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PREFACE

The 17th European Conference on Controlled Fusion and Plasma Heating was held in
Amsterdam, the Netherlands, from the 25th to the 25th of June 1990 by the Plasma Physics
Division of the European Physical Society (EPS).

The Conference has been organized by the FOM-Instituut voor Plasmafysica Rijnhuizen,
which is part of the Foundation for Fundamental Research on Matter (Stichting Fundamenteel
Onderzoek der Materie). FOM is supported by the Dutch Research Organization NWO and
Euratom.

The Conference has been sponsored by the Koninklijke Nederlandse Academie van
Wetenschappen (KNAW) and by the Foundation Physica.

The programme, format and schedule of the Conference are determined by the
International Programme Committee appointed by the Plasma Physics Division of the EPS.

The programme included 18 invited lectures; from the contributed papers 24 were
selected for oral presentation and 470 for poster presentation.

This 4-volume publication is published in the Europhysics Conference Abstract Series
and contains all accepted contributed papers received in due time by the organizers. The 4-page
extended abstracts were reproduced photographically using the manuscripts submitted by the
authors. The invited papers will be published in a special issue of the journal "Plasma Physics
and Controlled Fusion" and sent free of charge to each registered participant.

The editors would like to acknowledge the skillful and dedicated support given by Laura
van Veenendaal - van Uden, Rosa Tenge - Tjon A Tham and Cora de Bruijne in preparing the
manuscripts for reproduction in these four volumes.

May 1990 The Editors
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PAPER IDENTIFICATION

All contributed papers are listed with their title and responsible author. In those
cases where no author was underlined the first author mentioned was taken. The
day of the poster presentation of each paper, followed by the number of the poster
board, is given under the title in the list of contributed papers. The four poster
sessions will be held on:

Monday afternoon indicated as Mo,

Tuesday afternoon indicated as Tu,

Thursday afternoon indicated as Th,

Friday afternoon indicated as Fr.
The poster boards are numbered from 1 to 130. From the 494 contributed papers,
24 were selected for oral presentation. The authors of those orally presented papers
were requested to give also a poster presentation. Most of them confirmed that they
were prepared to do so.
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A ONE DIMENSIONAL VOLUME ION SOURCE MODEL
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INTRODUCTION

With projects such as NET and ITER demanding high energy
neutral beams for injection to provide current drive and
possibly plasma heating, the low neutralisation efficiency of
Dt ions has resulted in the need to develop further an
effective D™ ion source. Of the two main categories of ion
source, surface plasma sources and volume ion sources, volume
ion sources with magnetic filters are at present favoured for
use in neutral injection systems.

The construction of a computer model of such a discharge
should enhance the understanding of the processes involved,
and so enable experimentalists to optimise the source
construction and operation.

Previous attempts at ion source modelling have been
described by Glasser and Smithl along with their own time
dependent model.

Although the projects mentioned above require deuterium as
their fuel the model described here will be based on hydrogen.

EXPERIMENTAL CONFIGURATION MODELLED

The volume ion source modelled, the layout shown in figure
1, has a cross sectional area of 550mm x 310mm and a depth of
210mm. At the back of the source there are 24 filaments which
produce the ionising electrons. The filaments protrude 70mm
into the source. The virtual transverse magnetic filter field,
displayed in figure 2, is produced by re-orientating some of
the wall magnets used for confinement. The purpose of this
magnetic filter in a H™ ion source is to enhance the
production of negative ions by cooling the plasma electrons
down from approximately 5eV at the back of the source to less
than 1leV near the extraction plane.

SETTING UP THE MODEL

The model is one dimensional and independent of time.

The region of the source that has been modelled is between
the end of the filaments and the extraction plane, along a
line through the centre of the source. The discharge was
assumed to contain only ionising electrons, the resultant Ht
ions, plasma electrons and a background of stationary
isothermal hydrogen molecules.
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Each of the charged species was represented as a fluid,
using the first three moments of the gyroaveraged Boltzmann
equation. The equations used for each species were a modified
version of those derived by Zawaideh? et al.

Continuity dl’ dn
n—+V—-=
dx ax
Momentum dl/
TR, S N2 L SO S
dx dx dx
Ener T
2 Vnd—+VTd—R=—3nTC~[K+ST‘+mVZ+Q
dx dx dx

S Source of species

R Inter fluid friction including background gas

Q Inter fluid equipartition including background gas

TS  Temperature which source produced

These equations are for plasma transport parallel to a
magnetic field and so provided no means of modelling the
magnetic filter within the source. To overcome this the
momentum equation has been re-written to include the expanded
Lorentz term ne(Ey + Vy % Bg) in the place of the electric
field term neEy. The procedure used by Zawaideh et al. in
deriving their equations was not followed when including the
Vy X By term, so statements made about adiabatic invariants
and small drift limits in their original paper may no longer
be valid in the equations used here.

The y directional drift velocity has now been introduced
into a supposedly one dimensional set of equations. The method
used by Chapman and Cowling3 to calculate the perpendicular
diffusion coefficient was extended to the full momentum
equations, after applying assumptions of zero y dimensicnal
electric field and gradients, expressions for V, for each
species were obtained. V, appears proportional %o By as
expected for classical transport.

Having made the assumption of zero y directional electric
field no restraints are placed on the values of Vy4. This was
overcome by imposing a maximum value of Vy for the plasma
electrons equal to the sound speed, defined below, such that
depending on the filter size and shape the transport across
the filter changes from B2 to a B dependence.

To solve the equations the plasma electrons and Ht fluids
were assumed to have the same number densities and drift
velocities. The momentum equations for these two fluids were
then summed to removed the electric field from the
calculation. On rearranging the equations into a solvable form
there were seven first order differential equations; these
were then solved simultaneously using a variable step fourth
order Kutter-Merson method.
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i Initial boundary conditions

The starting point for the model, at the end of the
filaments, was assumed to be a point of symmetry with drift
ve1001tles, density gradients and temperature gradients set

al to zero. The three energy equations, combined with the
contlnulty equatlons, at x=0 produced simultaneous equations
which were solved in conjunction with the zero dimensional
source model® and provided the initial temperatures for each
charged species. The hydrogen molecules were assumed to have a
constant temperature of 0.13 eVv.

ii Final boundary conditions
The final boundary condition for the plasma electrons and
gt fluids was taken to be the adiabatic sound speed

C5= (Y9T9+V+T¢)
V mgy+m.

Which was calculated from the assumption of one degree of
freedom for each species. This boundary condition coincided
with the singularity encountered on solving the equations. The
ionising electron fluid equations were solved until their
temperature was of the same order as the plasma electron
temperature.

REBULTS

Figures 3 and 4 show a comparisons between the theoretical
results and those obtained using Langmuir probes. It is
obvious that the energy dissipation calculations are not as
representative as the density calculations appear to be.
Flgures 5 and 6 show the predicted plasma drift velocity and
H' ion temperature. Calculations for the ionising electrons
predicted the following initial conditions

Operating conditions Temperature Densit{

1000A 100V 12mT 22.1eV 1.2 x 1018p-3
500A 100V 10mT 20.8eV 7.5 x 10173
3702 100V 10mT 20.2eV 5.5 x 10173

The ionising electrons were included in the calculations for a
few centimetres, before termination.

1 A.H ¢lasser and K. Smith, Comput.Phy. Commun. 54 409 (1989)
2 E.zawaideh,F.Najmabadi and R.W Conn
Phys. Fluids 29 463 (1986)
3 s.Chapman and T.G Cowling
Mathematical Theory of Nonuniform Gases
( Cambridge U.P.,Cambridge, 1953).
A.A Temeev ICPIG X1X (1989)
M.B Hopkins and W.G Graham Vacuum 36 873 (1986)
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SURFACE EFFECTS IN D ION SOURCES FOR NEUTRAL BEAM INJECTION
R.M.A. Heeren, D. Ciric, S. Yagura, H.J. Hopman and A.W. Kleyn
FOM-Institute for Atomic- and Molecular physics, Kruislaan 407, 1098 ST Amsterdam,

The production of D-ions inside a bucket ion source is commonly attributed to
dissociative attachment of slow electrons to vibrationally excited deuterium molecules
inside the plasma. Recent experiments have shown that also processes taking place at the
wall of the source play an important role in the formation of D- ions. Two of the
processes which are currently being investigated are the dissociative recombination of
deuterium ions and direct D- formation on a low workfunction surface. [1], [2] and [3]
For this purpose an existing bucket ion source has been modified in order to be able to
change the surface to volume ratio. The effect of this surface to volume ratio on the
negative ion formation will be presented. Moreover, the effects of seeding the source
with barium, leading to a low work-function wall coverage, are currently being studied
in detail. First experiments of this kind will also be discussed.

[1] CF.A, van Os, P.W, van Amersfoort and J. Los, J. Appl. Phys. 64 (1988) 3863
[2] M. Bacal and D.A, Skinner, Comments At. Mol. Phys., Vol. 23, 6, (1990), 283
[3] J.R. Hiskes and A.M. Karo, AIP Conf. Proc. 111, 125, (1984)
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PRESENT STATUS OF THE DESIGN OF A DC LOW-PRESSURE, HIGH-
YIELD D- SOURCE

C.F.A. van Os, K.N. Leung, AF. Lietzke, J.W. Stearns, and W.B. Kunkel

Lawrence Berkeley Laboratory, University of California, Berkeley, USA.

The development of negative-ion sources is required for high energy (> 500 keV/u)
Neutral Beam Injection (NBI) in future TOKAMAK experiments. Two schemes to produce
negative ions are under development: volume production and surface conversion. The first
method is based on the extraction of H- or D- ions formed in the bulk of a plasma (e.g. by
dissociative attachment of electrons to vibrationally excited molecules). In the second method,
the negative ions are produced via electron attachment while interacting with a negatively-
biased, low work-function electrode (converter) immersed in a hydrogen or deuterium
discharge.

Adequate volume production requires high molecule density and hence, a reladvely high
source filling pressure (= 10 mTorr). This produces a high gas load for the accelerator column
and premature stripping of the negative ions. The suppression of plasma electrons (extracted
simultaneously with the negative ions) is also troublesome. Surface conversion which requires
no molecular content in the plasma, allows the source filling pressure to be substantially lower
(< 2 mTorr). In addition, negative ions produced at the converter surface are accelerated in the
plasma sheath and are "self-extracted". Furthermore, these more-energetic negative ions make
magnetic suppression of plasma electrons less problematic. Unfortunately, the transverse
energy of the negative ions is higher.

This paper presents, an overview of ongoing experimental work at LBL to develop a
reliable surface conversion source. The design criteria are; low source-filling pressure, low gas
flow, dc operation and complete electron suppression at a delivered D~ current of 100 mA. This
research effort can be subdivided into two areas: A study of the consequences of the type of
plasma generator on the performance of the converter, and investigation of a full scale surface
conversion source to define the operational characteristics. Earlier experiments at LBL have
shown that a surface conversion source, delivering of the order of 1 A of negative ions, witha
source pressure of 1 mTorr, is feasible.! The design was based on a cesiated molybdenum
converter which introduced voltage holding problems in the accelerator structure. Recent
experiments at the FOM (Fundamenteel Onderzoek der Materie) Institute for Atomic and
Molecular Physics in Amsterdam, have demonstrated that a pure barium metal converter is
capable of producing negative ions with a similar efficiency as a cesiated-molybdenum
converter.23 With this approach, the voltage holding problems are greatly reduced.

The work at LBL is focussed on the production of D- ions for application to ITER,
however, hydrogen is also used, since more experimental results are available for comparison.
A schematic diagram of one of the experimental arrangements is shown in the insert of Fig. 1.
It consists of a shielded converter support structure immersed in a multicusp plasma generator.
The source geometry has been described elsewhere.* The system is operated with a 1 mm
diameter tungsten filament mounted on a coaxial feedthrough. Behind the exit opening is a
movable Faraday cup, which is equipped with a small mass spectrometer.
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This arrangement is used for both hydrogen and deuterium to measure the negative ion

icld as a function of the converter current, with a converter potential of -310 V and source
Filling pressure of 1 mTorr. Thes? results are plottcc} in Fig. 4, and are discussed later. After
installing a permanent magnet filter between the filament and the converter a remarkably
different scaling of the negative ion yield versus converter current is observed. The negative ion
ield is more or less proportional to the converter current with an unfiltered plasma, while the
relationship is greater than linear for a filtered plasma. Details of this comparison can be found
in Ref. 5 where this difference is attributed to a difference in electron temperature and primary
electron content of the discharge. Fig. 1 also shows a typical mass-spectrum of the "self-
extracted” negative ions, obtained for a converter potential of -170 V. It is found that the
oxygen contamination of the surface decreases the H- yield, however, this contamination could

be reduced by argon discharge cleaning.
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Fig. 1 The negative ion mass spectra. Shown in the insert is the schematic experimental arrangement.
The converter is 5 cm? and made out of barium,

Fig. 2 shows the schematic configuration of the full scale surface conversion source. The
deuterium plasma is generated by 8 tungsten filaments and confined by means of a permanent-
magnet cage. The converter consists of a water-cooled copper disk upon which barium is
deposited under high vacuum conditions. The converter is round (& = 6 cm) with a curved
surface (R = 20 cm) to geometrically focus the negative ions formed at the surface. For the
results presented here, the "self-extracted" negative ion current is collected near the focal point
of the converter after passing through a 5 cm diameter exit aperture. This aperture has a
positively biased insert and a transverse magnetic field (400 G-cm) to suppress most of the
plasma ions and electrons.




SOURCE——— A{—— VACUUM SYSTEM—
FILTER RODS M
FILAMENTS v : ﬁ
‘ 1
__é 1

7|

3, 1

v

— —

1
7
CONVERTE! 5

SHIELD

- '::::‘“lv‘ﬁﬂx-
2\ G? B

FARADAY CUP
XBL 903-1178

Fig. 2 The schematic arrangement of the source, X~ represent the impurity negative ions.

The negative ion current is measured with a large-area, movable, biased (+20 V) and
screened (-45 V) Faraday cup. A small portion of the beam enters a small mass separator,
which provides us an estimate of the impurity negative-ion content of the 'self-extracted’ beam6
and a measurement of the beam profile. A beam profile for D- ions is shown in Fig. 3 for a
converter potential of - 590 V. From this profile we estimate that the average transverse energy
of the surface produced negative ions is around 7 eV. The negative ion yields for deuterium and
hydrogen are plotted in Fig. 4 for low power levels (maximum converter current < 3 A). The

impurity content for these measurments was less than
3 % for deuterium and less than 1.2 % for hydrogen.

The data of FOM is obtained with a barium
converter of 12 cm? see Ref. 2 and the data of Culham
is measured with a 3.14 cm? barium converter.? This
graph illustrates an overall agreement in the observed H-
ion yields for this range of converter current densities.
However,a remarkable difference is observed when one
compares the D- yield with the H- yield. At present this
behaviour is believed to be related to a higher impurity
content and/or higher barium ion density in the
deuterium discharge because of the higher sputtering
rate of the converter. Both mechanism can cause for a
reduction of the negative ion yield and will become
more severe for higher arc power.,

The highest yield achieved for DC operation at
this time : 72 mA of D~ for a converter current of 5.6 A
and voltage of -560 V. The source filling pressure is
1.3 mTorr, with a gas flow of 22 sccm, and the
discharge current is 180 A at -70 V. The transverse
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Fig. 3 D~ beam profile for a converter
potential of 590 V.
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Fig. 4 Compilation of measured negative ion current densities, for hydrogen (open symbols) and for deu-
terium (closed sysmbols), versus converter current densities at LBL, FOM and Culham. The converter po-
tential in all cases is = 300 V and the source filling pressure 1 mTorr, Lines are drawn to guide the eye.

temperature of the beam estimated from the beam profile close to the focal point of the converter
is less than 10 eV. The impurity content less than 3 %.

Daignostics are being set-up to measure i) the barium ion density in the discharge via
spectrosopy, and ii) the work-function of the converter surface via photo emmission. This
work was supported by the Director, Office of Energy Research, Office of Fusion Energy,
Development and Technology Division, of the U.S. Department of Energy under contract No.
DE-AC03-76SF00098
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CASCADE ARC HYDROGEN SOURCE FOR PLASMA NEUTRALIZERS

D.C. Schram, P.M. Vallinga*, H.J. Hopman®, F.J. de Hoog, R.P. Dahyial,
M.J. de Graaf, J.J. Beulens

Department of Physics, Eindhoven University of Technology
P.0O. Box 513, NL—5600 MB Eindhoven

+*KSEPL, Rijswijk
*NET—Team, Miinchen, BRD
1Centre of Energy Studies, IIT, New Delhi, India

Abstract

Thermal plasmas offer a good possibility to obtain intense particle sources for neutrali-
zers [1]. The principle is to produce a plasma at high pressure, since then a high energy
efficiency and ionization degree can be reached. In this paper a conceptual design for a
plasma neutralizer is presented and detailed numerical data on the cascade arc as the
plasma source is given. Where available, these are verified with experimental results.

Introduction

In the present paper a new effective plasma source is discussed in the framework of
neutralization of negative ion beams. Injection of 50 MW neutral beam power is
considered in the next generation of tokamaks and plasma neutralization of D~ —beams
could offer a significant gain in efficiency compared to the traditional gas neutralization.
In a plasma neutralizer the electrons are most effective to strip the negative ion of its
electron. Since the electron affinity of D~ is low (0.75 €¢V), a low electron temperature
will suffice. Electric and magnetic fields have to be small to avoid degradation of the
incoming beam brightness. Therefore a quiescent plasma with no currents and only
buckettype magnetic fields for confinement will be the best line of approach. This
requires effective plasma sources, which pair high ionization degree with low nentral flux
and low power consumption. Similar demands are found in the field of plasma surface
modification : here also a flux of particles (preferably ions) is needed with a low power
flux and thus power consumption. For carbon and silicon deposition a cascade arc
plasma source has been developed. In this paper, this source will be discussed for argon
and hydrogen in the neutralizer context.

Neutralizer Concept

First, demands will be discussed shortly. The design of the neutralizer is as scetched in
Fig. 1. A volume with dimensions 2.2x0.4x0.4 m (HxLxW) is filled with plasma from m
sources at two sides with fluence ®;. The plasma will diffuse freely outwards with an
anomaly factor of 4 compared to classical diffusion. In a buckettype confined geometry
with a passive currentfree plasma in which no electric and magnetic fields exist this
assumption seems to be conservative but needs experimental verification. The optimum
target thickness depends slightly on the attainable ionization degree [2]. For an
ionization degree @~ 0.4 a value of ngLi ~ 2 10'/m? is optimum. The ambipolar diffusion
time of deuterium atoms for the neutralization volume can be estimated as

e nel? (1 + D2s 10 B T 08

in which neL is the effective target thickness, & = n./n, the ionization degree and T the
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——  temperature in eV. With this value and an
anomaly factor of 4, a transversal dimen-
sion of 0.4 m and an electrontemperature of
1, e | 0.5 eV we obtain

N | rq=tras=2-10"%.0.4-(1.25)-2.5-1072%. 15
) ~310 %
» This is only a few acoustic transit times, so

D —’ O '—> D it seems a very realistic estimation. The
O

fluence of m plasma sources should com-
H pensate the losses in the neutralizer
ores according to ng(LxWxH)/7q » m®, With
| electron fluences of ®, = 5 102?/5 the
‘ number of sources should be 10.
Using hydrogen or deuterium in the plasma
source the estimated consumed power for
such a unit (including the power consumed
W by the pumps) is 600 kW. This compares
favourably with the saved power because of
| the gain in efficiency (20%) of 50 MW.
With argon feeding the diffuse losses in the
Fig. 1 plasmaneutralizer concept neutralization volume are appreciable lower
and no possibility of recombination exists.
This makes the alternative of an argon plasma neutralizer attractive.
At this point the problem of creating a power saving plasma neutralizer in a quiescent
recombining current free mode is essentially a problem of designing an effective and very
bright particle source. Extensive work has been done on cascaded arc argon plasmas,
both theoretical and experimental. Here we present a quasi—two—dimensional model.
This model has been adapted for hydrogen and deuterium, and numerical data on these
are also given.

Model

To describe the plasma, a model for a strongly flowing cascaded arc by Beulens [3] is
used. In the approach adopted in this model the plasma is treated as a two—phase
medium, which consists of heavy particles (neutral atoms and ions) and electrons. The
model is developed for the predictions of a strongly flowing monoatomic cascade arc
plasma. The flow is assumed to be compressible and strongly non—isothermal. The argon
plasma is considered as singly ionized, locally quasi-—neutral (n, = ng) with local
temperature non—equilibrium (T, # T%). Influence of wall friction is included. For the
full description of this two—phase flow one needs to solve the mass, momentum and
energy equations for both phases. However, due to the small electron mass, their
momentum is neglected in comparison with the heavy particle momentum. Therefore a
two—phase flow character is kept only with respect to the heavy particle and electron
temperatures which are assumed to be different and described by separate energy
equations. Ohmic heat input is consumed by electrons, which in frequent collisions heat
and ionize the heavy particles.

The Cascade Arc

The cascade arc (Fig. 2) consists basically of an anode (1), a stack of insulated copper
plates (2) and three cathodes (3). These components are all water cooled. The cathodes
are 1 mm diameter tungsten thorium tips for currents up to 30 A per cathode. The
cascade plates have an inner bore of 4 mm and a thickness of 5 mm. Typical operation
conditions are a gas flow of 100 scc/sec and an arc current of 10 Amps per cathode. The
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plasma has a temperature of about 1 eV.
The pressure in the arc channel is between
0.1 and 1 bar. The thermal plasma is allowed
to expand supersonically, through a hole in
the anode plate of 4 mm diameter, into a
vacuum vessel. Here the pressure is typical 1
Torr. The thought behind the cascaded arc
is to comstrict the plasma in the channel
thermically, as the gas is cooled by the wall.
This gives a very stable plasma.

Argon Neutralizer

We present results on the following condi-
tions: arc current 50 A, flow = 200 sce/sec.
For these settings experimental data by
Kroesen [4] are available. Fig. 3a gives the
ionization degree of the plasma. It appears |
to be approximately linear with the axial [ // J+—
position. Fig. 3b shows the axial profile of
electron and gas (heavy particle) tempera-
tures. As can be seen, the electron tempera-
ture is nearly constant over the arc. The gas
temperature relaxes towards the electron Fig. 2 cascade arc
temperature but a noticeable temperature

difference remains. Due to the expansion and acceleration of the plasma, temperature
decreases at the end of the arc. There is good agreement between model and experiment.
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Fig. 3a axial profile of ionization degree I'ig. 3b electron and gas temperature. The
+ represent experimental data

Hydrogen or deuterium neutralizer

Calculations have been done on both hydrogen and deuterium. No significant differences
between these two were found for ionization degree and plasma temperatures, This can
be explained by the fact that ionization and dissociation are dominant in the energy
balance. Tonization degree and temperatures are given for a gas flow of 100 scc/sec and a
current of 95A. The arc lenght is in this case 11.8 cm. This longer arc gives a higher
degree of ionization, at these plasma conditions a> 80% at the end of the arc (fig. 4a).
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_ 4b can be seen that, unlike the argon arc, within 1 cm temperatures of electrons

fi ;o
gld gas are equal. This is due to the much smaller mass of hydrogen.
wor——— ] 18000
] g 12000 |/
5 0.50 b
g :
E 'ﬂ 6000
0.00 0
.00 0.04 [sXe!:1 0.12 000 0.04 0.08 012
axial position {m) axial position (m)
Fig. 4a ionization degree Fig. 4b electron (solid curve)
and gas temperature
Concluding Remarks
According to Vallinga [1] the electron fluences from the presented cascade arc settings
aft & =210 for argon,
b, =48 102 for deuterium,

o the calculations predict that when operated on deuterium, the electron fluence
demands for a plasma neutralizer can be met with a cascade arc source at the presented
settings. The argon source shows a much lower ionization degree than the deuterium
gource and seems less appropriate. However, this result was obtained with both a lower
current (50 A for argon) and a shorter arc. As the ionization degree is almost
proportional to the arc lenght, future work needs to be done on this.

Finally, we conclude that plasma neutralizers promise an effective method for
neutralization of D~ —beams with an efficiency of approximately 80% compared to 60%
for the traditional gas neutralizer.
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TRAPPED AND PASSING ION TRANSPORT IN ICRH TOKAMAK PLASMAS
M. V. Osipenko, R. V. Shurygin

1. V. Kurchatov Institute of Atomic Energy, Moscow, USSR
Nowdays most optimistic prognoses to attain thermonuclear
parameters in tokamak are connected with the application of

ICRF heating method as an additional heating. The experimental

data analysis supports wide recognition of the inherent

influence of ICRF waves injection on the tokamak plasmas

transport
consistent

properties. It is the aim of this study the
development of evolutionary quasihydrodynamic

gquations to describe particle, momentum and energy transport

in the collisionless ICR heated plasmas. To do this we’ll

follow the procedure developed in [1,2] which based on

Hamiltonian formalism and quasilinear diffusion equation in
+

action J=(P,J,M) - angle 8=(p,8,8.) variables

of, (I o of (I 1)

where D=EIT |sHp |*rs(Td—w) is the resonant diffusion tensor in
L

action space. Tokamak magnetic field can be written in terms

of flux coordinates (e, 3,0) as B= §L+§p= VoxVa+VrxVy, whera
a=B°r2/2, i and ¢ are poloidal and toroidal angles
respectively, w{a)=fag§5 poloidal flux, q=rBt/EBp. r and
R=R, +rcosp — minor and major tori radii. Taking into account
e=r/R << 1 so that Bp<<BL henceforth we use BB (1-scosp).

Hamiltonian of particle motion in tokamak magnetic field

is given by H0=mvﬁ/2 +muB, p=Vi/2B; actions are defined by

d

P=mv R - gw(a), J=gfzg ol 1), M=mvi/20, where n=eB- mc.
Frequencies Q¢=5H°/5P and 06=3H0/3J S0 as p,8 canonical angles
expressions were calculated in [2]. To study ICRH probleme
expressions for ng=0H°/6M and 8, are necessary in case of
untrapped ("u", i<x<w D and trapped ("t" O<x<1 ) particles
respectively:

a=q,(1-s<cosp ), <cospr =280 AR 1) +1,

u — (2>
eg=n+xu2(yu.x),
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a'=a (1-e<cosm ), <cosp> =28(1) %(x) -1,
g o L D
9;=n+xl3CyL,zc),

where K.z:[Ho—mpBo(i-e:)]/asm,uBo, k=l-x, #(x) and %K) are

complete elliptic integrals, =2(y,k) - Jacoby function,
r ThoeKqRa u,,  a=eqRou,, v, = (Be n, y,=2H (1) e" n,
u,=2dzB,, o=t1, n=radt - gyrophase, a,=eB, - mc.

In presence of waves Hamiltonian is - H=HD(D+:5H(3,5),
Using =0 calibration we have E=- -15 gf-l 7.8 Thus, 6H=—?—:3.3 =

ig\jﬁ, which for the wave field of the form §=(EF,EL,E")
k V -+ o
exp[iCkJﬁr+ —g—fsinn +Lt - Npg —wt)] and v¢=vi(erc05n—5lsinn)
(s

becomes 5H=i§[v”E”*-vL(Ercosn-EJ_sinnD]exp(iA), where
A=k r-ot+k psinn*tL{-Np. To proceed futher, we need to  know
Fourier transform of the perturbed Hamiltonian in o angles:

6H=2:5H*axp(if§), I=(1,-n,1), éH-*"Sf‘-—(—j-g- 6Hexp[—if5}_ Assuming
£k g 2

)?
L T u
E"<<EI_,EJ_ and using si ng=1csniyl,}c) .,atﬁrql—qﬁt, sing =snly, .1,
Mgl -e™,[2], so as (2,(3 gives
2 2
sy 15 =E-¥11EJ, _Ck o+E_J, (ko IPoy, 1T, I, N
* w g 9
where E,=(E_ + {E J-2, J (>0 is the Bessel function,
; 2K (k>
1,52 —=%== ¥ explilyarcsin(sny ) 1= Gy o+ —-——y Irdy,, (3
2X(Kd, 2, ., KD
I= . pr{1£yarcs1n(}csny)]—At-?CyL)+ L——yL]}dyL, e
b4 o (1)

r=2kqR, k,=(Lg-N)-qR. Exact calculation of integrals :[u'L is
not trivial, but if »,3>1 and a_ 3>y (which corresponds
spectrum limitation ky<<e~<p ) then stationary phase method
is applicable to obtain

1 <cos@, . |<cosp |
1T %3 | ——2 1= Tag 7N
2X(}) 2n  qR k, lﬁquk I[x*=1-2] (KD
here k:=l—g§—n-, k;=§;—]ﬁ, and the resonance condition lop—nne+

14857 have been used with o SeCiu, qRI(n2%(i), o:)zqn;,
L

4
Qa=oCu0/2qR)(m€f7CC}c)), n@ (0 .

According to [2] the time evolution of some quantity
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averaged over distribution function x =rd’ vl j and
:ver constant—a magnetic surface <x> =(V')~ Sﬁdadﬁd: grxsCo—a) ,

Jhere  satisfies Eq.(1), can be described by a radially
lokal transport law

I > a-\ 1d -
55F - <3P+ 2 G rorlal = UL, (8

here, T =§r? »U=5 U,

i*[x]=—g53_dj_ D —f°§ d 6 - - Eyg é(a—;) [ge))

mY'r B, a3
TP s I Q. 0 ﬂog‘s S T Ko, (10)
my a7

=

where ag=f§$. o7o(J,8) - particle orbit, & marks magnetic
surface. Trajectory of particle in explicit form is
determind by FP=const condition with the expansion: (o) =
Wa,)+Ho-a,) 8y %, where a, is defined by P=mRxu, - eyla ) c
for passing particles and P=—ew,u(o:o)/c for trapped particles.
Then a passing orbit is described by o = a +meqR v —oku d e,
where V|,=0UO[R2—Sin%ﬁ/2]1/2= oku,dn(y ,K), and trapped parti-—
cle orbit is «a=a,+mcqgRv,~e , where vy ERuenly, 1.

