17110 (Fy was
negligible and so not included). This shot was a downward-induced disruption and one
can see that [y, the force due to the poloidal halo current, has the largest. effect.
The torque about the ¢ = n/2 (y) axis may be calculated by assuming that the vertica]
force density on the vacuum vessel varies smoothly from the measurements made at $=0
to those made at ¢ = 7. We assume that the vertical force density may be written as

F, = m——0.872 (I3B} + I}B} - 3B} - L;BY) = Fy+ F+ Fy + Fy (1)

10F,  cos®($) Fu{¢ = 0) +sin*(2) Fy(¢ = ) ; .
06 R g - @
This can be reduced to the simiple formula
1
fvy=E(Fz{¢:0)—Fz(¢= 7'-)) (3)

Figure 3 shows that the maximum torque increases along with the maximum vertical
force.
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Figure 3: Mazimum torgue on vacuum vessel as o function of the mazimum vertical force
magnitude for a set of downward VDEs, and the mazimum lateral Jorce versus mazimum vertical
force magnitude for the same shots. Here each quantity is the peak value during o shof, not
necessarily obtained at the same time (the torque Ny may peak at a different time from when the
vertical force F, peaks).
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The lateral force in the ¢ = 0 direction may be calculated in 2 manner similar to that
of the torque and is given by

Fo = 3(Fal¢ =0) - Falé =) @

where Fg is the radiai jx B force obtained at a given toroidal location. An impor-
tant issue for ITER is estimating the worst-case stresses on the vacuum vessel during a
disruption. Data from ASDEX, ALCATOR C-MOD, and COMPASS-D all show that
the maximum poloidal halo current scales like I,(0)%. The greatest pessible poloidal halo
current would occur if all of the initial plasma energy were converted into a poloidally
circulating halo current. In this case we would have

1 9 1 5 i
W+ §LPI;(U) = ELBI: [.‘))

which clearly could exceed I,(0). This situation would of course require a mechanisin that
would allow such a conversion (which may or may not exist); therefore this estimate of
Ipre* represents an upper hound. Also, dissipation of the plasma energy through increased
radiation and Ohmic losses (o< 77) will tend to lower the actual peak value.

During a VDE, the plasma is subject to several sources of vertical force. Once the
plasma has moved a distance Az from its equilibrium position, there are both stabilising
and destabilising forces acting upon it. For small displacements, these forces are both
proportional to Az and I3 As the plasma moves toward the wall, image currents arc
induced are proportional to Az], g. Once the plasma has made contact with the vessel, halo
currents begin to circulate poloidally (and toroidally}. These currents exert a calculable
force on the vacuum vessel (once Iy and By are known). The linearised vertical force
balance on the plasma can then be writien as

(uaz+mz)1§=e,-ff9x§¢da. (5)

Here o and / are functions of the plasma equilibrium, the control fields, and the
vessel characteristics. This equation illustrates how the instantaneous vertical halo force
is proportional to I:, but it is not obvious why the maximum poloidal halo current should
scale like IP(O)E. The time histories of Az, &, # and I, must play an important role. As
the scaling of F} with I,(0)? appears to be a serious problem for ITER, more work should
be undertaken to compare theory with experiment.

This work was funded by the UK Deportment of Trade and Industry and Euratom
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Introduction

Although originally a low-budget experiment based on spare equipment, START has been
continually upgraded and can now obtain large plasmas (R = 0.34m, a = 0.27m giving
‘spherical” plasmas of over 1m in overall diameter), plasma currents of over 200kA and a
plasma duration of longer than 40 msec, In 1994, it was decided to augment the
programme by testing the effects of additional heating by neutral beam injection using a
40keV, 0.5MW neutral beam injector lent to Culham by ORNL in the USA. To aid this,
the plasma diagnostics have recently been much improved, with the addition of a 30 point
Thomson scattering system, a high speed video camera capable of 40,000 fps, tomography
from three new SXR cameras, 20 channel spectroscopic ion temperature diagnostics and a
16-channel Neutral Particle Analyser(NPA) capable of observing energies up to 50keV.

The ORNL beam began operation at Culham in late 1995 with tangential co-injection into
START plasmas (modelling and experiment have shown that counter-injection losses are
high). Since then the beam and plasma parameters have been steadily optimised. All
operation is presently in hydrogen.

The Beam

An outline diagram of the beam
geometry in the START experiment is JJ Y I L2m |
shown in figure 1. It is set up to

nominally inject power tangentially in the
co-direction and has an impact

lon Source
parameter of R=0.28m. The beam has a
: 0 . DC Accelerator
divergence of 1.4° and is focussed to
achieve a lfe half-width of 13cm in the i T

plasma. Estimates using a graphite
beam-dump suggest that the beam power
1s ~240kW at an ion current of 43.6A at
25.5keV. The ion current reaches its
flat-top in approximately 4ms. A visible
spectrometer was used to show that
the H* : H] : H; : H,0" ion current
ratio was 0.61 : 0.24 : 0.13 : 0.02 :
corresponding to neutral currents of E : Figure 1

E/2 :E/30f54:54:41A at 255 -

12.75 : 8.5keV or 138 : 69 : 35kWatts. The total number of particles in the beam is
~10*fsecond.
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Results

Typical plasma parameters for a be
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cameras confirm that this can be about 25% of the minor radius. This can be partially
attributed to the fast-ion energy content stored in the plasma.
With counter-injection there was no clear heating as expected from the modelling.

MHD Observations
MHD characteristics of NBI heated plasmas on START have been studied using Mirmov
coils, horizontal and vertical multi-chord SXR arrays and impurity ion-rotation diagnostics.
The main changes have been observed in the poloidal mode structure, the rotation
frequency of low m, n modes, MHD spectrum and the frequency of Internal Reconnection
Events.
Low m, n mode activity shows a decrease in frequency in discharges with co-injection but
an increase in counter-injection. This is in agreement with toroidal rotation measurements
from spectrocopic observations. In the counter-injection shot #30026 the beam was
abruptly terminated at t=32ms (figure 4).
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In Figure 4 the change in the toroidal rotation measured with the CELESTE diagnostic (20
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channel  spectrometer)
using the Boron IV-line
(28234) is compared

with the corresponding
change in the low-m
(predominantly m = 2)
mode rotation frequency

from SXR signal analysis
and the Mimov
oscillation frequency
evolution.

It has been found that
shots with NBI have
fewer internal
reconnections than shots
with  similar  plasma
parameters without injec-
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tion. Some increase in high frequency MHD activity (50-150kHz) has been observed and
the possibiiity of NBI-driven TAE modes is under consideration.

Fast Ton Distribution

The fast-ion spectrum as measured by the NPA for 25,5keV (~240kW) injection intc a
210kA, k=1.8 START discharge is shown in figure 5 below along with a modelled
spectrum from the Fokker Planck Code (FPP 3D},

Results for twe orientations
of the NPA on the horizontal
midplane are shown; the first
is for the case of the NPA
view being perpendicular to
the plasma surface (0°) and
the second is for the case of
the NPA viewing angle tilted
so that it is looking at
18°(toward the beam). The
18° case shows a classical
fast-ion  slowing  down
spectrum, indicating no sign-
ificant anomalous fast-ion
losses. Charge-exchange
losses are not included in the
model. Typically at these
conditions, the modelling
shows that we expect about
70% of the fast ion power to

Ln(/E40.5)

I e,

E.p keV
Figure 5

be confined by the plasma when orbit and shine-through losses are taken into account.
Figure 5 indicates the difference in the measured fast-ion spectrum when viewing the
plasma at pitch-angle ©/2 (NPA angle=0"). The agreement between model and data are
very good; the signal at 0° being approximately an order of magnitude lower than at 18° as
predicted by the modelling. The statistical level shown in figure 5 indicates the noise level

for the particular NPA setting.
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FPP-3D also calculates the fast ion pressure distribution. Full trajectory-averaging in the
solution of the Fokker-Planck equation means that the resulting pressure disiribution is
significantly less peaked than would be predicted from a flux-surface averaging code
(such as BANDIT-3D).
Effects on START Operating Space and Beta.
Initial attempts to test the cffects of extending the operating limits of the START device
with NBI have produced very encouraging results. Previous best Ohmic discharges were
in deuterium and reached g5

H be S, T 0- Otrri, Sororimd, O,
MRBAO T w10 IEEEEEN
8. With the beam (the L 1
solid points shown in 08 S b
figure 6) values of up to 14
14 (in H) have been ey 06 o 1 eyt
attained.  Valves  of . . LI [ B
I,jN«:lO‘“Am have been 0.4 Fix '. ; ]
achieved. 1 B 3
The installation of the 0.2 14
NBI has allowed the e o FromITER dalition
initial exploration of the 0.0 bt . 1 . S . T
anticipated large  beta 00 02 04 05 08 10 12 14 18
limit space, with average 'ﬁﬂg /Bb (1029/;“21')
betas of ~8%, and central i
betas greater than 40% Figure 6

already achieved.. The

highest normalised beta so far is about 2.4. It is expected that still higher values will be
attainable when the beam power is increased.