Chosing x = 1, mvy, mv 2 , we obtain quasilinear set of
equations in a familiar form: 8N + ¥r = 0, g (mNy,) + v =
Ry, 9(3NT-2) + VQ = P, where V= 3:6;, r,n and Q are particle,
momentum and energy radial quasilinear fluxes, P — heating
power, Ry— toroidal force. To consider ICR heated tokamak

plasmas with lg=1, w=0, we take near-Maxwellian distribution
-2

function f_=f [a, (H.H (j) = N,Ca )[ﬂf_)_] oxp{—H, T(a 2.

+43
In this case l—ﬁ 1852 £ —0 ﬁo
a3 8H aj‘ o1,
Taking into account pp/l"<<i, PV Q,, oo, and using (B), it

- in 19 2, 2L e -lq- L9w
is easy to obtain la—0 3;0 T f,6,, where G =Lg Ku°+

g _ N’ i T T _
(Lq I‘Cuw) %Ao, A A + TAZ’ Ai_ ﬂz - 5T, A= T p—VT/QD,

5 o> o=l (where

Thus, with d°J = 5 B By et
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2
relations dP=di-la |, dM=BoSdu,  disEde, dH=mu_xdx,
du=u,du,~2sB, have been used) Eq.(12) becomes:
rn 2 ® > o -2 1
e W, e B |6 *6C T 46, [day 6oty [, |
o i o]

Finally, completing the integration and n—summation vields the
fluxes connected with passing ions:
NoV: (Lge) =

N LT rg- N
r=- g + + )+ ——d— Doy 11)
aer TN CT o) Y,
NoVe 5 5 CLaed’y o 3 gf o T
oVe ; i ; :
= = —— (Blg +3 —(fo + 2 ) + =H_ (% + 23 (12
% wel” §L 4 r NO T 4(25)1/2 No T
157 R clE, |
_ 2 N T _ +
n-= mNovECgD{i + _F_(NZ T B WS, az
In the same way Eq.(13) gives
mNOV:m L 2 N’ T
P= T {1 + —C{&(r NZ T Ik,
N, v LZq AN T - N
R"— - { L # NQ + T )+ "—'—97 > 140
r o 2(2e) 7N

We assumed here: e<<i and lE+12JZ(k¢p)))IEHIZJ:Cklp).

Analogous calculations for trapped particles show that
contribution of passing ions in quasilinear transport exceeds
in (2" times the trapped ion contribution. As can be seen
from (113=(14) passing ion fluxes consist of convective term
proportional to k_=L-R, so as diffusive term proportional to
k; and diffusive term independent on k. except Ef(k:). There
are inward convective fluxes if the spectrum is asymmetric in
k_ and the wave expands in the direction of toroidal magnetic
field. For the symmetric spectrym transport is determined by
the diffusive part of fluxes.

1. Kayfman A. N. (1972) Phys. Fluids, 15, 1083.

2. Mahajan S. M., Hazeltine E. D., Hitchcoch D. 4A. (1983
Phys. Fluids, 26, 1164.

3. Chen L.,Vaclavik J., Hammett G. W. (1988) Nucl. Fusion,Z28,389.
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AUTOMATIC FMS MODE TRACKING DURING ICRH ON TO-2 TOKAMAK
Kovan I.A., Kovrov P.E., Monakhov I.A.
Eurchatov Institute of Atomic Energy, Moscow, USSR

The interest to the problem of the fast magnetosonic (FMS)
mode tracking 1s induced by conslderatlion of the ITER ICRF
current drive scenarlo, based on excitation of the low
frequency FMS waves (I<20 MHz) and relatively weak electron
damping [1,21. Exlstence of the elgenmode cavity resonances
tor certaln values of plasma concentratlon under these
gonditions can  strongly modify the antenna radiation
registance and RF input power and require speclal measures for
the mode tracking [3,41].

A new simple mechanism of the FMS elgenmode tracking due to
tne automatlc plasma densiily stabllization was discoversd
during ICRH experiments on TO-Z tokamak. The effect 1s based
on recycling Intensification caused by energetic particles
accelerated In resonant field of the FMS wave. Due to the rare
glgenmode specirum of the small size low density TO-2 plasma
the neighbouring FMS resonances don't overlap even 1in the case
of relatively strong damping. Accordingly the TFMS wave
conversion to the ion Bernsteln wave (IBW) near the icn-ion
hybride resonance layer was used as the maln damplng mechanism
in ICRH experlments, making 1t possible to study the electron
heating during the elgenmode tracking.

The TO-2 device 15 the tokamak wiih two toroldal divertors.
The dimensions of the racetrack vacuum chamber are: the minor
radius a=18 cm, the radius of toroldal sectlons R=60 cm, the
length of linear sectlons I=T2 cm. During the ICRH experiments
the separatrix radlus exceeded the radius of the limlter
(aP=14. cmj. The maln parameters of the Ohmlc stage of the
limiter discharge: BT =1.2 T, IP = 40 KA, UP & 3 V. Z = 1.4,
£y 13 ] eff
n.=1:2:10 cm <, T~ 380 eV, Tioﬂ 140 eV. The pololdal
1/3 turn loop anterma was placed at the low magnetic fileld
gide of the tokamak. The graphite protectlon of the antenna
electrostatlic shield played the role of the main limiter. The
500 KW RF generator tuned to 17.2 MHz wlth the pulse duration
30 ms was used.

In order to realize the central electron heating 1n the
wave conversion regime the 15-20% hydrogen admlxture was added
to the D-plasma. Because of the narrowness of the internal
evaneacsnce Teglon and the low value of the FMSW to IBW
converslon coefficlient in the TO-2 conditions the FMS wave
propagatlon revealed multi-pass character and the toroldal
resongtor elgenmodes were observed. The quallty factor of the
resonances was about Q=40+50. The exitation of the eigenmods
was accompanied by a significant increase of RF fields and the
antenna radlation resistance. Figure 1 shows evolution of the
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glgrnal of the magnetic probe measuring the toroidal COMDOnent
of the RF fie=ld HZ near the chamber wall, the RF power P
dellvered to the plasma and the flux J ox

particles. In case of arbltrary density variations the time of B
the eigenmode exlsience was very short comparatively with ihg
generator pulse duration, so the mean gower input to thg
plasma was low and the central electron

didn't exceed 50 V.

A new method of automatlc Elasm& denslty stabilization
which needs no specilal e%uipmen, was used for the eigenmodes
tracking. It 1is based on the recycling intensiflcation due tq
the wall and limiter bombardment Dy RF saccelerated Tasi
artlcles. The flux of the partlcles accelerated 1n  the
on—eyclotron layer strongly depends on the RF fleld amplitude
hence the stimulated gassing appreclably increases during the
elgenmode resonance excltation. In previous ICRF experiments
on TO-2 [5] the correlation between the RF field ampliiude,
the high-energy neutral particles flux (see alsoc Fig.1) amd
the 1lon denslty 1n  the scrape-off layer have  been
demonstirated. Because the elgemmode excliation for ihe given
frequency and magnetic Iield depends mainly on the dplasm
density the RF fileld-recycling correlation can be used as g
feedback mechanism for the sutomatlc density stabllization
during the cavitiy rescnance bulld-up. For thils purpose the RF
generator should be furned on durlng the plasma density fall,
43 the denslty corresponding to. certaln eigenmods excltation
1s achieved, the Intensified recycling prevents the ZIurther
dengity drop and viliee versa any accldental density increase
leads to the off-resonance conditlons and 1ittle additional
gas Influx. Evidently thls process is possible only 1f the
rate of the 1nltlal density fall doesn't excesd the
ultimate rate of the RF stimulated gas influx from the wall.
The latter depends on the wall conditions and on the maximum
amplitude of the RF fisgld, so for a gilven rate of the 1nitial
density fall the mode tracking ocecurs beginming with a certaln
antemna voliage.

The =utomatic density stabllizatlon was reallzed on TO-2
tokamak for the r=1 m=1 1=5 FM5 elgenmode with a corresponding

1lne averaged density ‘ﬁe:1.5-101?’ 0m73 Tor the total RF pulse

duration (Fi1g.3). The nighbourlng eigenmodes were also easily
tracked after a 1ittle changs of the 1Initial density fall
rate. Flgure 2 shows the same characterlstlcs as Fig.t for the
case of the mode tracking (the second successive mode trackin
is depicted). It can be seen that high values of RF field an
Input power were constantly malntalned during the RF pulse.
The discovered mode tracking mechanlsm was utllized for the
effectlve RF power Input Ppp~200 KW to the plasma during ICHF

neating in the wave conversion regime. Filgure 4 demonsirates
the svolution of some parameters of the discharge with ICRF

of the t KeV neutra]

emperature increass @




G e e e aa e g L L S S ) (D o Y

993

ting 1n case of the elgenmode tracking and 1n case
neathe successive separate elgenmode excltation (the Ilatter
of acieved by faster Initlal density fall) for equivalent
;gtenna voltages: 1 - the discharge current, <Te0> ~the

ﬁimE*averaged‘ central electiron temp?}_‘atu]:‘e, Ifb — the current
of the norizontal plasma position feedback regulator , Prad -
the power of radlation losses. The electron femperature was
measured py means of the X-ray specirometer with S1(L1)
atector the reglgtration energy range was 1.8+10 KeV and
lution 240 V. The second reglstration time Interval
coincided with the RF generator pulse. ICRF heating with
automatlic FMS elgenmode tracking resulted in time-averaged
glectron temperature Increase from <TPO> = 380 eV to

< D>=1.1 KeV. The electron heatling Jefficiency was
=1

sbout 1 = 4.5:5.0-10"% &V.cm>/KW. The central ion temperature
increased on 40 &V without noticeable energy spectrum
distortion. The behaviour of Ifb signal on Fig.4 can be

explained by the plasma stored energy lncrease. The power of
radiation energy losses varled proporilonally to the total
input power. The effective plasma charge 2 off evaluated

aecording to Integral soft X-ray signal variation has not
changed significantly during the IC heating. The use of
graphlte limiters on TO-2 turned to be a very efficient
measure to provide central eleciron heatlng the 1n wave
conversion reglme as it was previosly reported (e.g.061).
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STUDIES OF MODE CONVERSION PHYSICS FOR WAVES
IN THE ION CYCLOTRON RANGE OF FREQUENCIES
H. Romero and G. J. Morales

Physics Department
University of California at Los Angeles
Los Angeles, CA 90024-1547 USA

INTRODUCTION

Mode conversion processes are central to the analysis of heating by waves
in the ion cyclotron range of frequencies (ICRF). In particular, the problem of mode
conversion from a long wavelength fast Alfven wave to a short wavelength electro-
static wave (i.e., the direct mode conversion problem) has received considerable
attention. The objective of the present work is to complement previous studies of
ICRF mode conversion physics by investigating the following: i) the inverse mode
conversion problem, i.e., mode conversion from an lon Bernstein wave to a fast
Alfven wave, i) effects of low frequency density fluctuations on the absorption
efficiency, and iii) the consequences of nonlinear density depletion of heated ions.
A system of equations which is self-adjoint in the absence of dissipation is used in
these investigations.

Il MODEL EQUATIONS

A kinetic formulation of ICRF wave propagation and absorption which
includes the effects of gradients in the equilibrium plasma was developed in Refs.
[1,2]. A wave differential operator is obtained assuming the smallness of k| p and
p/L where p denctes the ion gyroradius, k; the local wavenumber, and L the scale
length of the equilibrium quantities. The perturbed distribution function is solved to
second order in kyp. In Ref. [2], it is shown that in order for the system of equations
to be self-adjoint, the equilibrium distribution function must include terms of second
order in the quantity p/L. The resulting wave equation can be written in the form:

dd—x[é(x) daﬁﬂ+2(x)%+%[§(x)€]+g{x)g=0 . (1)

The matrices A, B, C can be found in Ref. [2], where it is also shown that Eqg. (1) is
self-adjoint in the absence of dissipation. This results in an energy conservation
equation which relates the power absorbed by the plasma and the incident,
reflected, transmitted and mode converted fluxes. The specific form of the energy
conservation equation can also be found in Ref. [2].

1Il. INVERSE MODE CONVERSION

_ Using Eq.(1), we investigate the physics of inverse mode conversion for
conditions corresponding to ICRF heating in tokamaks. We assume that an




996

electrostatic ion Bernstein wave (IBW) approaches the resonance layer from the
high magnetic field region. A reflected IBW or a mode converted fast Alfven waye
can carry energy away from the resonance layer towards the high field region. Qp
the low magnetic field side, the only propagating mode is a fast Alfven wave.
Cyclotron damping takes place in the vicinity of the ion resonance layer. The results
are compared against those corresponding to the following two direct cases: i) a fas
Alfven wave incident from the low magnetic field side, and ii) a fast Aliven wave
incident from the high magnetic field side.

Figure 1 summarizes our principal observation concerning the inverse modg
conversion process, namely, the reciprocity of the fast to IBW and IBW to fast wave
mode conversion coefficients. Figure 1 shows the ratio of the twe mode conversion
coefficients as a function of the parallel wavenumber. It is assumed that the fast
Alfven wave is incident from the high magnetic field region. For reference, the ratig
of the power absorbed by the minority species in each of these cases is also shown
Although Fig. 1 shows the reciprocity between the mode conversion coefficients for
a fast wave incident from the high field side, this result is also found for the case of
fast wave incidence from the low magnetic field side and for a variety of plasma
conditions. We conclude that the reciprocity of these two mode conversion
coefficients is a rigorous result for ICRF heating of tokamak plasmas, even in the
presence of strong cyclotron absorption.

V. EFFECTS OF DENSITY FLUCTUATIONS

It is well known that the ICRF ion heating efficiency depends critically on the
ratio of ion densities. Hence, it is of interest to determine what modifications arise
when density fluctuations in the minority species and/or bulk plasma are present.
We have investigated this problem using Eq. (1). In addition, to facilitate analytical
treatment, we have also investigated this problem using an approximation to Eq. (1),
i.e., a Budden-type of equation,

d2¥(x) {x - W+ 208 sin (kyx + 8)} ) . @

X)=0
dx2 X + 3we sin (knx + 8) (

where the density fluctuations have been assumed to be sinusoidal with amplitude
g, and wavenumber (normalized to the Alfven wavenumber) ky, and phase 6y. In
the absence of fluctuations, the resonance is located at x = 0 and the cutoff is
located at x = w = 0.25 kaln, where ka is the Aliven wavenumber, L is the gradient
scale length of the magnetic field, and 1 is the minority concentration.

Four important physical effects are embodied in Eq. (2): i) modulation of the
Alfven wavenumber leading to backscattering, i) modulation of the distance
between the resonance and cutoff points leading to enhanced or decreased reflec-
tion depending on the phase, iii) modification of the spatial structure of the
resonance region affecting the absorpticn efficiency, and iv) the appearance of a
regime of multiple resonances. This last effect has important consequences for the
case of incidence from the high field region since it affects the form of the rescnance
first encountered by the incident wave.

To illustrate the response of the system, we mention only the case of fluctua-
tions in the minority species and wave incidence from the highfield side. Figure 2
considers the case w = 3, and £ = 5%. The following features are observed. For ky
less than 2 ka, no reflection is possible. Strong backscattering occurs in the interval
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oka < kn < 8ka. The reflection coefficient increases in this regime from 0% to 75%.
AsAkN increases further, a multiple resonance (i.e., two different positions where the
ion-lon hybrid resonance Is satisfied) develops leading to strong absorption. As the
'ooise wavenumber is increased beyond the range shown in Fig. 2, the absorption
gﬂiciency of the multiple resonance decreases, and backscattering dominates

again.

For low field incidence, the effect of En_coheren@ density fluctuations is to
increase the absorption. We find an absorption coefficient > 80% for fluctuation
amplitudes of 60% in the minority species. This correspond to bulk plasma
fluctuations on the order of 5%.

V. Nonlinear Density Depletion

A consequence of ICRF heating is the acceleration of the resonant (minority)
species in the direction perpendicular to the confining magnetic field. This causes
the heated particles to become trapped in banana orbits. The net effect is the trans-

ort of minority particles, a process which we model in this paper by assuming that
the minority density depletion is directly proportional to the power absorbed from the
ICRF wave: n'(x) = n(x?[1 - o[p(x) - prl}, where n is the density before the ICRF is
applied, n' is the density after the minority species has been heated, p(x) is the local

ower absorbed by the minority species, pt the threshold power below which no
depletion takes place, and a is the efficiency with which depletion takes place.

The numerical results are obtained as follows. An initial density profile is
assumed and the local ICRF power deposition profile is calculated. The updated
density profile n' is evaluated and this allows the calculation of a new power
deposition profile. Parameters appropriate to fundamental minority heating in the
.JEH)' tokamak are used for a plasma composed of hydrogen and deuterium with
hydrogen being 5% of the electron density. Our principal observation is the
decrease in the reflection coefficient (by more than 50%), and the corresponding
increase in the absorption. The reduction in the reflection arises because the
location of the ion-ion hybrid resonance becomes closer to that of the minority
cyclotron resonance, thus reducing the tunneling distance.

Acknowledgement: This work is sponsored by the U.S. Department of Energy.
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Fig. 1. Test of reciprocity between
inverse and direct mode conversion
as a function of parallel
wavenumber. Mg is the mode
conversion coefficient into IBW for
an incident fast wave from high field,
and My is the mode conversion
coefficient into a fast wave for IBW
incident from high field. Dashed
and dotted curves show asymmetry
of minarity absorption Py, and fast
wave transmission Ti between the
two cases. Parameters correspond
to JET.

Fig. 2. Dependence of absorption
and reflection (squared) coefficients
on the scaled noise wavenumber k
= kn/ka. Solid curves are numerical
results and dashed curve is WKB
scattering prediction.” For k > 8, the
ion-ion hybrid resonance occurs at
two different spatial positions and
strong absorption overcomes
backscattering.
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BALLISTIC-WAVE ANALYSIS OF GYRORESONANT HEATING

A.N. KAUFMAN, D.R. COOK, H. YE

Lawrence Berkeley Laboratory, Berkeley, CA 94720, USA

Plasma waves have traditionally been associated with electromagnetic fields.
Accordingly, the standard approach to wave propagation has involved the derivation of a
dielectric tensor, upon elimination of the linear plasma response to an electromagnetic
perturbation. In the neighborhood of a 10(:?11 gyroresonance 0)-:252(:’.?) (0o =fixed wave
frequency, gyrofrequency Q =eBo/me, £ = integer), the (non-Hermitian) dielectric tensor
becomes rapidly varying in space, so that eikonal methods have failed. This difficulty is
avoided by the introduction of gyroresonant ballistic waves (GBW), which represent
the propagation of linear perturbations of the Vlasov distribution in the absence of
electromagnetic perturbations. For a slab model of a nonuniform background magnetic
field Bo = £Bo(x), the dispersion relation of a GBW is o = £Q(x) + k v, We recognize
this as the local gyroresonance condition, equating the Doppler-shifted %requency -k, vz
to a multiple £ of the local gyrofrequency. (For simplicity, we ignore unperturbed cross-
field drift.) The Hamilton ray equations, X =0w /ok =0, z=0w/dk_=v_,

k =-0m/dx =—£dQ/dx =-Q', k, =—0w/dz=0. Thus a GBW propagates in kx-
sp)élce, but not in x-space. [Think of a wave-packet in x-z space, whose envelope moves at
vz along Bo. The wave fronts within the packet (with phase velocity w/k) rotate as k
evolves.] Taking £=1,Q'> 0, we see that the ray trajectory in (x,kx) space is a vertical
line [see Fig. 1] at constant x(vz). Expanding £1(x) about x = 0 [chosen so that Q(0) =
], we have Qx) = o +xQ ', and x(vz) =— kzvz,c'ﬂ',

Let the unperturbed (normalized) vz-distribution be g(vz). There is thus a
continuum of GBW rays (for fixed , kz ), all propagating downward in kx-space at the
common velocity -2 '. These GBW can be excited by a linear conversion process. In this
paper, we study their excitation by a magnetosonic wave (MSW), carried by a (cold)
majority (M) ion species. For simplicity, we set ky = 0 and let ky << ky, so that the
magnetosonic wave has the dispersion relation @ =+ kxc . Ignoring the spatial variation
of ca, we see that the MSW rays are the two horizontal trajectories, at kx = +m/ca.

The GBW studied here represent a minority (m) species, with npy/ny << 1. We
consider the non-degenerate case, Q m # £Q v for all £, Our methods apply equally to
other gyroresonant processes, such as second-harmonic absorption (£=2); thus our results
are universal for slab models. The process of linear conversion is evident from Fig. 1,
exhibiting two erossings in ray phase space (x, kx). After the two crossings, the set of
GBW is to be analyzed to extract the embedded collective mode, the minority
Bernstein wave. What remains is interpreted as gyroresonant absorption.

The interpretation of absorption as linear conversion to ballistic waves was introduced
by Friedland and Goldner [1] for the case of parallel propagation. This was a natural
outgrowth of Friedland's Reduction Algorithm (FRA) [2], a radically new approach to plasma
wave phenomena. The basic idea of FRA is that, for a background state with slow spatial
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variation, the coefficients of the coupled equations for the components of the wave field
should enjoy this same slowly-varying property: one must never divide by a coefficient
which passes through zero in order to reduce the number of field components. Thus, in FRA,
one never has resonance denominators; rather, there appear resonance coefficients,
interpreted as dispersion functions of waves. Here, these waves are ballistic; what is nove]
about them is their primary propagation in kx-space [3]. The recognition that the
gyroresonance absorption process was in reality a two-step linear conversion evolved in a
series of papers by Bers, Cairns, Fuchs, Lashmore-Davies, and co-workers, They

showed that the electromagnetic waves could best be understood as rays in the phase space
(x.kx). In our work, we have extended those ideas to the GBW.,

Our analysis of this process is based on the existence of three small parameters,
which are taken to be of the same order. The first, €w, is the weak-coupling parameter,
which represents the interaction strength of the GBW with the MSW. Tor the case of
minority resonance, which we treat in detajlzhere,zew is essentially t2he ratio of minority
density to majority density: Ey = 1/4) (O /(.DM) (QM/Qm —1)". The second, g, is
the eikonal parameter, Tepresenting ihc spatial nonuniformity of the background magnetic
field. In our problem, g = (k_L) " <<1, where kg = w/cp is the MSW wave number,
and L = Q/0Q"is the magnetic scale length. The third, ey=kv fo<<l,isthe
Doppler parameter, representing the spread in the resonance due to the (rms) thermal
spread v of the vz - distribution of the minority species. By taking these three small
parameters 1o be of the same order, we are led to two order-one parameters, their ratios:
n=ey/e k=g /e = k,L(v../c,). It has been known for some decades that the
transmission coefficient T (ratio of transmitted to incident wave energy flux) depends
only on1: T(n)= expé—lm]). The new result of our work is that the reflection
coefficient R =(1-T)“® depends only on T and on the phasing funct'&)n @; while @
in turn depends only on , being independent of : @(x) = exp(—4x). [This
dependence of & on ¥ is for Maxwellian g(vz).]

We first study the phases of the wave fields in order to obtain @, and then their
amplitudes. (This analysis was stimulated by R.A. Cairns' unpublished derivation of
R(n,x), based on phasing of the magnetosonic waves only.) For an eikonal wave in the
standard (one-dimensional) x-representation, the GBW field j(x;vz) is proportional to the
phase factor exp 10(x;vz), with kx(x) = 20/3x. Correspondingly, in the kx-representation,
obtained by Fourier transformation and the method of stationary-phase, the wave field
j(kx;vz) has the phase factor exp i8(kx;vz), with x(ky) =-98/dkx. The two phase functions,
8(x) and Blky), are Legendre transforms of each other: B(kx) =0(x) - kxx, because
do = —:cdkx =k de—dk_x)=d(0 - er). We first consider the phase of each GBW at its
creation point I [§cc Fig. (IY)]. We have, for each v, Gl(vz) =0k_=k_;v)
=0[x(v, )] - k,x(v,). The GBW created at x(vz) inherits the phase B()S of the incident
magnetosonic wave which converts to it; relative to x=0, the latter is given by
0, ()= lto, x)k, dx =k _X. On substituting, we see that the GBW phases Fy(v,) all vanish
at their creation, so they are exactly in phase at kx =+ ko, where they are created, In
propagation from their first conversion point, I, to their second, II, the phase change is
AB(v )= 0,(v,) =0,(v,)=~ Ia, Mxdk, =~ x(v, )k, (II) —k, (D] =+2k x(v ), since
kx(II)'= - kg, Kx(@) =+%o. Thus, for each vz, the phase factor at IT is exp i8_(v )
= exp iAG(vz) =expiZk X(v_). The reflected MSW phase is obtained by supcrpzosing the
converted contribution OP each GBW. First we transform from Br(vz) to B1(vz), at kg = -k
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0.(v)= éu(vz) + kxx(vz) = 2k0x(v )+ (=k )x(v )=k x_(vz)' Then we propagate the
g nﬂe,%ted) magnetosonic wave from x(vz) to the reference point x=0, obtaining the phase
* O ibution from cach GBW: (%) =009 +[0x(x Mk, dx =k a(v,)
i _k )[-x(v )= 2k x(vz). '\VEL en superpose the contributions of all vz, weighted by
g %o obtain the effect of phasing on the reflected wave field: ¢ = |< expi2k x(v)>|".
B2 For the relation of R to T, we recapitulate the amplitude arguments of earli®r wétk.
At the first conversion I, the set of GBW carries the fraction 1-T of the wave energy flux; at
the second conversion II, again the fraction 1-T is converted, now from the GBW to the
i reflected wave. Hence, R is proportional to (1-T)2,
We now turn to an FRA derivation of the coupled equations for the GBW and MSW.
The minority species is treated as cold-fluid in the plane perpendicular to Bo, and kinetic in the
parallel direction. Their linearized perpendicular momentum equation is thus
—i(m—-k Vz)u(vz) =(e/m)E+uxB_/c). Taking the left-circular components, denoted
uEL, wehave [6—k,v, -Q (Olu(kv,) = (e/ m)E, (x).
For the magnetosonic waves, we use the cold-fluid model for the majority, with Ez—0
following from @<<we, 2. The minority does not appear in the dielectric tensor, but rather as
a driving current < j > (x) = [dv g(vz)j(x;v ), with jlgv )=n emu(x;vz) . The
equation for th% vector potential E&Q)EEL/G%) 2is D (lfx)A X)=—<]>(x), where )
D, (k)= Z(mM /4 ‘.lt)(.QM = Qm) (w“— kxc A). We ignore the weak x-dependence, while
ky 1s the operator -i8/0x. The last factor can be approximated as —'ZkOc A(k N k 0) for the
incident MSW, and as 2k c2[k — (= )] for the reflected MSW.
Returning to the G;BQ’V cquatimﬁ we write it as D .(x;vz) 3(x; vz) =—A(x),
where D.(x;v_) = 4RQ‘[x(vz)— x]/ oZ . This set of two coupled equations is Hermitian;
it followg [4] that the transmission coefficient T is the safne for each conversion point and
conversion direction: T =exp(-27m), M={D;D4} ", in terms of the Poisson Bracket of
the respective dispersion functions: {D .,DA] = («.g! D./dx)(@D. /9 kx) =g /e w
In conclusion, we have used FRA and the ph]asin gof GABW to obtain a simple analytic
expression for the wave reflection coefficient associated with gyroresonance crossing. The
analysis used here 50r minority resonance applies as well to second-harmonic resonance [3], with
€,=(1/4) (v /c) ,and e =k v, /. The success of these methods leads us to anticipate
that more realistic two- or three-dimensional configurations are amenable to this approach.
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Figure 1. [Low-field incidence] In ray phase space (x,kx), an incident magnetosonic
wave (MSW), at kx = ko = w/ca, linearly converts (at I) to one of a continuum
of gyroresonant ballistic waves (GBW). Each GBW propagates downward in
kx at constant x(v;). When its kyx crosses kx = -kq (at I), it linearly converts to
the reflected MSW. The set of GBW contains the collective minority Bernstein
wave, which propagates away; the residuum represents gyroresonant
absorption.
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DGE ABSORPTION OF FAST WAVE DUE TO ALFVEN RESONANCE
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Abstract: Mode conversion of the fast wave into a slow wave at the Alfvén resonance
e . - . -
during ICRH in tokamaks is analysed for two important heating schemes: (*He)D mino-
rity heating and heating at first harmonic of tritium in DT-plasma. A simple analytical
formula is presented which is used to estimate the converted power. This formula is com-
pared with numerical computations. The effects of wall reflection, finite electron inertia
and finite temperature are discussed. We also estimate the edge absorption caused by a
resonant parametric decay of the fast wave in front of the antenna.