The effect on energy confinement has so far not been studicd in detail as the plasma
conditions change substantially with the beam, particularly in that the plasma radius tends
to increase and requires additional vertical field to maintain a constant plasma size.

Conclusions

We have shown that the tight aspect ratio geometry and Ohmic plasma target of the START
experiment are suitable for effective NBL Measurements of the fast-ion spectrum indicate a
classical slowing-down spectrum and no anomalous losses. Significant increases in ion
temperature are observed by both NPA and CXR diagnostics. For the present START
configuration, NBI discharges appear to be better conditioned than equivalent Ohric ones.
Co-injection produced high beta values while counter-injection showed little sign of heating.
Thus we have demonstrated for the first time the effects of neutral beam heating at tight
aspect ratio, justifying the choice of this additional heating methed both for START and for
the sucessor experiment MAST which is currently under construction.
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1. Infrodution

The impurity levels in tokamak plasmas, generally deduced from a few specific spectroscopic
lines, can have a large uncertainty due to the accuracy level of atomic and spectroscopic data
(excitation, ionization, ...) and their sensitivity to the experimental eleciron temperature, The new
approach presented here obtains the impurity levels by comparing iteratively the measured
profiles of line intensities from three absolufely calibrated diagnostics with simulation results
from the MIST transport code [1] and from collisional radiative line intensities [2]. The VUV
spectrometer gives the low Z impurity content from analysis of spectral line radial profiles
especially in the outer part of the main plasma (C IV, O V, Ne VIII, ...) [3]. The soft x-ray
camera, most sensitive to higher ionisation states, permits the determination of the global metallic
impurity content [4,5]. Finally a bolometer array, used to map total (spectrally integrated)
radiated power, is very helpful in the identification processes: low Z impurity radiation profiles
peak near the edge whereas those of medium and high Z peak in the plasma centre. The
comparison is used to characterize impurity transport and levels under several conditions: a)
Compact Torus injection, b) detachment during ohmic or ohmic with lower hybrid heating, ¢)

neon injection, and d) the evolution of impurities with lower hybrid ramp up.

2. Methodolegy
The one-dimensional radial impurity transi)cm code MIST solves for an impurity 'T’, the set
of simultaneous coupled equations for the density njg of each ion species of charge +g, including
ionization and recombination. The n,, T, and T; profiles are the main code input. The adjustable
parameters used to fit simulated data with experimental results are: the diffusivity, D(r); the

convection velocity, v(r); and the impurity global parameter F, (the total 'T" impurity content as
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a fraction of the total number of electrons). The code is run for the three intrinsic impurities in
the plasma: C and 0, the major impurities in TdeV, and Fe as representative of the metallic
jmpurities (Fe, Cr and Ni) whose total concentration in standard discharges is of the order of 107,
around the detection limit from spectroscopic lines. Despite their low density, these impurities
have considerable contribution into the soft x-rays and total radiation. A fourth impurity (eg.
injection of Ne, N, ...) can be added to the procedure.

The levels of Carbon and Oxygen (Fe, Fp) and transport paramelers (D and v) are deduced
from comparison of measured with simulated emissivity of CIV (154.8nm) and OV (63.0nm):
Lveea(®) = 0(0) 1c3(r) <OV(T> 154 3005 Loveal®) = 1(0) nea(r) <oV(T(0))>6 00m »
where <OV(TLE)>1ss 0 200 <OV(T,(1))>¢; 0un are the excitation rates [6].
The first estimate of metallic fraction Fg, in the iterative procedure is deduced by subtracting
from the total Z,g, the contribution of oxygen and carbon. The distribution of n.q(r) are obtained
using D and v deduced from Carbon and Oxygen. The simulated soft x-ray and total radiation
are obtained by summing the contributions of all ionization states of the three impurities:

Rad, (1) = T nea(r) Rea(To(0) + £ noa(r) Roa(T(r) + Z npa() Rea(To(r))

SX,u(D = T neq(t) Xea(T,(0) + Z noa(e) Xoa(Tr)) + Z nraln) Xea(T)
where ngq are obtained from MIST, Ry, is the radiation loss rate of the species I**, Rq is given
by ADPAK [1] or by a collisional radiative model [2,7], X,q, is the radiation rate in the soft x-ray
region (2.5-20 keV), considering the bremsstrahlung, dielectronic recombination (continuum) and
line radiation. Fe, is then increased or decreased in order to fit the experimental to simulated soft

x-ray and total radiation profiles.

3. Applications.

Rather than an absolute determination of impurity levels, in many cases one needs rather
10 know how the impurities evolve during a specific experiment. Some examples are presented:;
A) First, consider the estimate of the Upper limit of Tungsten concentration after the Compact
Torus (CT) injection in TdeV plasma [8]. The tungsten used as coating of CT electrodes risks
to contaminate the plasma. After CT injection T, stays almost the same while many signals
increase: ii, (x1.25), the central soft x-ray intensity (x1.8), the total radiation (x1.5) and Zon
(x1.16). First the procedure shows that the soft x-rays and total radiation evnluuon can be
explained by the increase of n, and FF,, and Fg, (x1.16) as given by Z.y. Then we compare the
central chord of total radiation increase after CT with that of injected tungsten by laser ablation
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technique (Fy,= 2.5x10®) (Figs. 1 a, b). If we assume the increase is caused only by tungsten
contamination, we obtain a concentration of 10 as an upper limit. Considering also that the
profile shapes are peaked near the edge, that the central chord intensity increases by 45£5%, ang
those at the edge chord by 35x5%, the upper limit is reduced to 2.5 107, an improvement bya
factor 4, and an acceptable level for ITER applications [7] (Fig. lc).

B) During plasma detachment the evolution of CIV radial profile (intensity and shape) is a
signatare of a diffusivity increase with detachment inside the separatrix near the edge (Figs 2 a,b
and ¢).

C) After Neon injection (~1 %) at fi,=6. 10" m?, with LH heating, the total radiation increases
in the central region of the plasma which is a signature of metallic radiation (Fig. 3), equivalent
o a concentration of 10* of Fe. ‘The source of metallic impurity can be interpreted by the
relative high metal sputtering yield by Neon compared to Deuterium (factor of a few hundreds)
{91 and by the exponential increase of the sputtering yield with T, for low T, (10-50 eV): a small
increase of T, at the edge by LH healing is sufficient to increase the sputter yield by an order
of magnitude.

D) The similarity of the total radiation profiles during LH heating (ramp, 0 to 650 kW) indicates
that the proportion of metallic impurity 1o carbon content does not increase: there is good
matching between the HF antennae and the plasma (Fig. 4).

4. Discussion and conclusions

Soft x-ray and total radiation result from the supperposition of radiative processes involving

many ionization states of different impurity elements. They are very useful in the identification
and quantitative determination of tokamak impurity contents. The confidence level in impurity
studies is greatly improved by doing analysis of the combined three diagnostics: the VUV
spectrometer, the soft x-ray camera and the bolometer array.
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Abstract:

We report the first measurements showing improvement in tokamak plasma
confinement obtained after compact toroid (CT) fuelling. CT injection using the CTF
device resulted in more than 20% increase in the particle inventory of TdeV without any
plasma cooling or rapid loss of particles. The energy confinement time increased by
>20%, the radiated power increased approximately in proportion to the electron density
and the edge Hy, signal dropped slightly. There was no enhancement in MHD activity.