Alfvén resonance: For some ICRH scenarios in small aspect ratio tokamaks the cyc-
lotron frequency of the majority ions will at the high field side exceed the frequency of
the launched wave. In such cases the magnetosonic wave aimed to heat the centre of the
plasma can undergo mode conversion into an Alfvén wave at the plasma boundary on
the high field side. In the cold plasma limit and neglecting electron inertia, i.e. by letting
| P |- oo , one obtains an equation [1]

(5 ~n2)? - D?

By ot S —n?

E,=0. (1)

Here S, D and P are the dielectric tensor elements according to the Stix’s notation and
n, is the parallel refractive index of the radiation while the prime denotes derivation with
respect to z, the radial coordinate. All the lengths are normalised to c/w where c is the
speed of the light and w is the angular frequency of the radiation. The poloidal refractive
index is assumed to be zero. By integrating the derivative of the real part of the Poynting
flux across the Alfvén resonance at S = n? we obtain for the fraction AT of the Poynting
flux I which is absorbed at the Alfvén resonance

d , D?
AI:—f_dIda:=w|Tj'||E,,V, (2)
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where E,, Dy and S’ are calculated at the resonance. We note that the expression j
Eq.(2) shows the expected similarity with the result by Karney et al. [2] obtained for the
conversion fraction ¢' = AI/I in a one-ion component plasma. In the general case gp,
obtains C' = 4.97(D2/ | §' |)[| §' | /(S" — D™)]'/*. For practical applications, Eq.(2) i
more useful because of the possible reflection of the fast wave from the inner wall whig,
is not included in the derivation of the Karney estimate. The presence of the wall majeg
the wave field to decrease in the evanescent region near the plasma boundary faster thyy
in the absence of the wall.

One can improve the Karney treatment with matched asymptotic expansion by
requiring that the evanescent solution vanishes at the wall. In this way and following the
derivation presented in ref. [2] we get

AT D} ( K )1’“ (1 — V3Ai(Lu/k)/ Bi(Lu /)]

C=7 =Yg\ m 1+ Ai(Ly/h)?/Bi(Ly/h)? (3)

for the conversion fraction in the presence of reflection. Here L,,, which is normalised to
¢/w, is the distance between the Alfvén resonance and the wall. The incoming (+) and
reflected (—) fast wave on the high density side are taken to be of the form Ai(z/h) 4
iBi(z/h), where Ai(z) and Bi(z) are the solutions of the Airy equation B — 2E, =
(the coefficient of E, in Eq.(1) is linearised) and h = [| §" | /(5" — D"*)]*/2. On the low
density side near the wall the evanescent waves are taken to be of the form Ai(z/h) and
Bi(z/h). From Eq.(3) we see directly that ¢ — 0 as L, — 0 i.e. E, — 0 according to
the estimate of Eq.(2) while (' approaches the Karney estimate as L, increases. Note
that the estimate in Eq.(3) is valid at D2/ | §* |#*<< 1, i.e. at small C.

Fig.l shows the conversion C' as a function of a, the distance between the wall
and the right boundary through which we let the transmitted fast wave and converted
slow wave to propagate out. We have L,c/w = d + a, where d is the distance between
the right boundary and Alfvén resonance. (' is computed numerically from full wave
equations [3] including finite temperature, finite electron inertia and gradients of the
background plasma. An exponential density profile 1.6 x 10'®exp(—z(cm)/1.176)m™* for
0 < z < L and constant for z > I with B = 5.5T, w = 2.1 x 108! and n, = 8 are
assumed simulating the edge plasma near the inner wall in JET for (®*He)D minority
heating scheme with 5% helium concentration. In this case d = 1.5cm, Do = 49, and
| § |= 7873. The estimate of Eq.(3) is found to describe well the functional dependence
of C on a. At large a, C saturates as expected due to the decrease of the wall reflection.
The numerical values are larger by a factor of two, approximatively, which was found
to be due to the boundary conditions and the linearisation of S and D applied in the
derivation of Eq.(3). On the other hand it was found that the numerical results agree with
the estimate in Eq.(2). Finite electron inertia effects were discovered to be important at
smeall n, and at steep gradients where the estimate in Eq.(2) still gave the correct scaling
but its magnitude could deviate even by a factor of two from the correct result. This was
tested by letting P — oo in the numerical program. Fig. 2 shows ' as a function of n,
for the case of Fig. 1 with ¢ = 2cm and a = 80cm. Note that C is larger at larger n, for
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< case because of the n; dependence of Dy in the estimate in Eq.(2). In Fig. 3 we show
£ » function of n for the case of first harmonic heating of tritium in DT-plasma. A
fe::ity profile 10%°[1 - z(cm)/20]m=? with the wall at & = 20 cm is chosen with T' = 500
V. The magnetic field dependence 5.15Tx R/(R — z(m)) with R = 2 m is assumed. Here
ec'i.s maximised for small n. because of the n, dependence of Dy. Note that Dy here is
articularly sensitive to the magnetic field while in the case of Figs. 1 and 2 it was the
gensity that dominated due to the different location of the Alfvén resonance in these two
cases. Because of the large conversion in the case of Fig. 3 at small n, the estimate in
Baq.(3) was not found to be reliable but instead the results agreed well with the estimate

in Eq.(2)-

Resonant parametric decay: The nonlinear decay of the fast wave into two ion Berns-
Tein waves is observed in various tokamaks but no correlation between the edge modifica-
tion and the presence of the decay has yet been found. In a recent study [4] the nonreso-
nant decay of the fast wave was analysed in detail in a realistic edge plasma environment.
It was concluded that relatively large fields in excess of 200 V/cm are needed for a non-
negligible nonlinear power absorption. We have repeated a corresponding analysis for
the resonant decay of the fast wave into two ion Bernstein waves for pertinent heating
schemes. Fig. 4 shows the amplification in resonant growth of the decay waves in the
case of (H)DT minority heating. The amplification has been calculated from the theory
outlined in ref. [5]. Convective losses of the decay waves are determined from the radial
phase mismatch due to the temperature inhomogeneity. It is found that fast wave fields
larger than 100 V/cm are sufficient for a strong instability at the relevant temperature
region. This field level is easily exceeded in present experiments. We note that power
absorption can be much larger in the resonant decay than in the nonresonant decay [4].

Conclusions: Simple analytical estimates for the power conversion in Alfvén resonance
during ICRH have been derived which include the effects of fast wave reflection from the
wall. A good agreement with numerical predictions is found. The conversion is strongest
for weak local density gradient, high density and for resonances lying far away from
the wall. Its dependence on parallel wavenumber turns out to be sensitive to the ion
composition and to the exact location of the resonance. In the 2T-D heating scheme C'
may amount to 90% for small 7, while in (*He)D minority scheme it remains below 20%.
The possibility of a localised resonant decay of the fast wave into ion Bernstein waves
near the Faraday screens is pointed out which may amount to a nonnegligible power
conversion in spite of convective losses.
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Abstract
The D-He? fusion output power for the higher harmonic ICRF heating of He®

beams is investigated. The fusion power multiplication factor, Qgp, in the high
He? concentration (npje?/ne>~5x10") can become larger than that for the
fundamental heating. The empirical scaling for Qg in the fourth harmonic ICRF
heating is also presented.

Introduction

The fusion reactivity can be enhanced by the presence of a non-Maxwellian
ion tail. The JET experiments [1] in the (He®)D minority scheme produced the
fusion power of ~60 kW with the RF power of ~12 MW. Good agreement was
found between the measured values of the fusion yield and ones calculated by
using Fokker-Planck and global wave codes [2]. In JT-60 experiments, remarkable
beam acceleration has been observed during the third harmonic ICRF heating in
combination with NBI heating. It is confirmed that the beam acceleration occurs
in the plasma core [3]. In this paper, the D-He® fusion output power for the
higher harmonic ICRF heating of He® beams is investigated. The fusion power
multiplication factor is estimated on the basis of the local Fokker-Planck
calculation. Comparison is made with the case of the fundamental heating.

Modelling

In the present calculation, the fourth harmonic heating of He® beams is
considered for avoiding wave absorption by a small component of hydrogens(H)
which may be present in a plasma. The third harmonic resonance of He®
coincides with the second harmonic resonance of H. When w=2w.3.3(R;), wave
absorption via the fundamental resonance of H in a stronger magnetic field
region, B(R=3/4 R)=4/3 B(Ry), may also be serious to the efficient wave coupling
with He®. The fusion power enhancement by the fundamental heating of He®
beams is examined for comparison.

The jon velocity distribution function is calculated semi-analytically by use of
a Fokker-Planck equation combined with beam source and quasi-linear RF
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diffusion terms [4]. The fusion power multiplication factor, Qpg=Pr/Pic, is
estimated on the basis of local power absorption near the plasma center. Here, P,
is the fusion output power due to the D-He?® reaction and Pj¢ the ICRF power.
The wave parameters are determined from the cold plasma dispersion relation
[5]. In order to derive the ratio of the circularly polarized amplitudes of the RF
electric field, |E-1/1E4 |, for w=wg.> the hot plasma dielectric tensor [6] is
applied. The He® beam is injected with the injection energy of 100 keV and the
injection power density of 0.25 MW/ m®. We study the cases of the cyclotron
harmonic number of N=4 and N=1 for the same toroidal magnetic field of 3 T.

Results and Discussion

Figure 1 shows typical energy spectra of He®(solid line), D(thin solid line),
He'(dashed line), and H(dash-dotted line) in the case of (a) N=4 and (b) N=1. The
background plasma temperature, T, is 10 keV, the electron density, ng, is 5x10%
m'a, the He? concentration, nye3/ne, is 5><10'2, and the absorbed RF power
density, prf, is 0.5 MW/ms. The parallel wave number is chosen as N, ;=1 for (a)
N=4 and N, ;=10 for (b) N=1. Values of |E_|/IE, | are (a) 1.5 and (b) 15.2. The ion
tail in the fundamental heating is extended to the higher energy region because
of the large value of |E_I/1E,| than that in the fourth harmonic heating.
However, the fusion yields of these cases are on the same level, as is shown later.

Figures 2 and 3 show the dependence of Qgg on pyf for N=4 and N=1,

respectively. The plasma parameters are as follows; T=10 keV, (a) ne=5x1019 m?

and (b) n,3=1020 m's, and nHe3/ne=5><10"3 (dashed line), olike (solid line), 5x1072
(dotted line), and 10! (dash-dotted line). In the low He® concentration, we can see
the ranges of prf, where the values of Qgp decrease sharply with prf (dashed and
solid lines in Fig.2 and Fig.3a, and dashed line in Fig.3b). This is due to the
excessive acceleration of the high energy ions (beyond the maximum in the D-
He® cross section, Epy.3~750 keV) and to the depletion of the low energy part of
the distribution function. Unless the depletion of the low energy part occurs, Qgg
for N=4 is almost independent of pyf. The values of Qgp for N=4 can be larger

than those for N=1 in the high nHe3/ne(>"5x10'2) regime.

Figure 4 indicates the N, dependence of Qgg as a function of pyf for T=10
keV, ne=5x10"" m®, and nye3/ne=5x1 0. The N=4 cases are depicted by dashed
lines and the N=1 cases by solid lines. The values of Qgp for N=4 decrease with
N, ,. This is because the increase of |E.1/|E, | with increasing N, leads to the

2
excessive acceleration. For NNSO(I), I[E.1/1E4] is almost independent of N, .
On the other hand, in the case of N=1, |E_| /| E | becomes significantly large for

N,/ «~nge?/ng-¢/vy (~20 in this case), where c is the speed of light and v¢ the
thermal speed of He®, Then, the value of Qgp becomes small for low N i/
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Figure 5 shows the relation between Qgp and nyye’/ne for N=4. The cases of

1 —»5><1019 m™ (open symbols), 10 m (closed symbols) and T=5 keV (triangles),
-
10 keV (circles) are plotted for pr¢=0.5 MW/m® and N ,=1. The following

scaling (solid lines) for Qgg can be deduced from the figure;
3

empil’ical
4/3 n
5 (1.p7-Hey
e

N BTN
Qgg ~ 0-055 (10[keV]) 109m]
This scaling is applicable to a relatively wide range of local RF power density

and/or RF deposition radius, under condition that the He? concentration is in
the ran

order of unity. In the present calculation, the distribution function can be
deformed significantly owing to the RF-induced diffusion. The TCT effect due to
the RF-extended tail becomes much stronger than that due to the beam-induced
tail. Therefore, the above scaling is also expected to be weakly dependent on the
beam power density, except for the cases of low pyf and of high injection energy.
Combined NBI and ICRF heating is, however, seemed to be useful in the sense
that plasma-antenna coupling is improved by the beam-induced tail component.

ge of ~0.01= Npe3/Ne<~0.2 and that the value of N;;/ is at most on the
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Fig.1 Energy spectra of He? (solid line), D (thin solid line), He' (dashed
line), and H (dash-dotted line) in cases of (a) N=4 and (b) N=1.
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1. Introduction The second and third harmonic ICRF heating experiments
have been carried out with neutral beam injection in JT-60. The plasma is
composed of pure hydrogen or mixture of hydrogen and helium. The RF
frequency is chosen to be the second or third cyclotron resonance of hydrogen.
The hydrogen neutral beam is injection to the plasma. Fast ions are observed in
the charge exchange neutral spectrum in both cases of second and third
harmonic resonance heating.

As for the second resonance heating combined with NBI, the theoretical
model has been developed ) and applied to the experimental results 2). We
extend this model into the higher harmonic ICRH heating. The global wave
structure and acceleration of high energy particles are numerically calculated in a
self-consistent manner.

I Theoretical Model ~ Our model consists of two parts. The first part is the
description of ICRH wave propagation and absorption in a real space. The
second part is the description of the deformation of the velocity distribution
caused by NBI and ICRF heating.

The wave field is described in the one dimensional slab model 3) in which
the in homogeneties in the direction of the major radius (x-direction) are kept.
The profiles of density and temperature are given as a parabolic function of x.
The wave equation is written as

CU2
VxVxE~;7=imuo(E_Ij+]A) ey

where w is the RF angular frequency, JA is the antenna current and Jj is the
induced current by the j-th species. In the calculation of the conductivity tensor,
the velocity distribution of hydrogen is assumed to be bi-Maxwellian, whose
temperatures are determined by the velocity moment of distribution obtained
from the Fokker-Planck equation.

The velocity distribution function of hydrogen is obtained by solving the
Tokker-Planck equation. On each magnetic surface, we take the O-th order
moment of the Legandre expansion of velocity distribution function, f, and
obtain
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of
T C(f) + Snpr + Qrr () + Lp(f) " (2)

where C is the Coulomb collision term, Sypj is a source term of NBI, QrpFis ah
RF heating term, Lp is a particle loss term. Sy is obtained by the pencil bean,
model and Ly, is determined to keep a steady state, i.e., 0f /3t = 0. QR includes the
(£-1)-th order Bessel function Jz.1 (kv ), where ¢ is the harmonic number, k| j
a perpendicular wave vector and v is the velocity perpendicular to the magnetjc
field. Qgr also contains an unknown factor, which is determined by solving self.

] )
consistently Eq. (1) and (2), i.e.,, <EeJ> = 4x [ dv2 5 mv2 Qrr (f). To combine the

solutions of the wave equation and the Fokker-Planck equation, we must i |
calculate the RF power deposition averaged over magnetic surface and solve Bq
(2) on each magnetic surface. To save a CPU time, however, the Fokke-Planck
equation is solved at the cyclotron resonance point (x=0) where the magnetic axis
(r=0) locates. We assume that the RF power deposition is localized near the
magnetic axis: r<La. Ly is the poloidal length of antenna. The temperature ang
density of high energy ions are also assumed to be similar.

M. Wave Propagation We apply this model to the regime of the JT60 plasma,
Plasma parameters are R = 3.07m, a = 0.9m, neo = 0.34 x 1019 m=3, Teg, = T = 25
keV, @/2n = 131 MHz. A toroidal magnetic field is chosen in order to place the
resonance layer on the magnetic axis, i.e.,, By= 4.3T for the second harmonic
resonance and Bt = 2.86T for the third one. Two antennas, which have the phase
difference with 180° in the toroidal direction, is arranged in the low field side of
the torus.

Figure 1 (a) shows the radial profile of electric field, Ey, and (b) shows the
power deposition profile of the combined NBI and the second harmonic ICRE
heating. The launched RF power is 0.8 MW and the applied NBI power is about
8 MW and beam energy is 65 keV. This result includes the fast ions of NBI and
accelerated ions due to ICRF heating. Even thought the high energy ions do not
exist, the damping rate of second harmonic ICRF wave is large enough to
suppress the cavity resonance. As for the propagation of second harmonic ICRF
waves in this plasma regime, the contribution of high energy ions is not so
important.

In the case of the third resonance heating, the high energy ions play a
more important role than the second resonance case. Figure 2 shows the radial
profile of Ey and the power deposition profile of the ICRF alone heating. We do
not take high energy ions into account in Fig. 2. This is able to be regarded as the
moment the RF power is switched on. A standing wave is excited and many
reflections occur on both the plasma surface: x = + 0.9 m. The input power is
absorbed by hydrogen near the cyclotron resonance layer: x = 0. The condition of
electron Landau damping is not satisfied so much. The absorbed power by
electrons, however, amounts to 10% of the input power because of the weak
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bsorption of hydrogen. Figure 3 shows the stationary state after the acceleration
afshi h energy ions. Incoming wave propagates from the low field side antenna.
%he sgtanding wave ratio of Ey becomes small compared with Fig. 2. The main
art of input RF power is absorbed by high energy ions: more than 97%. The
electron absorbed power be«':om‘es negligibly small: less than 1%. The extension
of the power absorption region is due to the RF power deposition averaged over

the magnetic surface.

. Mjc_(al_e_lafu)g The differences between the heated plasma by the
second resonance and by the third one are in the temperature and density of tail
jons. In the second resonance case, the density increment of fast ions due to
ICRF heating is about 8.8% whether NB is injected or not. The incremental tail
temperatures are AT,ii>"d = 54 keV for the ICRF alone heating and ATiyi?"d+NB
= 20 keV for the combined NBI heating. When the third resonance heating is
carried out, the density increment is about 4.7% whether NBI or not. As for the
tail temperature, ATtai13rd = 150 keV and AT 37d+NB = 47 keV. The third
resonance heating accelerates higher energy ions than the second one. The

roduction rate of fast ions is smaller than the second resonance heating. This is
caused by the difference of the quasi-linear diffusion coefficient. The tail
temperature decreases with the increase of the NBI power. Because, the NBI
heating is regarded as the lower energy particle source compared with ICRH

heating.

IV. Conclusion and Discussion In both cases of the second and third harmonic
resonance heating with INBI, the wave propagation, power absorption and
acceleration of fast ions are numerically analyzed using the self-consistent
model. Although the damping rate of the third harmonic resonance is weak,
the wave power is mainly absorbed by hydrogen due to the acceleration of fast
jons. The incremental tail energy by third resonance heating is greater than that
of second resonance heating.

In this article, we assumed the stationary state and that the RF power
deposition is localized near the magnetic axis. When the standing wave is
excited, the RF power is absorbed in the whole poloidal cross section due to the
two dimensional analysis. The RF power density is reduced and temporal
growth of fast ions will be delayed. The problems in connection with time
evolution will have to be further investigation.
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1, INTRODUCTION Non—thermal fusion reactions driven by ICRH could reduce the
pbwer required to reach ignition in a reactor. The reaction 3He + D - 4He(3.6MeV) +
p(lé.TMeV) has been produced in JET by _(3He)D minority ICRH and the results of
ihe initial experiments have been reported in a previous paper[l]. Those experiments,
with carbon coated walls and limiters achieved a fusion power of 60kW and found that
the central deuterium density was only about 38% of the electron density. This
damaging dilution was overcome in the present experiments by beryllium getterin of
the torus. The reactivity has been increased to 100kW and a Q value Q= Pm/P,S of
1% has been achieved. The ability of ICRH to generate energetic ions provides a good
opportunity to study aspects of a—particle behaviour prior to D—T operation. A crucial
question is whether the full a—particle heating can be utilised or whether tokamak
reactors will suffer from a—particle losses with the concomitant increased power
loading of the first wall. The criterion for maximum a—particle heating is that the
confinement time exceeds the slowing down time 75, and this implies a particle
diffusivity less than a?/4drg where 'a’ is the minor radius. Values of a?/drs for the next
step devices are expected to be close to 2m?/s[2]. In JET, a?/47s can be as low as
0.7m2/s so that, if the slowing down is demonstrably classical in these cases, then
efficient a—particle heating in reactors can be anticipated with some confidence.

3SHE-D FUSION EXPERIMENTS. The 3He-D reaction produced by 3He minority
ICRH has been measured by detecting the 16.6 MeV y—rays from the weak 3He + D -
5Li + 7 branch. The experiments were conducted after beryllium gettering of the vessel
and used the following discharge parameters; Ip = 3MA, By = (3.0 — 3.4)T,

1e(0)24x10¥m-3, and Prr < 14MW. Most of the data were recorded with the ICRF
resonance placed close to the magnetic axis but a scan of the resonance position in
major radius was also made in an attempt to optimise the fusion reactivity. The results
for the central resonance position are shown in fig 1, together with the results of the
previous series of experiments in the carbon coated vessel [1]. With the beryllium
coating the reaction rate is generally twice that with carbon walls and limiters and
reaches a maximum value close to 100kW of fusion power. The maximum Q value, as
defined by Q = Pgys/Prr, was about 1% as shown in fig 2. The results have been
compared with theoretical predictions based on the Stix model[3] for the minority
distribution function.This model calculates the fusion reactivity on each flux surface
assuming a Gaussian power deposition profile of width ~ 0.2m and that 65% of the
input power is coupled to the ions. The latter is consistent with both RF modulation
experiments [4] and the observed fast ion energy contents (see also ref 1). The model
simulates the measured reactivities provided the deuterium density is taken to be 70%
of the electron density. This value is about twice that obtained from analysis of the
data with the carbon coated vessel and is a result of the lower impurity level afforded
by the Be gettering. The higher concentration of deuterium is consistent with the lower
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Zers = 2.5 compared with Zers = 3.5 for the previous series.
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ghest power levels the 3He ions in the plasmy
centre have energies substantially greater than that (0.5MeV) at which the fusion €ross

%ﬂs over—heating of the minority ions can be reduced by moving the
resonance off—axis in order to reduce the power density and optimise the reaction Tate,
A search for this effect was carried out and the results are shown in fig 3.
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Fig. 3. y—roy yield versus Ries. Fig. 4. Wi/Wiay versus 5(0).
As the resonance is moved up to 0.2m towards the low field side the F-ray
intensity remains constant and no increase in the J-ray count rate is seen. The reason
for this lack of enhancement is, according to the Stix calculations, due to insufficient
energy in the 3He ions. In these discharges the RF power was between SMW and
10MW and the 3He concentration was approximately 9% of the electron density. For
such conditions the 3He tail temperature in the plasma centre was calculated to be only
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3 MeV for the central resonance case. The Stix code predictions are also shown in fig 3.
¥ 1 eWith the resonance placed on the high field side the y—ray emission falls by a
i tor of 2.5. This is due to the fact that the high field side of the magnetic axis is
f;gelded from the detector which views vertically downwards. The reduced count rate
S nsistent with the assumption that most of the reacting ions are on trapped orbits
is hﬁch turn at the resonance layer. These ions spend typically 60% of their time behind
rhe shielding for a resonance radius of 3.0m.

ALPHA-PARTICLE SIMULATION STUDIES. The objective of these studies was to

test for classical slowing down of the fast ions by comparing the measured fast ion

energy content with the predictions of the Stix code described above. The data were

taken from Monster sawiooth discharges with on—axis ICRH and the plasma
arameters covered a wide range: Ip=(2-5)MA, B\=(2.0-3.4)T, ne(0)=£2_ﬁ)x1019m-3,
i central electron temperature Te(0) = (4-12)keV and Py < 14MW. The fast ion energy
& content was deduced from the energy measurements given by the diamagnetic loop
. Waia) and Shafranov shift (Wnha). The fast ion energy content is given by
i sgv, =1.33(Wdia — Waha) and the total energy content is obtained from the expression
‘ Weor = 0.33(Waia + 2Wuna). The maximum value of Wy was 2.5 MJ which was
achieved during a Monster sawtooth in a 5SMA discharge and represented nearly 50% of
the total energy content as shown in fig. 4. In this figure the ratio Wr/Wio is plotted
: against the central slowing down time 75(0); the fast ion energy content can be written

a3 Wr = kPf75(0)/2 where k is a form factor accounting for the effects on 75 of the
:, radial profiles of ne and Te. We can also define an effective slowing down time as

Teif = 2We/Prr and fig 5 shows a plot of 7err against 75(0).
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Fig 6. Model fast ion tail
temperature and energy content
for Iy = 2MA and 15(0) =1.5s.

Most of the data show a similar ratio of rer/75(0) and these cases are well
represented by the Stix model. However, as the central slowing down time becomes
greater that 1 sec, the values of refr for the 2MA data depart from the linear relation
with 75(0). There is no deviation for the 5MA data and comparable values of rﬁ{Cflf).

This dependence of the deviation on plasma current suggests that the effect is
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connected with the orbit sizes of the fast jons. For example protons with energieg of
several MeV can follow large D—shaped orbits in the poloidal plane which pass throy b
the plasma centre and also allow access to the cool plasma periphery. In the case of tf,
2MA results with 75(0) = 1.53 the Stix calculation gives a tail temperature of 2MeV |

the plasma centre (see fig 6). Trapped ions of this energy, and which have their turnjy,

points at the resonance, %ollow D—shaped orbits with a diameter of about 0.4m. A thj
distance from the plasma centre the slowing down time is a factor of two less thap
75(0). An estimate of the effect of the orbit on the average slowing down time has beg,
made using a semi—analytic model. The collisional power loss during a bounce time, ,
is AP = AW¢/ry, = 7,71/2W/ 75 dt. The bounce average slowing down time <rg> jg
defined by AP = 2W¢/<rg> so that we obtain the expression

I'max 1 1 Imax 1

Sy b A
<T> f'[rm'm TslT) Vi l-Ml”m'm Vr

dr

where r is the minor radius, rpin and Tpax are the radial extremities of the orbit and y,
is the radial velocity. Analytic expressions for v.(r) are obtained from narrow orbit
theory for the low energy ions on banana orbits and from the model by Stringer [5] for
the D—shaped orbits. The principal difference is that the radial velocity for the
D—shaped orbits is asymmetric about the mean radius rp = (Tpax + Inin)/2 Whereas it
is symmetric for the banana orbits. Thus the energetic ions spend proportionately more
time in the cooler plasma regions which produces significant deviation of <7g> from
75(rm). This is not the case for the normal banana orbits for which <7g> = 74(ry). The
correction produced by the D—shaped orbits can Ue seen in fig 6 which shows the radial
profiles of fast ion energy content, dW¢/dr, calculated both with and without the orbit
effect for one of the 2MA discharges. The value of <7s> from this calculation ig
plotted in fig 5 and is within 20% of the measured value of 7err. For a typical 5MA
case the orbit correction amounts to only a 3% decrease in refs in good agreement with
the measurement. Recently this calculation of the orbit effects has been combined with
the Stix code to produce a self—consistent model; in the initial calculations the effect of
<75> on the tail temperature was not taken into account. The first results from this
code agree remarkably well with the initial calculations.