Introduction:

Control over the density profile in a tokamak fusion reactor is desirable. Peaked
density profiles can reduce the 1gnition margin for a reactor [1]. Peaking the density
profile can increase the usable bootstrap current and increase the net output of power
producing tokamaks [2]. The primary means for deep fuelling of present day tokamaks
is by the injection of frozen deuterium pellets. But this scheme is not expected to
extrapolate favourably for a reactor as pellets are expected to penetrate to only about 10%
(rfa ~ 0.9) from the plasma edge leading to a low burmn fraction of about 5%. A
calculation of the burn fraction to the normalized fuel penetration depth shows that the
burn fraction increases approximately linearly with the fuel penetration depth [3]. Other
than representing a waste of fuel, edge fuelling may lead to excessive amounts of tritium
1n the luel cycle and to large amounts of tritium being trapped in the vessel walls. Such
shallow penetration can lead to high edge densitics, leading to increased divertor
pumping requirements and possibly limit reactor operation to below the Greenwald limit.
For the International Thermonuclear Experimental Reactor (ITER), the edge density limit
remains a critical issue, and the recent ASDEX Upgrade results are unfavourable in
regard to H-mode confinement enhancement with density above the Greenwald limit [4].
Injection of large pellets may result in higher core neutral concentrations.  On D-11I-D,
increasing the core neutral concentration resulted in a decrease of the H-mode
confinement enhancement factor [5].

Perkins et al. [6], Parks [7] and Newcomb [8] proposed the use of spheromak
compacl toroid plasmoids for central fuelling of tokamak plasmas. The spheromak is a
compact toroid (CT) plasma configuration with approximately equal toroidal and poloidal
magnetic fields [9]. It can be formed in a magnetized Marshall gun [10] and efficiently
accelerated to high velocities [11]. Central fuelling of a reactor requires injection
velocities in the range of 350 to 800 km/s which can be achieved only by accelerated
CTs. Recent resulis on CT fuelling of a tokamak [12] showed that it was possible to
non-disruptively fuel a tokamak discharge and to substantially increase the particle
inventory of the discharge. However, in these experiments there was a substantial drop
in the plasma current, rapid cooling of the central plasma, increased MHD activity and
rapid loss of the injected fuel because of plasma contamination by the CT.
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Experimental results:

We present the first results in which CT fuelling led to an improvement in the
tokamak behaviour. These results were obtained as a result of injection of CTs with
lower impurity content which were generated after extensive electrode bakeout.
Reduction of impurities was confirmed by absolutely calibrated carbon IV line emission
intensity measurements, of the TdeV plasma, which have decreased by more than an
order of magnitude. In addition bolometric measurements showed, for the early CT
injection data, the radiated power lo temporarily exceed the input ohmic power. This is
no longer the case.

The CTF device [13] was used to inject a CT into the TdeV tokamak (R =
0.86m, a = 0.25 m, poloidal single null, chmically heated discharge) operated with a
toroidal field of 1.4 T and a plasma current of 160 kA and an edge q of 3.8. The line
averaged electron density was in the range of 1.7 t0 2.5 x 10% m* with a corresponding
nominal particle inventory of 3 10 5% 7019 ions. The fesdback controlied tokamak gas
injection used to maintain a constant electron density was interrupted 2 ms before CT
injection preventing gas injection for the rest of the discharge. In these experiments a
deuterium CT was injected into a tokamak piasma of the same isotope.

Diagnostic traces for a typical tokamak discharge with central penetration of the
CT are shown in Figure 1. The CT was injected at 802 ms. The central (r/a=0.1) and
ouler (r/a = 0.9) interferometer chords show a fast rising density signal from CT { uelling
indicaling central penetration of the CT. The central density stays elevated while the
edge density returns to about the pre-CT injection feve! indicating 2 peaking of the
density profile after CT injection. In addition there is no rapid loss of particies. The
main plasma bolometer signal demonstrates the lack of enhanced impurity radiation. The
immediate increase in the central soft x-ray channel further indicates the lack of central
cooling. Global tokamak parameters such as plasma current and loop veltage are not
perturbed and there is no enhancement in MHD activity following CT injection. The
increase in the C 1V signal shows injection of carbon impurities, but this is small
compared to earlier experiments. The transient Zeff spike (FWHM ~ 1 ms) is possibly
related to the burn through of low-z impurities. As the CIV signal and the edge density
return to near the pre-CT injection fevels, in about 3 ms, the Zell setiles at a value about
16% higher than before CT injection.

To show the dramatic effect of CT fuelling, we compare the time history of the
total particle inventory for the case of CT fueiling and CT gas vaive puff alone. In order
to maintain similar wall recycling conditions, two consecutive discharges were chosen.
The particle inventory is calculated from the seven chord, SMM interferometer array
[14]. As shown in Figure 2, for the gas injection case there is no change during the first
10 ms, after that the tate of rise is similar to that obtained during density ramp-up with
gas valve feed back control (~1017 particles/msec), In contrast for the CT fuelling case,
the initial increase is about 20 times faster. To fully realize the efficiency of CT [uelling
(defined as the increase in mass of the tokamak plasma divided by mass coniained in the
CT), one has to compare the mass of the CT to the mass of the gas associated with the
gas valve pulse. In general during CT fuelling, the coupling is more than 50% [12] and
429 for this specific case. The coupling is not 100% because in these experiments the
CT length is approximately equal to the tokamak minor radius, which means that fuel that
is deposited in the outer flux surfaces, or in the open field line region will not efficiently
couple to the tokamak discharge. However this is not expecied to be a problem for larger
tokamaks as the ratio of CT length to iokamak minor radius is expected to be about 15%
for an ITER class device [15]. For the case of gas valve fuelling, we find the luel
coupling efficiency to be <6%.

Since CTs are [ormed in the annulus between metal electrodes, the possibility of

CT contamination by sputiered metal atoms must be considered. To reduce erosion and
sputlering, electrodes on the CTE device are coated with tungsten. Because of the low
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electron lemperature of these CTs (6 to 20 eV), it has been impossible to experimentally
confirm the tungsten contamination level in the CT through Speclroscopic measuremens
of the CT plasma as the intensity of the observed lines has been very smal],
Measurement of multiply ionized tungsten lines requires @ plasma temperature of several
hundred eV. Ultimately, the amount of eroded metal atoms that contaminate the tokamak
plasma should be controlled to an acceptable level. By comparing the profiles of
radiated power after CT injection to that obtained after laser ablation of W targets, the
upper limit to the amount of W concentration in the TdeV plasma is determined (o be 2.2
X 10-5 after CT injection.

In Figure 3 we show the plasma diamagnetic energy and the encrgy confinement
ume calculated from diamagnetic measurements. Immediately after CT injection {at 8072
ms) the plasma diamagnetic encrgy and the energy confinement time begin to increase

and the H, signal drops sharply. At approximately 814 ms Ep flattens and 1 decreases,
This may be the result of temporary coaling of the cdge plasma since this time is
correlated to the time of arrival of unused gas from the CT formation phase. After about
12 ms this trend reverses and the plasma energy and the energy confinement time both
increase. At 836 ms, both these parameters reach a peak. The diamagnetic energy

content has increased by 38%, and v by 35%. At this lime the total particle content in
the discharge is 27% higher than before CT injection. Beyond t = 838 ms, although the
total particle content in the discharge stays approximately the same both the diamagnetic

energy and Ty decrease. To fully realize the advantages of CT fuelling the parasitic gas
load to the tokamak must be reduced possibly through the implementation of faster gas
injection valves on the CT fueller. The increase in the plasma energy and the encrgy
confinement ime is consistent with the other observations that show low levels of
tokamak contamination, lack of plasma cooling and absence of any enhancement in MHD
activity following CT injection.

In summary, we have demonstrated the use of CT injection for tokamak fuelling
without adversely affecting the lokamak plasma parameters. On the contrary, the plasma
energy confinement time improves after CT fuelling, ~ Proper injecior electrode
conditioning is necessary to minimize the impurity content in the CT. The dominant
impurities are non-metallic; these are not expected to be a problem in a multi pulse
injector in which the injector operating frequency is greater than the impurity monolayer
formation time [15]. An upper limit on the metallic impurity concentration, in this first
generation device, shows it to be in the range acceplable for reactor fuelling. Measured
fuelling is more than an order of magnitude greater than necessary for a reactor.
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HIBP measurements of the plasma electric potential on T-10
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LS. Bondarenko, $.M. Khrebtov, L I, Krupnik, LS, Nedzelskij, Yu.V. Trofimenko,
Institute of Plasma Physics, National Scientific Centre "KhIPT", Kharkov, Ukraine,

1. Introduction

The essential role of the electric field on the plasma confinement and equilibrium in the
fusion devices is well recognized now [1]. The effect of the electric field on the behavior of
toreidal plasmas is twofold. The first is the control of some confinement processes by static
electric field. The essential effect of the intrinsic electric field on the plasma confinement
through the E*B driff was discussed for the stellarators {2]. After discovering of the
improved confinement regimes, the general significance of the static radial electric field in
tokamaks was recognized also [3]. The second is the effect of the electric field fluctuations
on the transport processes [4]. The Heavy Ion Beam Probing (HIBP) is the only diagnostic -
allowing to investigate both sides of the phenomenon of the plasma electric field. HIBP is
able to measure as the potential time evolution (oscillations) in every selected point, as the
radial potential profiles in different time interval of discharges. The measurements are
possible both in the plasma edge and in the plasma core of the magnetic confinement
systems [5]. In this report we describe the basic properties of HIBP on T-10 tokamak, and
some results of the plasma potential investigation and the fluctuations of the plasma

potential, density and poloidal magnetic field.

2. HIBP Diagnostic Set-Up

To study the plasma parameters in T-10 a diagnostic system for plasma probing by a beam
of Cs* ions with energy up to 210 keV was developed [6] The specific feature of this
system is the presence of the toroidal steering electrostatic plates before the energy analyzer
entrance. These plates correct toroidal displacement of the secondary ions. The power

supply provides the measurements during the 5 ms of the correcting pulse flat top every 20

436



al56

ms. The calculated detector grid in the midplane of the plasma column is almost horizontal.

It allows to observe the outer plasma area 18-28 cm by the Cst beam with the energies
120-160 keV for toroidal magnetic field B = 1.5 T. The spatial resolution of measurementf»
L = 5-10 mm, temperal resolution was limited by the data acquisition system (the bandwidth
20 kHz).

3. Experimental Results

The measurements on T-10 tokamak (R=1 50 cm, 2=30 cm) were made in the regimes with
the magnetic field B=1.5T, and current =135-170 kA, pulse duration up to 600 ms. The
sharp gas turn-off in 250 ms is associated with the transition to regime with high impurity
confinement (S-B transition [7]). Fig 1 demonstrates the time evolution of the main plasma
parameters in this regime. The 350 V difference in t1 and 12 moments with equal density
indicates the dependence of the potential not only from the density, but also to the gas feed,
similar to [6]. The potential increase in the internal (r = 18 cm) regions in comparison with
the phase of the density rump up indicates the increase of ion confinement (see also Fig.2).
It could be explained by the relaxation of the instability accompanying the gas puff and it
shows the ion nature of this instability. '

The pellet injection into the low density plasma leads to the decrease of the plasma
potential for the time of the density increase, Figs 3,4. It corresponds to the known
tendency of the growing up of the negative potential with density [6]. Two lower curves in

Fig 5. confirm it also.

Fig. 5 demonstrates the negative potential well towards minor axis in MHD quiet
regimes. MHD active regimes have the potential well with twice smaller depth. The
difference in the potential value between of the discharges with and without MHD activity
can reach 400-600 V. In MHD-active regimes electric field is very low, almost zero, where
q~2(19cm<r<25 cm). The absolute potential reference was made on the basis of the
absolute calibration of analyzer on the He gas target. Along with the plasma potential, HIBP
is able to measure the plasma density ( the total secondary ion current is proportional to

plasma density Ijor. o n L) and poloidal magnetic field, which produces the ion toroidal

displacement.
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Plasma electric potential, denzity and magnetic potential oscillations were observed

in the frequency range | kHz (Fig. 6). The decrease of the poloidal field oscillations bp/By

and increase of the density ones towards the edge coincide with probe measurements [8].
The region of the high level poloidal field oscillations coincides with q ~ 2 zone.
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Figure captions

Fig.1. The time evolution of the main plasma parameters and the electric potential,

Fig.2. The time variation of the potential relative to the value in the puff switch-off moment
in three radial positions for several discharges.

Fig.3.The the density and potential correlation in the pellet injection. Long case.

Fig.4.The the density and potential correlation in the pellet injection. Short case.

Fig.5. The potential profiles for the various types of MHD activity.

Fig. 6. Plasma potential, density and poloidal field oscillation (last scaled to 10°) profiles.
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Intreduction

It is well known that the ion temperature gradient (ITG) or n;
mode (ni=[{1/T)(dTi/dr)]/[(1/ne){dno/dr)i=Ly/Ly, Ly=density
scale length, Lr=temperature scale length) has an instability
threshold (njjow) around one for density scale lengths of the order
of the magnetic field curvature radius Lg!-3. It is the purpose of
the present work tc show, in a basic toroidal gyrokinetic
description assuming isotropic m; and no collisions, the existence of
a high m; stabilization at Ni=Miup=10 or larger (cf Refs. 2 and 4). The
lowest niyp is found to occur at wavelengths corresponding to
kfpiz-ﬂ (k, = perpendicular wavenumber, p; = ion Larmor radius).
It is aiso shown that the density gradient (small L) is stabilizing -
lowering the growthrate and the upper m; stability threshold.

The m; modes are assumed to be one of the driving sources for
drift wave turbulence causing anomalous particle and heat
transport5.6. One may expect that an upper m; threshold can give
rise to enhanced confinement regimes that do not require
proximity to the edge. One example could be the interior transport
barriers recently observed in all major tokamaks. Equilibria with
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large m; can occur e.g. in regions with negative shear” in
combination with high heating power.

Formulation

We assume a perturbation of the form exp(ikyx+ik, x, -jot) where
ky and k, are along and perpendicular to the background magnetic
field tespectively and an electrostatic electric field E=-V¢ where ¢
is the electrostatic potential. We mneglect parallel ion motion
(assuming @ /kj>>Vhi), electron and ion trapping and collisions in
order to concentrate on the main toroidal n; mode characteristics.
In a gyrokinetic ion description the jon density response may be
derived from the ion gyrokinetic equation. Assuming a Maxwellian
ion velocity distribution one obtains
dn; ed )

where

_ w+o,(v) g(km_)
I—J- mDi(")] e fagdv

and
=] 14 (1“—"—2—3] va Bglk
.5V “E L) [V(In ng) x Bol'k
cm (1
wpi(v) = '——CBJD (EVJZ_“'V?J(VB() % Bo)ky

w+j and wp;j are the ion diamagnetic and the ion magnetic
frequency Trespectively (magnetic drift = VB drift + curvature
drift).

In the regime under consideration kjvini<<w<<kjvine the electrons
are assumed to be adiabatic. From the parallel equation of motion
for the electrons neglecting electron inertia we then obtain a
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Boltzmann distribution for the electron density, which, assuming
ed/Te<<l, gives dne/npg=ed/Te. Using now the quasineutrality
condition, 8ne=8n;, the dispersion relation may be written Q=1/g,
where 1=T./T;.

Results

Fig. 1 shows the upper m; stability threshold derived from the
dispersion relation as a function of en(en=2Lg/Lg, Lp= magnetic
field curvature radius) with bo=kJ_2pi2 as a parameter
(p‘i:m[mi/mciz ion Larmor radius). The threshold is strongly
reduced by smaller €. The lowest values occur at by=1. Fig. 2
shows the stability thresholds in the nji-b, plane with g, as a
parameter. We note that the upper threshold goes to infinity as
bo—0. As bg>1 it is increased again (not shown in the figure). The
lower m; threshold is around one in both of the figures.

Fig. 3 shows the normalized frequency and growthrate as a
function of m; with by as a parameter. We note that the mode
propagation is in the ion drift direction and that the frequency
increases almost linearly from low values at the lower m; threshold
to around 2w, at the upper 7; threshold.

The formalism requires the wavelength of the mode to be small
compared to relevant background inhomogeneities. In a linear
study as here we may assume propagation principally in the
poloidal direction, A =Agp, and the relevant background scale length
to compare is Lp. If the mode is mainly localized to the outer part
of the torus, however, (medium or strong ballooning), where the
directions of Lg and 6 are perpendicular, a restriction on Lg may
not be nessecary either. The condition A <<Lp is fullfilled by e.g.
be=0.25, pi=0.25 cm and Ly=300 cm. The formalism also requires
the Larmor radius to be smaller than the scale lengths which is
fullfilled by e.g. £q=0.15 and ni=njup=25 (Fig. 1).
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1. Introduction

A simple model of the formation of the transport barriers at the edge region of a tokamak is
presented. The particle continuity equation with the diffusion coefficient which depends on the
shear of the poloidal £ x B drift has been solved numerically. Therefore, the paradigm of the
shear suppression [1-3] was applied to the dynamics of the formation of the transport barriers,
The special emphasis was made on the detailed dynamics of L-H and H-L transitions including
the peliet-caused H-mode (PCH mode) [4], [5]. The main experimentally observed typical
features of the barrier formation [2-5] are reproduced by the numerical simulation.