SUMMARY. Non—thermal ICRF driven fusion experiments using the 3He—D reaction
have achieved 100kW of fusion power in JET following beryllium gettering of the
vessel. The results agree well with theoretical modelling which indicates a deuterium
density of about 70% of the electron density. Simulation of c—particle heating, using
MeV ions created by ICRH in mhd—quiescent Monster sawtooth discharges, shows no
evidence for anomalous losses when the orbit effects on 7 are taken into account.
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1, INTRODUCTION The discovery of 'Monster' sawteeth in JET has provided the
opportunity to perform ICRH thermal wave measurements which are uncompromised
by the locking of sawteeth to the RF modulation frequency [1]. The aim of such studies
ig to measure the electron heat diffusivity, xe, and the electron heating profiles.
Modulated ICRH experiments have been carried out in JET using on—axis heating
with both 3He and hydrogen minority ions. The results with 5% 3He concentration
gave 1.5<ye(m?/s)<3 and have been reported previously [2]. Those data could be
readily interpreted in terms of a simple heat diffusion model containing on—axis
(Gaugsian heating profiles for both the collisional electron heating by the minority ions
and the direct heating due to mode conversion, transit time magnetic pumping and
glectron Landau damping. Experiments with lower minority density produced
modulated electron temperature profiles which were hollow and which cannot be
simulated by such a simple model. In this paper we propose an interpretation of these
data in terms of the response of the energetic minority ions to modulated RF.

9. EXPERIMENTAL CONDITIONS AND RESULTS For coupled power levels
above 3MW, ICRH produces Monster sawteeth in JET over a wide range of discharge
conditions. Important requirements are power deposition inside the sawtooth inversion
radius and a value of the safety factor, qcy1, greater than 3.3. The present experiments
fulfilled these criteria and were performed with an RF frequency of 32 MHz. The
plasma current was either 2 MA or 3 MA and the toroidal field was chosen to position
the minority ion fundamental resonance close to the magnetic axis, having taken
account of paramagnetism and finite f# effects. The RF power pulse was typicaﬁy 5 sec
long and consisted of a steady component of between 5SMW and 10 MW together with
a square wave modulation of about 25% relative amplitude. The central electron
density, ne(0), was in the range 3.0x10'° m-3 to 3.8x10'9 m3 during the heating.

The electron temperature profile was measured in the equatorial plane using an
ECE grating polychromator. The amplitude and phase of the electron temperature
perturbation, *Te, at the fundamental modulation frequency, w, was obtained by
Fourier analysic of both the ECE signals and the RF power. The pressure variation
caused a modulation of the Shafranov shift by typically 3 mm which produced a
spurious component in *T, of up to 40eV. The data were corrected for this effect.

The plasma energy content measurements from the diamagnetic loop (Egia) and
the equilibrium analysis (Epng) were also modulated. The total modulated plasma
energy content (*E¢o;) was then obtained from *Eiqy = (*Egia + 2*Enna)/3. Since the
global energy confinement time, 7g, satisfies wrg>>1 the absorbed modulated RF
power (*Papg) in the bulk plasma is given by *Pyps =w*Eqot.
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2.1 (3He)D ICRH with 2% Minority Concentration. These experiments were carrigd
out with a plasma current of 3.1MA and a toroidal field of 3.16T. The RF power Was:
modulated at 4Hz between 8MW and 12MW.The minority ions were injected intg th
discharge as a 1 sec pulse of 3He gas before the RF heating. The subsequent rise in
ne(0) gave an estimate of 2% for the 3[1e concentration relative to the electron densit,
The ICRH resonance layer intersected the median plane at R=3.09m, which is cloge to
the magnetic axis at Rn=3.13i0.19'r5{’1§5’1‘he effect of the ICRH on T,, at a major radiyg
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Fig 1. Te response to RF modulation. Fig 2. Direct electron heating profile,

of 3.25m is shown in fig 1. A Monster sawtooth appears at 48.9 sec and lasts for 1.2
sec. The triangular Te modulation has a peak—to—peak value of 0.3 keV compared with
a steady component, of 8.5 keV. The discontinuity in the time derivative of the
temperature, coincident with the power level switching, reveals the presence of direct
electron heating. The direct heating power density, *Pge, can be calculated from the
discontinuity lﬁ and the result is shown in fig 2. The solid line is a Gaussian fit to the
data outside R = 3.0m. The Gaussian is slightly off—axis and has a maximum power
density of 30 kW/m3. From this profile we estimate that the direct heating is about
10—15% of the coupled RF power. The total power absorbed in the bulk of the plasma
i3 82+11% of the coupled power, as obtained from *Egi, and *Eppg.

The results of Fourier analysis of T, are shown in fig 3 and fig 4. The maximum
amplitude of *T' at 4Hz is 140eV at about 0.2m minor radius. On—axis, the amplitude
is only 60eV. Such a hollow profile would indicate off—axis absorption even though the
resonance layer intersects the median plane centrally. On the other hand, the phase
delay shows a minimum on—axis which suggests that the power deposition is central.
Central power deposition is also supported by the 16 Hz modulation results in fig 3.
2.2 (H)3He Minority ICRH Experiments. Studies with hydrogen minority ions were
made in 3He discharges with I,=2 MA and B=2.18T. The power was modulated at
5Hz between 3.8MW and 6.4MW and the fraction of the couple power deposited in the
bulk plasma was 85+10%. In these experiments the hydrogen density was deduced
indirectly from a) the ratio of hydrogen to deuterium from the neutral particle
analysers and b) the influx rate of deuterium from the vessel walls and limiters. These
data suggest that np/ne is about 2%. The amplitude profile of *T, is hollow, as in the
case with 2% 3He minority. However, the central minimum is much less deep than that
in fig 3. A further difference is that the minimum in the phase coincides with the
amplitude maximum. The direct heating profile was difficult to determine due to a low



ignal to noise ratio, but the maximum was estimated to be 28+8kW/m3 at R = 3.23m.
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3. DISCUSSION.  The interpretation of the above results is based on the one
dimensional heat diffusion equation in cylindrical geometry for T, namely,

35 (06Te) = L &(rnexedT9) + Peg +Pey 1)

The electron heating power density profiles, Ped(rL and Pey(r), are the direct and
minority heating, respectively. Each component is taken as a Gaussian profile with the
minority heating being modulated in both amplitude and width;—

Pen = 5 88pvrs (1 - Fa)(1 + ac) WAL+ o) )

In eq(2) Pap is the steady absorbed power level, W is the width of the minority heating
profile, Fg is the fraction of power absorbed directly, and ¢ = cos(wt — #). The minority
heating is assumed to be on—axis. The phase delay, 6, due to the slowing down time of
the minority ions, is given by tan# = wr,. The value of # was close to 7/2 for all cases.
Equation (1) was solved numerically with NeXe kept constant.

The width modulation provides a depletion of the heafing power in the centre so
that there is a sign reversal between the on—axis and off—axis minority heating. This
feature appears to be the key element in simulating the hollow temperature profiles.
The previous modulation experiments 2] can be fitted with y, ~ 2m?/s, a = —0.047
and f# = 0.0 (i.e. no width modulation). However, for the 2‘?5(3He minority case, the
*T, profiles cannot be reproduced wit B = 0.0. The difficulty is illustrated by the
calculated *T. modulation for the off-axis direct heating alone. Using y.=2m?2/s and
the Gaussian fit to the direct heating profile (fig 2), we obtain a centrally peaked *T,
profile as shown in fig 3. Moving the centre of the heating out to 0.25m and decreasing
the width from 0.2m to 0.15m, to reduce the central power deposition to the limit of
compatibility with the data, still produces a peaked profile. A slightly hollow profile
can be achieved if y, is reduced tenfold inside a radius of 0.25m, but then the phase

a8 a minimum at 0.25m and increases towards the axis,

The profiles can be simulated for Xe = 2m?/s, W = 0.18m, a = —0.037 and
= 0.029 as shown in fig 3 and fig 4. The direct heating was again the fitted data. The
values of @ and 8 are kept consistent with the modulated absorbed power amplitude
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which sets the constraint o + 24 = 0.02 for pulse 15078. The model also Eiveg
reasonable fits to the phase and amplitude profiles of the hydrogen minority case. j
Monte Carlo ICRH orbit calculations using the HECTOR. code[3] have beq
carried out to test for depletion of the central minority heating. With a steady leve] of
RF power there is certainly a density depletion due to the ions following large trappeg
orhits as the energy increases. An example for pulse 15078 is shown in fig 5
Preliminary calculations with modulated power indicate antiphase electron heating
(6 = —/2) in the centre but the statistical fluctuations are too large to be certajy
However, modulated heating, with § = #/2, is clearly seen at r = 0.3m with an
amplitude close to that required by the transport model.
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Fig 5. Depletion of3He ions by RF heating. Fig 6. d*Pep/dv versus minority energy,

An antiphase component has also been seen in Fokker—Planck calculations [4]
and an example is shown in fig 6. The 2MeV particles heat the electrons with § = —r/2
whereas 0 = /2 for the TMeV ions. At these energies, trapped ions passing through
the centre follow large D—shaped orbits which allow access to the cool outer regions of
the plasma. This affects the slowing down and has been modelled by reducing re with
increasing energy in a way consistent with the orbit widths and the T. and ne profiles,
However, the density modifications due to the orbits are not accounted for and these
will tend to reduce the power transfered from the more energetic minority ions.
SUMMARY. The hollow *T, profiles obtained in the low minority density cases seem
to reveal some interesting aspects of fast ion physics. The key element in the
interpretation is the on—axis sign reversal of the modulated power flowing from the
minority to the electrons. This has been modelled by modulating the width of the
minority heating but could also be due to central depletion of the fast ions (by orbit
effects) or an intrinsic feature of their distribution function.
ACKNOWLEDGEMENTS. It is a pleasure to thank the JET operating team and the
diagnostics groups for their assistance with these experiments.
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Analysis of ICRF Coupling and Heating in CIT and JET

J.E. Scharer, N.T. Lam and R.S. Sund
Electrical and Computer Engineering Department
University of Wisconsin, Madison, USA 53706

Abstract -- We study the effects of an L- to H- mode transition in a
tokamak on the coupling of fast wave launchers in the Ion Cyclotron
Range of Frequencies. Waveguides or coils can readily be
accommodated within the formalism. We calculate the waveguide or
coil reflection coefficient for conditions appropriate to CIT. Itis
concluded that an L-to H-mode transition can impose substantial
loading variations on the launcher system which can be handled by a
fast response matching system similar to that successfully used on JET.
The subject of linear wave propagation and its associated power
conservation in a slab geometry for waves in the ion cyclotron range of
frequencies is treated. The development is applicable to instances
where full-wave effects such as reflection, mode-conversion, and
absorption may be important. The local power conservation relation
follows from a definition of local power absorption and a companion
general expression for kinetic flux based on basic principles. These
expressions are evaluated to second order in a numerical code, and
results are presented for several cases. For fundamental minority 3He
and second harmonic absorption in machines comparable to JET, fast
wave launching in CIT is discussed.

I. Calculation of Plasma Coupling - In this paper, we consider the
effects of the L- to H-mode transition on launchers designed for fast
wave heating of tokamaks, specifically CIT [1]. For analytical simplicity,
the launcher is taken as a dielectric-filled rectangular waveguide. We
also consider the plasma as one-dimensional and cold. This
approximation is valid in our case, since the fast wave is the dominant
power-coupling mode. The launcher configuration is arranged such
that x = radial direction; y = poloidal direction; z = toroidal direction. In
the waveguide, the transverse fields can be written as linear
combinations of TE and TM modes.

In the slab model, the plasma transverse fields can be Fourier-
analysed and continuity of Er and H; at the interface (x = 0 ) and mode

orthogonality yield the following system of equations for Ajand Bj: A
- B1 = Zm Lim (A + Bm) , where

1 5 (0 Y o B @dkydk,
Im =35 R i (1)
D, || Hiy,2) 12 dydz
Following Bers and Theilhaber [2], we have introduced the plasma

surface admittance tensor Y defined as I_-I.F;. (kykz,0) = Yo E{f (ky,kz,0)

where we assume that Y depends only on the local edge plasma
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parameters. We calculate the slow wave fields by solving the full set of
wave equations, while the fast wave fields are computed from a
reduced set obtained by setting E, = 0. Explicitly, it can be written as

dE n’
1% _ oD e iy P
ko dx 25y T 2| P
0 S-n S-n
z z
P
kld?xz = i|5-n2- D22 AT = @)
0 S-n,| ¥ S-n;

where kg = o/c; ny = ky/ko; ng = kz/kgand S, D, P = dielectric tensor
elements for the cold plasma. Since only this mode can propagate in
the waveguide, we anticipate that the dominant admittance element
for the calculation of the reflection coefficient is Yy = Hfz / E;
corresponding to the incident TE1p mode. Thus we need only deal
with the system of differential equations for the fast wave given above.
Assuming that no reflections occur from deep inside the plasma, the

system of differential equations (2) has been solved numerically [3] by a
Runge-Kutta algorithm.

II. Power Conservation and Wave Heating in the Plasma Core -- Our
work is distinct in providing fundamental definitions of local power
absorption and kinetic flux. The total power absorbed by all the

particles passing through T is obtained [4] by an integration over v.
PG = Jddv < qEGLY) - VET VL) > @)
where < > denotes the time-average over t' and the star indicates the
complex conjugate. Kinetic flux is the flux of energy carried by the
coherent oscillation of plasma particles. The amount of energy being

transferred between the particles and the wave at time t' is given by
@ = Re (B, t) - v) Re {1, v', ) =

;i— [e’i(kz - 0" teilkv - o1, a;tei“%‘c + c.c.]
n

-imw T
X [ei{kZ - it)e = ilkvy| - m)rz}ﬁ—" + c.c.] @
m 1Am
where T =t~ t and Am = ®-kv - mwe. The total energy gained or lost

by the particles since a time t seconds before t until t is J-;(b('r') dt'. @
contains a secular part which is independent of 1 which we designate

as < ® >;. We have previously identified < @ > giving rise to the
Tower absorption density P. The total kinetic flux is then simply Sx =

d3v v(_[o (D - <D >7) dt)g, The result for evaluation of the total
kinetic flux is
1 1imj v ¥ 1 abm
= 3 — ——— ————
Sk icﬁe'y—)() d3v o ™ nom A (n#m) (5)
The evaluation of the kinetic flux terms in Eq. (5) to third order
is carried out in the same manner as that for local power absorption. A
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er code, XWAVE, has been written which solves the wave

omput F : : y
2 ueﬁion for a fast wave incident from either the high or low magnetic

field side of the mode conversion zone or for a Bernstein wave
incident from the high-field side. It also computes the local power
absorption profile for each particle species and the power flux.

III. Results - We consider coupling for a CIT-like plasma with the
following parameters: major radius R = 210 cm, minor radius a = 65
cm; Bo = 10.0 T; 1-1 D-T plasma with npg = ntp = 2.0 x 1014 cm-3 and the
percentage of 3He = 5% of the total electron density. We divide the
density profile into an exponential variation from the launcher to the
separatrix: expl(a - x) / scl] with scl = 5 cm; a shifted Gaussian variation
and a plateau region to the plasma center. For CIT parameters, we
have chosen the separatrix density gradient as 6 x 1012 cm for the L-
mode and as 6 x 1013 cm? for the H-mode scaled from recent
experiments. The waveguide has a width of 30 cm and is filled with a
dielectric of gr = 81. Itis placed 5 cm away from the separatrix. [The
heating is at the fundamental frequency of 3He f = 95 MHz (Z, =
51.7Q).] Table I lists the power reflection coefficient T2 and plasma
impedance for various waveguide heights for the L and H-modes.

Figures 1 and 2 show Re(Yzy) Vs, ky and k; for the L- and H-
mode, respectively. The shorter evanescence lengths in the H-mode
account for the wider spectrum in sz. However, the magnitude of
Re(Yzy) is significantly reduced. This is in accord with the significant
increase of the power reflection coefficient in the H-mode (7% in the L-
mode vs. 37% in the H-mode for a 2:1 waveguide). We suggest that the
variation in launcher loading during the L to H mode transition in CIT
can be handled by stub tuners and frequency tuning of a moderate
bandwidth RF amplifier, as has been demonstrated on JET [5].

The amounts of wave reflection, integrated absorption by species
over the *20 cm resonance region, transmission, and mode conversion
from the incident fast mode to the Bernstein mode are evaluated and
shown on Fig. 3 as a function of the wave number vector, k;, parallel

to the magnetic field for JET parameters corresponding to 5% 3He, 90%
D with ne = 5 x 1013/cm and By = 3.45 T on axis at a fundamental 3He
resonance. Note that the 3He absorption peaks at a value of 45% of the
incident power at a k;, value of 6 m-1 with a corresponding value of
about 5.5% of the power absorbed by the electrons via Landau and
transit-time damping.

The fast wave, low field incidence 5% minority 3He case in a
45%-45% deuterium-tritium plasma with parameters comparable to
CIT is illustrated in Fig. 4. Our CIT parameters correspond to those in
Fig. 1 except that s 2x1013/cm3 and T = 20 keV. Note that the 2He

single pass absorption of 65% peaks at a high k,of 18 m-1. The

associated electron absorption is 12% and the tritium absorbs 4% of the
incident fast wave power from the low field side for a 20 cm absorption
width near the core of the plasma. One also notes that a substantial fast
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wave reflection (>40%) from the helium cyclotron resonance occurs for
lower (<10 m-1) values of k.

TABLEL, IT12and Zp, for various waveguide heights in the L and H-modes

H (cm) T2 Zp (Q)
L-mode 20.0 0.02 @86+i33
15.0 0.07 82.1+]16.6
10.0 0.19 98.5 +j49.6
H-mode 20.0 0.31 54.4 +j70.3
15.0 0.37 52.1+j77.3
10.0 0.51 415 +j93.1
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Studies on the distribution function of minority ions under
ICRF wave heating

Chong-Han Park, Wook-Hee Koh, Duk-In Chei and C. S. Chang

Department of Physics
Korea Advanced Institute of Science and Technology
P.0.Box 150, Cheongyangni, Seoul, Korea

An analytical representation of the resonant ion velocity distribution in
two dimensional velocity space would greatly facilitate understanding the experimental
results as well as relating them to the analytical theory. However the analytical approach
for the study of the ICRF heating is difficult to treat and majority of existing works are
numerical approaches In this paper the bounce averaged quasilinear kinetic equation of
the form {C}fo -+ {Q}f(o) = 0 is solved numerically by finite element method (FEM)
to obtain the minority ion distribution function driven by ICRF wave at the fundamen-
tal harmonic. A reasonably simple and accurate analytical expression which can well
represent the numerical solution is then obtained.

The lowest-order distribution func-
tion f},o) can be determined from

where
a1=%+ o ||>9“[Z=HG%>+G(U,” =PD—§“E‘—ME
0= {5 ||>aM:u (Zess G/ Tert GLTY, b= —p- a8,
b = (v + ) fm(—““—') Fﬁ:ﬂ“zﬂ f)z,
Da=03%me —&+(6)), Di= (55l mﬁ)m,

v 1 kv
et = &=l Ve = G+ (Ado)" + A0}, At = s (- EN1-8,

B n;z? 4rz?e’(InA) Cynz? v v
2 m g g e
So=l-g% Zyr=—= D= T‘ vi = ——10(7) = G

B, _ [ FEKEE), &> 6
| K, a<e
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Balul, 2 el E(e2/€2), ] B8
Bo 7 RalE(nsen - (- @ksen), e <

Here £, = v /v and 'm’ means the midplane. The Heaviside step function Ho
that {Q} is zero for trapped particles which never reach the resonance positiop,
the pitch angle of particles whose banana tips lie in the un-Doppler-shifted Tesop
layer where w = ). Afp is the amount of resonance broadening in pitch angle 4
Aép < 1, since kv < Q,, for ions. We note here singularities may occur whenever the--
argument of the square root in Dy is zero; however these singularities are known ¢4 be
integrable (when averaged over any finite region in pitch angle) leading to finite Pover
absorption [1]. @ is the error function and 7 is the Chandrasekhar function. g &l
K are the complete elliptic integrals and & = V22, where £t is the pitch angle 44 the
trapped-passing boundary and ) is the inverse aspect ratio.

The governing Eq. (1) has been solved numerically by the finite element methgq.
To illustrate our calculations we choose one representative case - a tokamak plasma
the following plasma parameters [2: R=3m,a=1.2m, T;=1 keV, T.= 8 keV, B
T, k= 0.05 cm™, n, = 6x 10%m=3, Z,,, = 2, ny/np = 0.05 and (ng+np)
where majority ions are deutrons and minority ions are hydrogens. In Fig. 1(a) we plyy
the constant féo)(v,fm) contours of numerical solutions. At low energies fo'is isotropig
in pitch angle, while at high energies it is sharply peaked around £, as expected, wher
we let & = 0.454. Comparison of Fig. 1(a) with Kerbel and McCoy’s result [3] shows
that they have the same characteristics in both energy and pitch angle profiles.

We have obtained a reasonably simple and accurate analytical solution
given by

witﬁ
=3 A5
/ Me = 08,

,which ig

(gn)(vlfm) = f!‘vfa::+f!m‘h (2)

where

1
fMuz: nOrl[Q:[

Rkl a ] 1
o QW\/T_rP(g-?) (wrwg)3/2

D\843/2 g1 (0 100 Yor 2me=tt €XP [—(v/0) (€ — 060)?)
e ST T( B oy

with the help of Table 1. fy,, is the isotropic low temperature Maxwellian component,
and fi is the anisotropic tail component, which vanishes at zero energy. ng is the
minority ion density in the midplane velocity space. r; represents the fraction of J-th
component with j = [ for low temperature and J =t for tail component respectively.
Here the T is the Gamma function. v is the thermal speed of low temperature particles
and v; used here is a parameter for fitting. To describe the thermal speed of the non-
Maxwellian tail the average kinetic energy should be used.

We used the least square method to determine the five fitting parameters: a, 8, ry,
vy and v, (r; =1 —r;). An example of the fitting of f*° is shown in Fig. 2 and there the
fitting is very satisfactory in both low and high energy regions, where f*° = ([ d¢,,)™"

flm‘l
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k=20 k=40 k=60 k=80
o] 041 0.16 0.11 0.07
/v 1.50 1.68 1.87 2.03
vefvi || 2.05 X 1073 3.26 x 1073 | 4,13 x 1073 | 4.67 x 103
a 0.4
B 6
vo/ Ve 0.9

Table 1: The fitting parameters for different « values, where & = Dy M/T,. v; is
the thermal speed of majority ions ,ie., v; = 2T/ M;)M2. v, is the critical ion-electron
slowing down speed, where v, = (3712 M, [AM;) Pu,.

fdfmfén)(u,gm). In Table 1 the fitting parameters are given for different levels of ICRF
power. For high power, 7 is very small ,i.e., most of resonant minority ions are in
tail part. A notable point in this part of numerical study is that the exponents o and
B stay constants for wide range of power levels and also for wide range of the plasma
parameters. The reason behind is under investigation.

vp is determined by trial and errors. The value of vy thus obtained stays fairly
constant for wide range of power levels; however it is rather sensitive function of other
plasma parameters such as T¢, Ti, M;, My and Z.g;. In Fig. 1(b) we plot the constant
79, ¢,) contours of our analytical solution of Eq. (2). Comparison of Fig. 1(b)
with Fig. 1(a) shows that the analytical and the numerical solution are qualitatively
consistent with each other. The valid region of our analytical solution seems to cover
the whole velocity space and it may be considered as a unified analytical form for the
whole ICRF heated minority ions. This is to be compared with other analytical results
which are either one dimensional [4] or applicable to the tail species only [5].
Dj y

The flux surface averaged power density (P), which is the average power per unit
volume delivered to the resonant minority ions on a magnetic surface by the applied
ICRF wave, is given by

8v/mzle'(InA)neng
* SM{UE !

- {nn)

"= R e+ (26/E)r

where (ng) is the flux surface averaged minority ion density. Thus for the plasma
parameters employed in this paper and choosing the value of Coulomb logarithm(InA)
to be 20, k = 40 corresponds to (P) =~ 0.32 watts/cm?.

Using our analytical solution Eq. (2) we can calculate the particle flux T', and the
heat flux g,. The power transferred to the bulk plasma through the Coulomb collison
with minority ions can also be computed. These calculations are under investigation
and will be reported elsewhere.

(P) =

()
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Fig. 1. Constant féo) contours of the ICRF-heated minority ions in two dimensiona]
velocity space with & = 40. v, and v, are normalized by 10%m/s. (a) Numerical
solution  (b) Analytical solution
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PARASITIC COUPLING OF THE FRINGING FIELDS
OF AN ION-BERNSTEIN WAVE ANTENNA*

§.C. Cuw, V.S. Cuan, F.W. PERKINS,T and . Purt

General Atomics
San Diego, California 92186-9784, U.S.A.

Ton-Bernstein wave (IBW) heating is an important method of heating a tokamak plasma.
In past experiments, the loading of an IBW antenna is known to be considerably higher than that
P;-edjcted by linear theory. It was attri buted to background loading due to unknown mechanisms.
Here, we propose that a possible mechanism is the coupling of the fringing fields of the Faraday
screen to a short wavelength electrostatic mode. This mode is highly dissipative and can be
Pmpagative or evanescent, depending on the edge parameters. The problem is formulated as
2 mixed boundary value problem and solved by singular integral technique. Numerical results
indicate that this can be a significant parasitic coupling mechanism whose magnitude at typical
edge parameters can be significantly larger than the coupling to the desired IBW. It is insensitive
to variation in magnetic field, which is in sharp contrast to theoretical predictions for IBW
coupling. The dependence of the coupling to plasma and antenna parameters will be presented.
Relevance to experiments will be discussed.

Ion-Bernstein wave (IBW) heating is considered to be a promising method of heating a
tokamak pla.-n:ua..l'2 Ton-Bernstein wave experiments have been or are being carried out in several
tokamaks.2~® It was known®” that the loading of an IBW antenna was considerably larger
than that predicted by linear theory of coupling.8? A significant qualitative difference between
theory and experiment is that while theory predicts a sharp peak in loading near the cyclotron
harmonics, experiments do not indicate such a sharp dependence on Bg. Here, we propose that
a possible mechanism is the parasitic coupling of the fringing fields due to diffraction by the
TFaraday screen to short wavelength torsional mode. The mode is insensitive to Bp once the
frequency is well above the fundamental harmonic. Fringing diffractions by periodic screens in
vacuum has been studied.’® Here we study the coupling of such fields to plasma.

We consider a simple model. Assume y (poloidal) independence. The Faraday strips are
(Fig. 1) periodic in z (toroidal), each of width W and separated by gaps of width g. A uniform
plasma is at > 0 in a static magnetic field, Bpz. The antenna current strip, at & < 0, excites a
long wavelength oscillating field, whose z-component at @ = 0 is (Hg e™* + c.c.). The boundary
conditions for the fringing fields, E, are, assuming no charge accurmmulation at the gaps,

*This is a report of work sponsored by the U.S. Department of Energy under Contract No.
DE-AC03-89ER53277.

'fPrinceton Plasma Physics Laboratory, Princeton, New Jersey 08544, U.S.A.
Max-Planck-Institut fiir Plasmaphysik, Garching bei Miinchen, F.R.G.
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The plasma wave excited by the fringing fields satisfies the electrostatic dispersion relatioy
Kpon? + K..n? = 0, where ng, n, are refractive indices in  and z directions; Kuz, K,,

are
plasma dielectrics which include electron Landau damping. The electric potential of the ﬁ'illging
field can be written as

= % Jn exp i(nkoz) e~ [nlAnz , (2}

where ko = 27/lo, fo = W + g, and A, = koy/K../K.q, describing a decaying or outgoing
wave. At @ =0, Eq. (1) implies that for 2, = z — méy,

Z T.'afﬂ Ei'ﬂkoz EX 3 for |zm| < W/2 i (3)
n#Z0
> Inl Anfpeihor =0 for W/2 < |om| < fof2 (8
n#E0

where &9 = —i(Eo/ko). The problem is then to solve for f, satisfying Egs. (3) and (4).

The antenna is recessed in a box of poloidal height hy, toroidal length, La, and radial
depth Wg. The current strip has width, d, and is at distance, A, from the Faraday screen,
Taking only the lowest Fourier mode of the fields and currents in the cavity, and defining the
loading resistance to be R = 2 P/I?, we have

_ khalaw K,, 2] w? 16\ . o [ d e va
BE—x 0 ;MM lonl"| 22 (5a ) = 7y [+ cotho(Wa —A)F '

where Im() denotes the imaginary part of @, g, = nf,/FEo, and v = (m/ka)? — (w/c)?. Let
W/y = 0.5, and assume ¢(z) at = = 0 has the sawtooth waveforms of Fig. 1 with zero at the
gaps, one can estimate R in two regimes: (a) At low densities, Kp, > 0, the dependence in
plasma parameters is R o< \/f¢/Te. (b) At high densities, K,, < 0, the mode is propagating,
and R o no/+/Te. The characteristic impedance is

2 VK
Ro = LA IHea] g 100 (ohuns) (6)

The resistance is typically several ohms, and thus can possibly dominate the loading.