2. Model

Inside the transport barrier the diffusion equation has been solved

én on

=7 —{ (o )“I 0, 0]
D
where x is the dimensionless d:stance from separatrix x=(r-@)@p., p. /@ is the poloidal
gyroradius, time ¢ is measured in units (p, /@ )>D"™™. The parameter e is proportional to the
shear of radial electric field a ~|dE/dr|. Electric field is supposcd to be neoclassical with the

toroidal rotation damped by the anomalous inertia and viscosity [6]

E0e) = ,[dilm (1= k)dlnT] @

where k is the numerical coefficient, dependent on colhsmnalny. This field is observed in the L-
regime, while for the steep density profiles typical for H-mode additional equation for electric
field is to be solved [6]. Leaving this for the future publication we shall focus here on the initial
phase of the barrier formation when Eq.(2) is still an exact one. Assuming that the density
gradient is steeper than the temperature gradient, the diffusion coefficient is governed by the
second derivative d’lnn/dr’. Hence we shall specify

d’ [nn d Inn
1=l &

| R &)
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The chosen dependence D(a) is shown in Fig. 1. The values a;; can be estimated from the
comparison of the decorrelation frequency associated with the shear of the rotation with the
diffusion decay [11. For the modeling we chose @,=0.5, a;=1 and D= pmin = 10, The Eq.(1)
has been solved in the region 0< x< [ with the boundary conditions n(x=0)=1,
Ddnidx(x=1)=I" The point x=0 defines the separatrix and x=/ - the interface of the transport
barrier with the hot core, I"is a given particle flux from the core.

3. Qualitative analysis

For small I"stationary profile is determined by D™ , depends linearly on x with gradual slope

nfeg)=1+ /D™ (4)
In Fig. 2 the local flux D{a)dn/dx is plotted versus dn/dx for the linear profile nfx)=/+f x at

separatrix x=0. Since a=f i1+ P x)? for linear profile the local particle flux start to decrease
at gradient f=c'” and to increase again at J=a'”. The character of the steady state solution
depends on the relation between ["and /™. If /< ™" than the steady state linear profile
given by Eq.{4) can exist. On the contrary for I'> ™ {he steady state solution corresponds
to the steep density gradient at the separatrix which can be associated with the H-mode. The
relation between I"and I depends, of course, on the ion temperature and density at the
separatrix. For larger temperatures and smaller densities the value of ™ is smaller since the
shear suppression is more effective, and it is easier to reach H-regime for the same particle flux
I 1f one starts from a linear profile given by Eq.(4), and then owing to additional heating or
density decrease I” becomes larger than /™™, the L-H transition must take place. On the

contrary, to obtain H-L transition the particle flux must fall below 7 Bl
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4. Results of the simulation
To solve numerically Eq.(1) the small artificial viscosity was added. In Figs. 3-6 results for the
initial profile given by Eq.(4) are presented. The initial density gradient was S=I7D™™ wimy
I=7.5 > The density profiles in Fig. 3 and deviations A» from initial profile in Fig. 4 are
shown for the moments: 1-r=0 {initial profile), 2-t=0.0003, 3-1=0.001, 4-1=0.003, 5-1=0.01, 6-
1=0.05, 7-t=0.1, 8-t=0.5, 9-t=1, 10-t=4. 1t is clearly seen that very quickly the density
perturbation near the separatrix start to increase while the diffusion coeflicient (Fig. 5) and the
particle flux to SOL [7%) in Fig. 6 simultancously start to decrease. After the fast diffusion time
t;=x"/D"* (for x=1 t; =0.1 ) the diffusion coefficient is suppressed in the whole transport
barrier and the futher transiton occur with the slow diffusion time £,=x/D™"" It is interesting
to note that at small times the region of the suppressed diffusion coefficients propagates even
faster than according to ¥’=4D™t. If one starts modeling from the profile 10 it is not
sufficient to make the flux 7™ for H-L transition, we can obtain transition for <0.25
which is smaller than /™", Figs. 7-8. The final steady state profile coincides with Eq.(4).

The possibility of stimulating the L-H transition by the injection of a slow pellet observed in
[4], [5] was modeled, see Figs. 9-10. To the initial profile Eq.(4) which was close to the point
of transition with J<7™* (/"=6.75) the small 5% density perturbation was added. When the
maximum of the perturbation was centered at x<0.3 it was sufficient to cause the travsition,
Figs. 9-10. Evolution at larger times was similar to Fig. 3. The 1% perturbation caused similar
evolution for x<0.3, while for x>0.3 no transition was observed-the perturbation just spread
and disappeared owing to diffusion.

Some other different boundary conditions were employed and will be reported elsewhere.
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1. Introduction

The issue of cross-field conductivity is important for determining the potential profile in
various magnetic field configurations addressed in the context of fusion research. The interest
is further enhanced by the large body of evidence obtained on many tokamaks that the
formation of transport barriers is consistent with the paradigm that increased shear in the Exi
flow leads to a suppression of plasma turbulence, thereby improving confinement.

For a collisionless plasma, the issue of cross-field current in a stochastic magnetic field has
been considered in [1,2]. The current was assumed to be carried by test electrons, ignoring
restrictions imposed by the ambipolarity constraint.

Here, the cross-field conductivity of a plasma is addressed assuming a braided magnetic field
with a given level of magnetic fluctuations. In contrast to [1,2], the ambipolarity constraint is
employed locally. The cument is divergence free throughout the plasma column. This
constraint implies that the parallel electron current arising due to eleciron flow along a braided
magnetic field line is short-circuited by ion flow across the field. Since parallel to magnetic
field electrons are much more mobile than ions a significant ambipolar electric field has to
arise, thereby suppressing the electron current. Hence the value of the transverse current
obtained in [1,2] is the upper estimate. In reality, difference is shown to be large. The resulting
net current averaged over the flux surface is governed by the cross-field conductivity of jons.
This effective conductivity is caused by the ion viscosity and inertia and becomes large for
smali scales typical for magnetic field perturbations. Yet the considerable enhancement of the
transverse current occurs even in regularly perturbed magnetic field. Furthermore the
transverse current is amplified by stochastic characteristics of the magnetic field.

The resulting averaged cross-field conductivity is shown to be proportional to the squared
magnetic field perturbations. The analysis quantified below corresponds to the calculation of
cross-field conductivity in a tokamak with ergodic limiter, it has also significant reference to

tokamaks and RFP's with a large degree of intrinsic stochasticity. Since the underlying physics
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is the same for all toroidally symmetric configurations, we adopt, for simplicity, a slab
geometry, where the unperturbed magnetic field is assumed to be given.
2. Model
A slab geometry is considered with the plasma parameters depending on the x-coordinate
normal to the flux surfaces. The unperturbed magnetic field is given by
B=B¢, +B,(x)s, =B[E, + O(x)E,], &x)=B,/B, < )

Here, the y-axis corresponds to the poloidai direction in a tokamak, the z-axis - to the toroidal
one and the x-axis - to the radial one. The unperturbed plasma density and plasma potential are
denoted as n,(x) and ,(x), respectively. The magnetic field perturbation is

B =3 B, exp(ike) with k; « k;. Its impact is the most pronounced near the resonance flux

surfaces, where k,(x)=(k,B,(x)+k,B,)/B =0 We shall start from the case when the mean

free path A, <<k, so that we solve the fluid equations [3]:

dhp=adwj=0,mmmvm=—wnlﬂxm-V&, (2)
i c
L:cuﬁ(-V(p+I‘—Vlnn+ﬂVT=) (3)
c [
where r‘ is ion flux, jis current, u is plasma velocity, oy is parallel conductivity,

b=B/B, and % is the ion viscosity tensor.
3. Transverse current for collisional case A o k;<<]

In the absence of the transverse transport the solution of the linearized Eqgs.(2,3) corresponds
to the constant density, temperature and potential along the magnetic field lines, and to the
zero currents and drift velocities. Inertia and viscosity arise due to the drifts in the perturbed
electric field. Similar effect is produced by the cross-field anomalous diffusion which wash out
density perturbations, and cause particle fluxes [5]. Inertia and viscosity result in the transverse
ion currents. Thus, the parallel electron current j, arises to close the circuit. The averaged
transverse electron current is j, =< j,b, =. Substituting the expression for j, from Eq. (3) with

self-consisted electric field one obtains:

. d T, Olnn, Jdp aT,

Ix :EgRE{ bx_i G,I!E(k,,{?“-a—“-—ax—“-#- 171 i'r(ku)ﬁ:l}’ @
o, k? (k! wilg k) - c[e&p dlnp ]

(k. )= K Lk AL . (5)

i ok +, kf x i xltk:l'f'{?hk} +ig k) i B{ & n,dx
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where the factors ! 1 arise due to the local ambipojarity constraint. In the fimit u_, — 0, when
o.ki <<6 k! (ie ignoring the local ambipolarity constraint), Eq.(4) is similar to the resuif of
[4] for electron heat conductivity. The contribution to perpendicular conductivity from
perpendicular viscosity can be caleulated according to [3] o,; _=-2nk{c’ /B , where n, i
the ion transverse viscosity coefficient [3]. The contribution from inertia term is
=i mic’(ﬁiL fc)n/Bz, 6,;=0,,+0

G,

i There is also contribution from the paralie

K
viscosity caused by the parallel fluxes which arises from the wash out of the density
perturbations by the anomalous diffusion. The resulting current is preportional to the density
gradient, 1t was calculated in [5].