In a special case of constant K, and K, which are independent of 7, an approximate
analytic solution can be obtained by the Green’s function method. Normalizing lengths in z in
units of W/2 and & in units of (W/2)\/K,./K,,, one obtains

_ Eg >, 2z,
E,(O,z)&ﬂ_(l—”i- Z [—w+—ﬁsgn(zn_1) ; for |z|>1 , (7)

n=—oo
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— z— nfy, and B =~ 0.24/(1+ g/W)?. On the strips, E,(0,2) = Ey, while at the edge

- |za| ~ 1 — €, there is a singularity of order 1/,/e.

of the gap, near
Equations (3) and (4) can be cast into the well-known Riemann-Hilbert boundary value
blem which is solvable by the singular integral technique.!? The resulting equations can be
olved for gn- From Eq. (5), the loading resistance can be calculated. We describe the numerical
3 vets In the case of cold, low density plasma, §,, — 0, and the solution has been checked
ﬁﬂ}e analytic solution in Eq. (7). We find that, to obtain good agreement for E,(0, z),
Jarge number of modes have to be used. Nevertheless, we find that only a few modes are
a ssary in order to calculate the loading resistance accurately. The variation of the parasitic
n;::de]'ng resistance with various plasma and shield parameters is shown in Figs. 2 through 4. In
these figures, the antenna parameters are Lp =82 cm, d=16 cm, ha = 40 cm, A = 2.5 cm,
We = 14 cm, and frequency f = 38 MHz. The variation with density temperature has been
verified to be in accordance with analytic predictions Figure 2 shows the insensitivity of R to By,
which is in sharp contrast to coupling to IBWSs. The inverse variation of R with atomic weight is
apparent from Eq. (5). Here, the second harmonic of hydrogen is at By = 1.25 T. Of importance
is the variation of R with the shield parameters, gap width, g, and period, £5. As shown in Figs.
3 and 4, R decreases with increasing g and decreasing £. Thus, to minimize parasitic coupling,
one should have open mini-blind type of shield rather than closed mini-blind type. From the
above, the loading resistance is seen to be typically several ohms, i.e., considerably larger than
loading to IBW. Thus, the loading measurements may be completely dominated by parasitic
loading.
In summary, we investigated the parasitic coupling of the fringing fields of the Faraday
screen of an IBW antenna to a short wavelength electrostatic mode. It is found that the parasitic

loading can be a significant coupling mechanism for an IBW antenna. It is also found that
parasitic loading can be minimized by increasing gap width between the shield strips. The

‘loading is insensitive to change in magnetic field By, which is reminiscent of what is found in

DIII-D IBW experiment.® The order of magnitude of loading is several ohms, which is similar
to predictions from the present theory.

The authors would like to acknowledge useful discussions with R. Pinsker, M.J. Mayberry,
and M. Porkolab.
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Loading Resistance (£2)

T T
1.3 1.4

Bo (T)

L] 1.2

Fie. 2. Loading resistance ver-
sus By for H and D-plasmas; n,
=6x 10" em™3, T, = 2.5 &V, £,
=2cm, g=1.0cm.

o T T T T

L] 2 4 6 L]

Period/Gap-Width

F1G. 4. Loading resistance versus
£q/ g for two periods, £ = 2 cm and
1 cm. Plasma is deuterium; other
parameters same as Fig. 3.
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MODE COUPLING BETWEEN I.C.R.F. WAVES PROPAGATING
OUTSIDE THE B-VB PLANE

B. M. Harvey and R. A. Cairns

Depariment of Mathematical and Computational Sciences,
St Andrews University, St Andrews, Fife, Scotland

The wave differential operator is obtained directly from the perturbed Vlasov equation.
Expressions for the conductivity tensor elements are obtained consistently to first order in
the equilibrium magnetic field gradient. Conditions on the parallel wavenumber and the
magnetic field gradient for which such a method is valid are given. The expressions are then
used to model the case of minority and second harmonic ion cyclotron heating.

The forms of the electromagnetic and kinetic power flows and the cyclotron damping
are obtained simply.

The differential equations are solved numerically as a linear combination of boundary
value problems for the perturbing electric fields using standard NAG library routines, and
the transmission, reflection and mode conversion are calculated for a range of ky and k;
values.

On setting k,, lo zero, excellent agreement is found between the results obtained from

our code and published results from codes by other authors.

THE VLASOV EQUATION

The starting point for our method is the Vlasov equation. As in the case of a hot
homogeneous plasma, the field quantities f,B and E are linearised and then the perturbed
equation is Fourier transformed in z and t but not in x (the dependence of the
inhomogeneity). For clarity and to facilitate comparison with other methods, the plasma
equilibrium distribution f, is taken to be Maxwellian with no applied electric field and
therefore spatially homogeneous.

. dfy df dfy q . 9%
1(kyvy +kv, - o)f) +vxa-+ mc(vyaq v, E) = i ;—E‘_. proe (1)

Again as in the case of a constant background magnetic field, the number of dependent
variables can be further reduced by a change of velocity coordinate system to cylindrical
coordinates.

-qf,

df; Vi ow a9 YL o 4 : b
0, — + i(w-k,v)f, - T(e‘ re ek T(e""- e““)kyf1 =@ LEe® +Ee™) +2Bv) ()
dé mv)
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v, =v,cosd Yyl v;sing E =E - iEy E,=E_ + iEy

Using ihe fact that f; is a single valued function of ¢ fo write f; as a Fourier series in ¢

f@2m = 6@ L@ =D 6, e

n=-e=

d d
fl,n =A"{E - ky)fl‘ml + 1’51(; + ky)fl.n‘l +A, D, 3
vy  + no, - v,
= T n = W WS
2ik, v (€ -v,) kvi Yy
2, 4, 2,
D_1=A—2E+ D, =- SE, D,, = - 2E._ D, =0 Inl>1
mv, mvy, my,

If, after integration over v, ,(he coefficients A, are slowly varying, it is reasonable fo
consider terms up to first order in the magnetic field gradient when evaluating J.
For non-resonant terms this simply implies that B, must be slowly varying. More
importantly, the resonant coefficients must also be slowly varying. Thus if the wave enters
a region where the effects of the (n)th harmonic resonance become significant, then in order
to fruncate the parameter gradient terms, it is required that

)

@, dx

« 1

If the magnetic scale length is L, the restriction is n* o« (k L)z.

CONDUCTIVITY TENSOR

Equation 3 has already been tackled for the case ky = 0 (Harvey and Laing, 1990) to
any order in the 'perpendicular wavenumber'. For k, # 0 the conductivity tensor terms can
still be obtained to any order (Harvey and Cairns, 1990) although the expressions are
significantly messier.

If we are interested only in slowly varying electric fields we can truncate the electric
field gradient terms, just as, in the homogeneous case, the same condition is used to truncate
the series expansions in k,. For the case of minority fundamental and majority harmonic
cyclotron resonances we can truncate the electric field gradient terms at second order for
the maijority species and zeroth order for the minority species. Discarding the highest order
non-resonant terms for each species leaves a conductivity tensor of particularly simple
form.

; d d : : , ,
iop oy = {;- + k),)(}2 (H - ky) + G = 00y, Op,0,y ) = -00;, = Of0;; + iG,
3 2 2 2
G e s P 6. @ = -5
0 T T3 1 = 2 &) - G, 3y = —ZZ@.:)
3¢ kyve ok, ¢

&, = minority fundamental resonance &, = majority harmonic resonance
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o, = majority ion plasma frequency 1 = minority ratio
1

Combining Maxwell's equations with the conductivity tensor in the usual

ner gives a system of coupled ordinary differential equations which govern the spatial
o f the perturbing electric field.

m
gvolution O

2
VAViE - iopoE - LE = 0
c

This system of equations can be solved numerically using a NAG library routine based on
PASVA3 (Pereyra, 1979).

POWER FLOW

Clearly the eleciromagnetic energy density, T= (e, E".E + u H".H)/2, is independent
of time. Differentiating term by term and employing Maxwells equations gives.

real (E.VxH - H.VxE -E' 1) = 0

real (VExH) - E.gE) = 0
Where the first term is the divergence of the poynting vector. Using Maxwell's
equations again and our expression for the conductivity tensor the power flow equation is
obtained.

d * * d d *, * 1
real(- (B, B,) - (B(Gy +(2=+K)) Gy (=-K,))E, +E, 1G°Ey—nyGuEx)m) =0
. . dE dE
= %(I.m(Ey(%-ikyEJ - Eﬁﬂﬁ- K E)M = -1E @, - == k, B, Im(G,)

The second term on the left hand side is the divergence of the particle energy flux, the
first on the right hand side is the cyclotron damping due to the minority species and the last
is the harmonic damping term.

For the case k,= 0 the power flow equation reduces to the form obtained by Cairns &
Fuchs (1989).

RESULTS

The results in this paper were obtained for a 5% hydrogen minority in a deuterium plasma

with a temperature of 2keV and an electron density 3x1019m-3in a magnetic field of the
form

B= 30 .%) Tesla L =132m
Results from our code with k, =0 Results from the code of Imre and
Weitzner quoted by Fuchs and Bers
ks 6 7 8 9 10 6 7 8 9 10
251, 292 34.2 39.8 46.4 254 295 344 400 46.4
RE 33,1 265 20.5 15.3 11:1 329 264 20.4 153 11.1
C 16.6 167 157 13.6 10.4 16.7 16.8 15.7 135 10.4
T 247 288 33.8 39.4 46.2 252 293 342 39.9 46.2
C 71.1 648 566  46.8 35.6 70.6 643 56.3 46.6 35.6
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ANALYSIS OF RIDGED WAVEGUIDE FOR PLASMA HEATING BY
AN USING INTEGRAL EQUATION METHOQD

T, HONMA, A. YONETA, M, TSUCHIMOTO and H. IGARASHI
ABSTRACT

Ridged waveguides are used for ion cyclotron radio frequencies (ICRF) plasma
heating, so that the analysis of ridged waveguides has been getting important to
produce high temperature plasmas in the nuclear fusion machines, Since the
governing equation of the problem is expressed by the Helmholtz equation, so
many authors have analyzed the ridged waveguides by using domain type
pumerical methods. However, the boundary integral equation method (B-IEM),
which is one of boundary type numerical methods, has not been applied to analyze
the ridged waveguides, In this paper, in order to obtain the cut-off wavenumber of
the waveguides from the determinant search of the system matrix, we use the
fundamental solution of the Helmholtz equation, which is expressed by the
Hankel function with the wavenumber as its argument, Furthermore, we
consider the Helmholtz equation as the Laplace equation with an inhomogeneous
term, so that we have a possibility to apply the boundary-domain integral
equation method (BD-IEM) to this problem. In this method, we only use the
fundamental solution of the Laplace equation and then the problem is reduced to
the eigen value problem solved by the standard numerical technique. We compare
BD-IEM solutions with theoretical values and B-IEM solutions and show that
BD-IEM is useful to analyze the ridged waveguides. Numerical results in this
paper are summarized as follows :

(1) The integral equation method is applied to the analysis of the ridged
waveguides, so that cut-off wavenumbers and electromagnetic field
distributions are obtained.

(2) Relative errors for higher modes are worse than those for lower modes and
relative errors for TM modes are smaller than those for TE modes in the
integral equation analysis.

(8) Forridged waveguides, solutions with good accuracies are obtained from
the integral equation method.
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STUDY OF THE NEUTRON YIELD BEHAVIOUR IN COMBINED ICRH AND N
HEATED DISCHARGES ON TEXTOR

G.Van Wassenhove, Th.Delvigne, F.Hoenen', A.M.Messiaen, J.Ongena, R.R.Weynants,
J.W.Yang=+

Laboratoire de Physique des Plasmas - Laboratorium voor Plasmafysica
Association "Euratom-Etat belge"- Associatie "Euratom-Belgische Staat"
Ecole Royale Militaire - B 1040 Brussels - Koninklijke Militaire School

1Institut fiir Plasmaphysik,Forschungszentrum Jilich GmbH |,
Association EURATOM-KFA, P.0.B. 1913, D 5170 Jilich, FRG

2Southwestern Institute of Physics,Leshan, P.R.China

1. INTRODUCTION
Applying ICRH on a NB heated plasma (deuterium beam in deuterium plasma) on TEXTOR
leads to significant increases of the neutron yield, which may reach 80% when the auxiliary
heating powers Prg and Py are equal. The increase in the neutron emission comes parily
from the increase in the electron and ion temperature and from the change in density of the
target plasma but a residual contribution remains unexplained. Direct acceleration of ions of
the beam by RF fields could be responsible for this augmentation.

The experimental set-up is presented in section 2. The third section presents an original
calibration procedure which is based on the neutron estimation at the switch on of the
neutral injection . This calibration has the advantage to be mainly dependent on well known
plasma parameters. The fourth section deals with the neutron yield measured during
combined co injection of deuterium and ICRH. In the last section the increase in neutron
production due to direct acceleration of the ions of the beam by the RF field is estimated using
a simple model.

2. EXPERIMENTAL SET UP
The neutron yield in TEXTOR is measured, for this experiment, with a large dynamic range
counting system constituted of iwo BF3 detectors surrounded by polyethylene and two liquid
scintillators surrounded by lead [1]. One of the BF3 detectors and the two liquid scintillators
are located near the tokamak. The second BF3 tube is located outside the concrete shielding of
TEXTOR and is never saturated.

3. CALIBRATION PROCEDURE

An absolute calibration of the neutron yield is obtained by comparing the measured neutron
yield at the start-up of the injection of a deuterium beam in a deuterium target plasma with
the predictions of the following theoretical model. The neutron production is dominated by
beam-plasma interaction. We take t=0 at the switch on of the neutral beam injection. At a
time t much shorter than the slowing down time (Tsc) of the beam ions in the plasma, the
total number of emitted neutrons is approximately given by:

a

N(t) = 2 nRJ N(t,r) 2 = rdr
° (1)

+ EEC grantee of the Association "Euratom-Belgium State"
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a is the plasma small radius and:

where

N(LT) = no(r) t [fibt oop(Ve,Ti) Vb + fbz opn(Vse/ V2, Ti) b/ 12 (2)

{hese relations: N (t,r) is the total number of neutrons produced at radius r and at the
I:-:ne t after the start-up of the beam; opp Is the cross section of the neutron production
Iakiﬂg into account correction for non-zero jon temperature [2,3]; vp is the velocity of the
fast component of the beam and rins(r), npz2(r) are the number of atoms of the beam of
eneray Eb and Ep/2 ionized at radius r per time unit, the contribution of the component at

energy Ep/3 has been neglected.

ation of the radial profile of fip1(r), Av2(r) is obtained using the TRANSP code [4]:

! il 1282 i

fipi(r) = exp(-ré/s?) i=1,2 (3)
are the number of atoms injected by the beam respectively at full and half
line integrated densities between 1.4 and 3.1 10'? cm, s varies between 16 and

An estim

where I, l2
energy. For
23 cm.

The calibration has been made for discharges with low effective charge Zgff in the ohmic
hase and np(r)= ne(r). The slope of the total neutron yield at the start-up can thus be

approximated by:

gdﬂ= ne(0) [11 on(Ve, TIO)) Vbf1 +l2 Gop(Ve 43, THO)) Vb a5 Tl (4)
t

where n.(0) and T;(0) are respectively the central density and the ion temperature. The
factors f1 and f2 take into account the effects of beam and density profiles; their values vary
petween 0.75 and 0.9 for the analyzed discharges. We compare in figure 1 the evolution of
the neutron yield divided by n(0) measured for two discharges of different densities. At the
start-up of the NI pulse, their time evolution is similar as expected from Eq. 4.

The main advantage of this new calibration is that the neutron yield only depends on well
known quantities: Gpp(Ve,Ti(0)), ne(0), Vp; the major uncertainty comes from the ion
temperature. Nevertheless, an error of 500 eV on the ion temperature only leads to an error
of 10% on the calibration factor.

4. NEUTRON YIELD DURING COMBINED CO INJECTION OF DEUTERIUM AND
ICRH.

The evolution of the neutron yield during a discharge with combined NBI and ICRH heating is
given in fig 2. The NBI (1.5 MW) starts at t= 0.7 s and the ICRH (1.5 MW) at t=1.7 s. Also
shown is the prediction of a theoretical model which has been cross-checked by means of the
TRANSP code and has the following elements:

o 8 . In1+xg (1))
N =3 [ () no(r) teilt) J o(v) v(t) dg|dr
i=1 Jo 3 o (5)
with
(=3t
Tse
v(g) = v [(14x") @ - x5
Xp = Yo
Ve
v¢ is the critical velocity and T, is the slowing down time on the electrons.

3] 113

(6)
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The density decrease of the target plasma induced by the ions of ihe beam is t
account and is given by:

no(r) = ne(r) -2 Nbi(r) Tse,i(T)
i

aken |ﬂh 3

During the ICRH phase relation (5) is applied taking into account the actual achieveq “D(‘p
and Tjvalues.lt is noted that the prediction agrees well during the pure beam phase but t' 8
the experimental yield exceeds the prediction during the combined phase. The ratio R of fha
measured neutron yield during NBI+ICRH to the neutron yield predicted by (5) is plom,;f
versus the ICRH power in fig. 3 for a set of discharges. This ratio, which measurgg lhg‘
unexplained fraction of emitted neutrons , is roughly proportional to the RF power.

5. THEORETICAL ESTIMATION OF THE INCREASE OF NEUTRON EMISSION Dyg 0
DIRECT ACCELERATION OF IONS OF THE BEAM BY RF FIELDS
During combined NI+ICRH heating, an acceleration of the beam ions by the RF fieldsg coulg
explain the high neutron production. In Ref. 5 a model has been proposed where the energy.
of all the beam ions increases at the same raie SE. This model will be later improveg 10
better describe the present harmonic interaction and is used as a first approximation.
Calling Pgrey the RF power absorbed by the ions of the beam, then:

sE - Prr1 _ PrriEs

b T Pt (8)

The total acceleration then takes the form:

dv . .1 v®+vd | SE

dt e 2 MV (9)
If 3E/mv << 1, it is possible to calculate analytically the new slowing down time of the iong:

tm'r,{i +TiL%G(xb) }

m vg (10]
where the function G is given in [5].

As the neutron yield is approximately proportional 1o T, as can be deduced from Eq. (5), the §
increase in the neutron emission due to the direct acceleration of the beam ion is easily fi
computed using relation (10); the ratio of neutron yield during NBI + ICRH to the neutron
yield during NBI is presented in figure 4 as a function of PR, 1/Pn for different values of
vp/Ve. Note that the results are rather insensitive to the latier ratio. An additional RF power
equal to 40 % of NI power absorbed by the ions of the beam can explain the R=1.3 valug
observed experimentally.

5.CONCLUSIONS

The neutron yield increase measured during the ICRH phase of a NBI heated discharge can
only partly be explained by changes in Tg,Tjand np unless the error bars on these quantities
are much larger than believed.A possible explanation of the remaining part is due to direct
acceleration of ions of the beam by the RF power.

A new calibration method for the total neutron yield has also been proposed.
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EIGENFUNCTIONS OF THE ANISOTROPIC QUASILINEAR FOKKER-PLANCK EQUATION
D. Lebeau, Ph. De Toffol, R. Koch
Laboratoire de Physique des Plasmas - Laboratorium voor Plasmafysica

Association "Euratom-Etat belge” - Associatie "Euratom-Belgische Staat"
Ecole Royale Militaire - B 1040 Brussels - Koninklijke Militaire School

Abstract
We study numerically the eigenfunctions of
the anisotropic quasilinear Fokker-Planck
equation in presence of ICRH and hence the
non-stationary distribution function of the
minority ions. The behaviour of the
eigenvalues for various heating levels is
investigated. By comparing with the
isotropic model [1], we observe new
features in the eigenvalues. The
characteristic times involved in the power
transfer to the background species and in
the evolution of parallel and perpendicular
energies are examined as well as the effect
on the anisotropic distribution function of
ICRH amplitude modulation for different
frequencies.

Introduction
In this paper we solve the non-stationary
anisotropic quasilinear Fokker-Planck
(QLFP) equation with an eigenfunction
expansion. Such a numerical analysis is
well-suited fo interpret modulaled RF
discharges since the main ICRH absorption
mechanism in TEXTOR is fundamental
cyclotron heating of the minority particles.
The extension of our previous isolropic
model [1] o an anisolropic one gives a
refined idea of slowing down mechanisms
and allows to interpret measurements like,
for instance, the diamagnetic energy.

The Fokker-Planck equation

The anisotropic QLFP equation for the
minority distribution f is written [2]:

offot=L(f) wihL=C+Q (1

This equation can be expressed in the (v,
v,) or (v, p) coordinates, with v, (v,)
being the velocity of minorily particles
parallel (perpendicular) to the magnetic
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field; v=Avy+vi, cos(u)=v /v, The
operator C describes the collisions betweg,
minority ions and electrons or majorjy
lons. The RF heating is introduced vig the
quasilinear operator Q. In the resy|s
presented hereafler, we neglect finj
Larmor radius effecis as well as losses dyg
to confinement or trapped particles, L jg
non-Hermitian and negative definite.

Diagonalization

To compute the eigenfunctions and fhg
eigenvalues, we project the operator L ong
set of orthogonal basis functions in order {
obtain an array [L] which is thep
diagonalized (see details in [1]). The main
difficulty is to find a set of basis funclions
close enough to the eigenfunctions. Good
results are obtained with the following set:
fbl_m = fiso(V) H’ZI(V/"") Pr() ()

where fis, , Hai, Pm and v* are the isotropic.
stationary distribution function, the nth
Hermite polynomial, the 2I'" Legendre
polynomial and a characteristic velocily
associated with the temperature of the
isotropic minority tail respectively.

Eigenvalue specirum
In figure 1 we present the evolution of the
real part of the eigenvalue spectrum versus
the heating power. (A figure with the same
parameters but for the isotropic QLFP
operatlor is given in [1]). In addition 1o the
first eigenvalue which is equal to 0 and
which corresponds to the siationary
solution, we observe two interlaced sets of
eigenvalue evolution. Some curves (e.g.
curve A, B, D,..) rise steeper than others
(e.g. curve C, E,..), eventually leading lo
crossing.
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Around this crossing (see the left window in
figure 1), the two eigenvalues are complex
conjugate. This suggests ghe existence of an
infrinsic oscillation mechanism which can
be excited by the RF modulation.
Neveritheless, we dismiss this hypothesis
because the imaginary part of the
gigenvalues changes when the number of
basis functions is increased and because the
numerical method for the diagonalization
does not deal with Jordan canonical arrays.
Two identical real eigenvalues are therefore
transformed inlo two complex conjugate
eigenvalues because of the numerical
errors.

An analytical separation of the operator into
two decoupled equations explains not only
the existence of interlaced curves but also
this accidental degeneracy. To do this, we
use the coordinales (v, p) when the heating
is very weak and assume an Isolropic
quasilinear operalor and a piich-angle
scattering coefficient independent of v.
When the heating is very strong, on an other
hand, we use the coordinates (v, v,) and
neglect this last coefficient [3]. The
eigenvalue speclra become respectively: °

200 400

Pmin  (mW/cm?3)

M =M +My OF Am=A"+2z (3-4)
Therefore, for the same specific
parameters, different values of | and m can
lead 1o the same eigenvalue. To show clearly
the separation of the real parl of the
eigenvalues around the degeneracy point, we
add a small imaginary part into the pitch-
angle scattering operator and separate in the
complex plane the two interlaced eigenvalue
spectra (see the right window in figure 1).

Figure 2 shows the contour plots of the first
six eigenfunctions for high (500 mW/cm3)
heating power. The stationary function
exhibits the characteristic egg-like shape
with the presence of a strong anisotropic
tail. For the other eigenfunctions, modes
expressed in the coordinates (v, v,) are
identifiable.

Stationary solution
A first application of the method is the study
of the slationary distribution function.
Figure 3 presents cross-sections of that
function for a RF power density of 300
mW/cm?3 in the two cases v,=0 (D) and
vy=0 (B). Curves A,C,E represent
respectively the isotropic function without

By Dlanale jnntitat
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heating, with 300 mW/cm3 and with 450

mW/cm?3 of RF power. As expected,
injuitively curves B and D are in between
curves A,C and C,D. The slopes of curves D
and E are asymplotically equal. Figure 4
presents the evolution of pPmine, Prmin,i Tiy
and T, as a function of the RF power: Prmin.ef)
is the power given by minority ions to
electrons (majority ions) and T, (T,) Is the
lemperature associaled with the parallel
(perpendicular) energy content of the
slationary solution. We point out that, in
our case, the physical mechanisms neglected
in this study (trapped particles, detailed
losses or finite Larmor radius) tend fo
reduce the strong anisotropy exhibited.

— .

I\

Iy

Figure 2: Contour plots of the first six
eigenfunctions of L (Tg=1.4 keV; Tj=1
keV; ngo=3 10'3 cm3; 6% H in D;
Pm;n:SOo mW/chr:;).

RF" modulgyy,
As a second application, we introdycg
perturbed quasilinear operator Q, tg e
into account the effect of RF modulatigy i
pulsation Q: |

offot = L(f) + Q1 (f) cos(Qu) 5

Using the eigenfunction expansion f = ¥ ufy
g

this equation Is transformed into a gg|
first order differential equations:

n

day/ot = \; a; + 12-:1 g,k 8 cos(Qt) 8
where [q] = [Z]'[Q4][Z] and [Z] s yhy
matrix of the eigenvectors of [L]. For Small
perturbation, the a;(l>1) are small wjj
respect 10 a, which stays constant. Calling.
Ay(Q) the Fourier component of ait),
solutions of equation 6 are:

Ai) =qi1a; /(GQ-4) ]
Therefore, we can write the transfer
function of a moment M:

M(Q) = L A(D) M; o

M being the moment M computed for the
eigenfunction i. On figure 5, we show {he
amplitude and phase evolution of Prin.g:

f(v) AU.

1

0.1

0.01

0 12.5 25
B 6w
Figure 3: Stationary distribution function

A Tisa (Pmin= 0 mW/cm?)
B lofyper=0 (Pmin= 300 mW/cmd)

fiso (Pmin= 300 mWicm?)
D: fo;’v,,:ﬂ (Pmin= 300 mWrscm?)
! iso (Pmin= 450 mWrem3).
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Pmini, Ty and T, as a function of the
frequency. On one hand, the amplitude of
Pmine: Pminy» @nd T, decreases as 1/Q and the
phase reaches -90° at high frequency,
which means that the interactions between
these quantities and the RF are governed by
only one characleristic time. For strong RF
heating, this time reaches about 1;6/2 (lse
being the electron slowing-down time [2])
for T, and Pmin,e. but is much smaller for
Pmint- On the other hand, there are iwo
characteristic times in the transfer
function between the parallel energy and the
RF.

Time evolution
A third application of the code is the study of
the evolution of different moments for an
arbitrary time-dependent RF scenario. This
is done by resolving directly the set of
equations (6) in which a time-dependent
function Is substituted for cos(Q1). This
allows, for instance, to simulate the
evolution of the different moments at the
swilch-on/swilch-off of the RF.

Conclusion
We have presenied the preliminary results
of a code which calculates the eigenfunctions
of the anisotropic QLFP operator. This non-
hermitian operalor does not seem to present
intrinsic oscillation mechanisms but simply
degeneracy for some values of the
paramelers. Eigenmodes are identifiable in
(v, n) and in (v, v.) respectively at low
and large heating. To analyse RF modulation
experiments, the transfer function between
different moments has been determined. In
this respect, results from the isotropic
model are qualitatively conserved for the
power ransfered fo the background species.
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ICRF HEATING UP TG THE 4.5 MW LEVEL ON TFTR

Princeton Plasma Physics Laboratory; *0ak Ridge National Laboratory

INTRODUCTION
ICRF plasma heating experiments with powers up to 4.5 MW have bee
carried out on TFTR. Each of the two antennas has a pair of torcidang
separated polodial current straps, with one antenna having end fed resg
loops while the other antenna is centrally fed with top and bottom tunip
capacitors. We have operated primarily in the H-minority regime with f=
MHz, antenna pairs driven out-of-phase, B=3.24T, Ne=1.5-4.5x1019-3,
1p=1.0-1.8MA, and power densities of up to 0.8 kW/cm? at the antenna,
Stabilized sawteeth!-2 lasting for times t>Te were observed at powers
above =2.6 MW in deuterium and above =4 MW in helium with centra|
deposition. Operationally, conditioning only at the start of a run day was
needed for helium majority discharges. Between shot vacuum conditionin
greatly improved ICRF operation in deuterium majority plasmas which were
run after the vessel walls were boran coated.