The main contribution to the sum over k, in Eq.(4) is determined by the resonances in Eq.(5).

This yields values of k; ~ky, for two first terms in Eq.(4) and ~ k for the third one. The

value of k. is given by the estimate k= \,' k}'j mo'ui I, . It yields:

- G"Dl_'[h____ainn" _%_}_117‘@2}&]
o

T e T ax (6)

o
where D, = n-b*/(28-8k,), 8k, is the difference between two neighboring k, , L, =k ;.
The resulting current depends on the ion cross-field local conductivity. From Eq.(6) it follows
that the conductivity is significantly enhanced even in non-stochastic magnetic field, if the
decorrelation ocours due to transverse collisional transport ( it corresponds to 'double

streaming regime' in ciassification of enhanced diffusion [6]). If the magnetic field is stochastic
(when Kolmogorov’s length of exponential divergence L, = (Bkvw@/k;’t@‘zbz)w <1/(®-8k,),
the local transverse transport is amplified due to the exponential divergence of neighboring
magnetic lines. This effect is less important if L, > L_. In contrast, when L, <L, quasilinear
theory is not valid and fractal structure of magnetic field lines has to be taking into account.
The estimate of conductivity in this case can be obtained by method proposed in [4]. The result
coincides with (6) if we replace L, by factor ~ L, In(L, /L, ). If differs from the Rochester-
Rosenbluth result for diffusion of ‘test” electrons [6] by logarithmic factor.

4. Transverse current for collisionless case Ak, >>1.

Employing the electron kinetic equation in the drift approximation one can obtain for the

Maxwellian distribution function {f):
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(ju>=z_'f dv”!b‘ k i v;f &
[3

2m.

dlnn, 1 g, my' 3 ar, ) L)
*Rg{ B T, '}"(k”)[zT,a 2)—ax'J'i(k“vn+Elﬁd)-vﬁ] a

where Vg is a frequency of electron phase decorrelation. It is governed by stochastic

- . . . vy L.
processes: for the transverse diffusion v,y = max{D , k2:(1/6k2D, vi) )', for randomization in

stochastic magnetic lines with the correlation lengths [, ;1y it is given by vig = vlg +ul, . The
transverse conductivity in collisionless case is controlled by the ion inertia; the parallel electron
conductivity oy = e'nf mrvleﬁ, is determined by v, Similar to the collisional case the transverse
current depends on local ion conductivity. Indeed if magnetic field is stochastic, the current
obtained in [1,2] should be reduced by factor ~In(L,/L,) times. The ratio L, /L, is very
small and the value of In(L,/L,)is about 2-5. It yields that the influence of the local
ambipolarity is important.

5. Conclusicns:

Here, the cross-field current in a braided magnetic field is addressed. In contrast to {1,2], the
ambipolarity constraint is employed locally. Since electrons are much more mobile than ions a
significant ambipolar electric ficld has to arise, thereby suppressing the electron current. Hence
the value of the transverse current obtained in [1,2] is the upper estimate. In reality, difference
is shown to be large. The resulting current is governed by the cross-field conductivity of ions.
It is strongly enhanced due to the small scale of the magnetic field perturbations. Yet the
considerable enhancement of the transverse current occurs even in regularly perturbed
magnetic field. Furthermore the transverse current is amplified for stochastic magnetic field.
Acknowledgment: The work was supported by RBRF grant N 9602 1691%a and partially by the Swedish
Institute and Humboldt Foundation
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Experimental Setup

The experiments considered in this paper were carried out in single null discharges during
the JET Mark I pumped divertor phase [1] under different plasma conditions. The 4 Hz
sweeping of the strike point at the target plates has allowed the measurement of fluctuation
profiles both in the divertor plasma strike zones and private flux region (PFR) using the target
Langmuir probes. To determine the srike point position at the divertor plates we used the
criteria based on the floating
potential sign at the target-
probes and calculations from
equilibrium reconstruction
codes. The position of the
strike point is uncertain by at
least lcm. A poloidal cross
section of the target showing
the JET Mark I Langmuir probe
array [2] is shown in fig.1.The

rbulence was characterised by

four probes, two of them (5 cm

Fig.1. Poloidal cross section of the divertor target toroidally apart) located in the
showing the Langmuir probe array. The arrows inner strike zone of the divertor
show the probes used for fluctuation measuremenis and other two in the outer zone.

Fluctuation Levels and Turbulence Spectra

Radial profiles of ion saturation current (Isay), fluctuation levels of Isar (Tsa and Tsaﬂsm)
and floating potential (¢¢) in the SOL and PFR are shown in figure 2 for the discharge 34112
[lp=1.6-2.0 MA, Br=2.6 T, Ne~2 x 1012 m-3] during the ohmic phase. Measurements were
taken at the outer divertor target. The Igy fluctuations rise as the probe approaches the separairix
from the SOL side and increase even further when the probe is in the PFR, defining the
separatrix as the radius where the floating potential changes sign (vertical line in the figure 2).
The Tsa/Tsat is almost constant in the SOL with a value of 5%, increasing up to 15% in the PFR.
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In the SOL region most of the power in the fluctuation specira is dominated by frequencies
below 50kHz. Higher frequencies (up to 300kHz) become non-negligible in the spectra close 10
the separatrix and in the PFR. In the PER there exists a low density and temperature (< 10 eV)
plasma, originated by diffusion from the SOL. This plasma presents srong radial gradients in
density and temperature, short connection lengths, and a large variety of atomic processes
which could account for the observed increase in the level of fluctuations.

Pulse No: 34112
PFR SOL

g
T

Fig.2. Radial profiles of raw
dara, fluctuation levels and

l's.ll

ouT
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-
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S S
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]’.l
(mA)
w o
& S
T T

the mean value of the

i 127\”’1\'\\ floating potential for the

:—;@. gl! MM discharge 34112. Separatrix

0 is defined as the radius

‘.’:"%’ 5 ;ﬂ where the floating potential

g 0 changes sign (vertical line)
T ShH .M

291 a5 Y 0 S5 Measurements were taken

Major Radius (m) at the outer divertor plates.

In/Out Turbulence Asymmetries

Comparative studies of the turbulence structure in the inner and outer divertor regions have
been carried out under different plasma conditions (Ohmic, L and H) modes. Figures 3a and 3b
show the radial profile of the ion saturation current signals measured at the inner and outer
target plates during sweeping of the strike points in the ELM free H-mode of the pulse 35457
(Ip=2 MA, Br=2.6 T, ne~3 x 1019 m™3 and 7 MW of NBI heating). In this case the divertor
electron density and temperatures were in the range ne~1.5 x 1019 m-3 and Te~10-15 eV, at the
strike points. Significant differences between the level of fluctuations measured at the inner and
outer target plates are generally observed at both sides of the separatrix (SOL and PFR), which
are directly observed in the raw data (see figure 3). In the SOL region, fluctuation levels are
systematically higher at the outer divertor plate. As shown in figure 3c at the inner side the
normalised level of fluctuations (Tsay/Tsar) is 2-3 % in the SOL region and about 15 % in the PFR
close to the separatrix. The flucruation levels observed at the outer divertor are about 5-10 % in
the SOL and about 25 % in the PFR. The corresponding frequency spectra, for measurements
taken close to the inner-outer strike points in the SOL region, are shown in figure 3d. Note that
the level of high frequency fluctuations, 30-200 kHz, is higher at the outer divertor plate.
Similar results have been found in Ohmic plasmas.
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Curvature driven instabilities could account for the large in-out asymmetry observed in the
SOL turbulence during JET discharges [3]. However it should be noted that curvature driven
instabilities may not explain the observed increase in the level of fluctuations when crossing
the separatrix from the outer SOL into the private flux region.