CONFINEMENT IN HIGH RECYCLING DISCHARGES

ICRF experiments in high rec‘%zcling discharges (i.e.unconditioned walls)
were carried out with both D and 4He majority gases in order to form a data
base for comparison with other experiments. No apparent difference ip
global energy confinement time was observed between the D and 4He
majority gases. The effect of 3MW of ICRF H-minority heating on a sawtooth
stabilized discharge is shown in Fig.1. The 50ms, 2MW neutral beam pulse
(Fig.11) was for charge exchange recombination spectroscopic (CHERS)
measurements of Ti(r). Stored energy and line integrated density saturate
after several energy confinement times while electron temperature, ion
temperature, density peaking factor, and D-D neutrons continue to slowly
increase throughout the 0.9sec ICRF pulse. Thus, this stabilized sawtooth
discharge continues to evolve on a resistive time scale TL/R>TE. ECE
measurements of the inversion radius before and after 'a sawtooth
stabilization period of =0.8sec indicate an approximately 50% increase in
the q=1 radius.

Results from a density and current scan in D with Prr=3MW in which all
shots had stabilized sawteeth are shown in Fig.2. The global energy
confinement time, TE., shows a weak density dependence (Fig.2a) and an
approximately linear current dependen;:e except for a possible saturation at
the Ip=1.8MA level (gey=3.15). Energy confinement times range from 1.2-1.5
X L-mode scaling (Fig.gb).

Total stored energy measured from the diamagnetic and equilibrium
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tic signals is plotted in Fig.2(c) for the 1.8MA shots. An estimated

nﬁ!gﬂenergu fraction of 15-30% is derived from the total energy minus the
tail eon and ion thermal energy content from ECE and CHERS. These
Ble:st‘:remenfs are compared with the Stix calculation for tail energy using
me

red density and temperature profiles and agree well at higher density.
measudrogen concentration above 20% occurred during the week after
hy tion which significantly weakened the damping in the H-minority

bgronlaZ:d placed the H resonance near the antenna for the SHe-minority
casgmeters_ The use of deuterated diborane in the recent boronization is
g:;ected to avoid this problem.

peak electron temperatures increase from ohmic levels of 1.5-2.5keV to
5-6keV during 3MW of ICRF heating as ng decreases from 4.5 to
o4 1019m'3 (Fig.2d). Peak ion temperatures measured by CHERS range from
2>§3 to 4.3keV during the ICRF for those conditions.
i The density peaking factor measured with a multichannel infrared
inter ferometer. ng(0)/<ng>, initially decreases during the ICRF heating pulse
dque to increased edge fueling (Fig.1e). However, the ng(0)/<ng> curve lies
above the ohmic curve for sawtooth stabilized periods >0.5sec (Fig.2e).
other data for sawtoothing discharges in 4He show that ng(0)/<ng> versus
density late in the ICRF pulse lies on the ohmic curve. Thus, the final
density profile is not affecvtgd b_g the ICRF power except for the extra
peaking due to sawtooth stabilization.

The radiated power fraction is 30-40% for the shots in the Pr;=3MW
scan. Zeff measured by visible bremsstrahlung increased by =0.2 during the
ICRF pulse (Fig.2f) and showed a decrease as a function of density which is
typical of all TFTR discharges. X-ray PHA measurements of Zggg in 4He
majority plasmas with out-of-phase drive of the antennas show a small
linear increase with power, with AZg;f=0.3 and AZmpgta|s=0.1 for
APpr=4.5MW. However,. a sudden jump in metal impurities (AZmetg|s=0.1)
occurred for in-phase operation at the 1 MW power level.

Fig.3 shows radial profiles of Tg(r) and ng(r) before and after the crash
of a stabilized sawtooth for a shot where the crash occurred midway through
the ICRF pulse. Such crashes resulted in a flattened pressure profile
extending to r/a=0.7. A rapid loss of a fraction of the total energy also
occurs and reheating is typically slow (>wg). The fraction of energy lost in
the crash of stabilized sawteeth ranges from 10% for qoy=3.15 down to <2%
for qoy=5.6. Minority tail proton losses (0.5-1 MeV) showed a spike around
the time of a giant crash but showed an unexplained decrease during normal
sawtooth crashes. Modeling indicates that the RF power deposition is
strongly peaked (Ar=0.2m) in stabilized sawtooth discharges while sawtooth
mixing of the fast ions in the core is required to explain the central
electron heating rates in sawtoothing discharges.d

ICRF COMBINED WITH PELLET FUELING AND ICRF COMBINED WITH BEAMS

Initial experiments were carried out combining ICRF central heating and
pellet fueled plasmas.? ICRF coupling at the 2.5MW level has been achieved
in these discharges. Highly peaked (ng(0)=1.4x1020m-3) pellet fueled
discharges showed a period of enhanced electron and ion confinement during
the ICRF pulse. An order of magnitude increase in neutron rate to >1014n/s
oceurred during a 2.5MW ICRF+pellet shot compared to ICRF or pellets alone.

Combined ICRF plus beams in low recycling discharges has shown that
=2MW of ICRF power contributes the same incremental stored energy as
beams but heats electrons. However, neutron production is lower in the ICRF
plus beam case because of fewer beam-beam reactions.

Modification of one antenna during the February 1990 vacuum opening is
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expected to raise the available power to the 6 MW level.
ACKNOWLEDGEMENTS

We thank the TFTR and ICRF technical staffs for their fine efforts ,
Ors. H.Furth, R.Hawryluk, D.Meade, and P.Rutherford for their support of ,‘L‘ﬁ_
ICRF project. This work supported by U.S.D.O.E. coﬂtra'
#DE-AC02-76-CHO-3073. et

REFERENCES

1p.campbell, et.al., PRL60O(1988)2148.
2R.B.White, et.al., PRLEO(1988)2038,
zc.K.Phillips. et.al., Proc. 8th Top. Conf. RF Power in Plasmas, Irvine, 1gg

G.L.Schmidt, et.al., (IAEA-CN-50/A-1V-1) Proc.12th Int. Conf., Nice, 1988
.y
- 1
5 1T 1 : 71 1 1 | =1 = 1
= | & L
= I i
g | i i oE L |
o | | ] (\é M
- "
o | I | |
2 @ | | SNG)
Sol o v v 10y 0
ip]
T T
e A
@
< v
> ~
[45)] —
= .
- =
1
) 4 T
o I
o P
o T
: Lo
[} o r
5 L
> L (f)
z 0 1 I
3
time (sec) time (sec)
Fig.1 Time behavior of plasma parameters with 3MW of ICRF H-minority

heating of a D-majority plasma with Rp=2.61m, Bg=3.24T, and Ip=1.8MA.
Te(0) from ECE and Ti(0) from CHERS are measured on the magnetic axis
(R=2.70m) in Fig.1(b) while Ti(0.2m) from the X-ray crystal is measured
=0.2m off the magnetic axis.



1051

P IENTETSTERN) UGN TSIy Y o L o | A 1
6 TelO) m -
S \
’ l.aI rlAHA’i' P e : o "ay i
3} . < 44 Ti(0 ]
> 4 i | | L
7 LOMA 842 T - N iy
" = ] oH Te(0) r
12 0.1 EF 24 g %\DDQ\D D.|.\+ -
] ~0
{(a) | | L JlilE o ]
0.0:::::Ell_" 0-..“!.,..!. o B -
o 5 ]
T (5] H X 3 YW 3 MW ICRF
- P foaiy e [ 2 "
i LR S
< CRY o o
¢ 051 -
b | . ! . nj(e) 1.0-1.8 MA
]_ T 1T LI T T T T T T T T T I TTTT ]
2= o oUg oo
g Eet — @ 2] 3 MW ICRF
¥ bas H,
=0 0.5 Foo
2 Etait, _, L OB
] (calc) +\+ H- — — — — — -t
i Eot-En—m 58 ]
s (c)[1.8 MA ~+ 5 (1)[1.8 MA] C
0[ L ]| 2| 3] T I;I Trr 5 0 |1 2| % 4' I5
e (1019m73) Ne(10"m™3)
Fig.2 H-minority heating in deuterium with P;=3MW, Bg=3.24T,
Ro=2.61m, a=0.96m, and high recycling wall conditions.
T VI IR B A R R F T &5 T
4 t<4.292 ] SE 4.285 -
] p?? 45_ 3
=3 i1 E F :
s | t>4.292 { 2 3E .
~— L ] o ot ]
o 2 1 <2k ¢
L [} = :
I 1 Saf ]
(a) E ]
(o] SR [ | | 0‘¢;.l....l....lJ.A.J,...'
2 3 2 3 4
R(m) . R(m)
Fig.3 Electron temperature (a) and density (b) profiles before and after

the crash of a stabilized sawtooth at t=4,292sec.




Tu 48 1052

ICRF HYDROGEN MINORITY HEATING IN THE BORONIZED ASDEX TOKAMAK

E.Rvter, F. Braun, F. Hofmeister, J-M. Noterdaeme, K.- H. Steuer, F. Wesner,
ICRH-Group, ASDEX-Group

Max-Planck-Institut flir Plasmaphysik, Euratom-Association
D-8046 Garching

1. Introduction:

Since the divertor of ASDEX has been modified (1986-87) the Nydrogep
concentration in deuterium plasmas could not be reduced below 10%, although the
machine was operated for long periods of time with deuterium injection. Thig jg
probably due to desorption in the divertor as indicated by the increasing h.
concentration during a deuterium injection pulse. As a consequence for H-minorit
heating in deuterium, the maximum power into ohmic plasmas without causing g
disruption was limited to few hundred kW. A partial solution was ICRH
combination with deuterium injection which allowed us to apply up to 1.5 MW ICRH
to the plasma. The beneficial role of the injection is attributed to an improved ICRH
absorption and to the higher energy flux and temperature in the divertor. During the
last ICRH campaign we operated mainly in helium plasmas for a lower hydrogen
concentration and the vessel was boronised. The H-concentration is measured
routinely by a mass spectrometer in the divertor chamber. This measurement doeg
not give a fast response to eventual changes and also no absolute concentrationg
in the main plasma, but it gives a reliable estimate of the time evolution during one
discharge or from shot to shot. The data from the mass spectrometer were often
cross-checked with charge exchange measurements from the main plasma.

In helium discharges the hydrogen concentration is around 2% in the chmic
phase but it increases up to 8% as ICRH is applied (Fig. 1). Under these conditions
the maximum available power (2.7 MW) could be applied to the plasma without
causing a disruption. This is partly due to the low H-concentration in helium at the
beginning of the ICRH pulse but also to the boronisation, as discussed in a later.

2. Confinement:

2. a) Absorption

The global absorption of the ICRH is calculated from the time derivative of
the plasma energy at the ICRH turn-on or turn-off. The energy time derivative is
taken from the equilibrium beta which is fast enough (1 ms) for this measurement.
The absorption measured earlier in ASDEX [1] was 60% for ICRH applied to ohmic
target plasma. We measured the absorption motivated by two reasons.

The first reason was to try to take into account the influence of the H-
concentration. Fig. 2 shows the results and indicates a decrease of the absorption
with increasing H-concentration, as expected. Because of the increasing H-
concentration during the ICRH pulse, the points obtained at low concentration are
measured at the beginning of the ICRF pulse whereas the ones at high



1053

ntration are measured at the end of the pulse. We checked for second
coﬂcenic heating that the measurement of the absorption does depend on the fact
e erformed at the ICRH turn-on or turn-off.
that Iﬁ‘ﬁe second reason for which we measured the absorption was that the two
nnas of ASDEX, which are essentially identical, for the first time showed
& ; nt heating efficiencies: antenna A1 (south-east) was almost 20% less efficient
dn‘leriz (north-west), as measured on the plasma energy increase per ICRH power
e {t must be noted that the antenna resistance for A1 was 10% larger than for A2.
Unﬂihe other side, the total power radiated by the plasma for a given plasma energy
Ons higher for A1. In agreement with these observations, the loop voltage was 20%
mgher, the central electron temperature lower and Zy only slightly higher when A1
was gnergised. This implies for A1 more metallic‘impurities which contribute only
weakly 1o Zg but strongly to the radiated power. It is well documented that the ICRH
impurity production is mainly iron [2]. The measurements of the absorption
coefficients 04 and o, for A1 and A2 are reported in Fig. 3 and show that the

absorption for A1 is lower than that of A2 (as in Fig. 2). Whenlboth antennas are
energised simultaneously with the same power, the absorption is the average
petween oq and 0. This consistent with the higher impurity level observed for At
and shows once more that, in ASDEX, the non-absorbed ICRH-power is possibly
the main factor of the impurity production [2]. The reason why the absorption for A1
is lower is still not understood. Both antennas have one loop and are identical. The
only difference is the surrounding: antenna A1 has on each side metallic carbon
coated “wings" which have the same poloidal extension as the antenna and a
toroidal extension of 30 cm. This could affect the density in front of the antenna. A
second difference of the surroundings is the boronisation layer which was 5 to 10
times thinner around A1 than around A2. We did not measure any difference of the
H-concentration when one or the other antenna was energised.
2. b) Confinement scaling:
For the following results we take the averaged value of the absorption which was

measured: o4 = 0.50, o =0.65. Fig. 4 shows the plasma energy (measured 100 ms

after the ICRF turn-on) versus total deposited power (Poy + Zo;PjICRH) for
discharges in helium. The plasma energy from the diamagnetic loop and from the
equilibrium give identical results within the error bars, indicating no strong
perpendicular anisotropy due to the ion tail. We attribute this to the high density
(ng(0) = 8 1012 m3) for which the 90° pitch angle scattering and the thermalisation
of the ions is fast (=10 ms for 20 keV). We recognise clearly the well known offset
linear scaling law for three different values of the plasma current. If we had taken
the same absorption for both antennas, two different confinement times would be
found. The incremental confinement time increases proportionally to plasma current
(Tg = 0.09 Ip [ms, kA]) as expected for the L-mode and in agreement with earlier
results with second harmonic heating [1].

Fig. 5 give resulis obtained for deuterium plasmas with ICRH alone and
combined with deuterium injection for a density of 3.2 1079 m3. The offset linear
scaling is clear and the points NI+ICRH are aligned with injection alone with an
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incremental confinement time of 30 ms corresponding to earlier measurementg 13
However, the incremental confinement time is lower than the one found in he“urﬁ-
(Fig. 3) for the same value of the current. We attribute this difference to an effagt o
the density which is lower for these deuterium discharges. Due to the fact that the
ICRH points are well aligned with the injection ones, as extensively doc“mEnieu
earlier for ASDEX, we suppose that the absorption for the deuterium case is COrrggy

3. Boronisation.

With boronisation, Z. is close to unity during the ohmic phase ang the
density limit is 20% higher. For the particular case of ICRH, the production of
metallic impurities during the RF pulse is strongly reduced. This is illustrated in Fig,
6 where the results for an old borenisation layer and a fresh one are compareg,
With boronisation, the maximum power which can be applied to ohmic target
plasma is higher than with carbonisation or without any coating [4]. We SUPpPose
that 2.7 MW could be successfully applied to an ohmic plasma thanks to the
boronisation. For ICRH, an important phase is the ICRH turn-on. It induces a rapid
density increase at the plasma edge and consequently in the divertor which is
strongly cooled. This cooling is faster than the heating due to the increase of the
plasma energy by the ICRH. If this cooling is too strong, a MARFE develops and g
disruption occurs. Under boronised conditions the density is better controlled and
this deleterious effect is reduced compared with other cases, allowing higher ICRY
power. The boronisation allows us also to operate at high line averaged density
(6.5 1019 m3) due to the higher density limit and the reduced cooling of the divertor,
At high density the radiation power is lower for a given plasma energy.

Conclusion.

The difficulties of controlling the H-concentration for minority heating in
ASDEX were not totally solved by operating in helium plasmas but it gave us the
possibility to work at high power without the help of the injection. The boranised
walls also contribute to the high power and high density operation. Under these
conditions the off-set linear scaling is clearly obtained as well as its proportionality
with plasma current.
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INDUCTION OF PARALLEL ELECTRIC FIELDS AT THE PLASMA EDGE,
DURING ICRF HEATING

M. Brambilla, J.-M. Noterdaeme

Max-Planck Institut fiir Plasmaphysik
Euratom Association - D 8046 Garching - Fed. Rep. Germany

Spectroscopic monitoring of metal lines during second harmonic heating of hydroge,
in ASDEX [1] has shown that impurity production was not localised only at the Fa,ra,da_y
shield and the protection limiters of the antenna. A strong influx of metal ions was alg,
observed from a region of the bottom divertor entrance plates, peaked toroidally at the
antenna position and one to two meters wide. One of the most plausible mechanisy,
for impurity production is ion acceleration in the the h.f. sheath [2-3] which formg
when magnetic field lines hit a metallic surface. For efficient sputtering, however, the
h.f. should induce a potential drop of several hundred eV; this is expected to occur o
field lines which link flux directly from the antenna. The astonishing feature of the
ASDEX result is that the section of the plates responsible for the largest inpurity influ,
while physically close to the antenna, is not connected to it by magnetic field lines [4),
We present here results which suggest that the h.f. can excite near the perifery of the
plasma non localised parallel electric fields of sufficient strength, so that the sheath jon
acceleration mechanism does not have to be confined to field lines passing in front of
the antenna.

To investigate the behaviour of the h.f. electric field in the situations of interest, we
have used the code FELICE, which solves the Finite Larmor radius wave equations in
a plane stratified model of the tokamak for each partial wave with specified wavevec-
tors k, and k, in the ignorable directions (poloidal and toroidal respectively). The
integration is made over the whole plasma cross-section, so that global eigenmodes
can be put in evidence, although their exact location and quality factor are expected
to be somewhat altered by toroidicity [5]. After imposing the matching conditions at
the antenna and the wall, Fourier synthesis allows to reconstruct the field at a num-
ber of positions in the plasma and its surface; knowing the loading resistance of the
antenna, it is also possible to evaluate their intensity as a function of the coupled
power. Particularly useful in these investigations is the fact that the code allows for
an arbitrary orientation of the antenna and the Faraday shield blades with respect to
the static magnetic field. For the parameters of the ASDEX experiment the code pre-
dicts resonant excitation of torsional-like surface modes with low toroidal and poloidal
wave-numbers (typically n, = £4, my = =1, corresponding to a toroidal wavelength
of about 4 m) and large parallel field. The maximum voltage drop along a field line
can be almost 1 kV for a coupled power of 1| MW. These radially evanescent modes
have a penetration depth of a few centimeters, are associated with a non-negligible
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al dissipation in the scrape-off plasma, but do not otherwise influence the field
d the power deposition profiles in the plasma core.

collision
djstribution an
Surface modes resonantly guided along the plasma surface have been predicted [6-7]
models taking into account only the cold compressional wave (so that no parallel

:ls;ctric field could be anticipated). Usually however they are strongly suppressed
by the combined effects of smooth density profile, finite electron inertia, and finite

temperature. The modes ob.served in the code seem rather to belong to the electron
plasma wave branch of the dispersion relation, in a situation in which subsequent mode
transforma.tion to a Bernstein wave [8] is not pgssible. In particular, for their excitation
the shield blades must make a finite angle to B,. Note also that in all runs the density
at the Faraday screen was well above the Lower Hybrid Resonance density.

Fig. 1 shows the parallel field E, at the plasma surface along four magnetic field
Jines at different poloidal positions (0, 25, 50 and 75 cm from the equatorial plane; the
antenna half-length is 49.5 cm), in a case with a strong surface mode. The potential
drop which could be sustained through a sheath if such a line were to cut a wall
can be estimated as Vi =~ E:A/4 =~ 0.8 kV. Because of the simplified geometry, the
figure suggests that this potential drop could exist on any field line; the poloidal
inhomogeneity however is likely to restrict the region of strong E, to the outer half of
the torus, hence to field lines which, even if not transiting in front of the antenna, are
not too far from it in the toroidal direction. This is consistentent with the experimental
findings. In the absence of the surface mode, E; is 5 to 10 times weaker and quite
irregular, so that the maximum potential drop is reduced by more than one order of
magnitude. For comparison, E has typically a peak of 0.2 kV/m (always at 1 MW)
in front of the antenna, decreases to ~ 0.05 kV/m already at 20 cm away from it in
both directions, and is completely insensitive to the presence of the surface mode.

Fig. 2 shows the maximum potential drop Vi, along field lines (E.)\/4 at 1 MW)
and the antenna resistance R, predicted by the code as functions of the central density
(the profile corresponds to the one measured at 5.1 x 10'® peak density, and was not
varied). The surface mode manifests itself as a broad peak in Vp, at densities below
5.5 % 101%; it disappears at higher densities. In fig. 2 the angle of Faraday shield blades
with respect to B, is the experimental one of 3.9 degs. Angular exploration (fig. 3)
shows narrow peaks of R, at particular angles: surface modes appear as a parasitic
resistance on the loading, contributed by a single partial wave. The n,, power spectra
indicate that global eigenmodes are also present, in agreement with the relatively weak
single path absorption, but are stronger at higher densities where the surface mode
disappears (figs. 2 and 3b). Volume resonances are easily distinguished by the fact that
the corresponding increase of R, lowers the electric field needed to transmit a given
power. On the whole, the predicted values of R, are two to three times larger than
the experimental ones; the discrepancy can be somewhat reduced by disregarding the
contributions of low n, modes, which is overestimated in slab geometry [5].




1058

In conclusion, we have shown that the excitation of torsional surface eigenmﬂde'.‘
can give rise .to strong parallel electric f_ields near t]‘ne plasma s!_lrface, which cap ot i
ion acceleration by h.f. sheaths and trigger 1Tnpur1ty production from regions of the
wall not connected to the antenna by magnetic field lines.
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Fig.1 - Parallel electric field (kV/cm at 1 MW) along magnetic field lines at the
plasma surface.
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TON-CYCLOTRON ABSORPTION OF FAST MAGNETOSONIC WAVES
BY COLD MINORITY IONS IN AN OPEN TRAP

V.E.Moyseenko, V.V.Pilipenko, V.I.Zamkov
Kharkov Institute of Physics and Technology;Kharkov, Ussy

G.G.Zukakishvili, A.M.Borozenets
I.N.Vekua Institute of Physics and Tec]molog;y;Sulvclmmi,usml

1. THE PROBLEM DEFINITION
The realizability of minority ion heating using fast megnetq.
sonic waves (FMSW) in an open trap [1,2] is congidered. The
method may be used not only for plasma heating but also o
produce "sloshing" ions. Since the FMSW wavelength is of the
order of the open trap size it is hard to utilize analytica]
methods. In order to solve the problem posed, a numerical
code PLFEM is developed which allows to compute RF field
structures in the traps filled with a cold plasma [3] . The
computations are carried out for a gas-dynamic trap (GDT) [4].

For FMSW, the GDT plasma colum surrounded by a metallic
chamber represents a cavity. It is more justified to heat
the plasma under the conditions of the FMSW global (volume)
regonance since in this case the antenna power input into
the plasma increases as a result of resonant rise of ampli-
tudes in the RF fields. Due to this fact, it is more reason-
able to make search for global FMSW eigen-resonance in a
plasma column, to find electromasgnetic field digtributions
under the resonance conditions, then to select the antenna
system so that the FMSW resonance electrical field projection
onto the antenna current direction should be of maximum
value, and in the end, %o calculate elecfrodynamic charac-
teristics for those antemnas in conjuction with +the plasma
load.

The RF field generation in the plasma using external cur-
rents (antenna currents) is described in Maxwell equations:

ro{mtﬁ—%;éﬁ=ﬁl‘é%’; (1)

g
where W and Je are the RF heating frequency and the ex-
ternal current density, respectively. The dielectric
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SRpility tensor € is equal to unit for the GDT vacuum re-

3 p::z while for the plasma region
A .
\ .. g A 6+ 2.. g 6_‘\_' i-’rZ L\)Pd_
: =lo & = —
! & o 0 o0 ' & wc*(wm*w)
!

red is the ion species number. The system of ('e:, e, gn)

related with the magnetic field lines 81 =4 (87 1%,),

z =’eg*.§ln gy, - wnit vector in the magnetic field direction.

n gearches for global resonances for FMEW ‘aakee‘shapeno_{ a

linear problem for eigenvalues ro% rot B - %’2 E = Ay E. Here

the tensor ¥ = (Eme)y = I ) /na;\%ﬁ , n, is the norming cons-

tant for plasma dengities, and I is the unit tensor. If there

L, ig no absorption in the plasma, the elgenvalue of A corresponds
o0 the plasma density value for which the global resonance is

Bﬁ; whe
' yeotors is

obgervable.
The rotetion symmetry in the trap relative to the longitu-

l dinal axes allows us to fulfill Fourrier series expansion
along the azimuth ¥ (d/d' =im), where m is the azimuthal mode
number. The reflectory symmetry in the trap relative to the
z =0 plane allows to select even end odd parts in the right-
_pend side of the equation when solving i%; thus, one half of
the GDT may be considered separately.

2. NUMERICAL RESULIS

The calculations have been performed for the parameters of
the GDT CP-2M device under the construction (Fig.1) [5]1 . The
megnetic field value, B, at the trap centre is 2.7 kG, the
mirror ratio ig 50, and the plasma column radius at the central
cross-section is 10cm. The radial plasms density distribution
has been assumed to be parabolical one. The plasma density
along the magnetic field was considered to be constant. The
RF field frequency, w = 2.75 - 107 &1 has been chosen such
that the cyclotron regonance region for the minority ions
should be near the central cross-section of the GDT. Global
FMSW resonances of TE 02 type have been studied: the first
radial eigenmode, the azimuthal wavenumber m=0, the first odd
mode along the longitudinal coordinate. Hydrogen minority con-
centrations varied within the range of 0-5%. Fig.2a shows
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distributions of electrical field amplitudes in & purely deye
terium plasma. In a plasme without hydrogen additives, the
FMSW absorption does not teke place, the eigenvalue for A
is real, and the global resonance hag a zero width. With hydrg,
gen additives introduced, collisionless (residual) FMSW damp.
ing takes place at the cyclotron resonance location, u)=(uw.
When the hydrogen concentration, CH » 1s less than 0.5% ang
greater than 3%, the absorption is small. For GH=1.5%, the
absorption has its maximum value and the resonance width
ImA/ReN is 0.119 (see Pig.2b). A considerable amount of ap.
sorption for this case is due fo both direct cyclotron Fusy
abgorption and local Alfven resonance generation near the

W =WewW ZONE.

Fig.3 shows distributions of the fields generated by the
entenna system (four half-turns situated in symmetry relatiye
to the z=0 plane and phased so that to ensure a predominant
generation of the TE,,, mode; see Fig.1) in a D, plasma with
the 1.5% concentration of hydrogen additions. The similarity
in the RF field distributions shown in Figs.2b and 3 is an
evidence of the FMSW resonance generation. The resistance
provided by the plasma per a half-turm is 0.153 Ohm.

3. CONCLUSIONS

The plasma heating method is offered in an open trap geo-
metry, baged on cyclotron interactions between minority ions
and global FMSW eigen-resonences in the plasma. Severe colli-
sionless cyclotron absorption of the FMSW energy by the mino-
rity ions is found out within the cold plasma approximation,
the absorption taking place for hydrogen additive concentra-
tions from 0.5 to 3%. For +the most favourable concentration
of the additives, CH=1.5%, the relative resonance width,
reaches the value of 0.1.
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Fig.1. GDT CP-2M device layout
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Fig.2. Ep and E¢ field level lines for global FMSW
resonance (the TE mode): (&) in a pure deuterium

plasma, the eigen&giue ig A=3.926:10™ cm?; (b) in a
deuterium plasma with hydrogen minorityu1.5% , the
eigenvalue is A=4.397-10% - i.5.232-10° cm™
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A . E,8m 0 40 80 EZ,8m
Fig.3. E end E field level lines in a deuterium
plasme with 1.5% concentration of hydrogen; the
fields being generated by the entenna system
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RF PLASMA HEATING IN THE GAS-DYNAMICS MIRROR TRAP
%) Garina §., Ivanov A.A., Potapenko I.F., »x) Elfimov A, g

%) M.V.Keldysh Institute of Applied Mathematics
Acad., Sci. USSR

#x) I.N.Vekua Institute of Physics and Technology,
Sukhumy, USSR

There exist some suggestions on plasma heating in mirror
machines [1]. In this™ work the results of numerica]
investigations of RF fields, power absorbtion and ion
velocity distribution function for the trap CP-2M are
presented.