Fig.3. Time evolution of:
a) Isar at the inner and

8

~ 2 600[ L b) Isar ar the ourer
<5400 E region. c) Tsaillsar at the
E g inner (continuos line)
5 200 P and outer divertor (dash
sOL PFR PFR  SOL line) and (d) their

-:}2.134 . 2;36 L 2.138 R TR TR frequency spectra
Major Radius (m) Major Radius (m) calculated at Ocm<R-

Rg<lcm. Measurements

were taken in the H-

mode phase of the shor
35457. Note the sign
convention is: the radial

§ : position is always
r \'V\_Lg defined positive when
0.001 _ the probe is in the SOL
and negative when the
probe is in the PFR

Power Spectra (a.u.)

10 a0 100 400
Frequency (kHz)

Turbulence in Detached Piasmas

H-mode detached plasmas have been produced at JET by introducing an impurity into the
divertor to enhance radiation. Fluctuation profiles during the H-mode detached phase with
nitrogen seeding have been investigated. The time evolution of plasma parameters for the pulse
34361{1p=2 MA, B7=2.5 T, ne~5 x 1019m=3 and Pygr=11 MW] is shown in figure 4.
Measurement of fluctuations were taken after nitrogen gas puffing, in the detached phase. The
radial profile of Tsalﬂsat is shown in fig.5 for the inner divertor plate. The level of fluctuations in
the plasma strike zone is in the range 10-20% and rises up to 20-30% in the proximity of the
strike point. It is interesting to compare the fluctuation levels in the detached phase with those in
non detached plasmas. As shown in figure 3c the Tsav/sar of 2 non-detached plasma at the inner
target during the H mode is below 3% (shadow zone in fig. 5) at least a factor 5 smaller than in
the detached phase. The high radiation level of these plasmas could be affecting turbulence
through radiative instabilities and the presence of high neutral densities and low temperatures
during the detachment in the divertor region could also drive instabilities.
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Summary

The turbulence spectra as well as their amplitudes have been found to be sensitive to the
plasma conditions at the JET-divertor region . The results can be summarised as:
-In ohmic shots, the level of fluctuation ('Iusalﬂsat) is in the range of 5% at the plasma strike
zones with fluctuations dominated by frequencies below 50 kHz. However, this level goes up
to 15 % close to the separatrix and in the PFR, with the frequency spectra up to 200 kHz.
-Significant infout asymmetries in Toay/Tsa and spectral characteristics have been found in ohmic
and H mode regimes. In the SOL region, these levels are higher at the outer divertor plate.

-Fluctuation levels in H mode detached plasmas are higher than in non-detached phases.
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L. Introduction

Plasmas with hollow current profiles arc obtained in experiments
aiming at "advanced scenarios" in tokamaks with lower hybrid
current drive or off-axis heating. The corresponding q-profiles are
non-monotonic and often have two resonant surfaces of the same
helicity g=m/n with low numbers m,n. In such situations, double as
well as simple tearing modes may be unstable. In this paper we
present numerical investigations of thesec instabilities and try to
interpretc experimental observations made on the tokamaks Tore
Supra [1,2] and RTP[3]. We use a modular code based on an exaclt
scalar representation of toroidal MHD [4] which allows to write all
systems of "reduced MHD" ecquations of various complexily (up to
the full MHD equations) in essenlially the same form. Here we
restrict ourselves to Strauss type cquations in cylindrical geomelry
with perturbations having a single helicity.

II. Evolution of double tearing modes

As a Lypical example we presenl the lincar and nonlincar [featurcs
of the instability of helicity m/n = 2 for the hollow current profile
shown in Fig.l . In Fig. 2 we show the radial structure of the
perturbed flux 1 , the perturbed current j , the electric potential <&,
and the vorticity density w  of the unstable linear mode m=2, n=I.
The time evolution of the single-helicity solution of the nonlinear
equations has a first period during which the growth is dominaled
by the exponential growth of the fundamental mode m=2, n=l,
followed by a period of explosive growth of all modes as shown in
Fig. 3 . In the first period two magnetic islands are present and
perturb the current profile of the m=0, n=0 mode as shown in Fig.4.
During the explosive phase the current profile of the m=0, n=0
mode is f{lattened out over a large portion of the region between the
two q=2 surfaces.

456




al7l .
|
|

ProfEs déquilbrs ta courand ef de q (ped e8] !.w" ,"‘4
a—r
0]
R 15]
s o3 = I
5, ’
a. ] R Z -
dozs =
0.5 -8 .
r oz
= Ly ] 1 % as L
q 4 ' ‘
25l —jous 1
tas os| L
e S . ” z o
~aos
o a5
- ! d o ! 1 t
% o1 02 a3 o g - =
04 n'.1 o8 o7 0B 09 ) a o5 1 0 n‘s 1
. ’ Proft ds coursrt (p=3~5)
Fig. 1 Fig.2
V(e i . 1 [reyml) MODE mmdned justs avend {I22825), of pandart femioron (1s3900)
.
218 15 oy
01314 1 03| il
~0.1315, L o)
] “© 2] (] 20 @ iy - 02
ot meded =ty gagt meded (=it
2 a1
o '
o
-1 L
-2 -1 005
-3 -
%o of ez o3 oe 05 o8 of o8 08 4
o £ @ w £l w “° &
Fig.3 Fig.4

Similar behaviour can be demonstrated [or current profiles having
two magnetic surfaces where either g=3 or g¢=4. Of coursc, the
linear growth rate and the details of the nonlinear evolution
depend strongly on the particular form of the cquilibrium profiles.

[11. Evolution of simple tearing modes

In contrast to the case of the double tcaring instability presented in
the preceding Scclion, the simple tearing modes appearing in the
case of current profiles having only one rational surface g=m/n
with: low m and n usually saturate at a level which may not be
detected in an experiment. This may be the reason why certain
discharges with hollow current profiles are found [1] to have no
deteclable MHD activity although lincar thcory predicts instability.
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IV. Sequence ol reconneclion evenls in _plasmas with hollow

current profiles

In Tore Supra |2] , sawtooth oscillations of the electron
temperature, located near the surlace =2, have been observed. A
m=2 magnelic perturbation appears o bc accompanied by a m=3
perturbation probably connected with the g=3/2 surface. The Lwo

perturbations rotate initially with different rotation frequencies,
but the two frequencies gradually approach each other and finally
the two perturbations lock shortly before the sawlooth crash. A
numerical simulation ol this behaviour requires calculations in
toroidal geometry with equilibrium flow, and will not be treated
here except for some general discussion in Section V below.

In RTP an interesting saw-tooth pattern has been observed [3] in
cxperiments with off-axis heating leading to hollow current
profiles. A sequence of rapid saw-tooth oscillations of the electron
temperalure al about half-radius, interrupted periodically by a
larger saw-tooth crash in the plasma cenler, is interpreted by the
authors|3] in terms of the evolution of the current profile and the
associated q profile. We have adopted this point of view and show
in Figs. 5 and 6 a possible sequence of situations which may lead to
the observed saw-tooth pattern. The curves labelled (a) correspond
to a situation where there-is only one rational surface of low m,n

PROFILS DE COURANT PROFRSDEq

. s . L s " . . . s . . I L
01 02 03 04« a5 06 07 o8 o9 | = 61 02 03 04 05 08 07 08 o3 |
(0):902.6,p=3 =8 , (b)imd. 0 pmd kil , (c)iqed 3 pmd kn T (4902 8p=0ke4, (B):q0=38p=0k=3 , {c):q0=4.3 ] kT

Fig.5 Fig.6
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A simple tearing mode could be unstable but would saturale at a
Jow amplitude, as we have said above. The off-axis heating then
jeads lo profiles of the type of the curves labelled (b), for which a
double tearing mode m/n = 3/1 is unslable and leads to a crash of
the temperature in the radial interval belween 1 = 03 and 1 = 0.6 .
A slower evolution leads finally to the situation shown by the
curves labelled (¢), where the double learing mode m/n = 4/1 is
unstable, leading to the large crash which includes the center of the
plasma.

Up to now we have studied only these three situations without
trying to simulate the combined evolution of profiles and
instabilities. More complete calculations arc planned.