We have developed two-dimensional code FITA to treat
these aspects of heating in the tandem mirror. We consider
axisymmetric ion-electron plasma oscillations as

ECt,r,p,z}=E(r,z)exp(-iwt+mp).
The HF fields are found by solving the wave eqaution:
(rot rot E) - w®E/c® - 24ni(J+Jext)/t2 =0
and Ohm‘s law for induce currents: J = ¢ E, where is cold
plasma conductivity tenser [2]:

dnio v = E ﬂ;s/CQgs— w®); dnic s = § stﬂgs/(w(ﬂgs— w*));
dniow = § 08 ®; Q.= Ze IBIAMc); (F = 4nN_(Z_e)*M_;
v is damping factor one simulating absorption; external

currents are: J ~ Josin(nnz/l), J ~ Jocoannz/lJ; m,n are

poloidal and axial wave numbers.

The fields are solved on a curviliner grid bein
connected with the magnetic field, using metod of suppor
operators [3]. Equilibrium quantites are assumed to be
s§?ciféed on 2-D grid so that axial and radial variations are
allowed.

Surface wave [4] research yields that antenna currents
haveaxial wave numbers n=3,4,5 generate in the plasma natural
eigen wave, which has in the plasma axial wave number N=4and
absorbes with _different effectiveness (Fig.1). Cavit
resonance and IC rescnance influence to population o
absorption.

Fast magnetosonic wave for the greater density was
researched (Fig.2). The power curve is more wide than in the
case of surface wave, and total power absorbed is less in two
orders, Cavity resonance influences to population of
absorption, IC resonance doesn‘t. HF field radial variation
is smooth.

Influence of damping facter value v is considered. When
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ing factor was small (wv=0) there are slow modes generated
¢3mfhe mirrors, its wavelength is close to an ion gyroradius, |
in s mode is ?gsorgzjed by electrons and doesn‘t attain zone of |

nce 19, 3J. |
10 resagaanalysed in detail in the velocity space the ion |
distribution f1Cv,u.tJ of RF-heated plasma,consisting of

s and ions, occuring during the decay of plasma
géggti{?n; v=|v|-velocity; O_uScosasgc, ;.zc—t,hey boundary of

gsual loss cone. For this function the two-dimensional
ponlinear kinetic Fokker-Planck equation is solved

of st = If + Df,

It - is Landau collisional integral. ICR heating is
sinulated by including the quasi-linear diffusion operator [S] ‘J

o~ - - LR ]
Df = 1/vl6/avl(vJ_Doaf/avJ_J, vl—vu (o

The action operator ﬁf is restricted by the section ‘
Vzngvﬂsy"‘l, where the diffusion coefficient D is constant, ‘

it corresponds to the antenna and the ICR zone. The electron
distribution is of Maxvellian type with the time-dependent
temperature and density. On the every time step the ambipolar
otential is calculated. The action of the RF-heating leds
Eo the anist.mfic growth of the ion distrbution especially
for the big velocities VoV, (Fig.4). The mean ion's energy

and normal part T, raise (Fig. 3. The density losses

jcrease because of RF plasma heating and the direct ion's
"carrying out" from the loss hyperboloid wunder the
quasy-linear operator effect. :

CONCLUSI ONS
The investigation of ICRF heating by surface and FMS
waves shoed that the heating regime on FMS wave is less
preferable proceeding from the absclute value of the power
absored. Regime of ICR heating not far from the trap mirrors
is disadvantageous. It is found that the normal temperature
of subthermal ions increases rather strong as the total
plasma energy and density decrease.
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Abstract

Electrostatic fluctuation measurements in the range 0.1 - 100 MHz during auxiliary heating
on TEXTOR have been performed using capacitive probes,  Besides the already obseryeg
paramectric decay processes in the scrape-oll layer (SOL) on an ICRF heated tokamg)
[1,2,3 ], the present study revealed scveral additional nonlinear phenomena @ A significant
broadening of the frequency peaks { at the generator [requency and its harmonics) in the
spectrum of the RF probe signal was observed, accompanied by an overall increase in the
relatively smooth background ( range 0.1 - 100 MHz) fluctuation level. It is also shown, for
the first time, that the ion Bernstein waves ( at the generator [requency and its harmanics
which are parasitically excited by the fast wave ICRF antenna, also decay parametrically, ]

Introduction

Since the first observations of parametric decay on an ICRF heated tokamak a lot of efTort
has been made experimentally as well as theoretically to further explore these phenomens,
Recently, a correlation between parametric decay and RF energy deposition into the edge
has been seen on JTG60 [3 ]. Up till now, four different types of parametric decay of the fast
wave (FW) in the plasma edge have been observed : 1) decay into an ion Bernstein wave
(IBW) and an ion quasi mode (1QM) [1,2 ], 2) decay into an IBW and an electron quasimode
(EQM) [1,2 1, 3) decay into two slow waves [2,5 ], 4) decay into an IBW and a cold
clectrostatic ion cyclotron wave [3 ]. A serious attempt to calculate the converted power
has however only been performed for the first decay process [4 ]. Whereas previous studies
of the frequency spectra of probe signals were concentrating exclusively on the discrete [re-
quency peaks, the present study also includes phenomena which lead to more smooth fea-
tures in the probe frequency spectrum. This study revealed several new phenomena but for
most of them, no theoretical explanation is yet at hand.

Experimental set-up

The RF power on TEXTOR is provided by two pairs of RIF antennas, located toroidally at
diametrically opposite positions. In the poloidal direction, each antenna extends [rom the
outer midplanc to 7.5 ° [rom the top of the machine. The antennas in cach pair were fed in
# phasing. On each antenna pair (Al and A2), a capacitive probe [8 ] is located at the top
of an RF antenna, thus poloidally at the top of the maching, at the samie radial position as
the antenna protection limiters, i.e. at r = 48.0 cm. The top part of A2 ( 2/13 of the original
Faraday screen surface) was electrically completely closed so as to make A2 morc a low ficld
side launcher ( the radiating surface does no longer cross the ion cyclotron layer near its
extremity). For Al, the bottom part of the Faraday screen ( 5/13 of the original surface)
was covered by graphite tiles as a protection against excessive heat loads caused by neutral
beam shine-through.
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Mwmments

o) Frequency specirimt

al RF frequency spectrum of the capacitive probe (on A2) signal, when exciting A2,

in Fig.1.. In contrast to previous results [8 ] half harmonics or other frequency
corresponding to parametric decay processes were observed only occasionaly. This

Pea'ks chow be related to the coverage of the top part of the Faraday screen of A2. Half

A typic
js shown

;"“;ﬂ;ﬁﬁ were however still scen when exciting Al. The frequency of the very pronounced
2

at 10.8 MHz (see Fig.1) was independent of the generator frequency, toroidal magnetic
field, plasma density and current. Its origin is not known.
a.l) Peak broadening .
Even at very low RF power one observes already a smooth broadening of the frequency
ks at the generator frequency and its harmonics ( see Fig.2). This broadening increases
with power (Fig.2) and reaches (close to the w peak) saturated values which are only 30 dB
Jower than the o peak, thus orders of magnitude higher than the previously observed
arametric decay processes [1,2]. The pt:_ak broadening was found to be much smaller at
the diametrically opposite side of the exciting antenna as measured by the capacitive probe
on Al, when exciting A2. The evolution of the frequency spectrum for three different RF
ower levels is shown in Fig.2. Increasing the RF power first leads to a strong asymmetric
broadening of the 2 w peak, followed by a broadening of the w peqk and an increase of the
10.2 MHz peak. Atan RF power level of about 800 kW a saturation of these effects is ob-
served. At this power lcve; the broadening of the w and the 2 w peak has increased to such
an extent that the fluctuation level everywhere between 0. MHz and 2 w has increased con-
siderably, thus leading to an overall increase of the background level. The broadening of the
w and 2 @ peaks when exciting Al was [ound to be considerably lower than the corre-
sponding broadening when exciting A2. This might be a consequence of the differences in
the Faraday screen causing diflerences in the fringing field patterns. During auxiliary heating
by neutral injection the magnitude of these eflects is strongly reduced.

a.2) Peak splitting

At sufficiently high RF power levels ( = 800 kW) two sidebands are observed close to the w
peak (at 32.5 MHz), one at around 30 MHz, the other at around 35 MHz (Fig.3 ). Whereas
the lower sideband (LSB) only becomes clearly visible at this power level, the upper sideband
(USB) is already observed at 100 kW of RF power. The frequency difference between these
sidebands and the w peak increases with increasing density (Fig.3 ). A further increase in
RF power leads to a drastic increase of these two sidebands whereby the w peak can disap-
pear completely (Fig.4). This complete splitting was only observed when the H- minority
concentration was rather high ( = 15 %). From Fig.4 one also sees that the increase in the
background fluctuation level extends up to the sixth harmonic of the generator frequency.
The demodulated signal (over the range 25 - 35 MHz), which was measured simultaneously
did not show a sudden decrease in this case, so that one must conclude that nearly the
complete wave energy at the w pecak is converted into these two sidebands. Since the
capacitive probe detects only Bernstein waves [8 ], this observation therefore shows, for the
first time nonlinear decay of the parasitically excited Bernstein waves [7,8,9,10 ]. The avail-
able theoretical [6,12 ] and experimental [13 ] studies of parametric decay during IBW
launch are rather limited and it was not possible to identify with certainty the type of
parametric decay. The most likely candidate seems to be the decay into another IBW and
an electron quasi mode (EQM). The appearance of the two side bands is usually accompa-
nied by a superposition of a whole serics of regularly spaced small frequency peaks on the
overall spectrum (see Fig.3) which could be due to a cascading effect [11 ].
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Summary

With the observation of these strong additional nonlincar processes, with special emphyg
on the parametric decay of the parasitically excited Bernstein waves, a contribution tq 0 ;
further understanding of the direct cnergy deposition in the SOL during ICRF heating Wag
made.
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; 46 cm, antenna protection limiter
ao 315 650 FREQUENCY([MHz  at r=49.0 cm, boronised walls, #

40950.




ldsj

the
Wag

Lil‘lg

dge
€55

ma
oril

88

1071

gF SIGNAL ©
(LTI
-20
-30
-40
-50
-60 . .
o 08 325 650 FREQUENCY [MHz)
RF SIGNAL
[dB) ]
loas LB fhuss
b
MMW 1
a
0 18 325 FREQUENCY [MHz]
RF SIGNAL
(dB] 3
04 W 2w Y
-10- bw Sw
-204 6t
-30.
- L0 \I ,i-fr
0 325 FREQUENCY [MHz]

Fig.2 : Frequency spectrum show-
ing peak broadening (at @ and 2
w) and increased fluctuation level
for three different levels of RF
power (on A2): 1) Pre = 200 kW
(# 40168), 2) Pur = 580 kW (#
40170), 3) Per = 950 kW (#
40171). The amplitudes of the
and 2 o peaks are saturated in
this figure. The plasma parame-
ters arc: By = 225°7T, [, = 340
kA, g = 1.5 109 ¢m3, H/D ratio
< 0.1, limiters at r = 46 cm, an-
tenna protection limiter at r =
47.0 cm, boronised walls.

Fig.3 :Frequency spectrum of the
capacitive probe (on A2) signal,
when exciting A2 (Ppr = 800 kW)
showing 1) two  sidebands
(LSB,USB), ii) a periodic struc-
ture on the overall spectrum. The
amplitude of the w peak is satu-
rated in this figure. The lower
curve  (a)  corresponds  to
Mo = 2.1 109 c¢m® (# 40364), the
upper curve (b) corresponds to
Ao = 0.8510%cm  (# 40362).
H/D ratio =~ 0.15, other parame-
ters are the same as in Fig.2.

Fig.4 :Frequency spectrum of the
capacitive probe (on A2) signal,
when exciting A2 (Ppr = 1200
kW) showing splitting of the w
peak (# 40426). H/D ratio > 0.135,
g = 2.2 108 em?, other parame-
ters arc the same as in Fig.2.
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GOME FEATURES OF ECRH IN INHOMOGENEOUS MAGNETIC FIELDS.
ghil tsov V.A., Skovoroda A.A., Scherbakov A.G.
1.V. Kurchatov Institute of Atomic Energy,
Moscow, USSR.
. Experimental results obtained under ECRH in the
plasmﬂs of open traps OGRA-4 (single superconducting baseball)
o] OGRA-4K (single supercoducting cusp) are discussed.

Two gyrotrons with the total power up to 158 kW were
ased for heating in OGRA-4 [1]. The power of the first gyro-
tron (wavelength 8 mm, the fundamental harmonic) was launched
into plasma along the magnetic axis. The power of the seconcj
gyrotron (wavelength 5 mm) was launched at the angle of 60
raaPeCti"e the axis at the first and at the second (as a rule)
harmonics. In OGRA-4K cusp device [2] 8 mm gyrotron launched
nainly along the cusp axis was used. Experimental results
given below have no adequate theoretical description at
presen't.

1. Dense plasma size limitation by a resonance surface.

The experiments on both devices show that the dense
plasma is mainly concentrated within the surface B(x,y,z)=Br,
were B is resonance magnetic field for ECR at the fundamental
narmonic. While changing B the plasma geometry is changed
without essential change in density [4]. In Fig. 1 one can see
the distribution of electron density, n_ (solid line - HO: me-
surements, circles - interferometer), gas density, n (dash
line), and the super hot electron density, ny (crosses), along
the trap axis in OGRA-4. The arrow is the ECR point for A=8
mm. Super hot electrons have the energy up to 1 MeV and the
density lower by the order of magnitude, and they determine
the plasma pressure. They are almost uniformly distributed
within the whole confinement region. Such behavior of super
hot electrons can not be explained without attracting the me-
chanisms of +transversal transport, e.g. neoclassical one

because, of field axial asymmetry.
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2. Parameters of the hot electron plasma.
At some changes in the magnetic field, gas flow and by
switching off any of gyrotrons, no essential change in the

- . M3
ximal electron density, 5 1@ 12 cm 3, occurs. Moreover, Maxj

Ay
analysis of literature has shown that at ECR method of plagp

mal density is practically the same in both facilities,

creation this limit was not exceeded in other experiments with
a strongly-ionized plasma, when n/n_ < 1979,

A rise in the diamagnetic signal in our experiments 14
mainly related with increase in the density of super hot elec.
trons which is proved by a good coincidence of form of dianag.
netic signal and cyclotron emission. Fig.2 shows consequeng
curves resulted by the experiment with 1 gyrotron on OGRA-¢,
Solid curve - integrated signal of diamagnetic coil, circles.
cyclotron emission at wave length A=1.95 mm in the directig
normal to the magnetic field (arrow - gyrotron switch off),
Note that cyclotron radiation at the high order harmonics of
ECR is more sensitive to change in +the energy of superhot
electrons When two gyrotrons are in operation the density of
super hot electrons is continuously increased (up to 75 ms),

What is the super hot electron energy determined with? We
have not found an adequate answer to this question.

3. Current along the axes.

The ion flux density distribution (dots) and the electron
distribution (circles) along the transversal coordinate at the
plasma center (Z=@) to the West (a), to the East (b) on OGRA-4
are shown in Fig.3. In this case the gyration (8 mm) radiation
is launched from one side (west). The fluxes where measured at
the ends of the facility (Z=112 cm) where a strong reduction
in the magnetic field takes place. One can see +that, +though
the flux magnitudes are close to each other, a current along
the axis is observed . The current equals 3 A at 30 kW of the
deposited power, which does not ecceed the plasma ionization

fluxes.
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4. Absorption at high density and power .
n special experiments on OGRA-4 with the rarefied plasma

I
sced by NBI, the absorption coefficient, T, at the first

od! \ . .
ggg-harmonic under longitudinal propagation (microwave genera-

1@ mW) was measured [5]. It has been shown that the theory
tor
resents the process of ECR-absorption in an

daquﬂtely rep
s magnetic field and, at the density above n_ =2

mhomoseﬂe"“

1@ -3 ,'mn is practically equal to one. The present experi-
mant—” show that a considerable power absorption (T =0.3 +1)
takes place at much higher density and power level.
In order to measure the penetration coefficient T at
presence of gyrotron beam for various frequencies of inspec-
tion Wave two horns at the angle 45° to the axis were used.
The frequency dependencies of T under gyrotron operation
(dotg) and in 2@ msec after its switching off (circles) are
shown in Fig.4. Similar measurements were taken on the cusp
too. Note +hat under gyrotron opertion +the quantity T is
changed in time chaotic. A relative level of these fluctu-
ations, AT/T, (crosses), is given in Fig.4 (an arrow - second
harmonic ECR frequency). The presence of fluctuations proves
the development of instability related with an anisotropy in
the electron distribution function. This instability is mani-
fested in the Ha intensity, in the fluxes beyond the mirrors,
in plasma pressure etc. At present there is no non-linear
model describing self regulation of electron distribution
function, that provides absorption of SHF power when
instability is present.

5. Wave amplitude change in the ECR-zone.

In the experiment with a cusp, the whole plasma flux out-
going along the slit was received to the insulated plate.
‘iarying the potential of the plate one could direct the stream
of cool electrons to the slit or along the axis. The results
of these measurements are given in Fig.5 (1 - current to the
plate, 2 - electron flux to the slit, 3 - electron flux along

the axis, 4 - potential at the axis). The redistribution of
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fluxes is well explained by change in the height of Potep

barriers for electrons along the field lines, assuming thea&
sence of transversal transports. However, let us remembep tha
there are two ECR-zones along the field line at the fundaman

tal harmonic. These zones should absorb cool electrons,

Cop.
verting them into hot ones. The lack of this absorptioH’

our opinion, is connected with the fact that because of
doppler effect the wave is practically completely absorbeq b
the hot electrons in the area of resonance point,
amplitude at the very point of resonance is small enough noy
to influence the behavior of warm component. How
energy exchange among cool, thermal, super hot electron take
place? There is still no answer to this question.
1. Belavin M.I, Zhil tsov V.A. et al.// Voprosi Atomnoj Naukj

i Tekhniki, seria Termojadernij sintez 1988, v.1, p.51,
2. Belavin M.I., Golovin I.N et al // 12 ICPP and CNFR, Nige

France, Nucl. Fusion Supplement, 1989, v. 2, p.691.
3. Zhil tsov V.A., Skovoroda A.A., Scherbakov A.G.// Prepript

IAE - 4855/7, CNIIAtominform. M., 1989.
4. Zil tsov V.A., Skovoroda A.A.,// Journal Physique C7 , 1979,

v.4@, p.C7-663.
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N OF "H"— TKE PHENOMENA AT THE BEGINNING PHASE
QRSERVATTO OF ECR-HEATING ON T—10.

( V.V., Bagdasarov A.A., Vasin N.L., Vershkov V.A.,
élrij;ﬁ?; & A7 Rudakov D.L., Sushkov A.V.. Chankin A.V..

Chistyakov VY.V.

1.V Kurchatov Institute of Atomic Energy, P.0.Box 3402,
A Moscow, USSR.

puxiliary heating is known to result in a significant
increase of the neutral flux and Ha/Da intensity, which is

typical for "L"-mode. It’s not before the certain rise in
{emperature and exceeding some threshold power, that
{ransition to ‘H"-mode becomes possible. After that, the
parf-iC]-e fluxes and Ha/Dd intensity fall to practically

ohmic values. A high recycling value in the main plasma,
causing high value of the neutral fluxes, is usually
considered as one of the factors, which make difficult
transition to "H"-mode.

In this case, as it may seem, the formation of “H"-mode
is possible at the beginning of the central ECR-heating,
pefore the wave of perturbation due to heating reaches the
wall and causes neutral flux increase. It have been shown in
the present paper, that in this case "H"-like phenomena did
take place in first 10-13ms of ECRH, namely, increases of ng

and T, gradients at the plasma periphery under the condition

of ohmic values of the neutral fluxes.

The experiments were carried out at T-10 tokamak ( R=
150cm, a=32c¢m ) with plasma current Ip= 200kA as well as
400kA, average plasma density ﬁg= 3x1013crn_3, toroidal
magnstic field H= 30kOs. ECR-heating was performed at the
first harmonic, at the wavelength a= 3.7mm, with full power
up to 1.5MW. The ng and TE profiles were obtained with the

use of the B—channel interferometer and the intensity of
radiation at the double electron cyclotron frequency - awhg.

Particle fluxes at the periphery were measured by the system
of Langmuir probes and by the intensity of Hd/Da from the

limiter. Fig.1l shows the scheme of the experiment.

ECRH at T-10 was always accompanied by an increase of
particle fluxes at the periphery up to about 10 times. It
could be either dus to the direct interaction between EC
waves and periphery plasma, or due to the perturbation
caused by heating which came to the periphery from the
Center of plasma column.
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An analysis of time evolution of particle fluxgg
shown, that the increase always appeared in two Stagel
First, Just after beginning of the heating the flges-
increase by about 30%50%, which gives the evidence of SXes
direct interaction between EC waves and the Pgriphe?
However, this interaction is rather weak. Then, after t.ﬁ'
delay of about 3-13ms, the main increase up to several t1 ;)
begins. Fig.1 shows a set of experimental signals fqr th
Case of maximum delay. One can see, that after the f1pa
immediate increase of signals from the periphery dia
by about 50%, all of them stay constant for 13ms, and then
the steep rise of all of the signals is observed, which 1“
apparently caused by the arrival of perturbation from ths
center. Evidently, such an evolution of particle fluxps 19
incompatible with the usual diffusion model and is Similaﬁ
to the propagation of the shock wave. One can also ses frop
fig.2, that the increase of temperature at the half radiyg
as well as density evolution stop simultaneously with the
beginning of the increase of fluxes. Fig.3 shows ting
evolution of the radial profiles of TQ and ng- It's evidgnt'

that considerable widening of profiles occurs beforg the
beginning of the fluxes rise. Since there are no noticeablg
changes at the radius of limiter by this time, ons can
suppose an increase of gradients of Tg and Ny at the

periphery. However, this increase don’t result in
enlargement of particle fluxes . 1.e. the increase in
gradients decreases transport coefficients for heat apq
particles. Fig.3' gives the ovidence that the growth of
fluxes destroys previously formed st gogp gradient of ng and

thus automatically supports high values of fluxes at the
periphery.

The investigations have shown, that the maximum valug
of the delay corresponded to the case in which plasm
current was 200kA and ECRH was preceded by the phase with
the strong flux from the valve, which resulted in a
narrowing of profiles of TQ and plasma current (fig.d4a).

One can see from fig.4b, that in the case of plasma current
200kA and weak flux from the valve before the heating, the
delay was 3 timss less than one in the case of the strong
flux. A similar decrease of the delay was observed with
plasma current 400kA (fig.4c). Thus, the value of the delay
is defined by the degree of the narrowing of Te profile

before the heating, which generally correlates with high
loop voltage before the heating in that case.

The phenomenon of the '“shock wave" formation didn't
depend on the heating power and had been ovidently observed
at T=10 earlier, in the experiments on "B" and “S" regimes
after switching off the valve ([1],[2]). A set of signals of
that experiment is presented at fig.5. One can ses, that the
evolution of the probe signals and Ha/Da intensity are quite

similar to those in the case described above, but the value
of the delay is increased up to 140ms. Similar phenomena

2
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ved at ASDEX during the transition from SOC to IOC

were 015359%}”5 the phenomenon of locking up the fluxes at the
ngiﬂﬁe%y and formation of the steep gradients may be

as the general feature of tokamak plasma transport.

CONCLUSIONS
ECR-heating is a unique technique because it doesn’'t
a gsult in considerable interaction with plasma periphery
rnd has a small switching time.
a-lrhg formation of steep gradients of Te and ng at the

pgriphgl—'y and, accopdingly, locking up the fluxes of heat

and particles is inherent to tokamak and is always

observed in the process of the plasma column expansion
after previous periphery cooling.

3. The arrival of the wave of temperature and density to

" the limiter accompanied by the sharp rise of the fluxes

destroys steep gradient of ng and automatically supports

high values of the fluxes to periphery at the expence of
onlarged transport coefficients.
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4. Alikasv V.V. et.al., Plasma Phys. and Contr. Fus.,
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FOR F_-LIMITATION -- EXPERIMENTAL STUDY IN T-10 AND
REASONS e SIMULATION.

.V., Bagdasarov A.A., Borschegovskii A.A.,Vasin N.L.,
Volkov V.P., Gurov A.A., Evdokimov D.B.,
etin D-Yu., Esipchuk Yu.V., Ivanov N.V., Kakurin A.M.,
glizaVv A.Ya., Kislov D.A., Maximov Yu.5., Medvedev A.A.,
Kislovkii'v_w_, Notkin 6.E., Pavlov Yu.D., Pimenov A.B.,

leenzva .A., Roy I.N., Savrukhin P.V., Stepanenko M.M.,
Razu‘;‘knv V.5., Sushkov A.V., Titishov K.B., Chankin A.V.,
s:r—:tyakn" V.V., Yaramyshev G.S., Yushmanov P.N.

chi

gurchatov Institute of Atomic Energy, P.O0.Box 3402, Moscow, USSR.

1 Regimes were investigated in T-10 with achieving density

t by the additional gas puffing in the steady stage. HF po-

1imi

BEe ¢ PHF ¢ 1.6 MW, f = B1 GGz ) was injected simultaneously

with puffing- The main goal of the experiments was to search
- fs . —1lim

reasons for the n, limitation. Dependence of n_ on HF power,

the puffing intensity, and the ECR position were under investi-—

gation with Bt"' 3T, Ip* 0.2 MA, and q, = 3.9 (aL=0.2EI m).
2. The specific features of plasmas of limiting density (both
with and uithnui_: ECH) are: i) m=2 mode bursts (Fig.1), when EE
is raised to E:_.lm (t=tk)_ After that, the discharge becomes
usually unstable, MHD activity with m = 2 to 6 does not vary
during EE rise up to ;;im; ii) before the m=2 burst, situation
arises at some Nas when the electron energy loss exceeds the
input power. The electrons cool mainly at the edge (r > rq=2).
The TE—prufile variation is illustrated in Fig.2 ( T:(r',t) =
TE(r,t) / Te(r,to), with ¢t being the instant just before

0
the puffing ). To characterize the TE profile variation, one
_ X =1lim .
can use gT(t) = TE(r‘q=2,t) / TE(O,t)- When n_ is reached
(t=tk),I gT(tk) is about the same at fixed FHF and it slightly

decreases with FHF rise. Periphery cooling results in current

decrease beyond the g=2 surface within skin—time. Independence

of gT(tk) on the puffing intensity G seems to be an
p —lim

n

_ e

with Eip (Fig.3): n, can be raised within the skin—-time to a

explanation for the gradual increase, not a decrease, of

higher level at higher Gp.

3. As the ;e limitation is the result of periphery cooling,
1im

one would expect enhancement of the EE with the P increase.

HF
Results displayed on Figs.l and 4 confirm this expectation. But
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the HF-wave refraction occurs in plasmas with ;e > 3.1019 mS

-1 ]
which restricts the absorbed power Pab and, hence, the nllm in
= =

crease with PHF' The <nE>lim dependence Dn1;QE§1 heating POwar

Ptut can be described (Fig.4) by <ne)1im’1o m = 6.4 Ptnt’ﬂm

4, In OH plasmas, poloidal asymmetry is not pronounced, as 5
—1lim

rule, in e and Prad profiles up to n_,oo- With ECRH, MARFE

appears which is more pronounced at hihger PHF and ;e 1 Elim
e -
Thus, MARFE forms beyond some threshold in input power.

9. Prad increases stronger than linearly with Ee (Fig_n
- 2% jim _ ) _ 3
At n, =ng and PHF = 1.6 MW, Prad is about 0.8 ‘Ptnt dNIdt“

while it is not higher than 0.5 (PDH—dW/dt) in OH (W is tha

energy content) (Fig.5). Being so high, P dominates in the

rad
Eiﬁ;trnn energy balance at PHF > 1 MW. The Prad rise at ne ~
n is mainly due to the ne increase in MARFE.

i G F ]
&.Transport enhancement at naEng s Ftr(tk)/Ptr(tD),dnes not
exceed 1.6 in OH and 2.5 in ECH with P = 1.6 MW (P =P -
HF tr tot

dN/dt—Prad). Also, degradation of particle confinement Ty is
not strong: Tp(tu)/Tp(tk) is not more than 2.5 at FHF = 1.6 MW.
In addition, nE decrease was not rapid after H2—pellgt inject-
ion, although ;e was raised by the pellet above E;lm (Fig.&).

7. Strong poloidal asymmetry in particle transport appeared
with MARFE. Namely, drastical enhancement of the Dg—line inten-
sity was detected just on the inner side of the torus (Fig.1).
Asymmetry was stronger with higher PHF and, hence, with higher
density in MARFE. Asymmetry in F‘rad and transport leads to the

conclusion that distortion of the energy balance and periphery
cooling at PHF high enough is initiated in MARFE.