V. Conclusion

Our calculations indicate that double tearing modecs can have
cxplosive growth and may explain the crash of saw-tooth
oscillations, contrary to simple learing modes which often saturate
at small amplitude. More work including toroidicity and the effects
of plasma rotalion is in progress.
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INTRODUCTION

During the last two decades, much effort has been devoted to the study of pellet-plasma
interactions, mainly focusing on ablation and transport modification caracterization. These studies
have yielded an extensive validation of a NGS-like scaling law for pellet penetration and a
comprehensive description of PEP modes. Compared with these well documented subjects, the
question of the pellet fuelling efficiency (n=Increase of the Plasma Content / Pellet Content) has
been by far less addressed. This point is nevertheless of crucial importance since it governs the
performances of pellet injectors required in a reactor to achieve efficient fuelling and isotopic
tailoring with the aim to reduce wall tritium inventory. Some results have already been published
for TORE SUPRA [1], ASDEX-U[2], JET [3], and TFTR [4], but no comprehensive study has
been presented yet. Recently, such a study has become possible using the International Pellet
Ablation Database (IPADBASE [5]). In this paper, the values of the fuelling efficiency 1 over a
sample of =150 pellets from TORE SUPRA, JET, TFTR, T-10, DIII-D is presented and its behavior
with pellet penetration, additionnal power and plasma confinement regime is discussed.

THE INTERNATIONAL PELLET ABLATION DATABASE

IPADBASE was initially intended to furnish experimental data to the different theoretical
ablation models developped in order to predict the penetration and the mass deposition in a next
step tokamak such as ITER. This database has been assembled from pellet injection experimental
data around the world covering a wide range of pellet and plasma characteristics. In the initial
configuration presented in this paper, data from JET, Tore Supra, DII-D, FTU, TFTR. T-10 and
ASDEX-U have been included. It contains pellet parameters such as mass, velocity and penetration

Device vp Np Ip By ne(0) Te(0) Padd
(m/s) (1020 ap) | (MA) | (T) (10200m3) | (keV) | (MW)
ASDEX-U | 240-1200 }1.7-43 |[0.6-1 1.3-2.7 10.2-2.2 0.25-3.5 | 0-8 (NB)

DII-D 515-1100 {1-20 0.5-2 1.6-2.1 10.22-1.3 [1.44.2 |0-11.5 (NB)

FTU 1350-1800 [ 0.4-1.8 |0.3-0.9 |5.6-7 [0.5-2.24 [1.1-1.9 |0
JET 460-1350 |3-80 2.2-52 (2.8 0.22-0.76 | 1.5-4.2 |0-13.5 (NB)
T-10 400-800 |0.2-0.45 [0.2-0.4 [2.85 04-075 |1-2.8 0
TFTR 1000-2250 | 14-35 1.6 4.4 0.17-0.5 |5.8-7.7 |7-21 (NB)
Tore Supra [ 600-3300 |0.4-36 [0.6-2 |[2.5-4.1 |0.17-0.72 | 1.5-5 0-54

(LH, ICR)

Table 1: Pellet and plasma characteristics range considered in IPADBASE (version 1.0)
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Fig.1: Pellet mass and velocity (a) and plasma electron density and temperature at the end of the ablation process (b),
identified by machine

depth, a description of the magnetic geometry of the plasma, the plasma electron density and
temperature profiles and some characteristics of the additional heating. Table 1 gives the range of
plasma and pellet parameters from the seven machines considered. Pellet parameters are detailed in
Fig.1a and the plasma range is represented in Fig.1b in a Te(Ap) versus ne(Ap) diagram, where

Te(Ap) and ne(Ap) are the values of the temperature and density at the end of the pellet trajectory.
FUELLING EFFICIENCY

Among the available data, the pellet content Np measured by a microwave cavity and the
increase of the plasma content dNe can be extracted to calculate a fuelling efficiency defined as the
ratio | = dNe/Np. This has been done for the machines equipped with a calibrated microwave
cavity: DIII-D, JET, T10, TFTR and Tore Supra. The accuracy of such a measurement is typically
+ 25% and the error on dNe can be estimated to be less than * 5% if the time resolution of the
density measurement is high enough to avoid missing the peak density after pellet injection; this is
the case for the selected pellets, with a time resolution between 2 and 24 ms. Such inaccuracy is
large enough to hide any possible general trend for a particular machine with a limited range of
parameters, but by putting together data from the different machines, a better global view can be
expected.

As an exception, 2 wide range of pellet injection and plasma conditions on Tore Supra is available
and has been used as support of the discussion. This large Tore Supra database is due to having
both a centrifugal pellet injector for repetitive injection at low velocity and a two-stage light gas
gun with different gun barrel diameters allowing pellet velocity in the 3 km/s range. In other
respects pellet injection experiments in lower hybrid (LH) current drive scenarios have shown
significantly modified penetration depths. Intermediate penetration has been obtained by notching
the LH power and firing pellets after a delay corresponding to the slowing down time of the fast

electrons driven by the LH wave [2]. A plot of the Tore Supra fuelling efficiency 7 versus the pellet

penetration depth is given in Fig.2. It is shown that the Tore Supra data can be well fitted by an
exponential law if we take into account the uncertainty on the pellet mass measurements. Also
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plotted are the data extracted from
IPADBASE for ohmic shots from JET and T10 and for weakly NB heated DIII-D plasmas. The
Tore Supra fit remains valid for all these pellet injection experiments.
The same presentation is given in Fig.3 for pellets fired into NB, ICR and LH plasmas, taking again
the Tore Supra pellets as a fitting reference. Although the ICR power on Tore Supra was limited to
3MW for the selected data, the saturation level of the exponential fit is clearly reduced to a value =
0.8. This behavior is confimmed when 7 is plotted for JET (NB, 7-11 MW), TFTR (NB, 7-21 MW)
and DII-D (NRB, 2.2-11.5 MW). On DIII-D, except for the shots at low power, pellets were injected
during ELMy H mode regime. Like on Asdex-U [2] where 1 is similar for L-mode and ELMy H-
mode conditions as soon as pellets reach mid-radius, 1} does not seem to be affected by the ELMs
for the pellet penetration considered (p=0.5).

By making the assumption that the saturation  o[F T T T T =
level is a function of the additonal power per
particle and keeping the characteristic length M e
po obtained in ohmic regime, all the data 1-0f~ e @ o e
have been fitted by the expression given in Wi :
Fig.4. Considering the inaccuracy in the o ol L o emeW
determination of the experimental value of ¥ Seha i 2
7, the agreement can be considered as " St N
acceptable for ion heating, In the electron 0.6~ 2T s -
heating case (LH, 1-3 MW), where the 54 b?’?, * QJ % O
higher 7 in Fig.3 or 4 arc obtained with 3 ¢ 4| + 00a g i
MW and high pellet speed, 1 does not ‘J N *
appear to be reduced with the applied power. T *
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Fig.3: 1) versus normalized penetration depth in JET, _|j O DIID 4-7MW ELM © >8MW ELM
TFIR, DII-D NB heated plasmas and in Torc Supra~ 0+© !
LH and ICR heated plasmas. The dashed curve s the 0.0 02 04 06 08 1.0
fit deduced from Tore Suprn data (ICR and LH), p=L/a
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DISCUSSION AND CONCLUSION

A statistical analysis of the fuelling efficiency 7 has been undertaken using the wide range of
experiments included in a first version of the International Pellet Ablation Database that we hope to
further extend. This analysis shows some global behaviors :

- An exponential dependence of 1 on the penetration depth is deduced mainly from Tore Supra
owing to the availability of data for normalized penetration depth between 0.1 and 0.4. This
experimental observation is not yet understood but investigations on charge exchange losses and
fast outwards transport, observed in particular in JET, TFTR and Tore Supra, are in progress.

- A reduction of ), already reported for individual machines, is clearly seen when increasing the
power for NB or ICRF heating, i.e. for heating driving fast ions. In the case of electron heating,
although only data from LH additional power limited to 3 MW are available in the database, such a
reduction does not appear so clearly. This observation must be confirmed by other electron heating
experiments (LH and ECRH) at higher levels of power and high pellet velocity in order to compare
with ion heating for moderate pellet penetration. This can be done on Tore Supra, where 6 MW of
LH power and pellet velocity in the 4 km/s range are available.

- The ELM activity does not affect | for the pellet penetration considered in the present database.
Nevertheless more data concerning this regime should be added for moderate penetration in the
ELM extension zone. The ELM effect could be of crucial importance [2] in a machine like ITER in
which the pellet penetration will be possibly limited to the ELM extension zone.
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