8. MARFE plays apparently a noticeable role in off-axis ECH.
In this case, heating just of the edge was expected to result
in enhancement of ;;1m at the same PHF as in on-axis ECH. In
reality (Fig.7a), E;lm was even slightly lower compared with
on—axis ECH. In off-axis ECH, poloidal asymmetry manifested it-
self earlier and was more pronounced (Fig.7b). As a result,
Prad and I(Dgy) increased more rapidly (Fig.7a), but in both
cases of ECH, E;‘m occured at the same values of Prad' I1(Dy)s
and density in MARFE.

9. The main features of plasma behaviour mentioned above can

be described by the T-10 model of electron transport [1]:
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T:'s r 1.5 g2 In_ r n_ 2
~ D)= u* [10-7 _H_ 0= * 0.7 TE —i— —E— - + 0.3 —(—)—5 _E] (1)
Xe e e R Bt e R TE Bt
P (r)/P € 2 N
$py = S2f——L0Y; . (a®/s1, T [keV1, n ofm >1, BITI.
g (r (ry /P e e 19 t
Pon?Fon

simulatiun founded on the model indicates preferable cooling
of the plasma edge (due to the 3d term in (1)) with approach of
5 to ;lim. Enhancement of transport flux on the inner side of

e
. d -

the torus is the result of n, rise, Te decrease (the 3~ term in
(1))s and, also, of Vne increase in MARFE.

as the experiment gave no evidence of any additional

= 3 —lim

mechanism of the electron transport when n_was raised to n,os
one would expect that the electron transport obeys the same

scaling over the whole range of nEI variation.
/17 Yu.Esipchuk et al. ITER Meet.,March 198%.ITER-IL-PH-4-9-5-1

Figure Captures
Fig.1. Traces of mean density,ﬁe, m=2 mode intensity,MHD, radi-
ative 1°55’Prad’ Do—line intensity,ICDgy), and loop volt-—

age,VU,., without ECH (1) and with it at PHF=1 MW (2) and

1.6 MW (3).;E and HEL(E 1.4 EE) are density values aver-—
aged over the radii of chamber and limiter, respectively

Fig.2a.Relative temperature profile variation with n rise for
instants marked by arrows in Fig.la.

Fig.2b.Profile parameter gT variation with ;e'
Fig.3. The Ee traces for different intensities of gas puffing.
P = 0.33 MW. Start of m=2 activity is marked by “tk"'

HF
<n_> is the
e

Fig.4. Dependence of (nE> on total power, P

1im tot?

density averaged over cross—section within the limiter.

Fig.5. P variation with P for instants of achieving ni ™.
rad tot e

Fig.6. ;e behaviour with the pellet injection (1) and the gas

puffing (2). With pellet, E;‘m was exceeded.P_=0.33 MW.

Fig.7a.Traces of n s P and I(Dy) at different locations of

e rad’
heating: 1 — AR 2 0, 2 — AR=+146.3 cm, PHF =1 MW.
Fig.7b.Temporal variation of additional phase shift gF under

conditions mentioned in Fig.7a. gF(t) = F(t) - F(tD)-
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DOWN AND OF INITIAL STAGE OF DISCHARGE

ON OF BREAK-
oPTIMIZATI WITH ECH IN T-10.

v V.Vas Bagdasarov A.A., Borschegovskii A.A., Vasin N.L.,
Riika‘_amuv p.B., Elizavetin D.Yu, Esipchuk Yu.V., Kislov A.Ya.,
Evda:;kii V.Yu.,Notkin G.E.,Pimenov A.B.,Razumova K.A.,Roy I.N.
Mire :
gurchatov Institute of Atomic Energy, P.0.Box 3402, Moscow, USSR-
The EC low—voltage disharge startup and current rampup

ha:’l; been studied on T-10 ( aL =0.2B my R = 1.5 m, Bt = 2.6 to
e ) - p-mode EC power up to 2 MW was launched from the low-
field side and then it was transformed to X-mode by the mirror
on the pbackside of chamber. Two gyrotron systems, 3 wunits in
each of them, were in operation simultaneously or consequently
to prulnngate the EC pulse up to 300 ms.

2. Befare start of toroidal electric field E which produc-

»
ed a plasma current Ip, EC plasmisand a tnrnidail: current IHF/1/
were produced in D2 ( 3 to B.10 Torr, Fig.la ). Maximum IHF
occured at the optimal value of the vertical magnetic field
52 ~ o,z_IHF/aL (Fig. 1lc). After transient process, n, = 0.1 to
1.1019 m . was controlled by gas puffing. Maximum phase shift
F(h) ™ S nedl was observed near the ECR 1location (Fig.1lb).
X-rays of energy up to 20 keV (Fig.la) were emitted From
bottom of the chamber, toward which the electrons drifted. On
the other hand, effective TE did not exceed 150 ev as given by
the profiles of CIII and CV - line intensities. Single—pass
absorption was low under such conditions, as estimation shown.

3. The Et
E, value was controlled via the feed-back system, which provid-

t
ed the predetermined value of de / dt. But on the front of the

—pulse was switched on 35 ms after ECH start.The

E‘l: pulse the real de/dt value exceeded the predermined one and
was usually about 2 MA/s as high. Therefore, IP was steeply
raised at the beginning up to 10 or 15 kA. During the Ip rise,
intensity of X-ray emission, caused by the electron - wall
interaction, dropped together with the decrease of the current
to the limiter by factor 3 or 4. In the initial stage, the
maximum on the chord profile F(h) became less pronounced. Thus,
one could imagine that the rotational transform was produced in

5 to 10 ms. The surface voltage U5 set to this instant was a
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function ot the EC-discharge parameters as well as of B

v PRI
and EC power (Figs.1l d,e). Note, that minimum US was rEﬂliz‘
” By

at B = BO with fixed P and n_. At B_ < Bo s U s1i
v ¥in HF = v v s 1ght)y
exceeded LI5 ( SOAOhlgher at BV = 0 ) and it urasticau,

increased at Bv > BV (B to 10 V at Ev =2 to 2.5 BS). With B

lgcrease, U5 decreased (and maximum IHF was reached at himmk
Bv’ Fig.1ld). Thus, with EC heating powerful enough the
voltage startup dnesAnut demand the careful chnufe of Bv' The
dependence of L!S oen n_ (Fig.1le) pgints that luwlge_és faVDram!
to minimize Us' However, too low ne ( < 1.5%10" ™ m ) Promoteg

the runaway electron production by E Such discharges were nat

£
studied.

4. The startup stage ended by the rotational transform format
ion and was followed by the rampup stage. In this stage, dlpmt
value of 0.1 to 1.7 MA/s was provided, which resulted in the
value of 30 to 220 kA (Fig.2a). The ng profile was formed in ﬁ
to 40 ms after the Et start and did not change later, while g
rose gradually up to 0.8 to 1.7x101q m_:5 on the flat top of t;
Ip pulse. After formation of the rotational transform, TE was
about 0.3 keV and then was raised in about 50 ms up to the
M3¥_ 1.6 to 3.2 keV, which was a function of P

e HF
(Figs.2b,c). At such Te values, the period of the Ip rise up to

maximum value T

the flat top magnitude was of order of the skin—time.

5. Main characteristics of the rampup stage—-— the loop volt-
age on the plasma surface U5 and the total parameter of Ejima-
Wesley /2/ B} = sz / 0.4 g IPR, are displayed on Figs.2 d,e,
with sz being the consumption of voltseconds to the instant of
start of the current flat top. Its resistive component, w;,uas
calculated using the dependence of the resistive voltage on the
plasma current. The dependence, obtained for the flat top of
the current pulse by the Ip*amplitude variation, was believed
to be valid at any instant of the current ramp. So estimated,
Cg o AWE ippeared to be about 0.3 a; fp = 0.6 MA/s and PHF
1 MW; Cj 2 0.7 to 0.75 for the same range of parameters
(Fig.2e) and maximum U5= 1 to 2.2 V. Thus, before the beginning
of the current flat top, E, £ 0.1 to 0.22 V/m. However, current

t
profile was probably not stationary yet. To reach it, one need



l!..}’
her
The
ble

nat

mat-

2
E?
of

dditi"nal voltsecond consumption. It was amount +to about

a
ed% ot ‘Pt at f = 1.2 MA/s, as estimated in the regime with the
0 s
b foth activity. The sawteeth were believed to be a sign of
gaw -
nation of the stationary current profile. During this period

for

41_/dt ~ 0 and Et is lower than 0.1 V/m in the EC plasmas.
p

(11 alikaev v.V. et al. In Plasma Phys. and Contr. WNucl. Fus.

RES. s IAEA, Vienna (1987) v.1, p.533.

(21 Ejima S- et al. Nucl. Fus. 22, 1313 (1982).

GURE CAPTIONS.

FI
Traces of surface voltage, Us’ plasma current, and mean

Fig-1a- _
density, n.s during EC startup.

Fig.ib. Chord profile of the phase shift F(h). ECR location is

marked by arrow.

Fig.lc. Toroidal startup current vs vertical magnetic field.

The optimal value BS = O.ZIHF /aL is marked by arrow.

Fig-1d. Dptimal B vs EC power; also shown are u_’'s (Fig.la).

Fig.le. Ur_-'. VS l_‘IE at FHF = 1 MW.

Fig.2a. Traces of Us’ Ip, and nE during the current rampup.
Fig.2b. The nE and Te profiles at PHF = 1 MW,

Fig.2c. Central electron temperature, TE(O), vs HF power.
Fig.2d. Us vs the current ramp rate.

Fig.2e. The total Ejima-Wesley parameter vs current ramp rate.

Vvl

£y
Ve e Fead =40 ms.
T
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P%M
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Fig. la Fig 16
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NONLINEAR HEATING BY A SPATIALLY

LOCALIZED ELECTRON CYCLOTRON WAVE

D. Farina, R. Pozzoli*

o di Fisica del Plasma, Consiglio Nazionale delle Ricerche,

Istitut
EURATOM-ENEA-CNR Association, Milano, Italy

*Dipartimento di Fisica, Universita di Milana, Milano, Italy.

The problem of nonlinear interaction of a plasma with an electromagnetic wave, in the
ron cyclotron (EC) frequency range, characterized by a spatial dependent amplitude,
cceived a large consideration, mainly due to the use of high power radio fre-
quency sources in fusion plasma experiments /1-4/. Here, we present a theoretical analysis
which points out the mechanism underlying the nonlinear interaction process, and provides
the analytical computation of the absarbed power, at any cyclotron harmonics.

The interaction of a single clectron with the electromagnetic field of a spatially local-
ized radiation beam can be conveniently investigated using the relativistic Hamiltonian
formalism. The motion of an electron interacting with an EC wave propagating
pcrpendicu]arly to the magnetic field By, parallel to the z axis, with a [requency w = ngd,
heing Q = eBo/me the classical cyclotron frequency, and with a z —dependent amplitude, can
be characterized by a time independent ITamiltonian

glect
has recently r

H(z, P, 0, D)=y — vl = Hy(P,, )+ Iz, P, 0, 1), (1)
with
_— 0,1, )
=T —v,I, H =—¢2) —cos no, (2

where v is the relativistic [actor, &(z) = (F(z)/ Bo) Qfar, v, = wfn€d, T = /1 + P2+21, 0P, the
canonical momentum conjugate to the variable z , and T and @ are action-angle variables.
Here and in the following t, z, I, P, , and H arc normalized over Q' ¢Q™', me?|Q, me, and
me, respectively. In the absence of the perturbation (e(z) =0), / is the perpendicular
electron energy pi/2, and P.=p,. In Eq. (2), the polarization term ®, reads

®u = \/Z_f[ei.]"_i(b) °F e+"1n+l(h)] A Pzez"'u(b) ’

being e* = (e, + ¢,)/2 the right and left polarization components of the electric field, .J, the
Bessel function of argument b = Nw[SQ2 /2T, and N = kefw the refractive index. At lowest
order in Larmor radius @, = (ke/Q)~" (21y7(2e- + N v, e.)/(2(n — 1))

We refer to physical situations where the electron time of flight in the radiation beam
exceeds the trapping time in the wave potential, so that nonlincar effects play a major role.
Moreover, during the motion the variation of the ficld amplitude [elt by the electron is as-
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sumed sufficiently slow, so that the action integral J = 1/(2n) JIdnB can he considereg
adiabatic invariant, experiencing abrupt variations only as the separatrix between tranm..
and untrapped orbits in the (6, /) plane is crossed. The breaking of J provides th
nection between two unperturbed states (before and after the crossing of the beam), chay
acterized by the same value of the Hamiltonian and, in general, by dilferent valyeg of the
energy. A nct electron energy variation is made possible by the existence of an i”tEFValq
values of the unperturbed Hamiltonian 71, where any valuc of I, pertains to two dmerem
clectron states, with the same P, and difTerent energies. In [act, wllen vo < 1T, with
I.=./1 + P2, the value ﬂ]’,), satisfying the resonance condition ['(J, ) = Ijv,, core,
sponds to a max'mlum I of I, with respect to [ at fixed P, and in the ran
(=0, P.)< Il < H, two difTerent values of 7 correspond to the same value of . In t
unperturbed state, these [ values characterize the two branches of the level cury
I = const. in the phase plane.

The trajectory of an electron with initial J, and P, belonging to a given branch of J
crosses the separatrix at a given value of ¢, say &, while ¢ is increasing. The particle wil
change its energy only il its trajectory ends on the other branch of the Hamiltonian after
the latter crossing of the separatrix. Since the motion is adiabatic in ecach difTerent stay
of the motion, excluding the separatrix crossing, the variation in the aciinn, Al= I-1,
will be equal to the jump of the adiabatic integral at thc_s_cparatrix Ale., P..). By )
constancy of 1, the corresponding energy variation is Ay = v,Al

To determine AT , the values of &, and of P, arc required. They can be computed iy
terms of the initial /i, P.» by means ol the constancy of the adiabatic invariant J and of the
ITamiltonian during the first stage of the motion

EQG

Il'l == |‘](HJ' Pz.r)l 3
1y(ly, Py) = Hey P.) @)

being H, the Hamiltonian on the separatrix. The condition for the occurence of the energy
variation is e, < £y, Where g, is the maximum value of ¢. Iigs. 3 then determine the nonlinear
interaction region, i.e. the region in the space of initial momenta characterizing the
clectrons experiencing the energy transition.

An approximate estimate of Ay can alsa be given from the constancy of /7, neglecting
the variation AP2 Ay = 2(1jv,—y). Note that Ay is independent of the field amplitude,
provided that the energy transition takes place.

To compute the power absorbed by the clectron population, the probability that a
particle vary its energy after the crossing of the radiation beam, has to be evaluated. The
transition probability is strictly related to the structure of the phase space and to the vari-
ation ol the adiabatic invariant. In our case, it can be shown /1,3/ that for an uniform
electron distribution in the 8 variable, the probability that a particle end on a given branch
of the Hamiltonian is equal to 1/2. The absorbed power per unit length in the propagation
(x) direction and in the y dircction, normalized over mmc’, where n is the electron density,
reads then

r,
W= [ap 2 F5 0.,
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Al dP., [is the unperturbed distribution [unction, and the integration has to
e nonlinear interaction region for positive ..

The computation of W requires the analysis of the conditions under which the
« crossing takes place, Ed the evaluation of the adiabatic integral on the
in order to determine Ay and the nonlinear region. This investigation can be

=12

o ratl'i

SaratriX, o - . b
’el’imt}:ermrmed in two different limits: the weakly nonlinear limit, and the weakly
casimbs -
reiativisnc Jimit. ' ey o i

In the weakly nonlinear limit, the Hamiltonian lunction can be developed around the

bed resonance condition y = 1/v,, obtaining the pendulum Hamiltonian. In this

“nper:ﬁ': analytical computation of the nonlinear interaction region is easily provided, and
‘c::i;btain for the absorbed power density
: || n of
Wit aiﬂa’P+ Lo, Py 1" 2L sty -1, .
L ‘J"

This expression exhibits the same dependence of the linear case on the derivative ol
the distribution function with raspfect to the p.erpcndicuiar‘encrgy and on the resonant
condition, while scales differently with £x and_ with the polarization term. In particular, it
depends only on the peak & value and not on its profile. '

[n the strongly nonlinear regime the interaction region can be evaluated analytically
at cach harmonics, in the weakly relativistic approximation, which applies to most cases of
interest for plasma heating. A simple expression for the behaviour of 7 with respect to
¢y and v, can not be found, since these quantities are contained in the integration limits in
[iq. (4) in @ non trivial way, through the adiabatic integral .J.

The nonlinear interaction region for the ordinary mode at the first harmonic and for
the extraordinary mode at the second harmonic is shown in Fig. 1 for different values of
o For ey = 0, it corresponds to a small region surrounding the resonance curve y = 1/v,.
For increasing £, it covers an increasing area of the momentum space, which tends to sat-
urate, occupying the whole region /< 2(1 — v, T v

The profile of ¥, obtained from Eq. (4), as a lunction of v is shown in Fig. 2 for the
case of a Maxwellian distribution, together with the linear profile and the profile resulting
from a numerical code, which solves the cquations of motion for a set ol particles, The
comparison between the integrated values of I¥ over the propagation direction x resulting
from our theory and from the simulation performed in Rel. 1 is shown in Fig. 3. The
agreement is quite good in both cases. We stress the fact that in our model there are no [ree
parameters, so that the curves are not adjusted for a better fit of the numerical results.
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C.P. 65 — 00044 Frascati, Rome, Italy

F. Leuterer, F.X. Séldner, H. Murmann, L.H. Team, Asdex Team

Max—Planck ~Institut fiir Plasmaphysik
Euratom Association
D-8046 Garching, F.R.G.

INTRODUCTION

Physical conditions which are not typical of usual tokamak operation can be
realized DY driving the plasma current with TH waves. The ohmic heating power
can be reduced to zero together with the toroidal electric field. The temperature
profile are not linked by the Spitzer resistivity and the shape of these
profiles can be varied by changing the n) spectrum of the LH waves [1]. It
is therefore interesting to study the transport properties of the plasma in these
conditions in order to gain some insight on the underlying physical mechanism.

In this paper we report about such a study in the tokamak Asdex which has
already a solid data base on confinement for OH, NI and ICRH discharges. The
radiofrequency system used in the experiment has been already described elsewhere
[2]. Here we focus our attention on the energy confinement. Particle transport is
described in a companion paper at this conference [3].

and current

EXPERIMENTAL RESULTS

The increase of total plasma energy, as deduced from magnetic measurements,
of the perpendicular energy, as measured by a diamagnetic loop and of the electron
thermal energy, as measured by Thomson scattering diagnostic is shown in fig. 1
as a function of the total power input to the plasma.

These data were obtained with a power scan in a discharge with I, = 420kA,
Br=28T, n, =135 x 101 cm—? and current drive spectrum with nj = 2.2,

We observe that the increase in plasma energy is well described by an offset
linear law and this is always true when the current profile is not changed by the
LH driven current.

At low density, due to the high current drive efficiency, we can produce
discharges with a total power input lower than the OH power in the target plasma.
In these conditions we observe an increase in the total plasma energy but a cooling
of the thermal bulk due to the reduced power input. This shows that the fast
electrons generated by the LI waves have a confinement time which is longer
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Fig. 1 — The increase of total plasma Fig. 2 — The absorption coefficient
energy, diamagnetic energy and thermal (dots) and the fraction of accessible
electron energy is plotted as a function power (crosses) is plotted as a fune.
of the total power input (ohmic + lower— tion of the electron density for
hybrid). Discharge parameters are: Ip = By =2.17T, I, = 320kA and
420 kA, Br=28T, 7,=135x10" em ™. n;=18.
Current drive operation with n) = 2.2.

than that of the bulk. The average energy of these electrons can be increased by
lowering the launched nj and a higher increase in the thermal electron energy is
obtained for n) = 2.2 as compared to the case of n) = 1.8. This implies that the
fast electrons have a confinement time shorter than the slowing down time so that
they dump only part of their energy to the bulk plasma.

Different heating is observed when the direction of the launched waves i
changed. The largest effect is obtained with a current drive spectrum, the lowest
with an opposite current drive one. At low density (7, ~ 1.3 x 1013 em ™) we
generally observe that the increase in diamagnetic energy exceeds that of the bulk
electrons by an amount which cannot be accounted for by the observed ion heating,
This difference is higher for the low ny spectra and shows that the electron
distribution function is not maxwellian in the perpendicular direction too, as a
result of pitch angle scattering of resonant electrons.

When the density is increased to 2.7x10' cm~* the diamagnetic energy only
exceeds that of bulk electrons by the observed ion heating.

POWER ABSORPTION

Before discussing the confinement time of the plasma during LH experiments,
we need to evaluate the absorption coefficient for the wave power. In fact quasi-
linear dumping of the launched spectrum is not sufficient to explain the observed
heating and, although different mechanisms of spectral modifications and n upshift.
have been proposed, still the power absorption cannot be reliably calculated.

The absorption coefficient @ can be measured from the rate of change in the
plasma energy at the switch-on and switch—off of the heating pulse. In the case of
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. oction however, the plasma resistivity can change on a fast time scale and
LH mjil to a fast rise of the plasma current with an associate increase in magnetic
this lea shich has to be taken into account in the power balance. Therefore we
ener wiuated a from the rate of change of the total plasma energy, as given by
have €v2 diagnostics, and of the magnetic energy, as given by the total inductance
maEnehC]asma loop (internal + external). The method has been checked during

oiut:;:l I;,ea.m injection and has proven to be accurate within the experimental error
I

of £10%.

For LH waves we have found that all the power in the main peak of the

frum s absorbed by the plasma core in current drive experiments at low
sPec't in agreement with results on current drive efficiency which are close to the
deﬂs}ﬂ{;m theoretical value. The power in the secondary peak has too high nj to
Inmlf;ibute. to the driven current and is likely to be absorbed at the plasma edge.
;:;n observe higher absorption for low n) spectra in agreement with the higher
di:ectivity of the grill in the corresponding phasing. In opposite current drive
opera‘»tion we observe a reduction in absorption of about a factor 2 with respect to
ormal current drive and intermediate results are obtained with symmetric spectra.
This is in agreement with the observed increase in plasma energy which is maximum

for current drive and minimum for opposite current drive operation.

When we increase the plasma density we find a remarkable decrease of «, in
particular at lower magnetic field, as expected from accessibility considerations. In
fig. 2 we show the results of a density scan with By = 2.17T and ny = 1.8.
The experimental data are compared with the [raction of power satisfying the
accessibility condition at a plasma density equal to the line average density and a
magnetic field equal to the toroidal field on axis. From this we can conclude that
the decrease in « is related to the accessibility, although we also find absorption
in cases where no power should reach the plasma core.

The measured absorption coeflicient does not show any appreciable dependence
on the launched power. We have changed n| and the width of the spectrum
without appreciably changing the value of & at 7, = 2.1 x 10* cm ™. For the
same density and n) = 1.8 we also changed the plasma current in order to vary
the g-profile, which should influence the wave trajectory in the plasma. But this
did also not affect «.

DISCUSSION

When we take into account the measured absorption, we observe the same
increase in plasma energy for the same absorbed power independently of the

electron density. This is shown in fig. 3 where the increase in diamagnetic energy

is plotted versus the absorbed power for nj = 1.8 and nj = 2.2 with different
densities and I, = 420kA, Br = 2.8T. Only data for 7, > 2.0 x 10'* em ™3 are
considered to minimize the contribution of the fast electron to the diamagnetic
energy. From these plots we can deduce an incremental confinement time of 27 ms
and 40 ms for ny =18 and n = 2.2 respectively. These values are lower than
the ohmic confinement, therefore implying a power degradation of 7z . Nevertheless
they are comparable or even better than the corresponding values obtained with
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Fig. 3 - The increase in diamagnetic energy is plotted as a function of the total absorhe
power (ohmic + lower hybrid) for different densities. a) n| =22, b) ny = 1.8. Dischar,
parameters are: [, = 420kA, By = 2.8T.
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neutral injection heating.

Incremental confinement times obtained during LI injection do not show
appreciable current dependence in the range 300kA =+ 420kA. However they de.
creases when ¢ is lowered below 3. Incremental confinement times obtained with:
neutral injection in an ohmic target plasma and in a LH current driven plasma
turn out to be comparable.

The lower Hybrid experiments in ASDEX are performed in collaboration between
IPP Garching, ENEA Frascati and PPPL Princeton.
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CATTERING AND LOCALIZABILITY OF ECH POWER IN CIT*
5

Gary R. Smith

Lawrence Livermore National Laboratory
University of California
Livermore, California 94550, USA

ABSTRACT

The theory of scattering by drift-wave density fluctuations is applied to electron-
cyclotron heating (ECH) in the Compact Ignition Tokamak (CIT). It is found for CIT
that the scattering angles are small and have a Gaussian distribution. An analytic
result is given for the average number of scattering events suffered by a ray during
prgpagation through the turbulence layer; this average number is 1.3 for the turbulence
Jevel expected in CIT. Localizability of ECH power in CIT is also studied for two choices
of steering mirror. Better access to outer flux surfaces and better localization is achieved
if the power is steered within a poloidal plane.

PLASMA AND MICROWAVE-BEAM PARAMETERS

We study the propagation of electron-cyclotron power in a plasma representative of
the beginning of the flat portion of the current evolution. The equilibrium magnetic field
By is a solution(1] of the Grad-Shafranov equation. This equilibrium is characterized
by a field strength of 11.2'T and a safety factor ¢ = 1.16 at the magnetic axis. The
g =2 surface is at ¢ = 0.76. (In this paper, flux surfaces are specified by values of the
poloidal flux v, normalized to have values of zero at the magnetic axis and unity at the
separatrix.) The electron-temperature profile is T,(¢) = T.(1 — 1) with T, = 20 keV.
The density profile is n.(¥) = 7.(1 —¥)* with i, = 5% 10** m~3 and @ = 0.5+ 1.592°,
Note that o 2 0.5 except very close to 9 = 1, where increasing o yields a smaller n, (i)
and a bounded dn. /dy.

The ray-tracing calculations in the next section use a ray bundle that represents
a Gaussian beam with a Rayleigh length of 1.5m and a waist of radius wy = 2.2cm
located in the plasma core. Such a beam could be focussed and directed towards the
plasma from a mirror of diameter 0.4 m located 6.7 m from the magnetic axis.

SCATTERING BY DRIFT-WAVE DENSITY FLUCTUATIONS

The scattering theory was formulated by Ott et al.[2], and a numerical method
described by Hui et al.[3]. That work is directly applicable to the present situation of
ordinary-mode propagation nearly perpendicular to By,

* Work performed for the U. S. Department of Energy by Lawrence Livermore National
Laboratory under contract W-7405-ENG-48.
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We assume that the density fluctuations are located on the outer flux surfaceg g
have a radial profile given by

) )
§n)?)(z) = ((6n)? [lﬁu] i
with 1, = 0.8 and 6y = 0.2. At each point in space, the density fluctuationg ats
assumed to have negligible parallel wavenumbers and a perpendicular-wa,xrenmnber
spectrum
S(K) = ((6n)2) 5 exp (~K/¢3)
e
that is Gaussian and isotropic in the two directions L By.
Our estimate of the turbulence level is taken from Liewer(4]:

{(6n)*)Y? = 10n.(4y)ry/Ln

where r, = ¢, /{}; is the sound speed over the jon gyrofrequency and L,, is the density.
gradient scale length. Values for these parameters are calculated using the assumeq
density and temperature profiles and the solution Bg of the Grad-Shafranov equatiop;
P = 1, at R =~ 2.73m, where By = 9T, T.(y:) = 4keV, r, = 1mm, L, = 0.23n
ne(1hy) 2 2.2 x 102 m™~2, ((6n)2)/2/n(1h:) = 5%, and ’

[((6r)?) ()] * = 01 x 100 m~3

We assume that the typical perpendicular wavenumber (g of the-turbulence scales
as 1/r,. The numerical coefficient in (o = 0.4/r, is consistent with the results of Ref, 8]
Qur estimate of this wavenumber for CIT is (g = 0.4 mm™?.

The scatiering angles are predominantly small in CIT because the dimensionless
parameter v = (2w/c(s)? = 1 x 10* is large. Then the distribution of scattering angles
B is essentially Gaussian, G(B) = exp(—376?). The largeness of v allows us to write
a simple equation for the rate of increase, during propagation of a ray through the
turbulence layer, of the probability of occurrence of a scattering event:

d: 4 2 2
2 - vr T ((6ne)

To make further analytic progress, we relate distance s along a ray to poloidal
flux 1 by 3(s) = 1 — s|V1|, which is a good approximation for rays propagating nearly
perpendicular to outer flux surfaces and close to the equatorial plane Z = 0. Performing
the s-integration, we find p = [(dp/ds) ds, the average number of scattering events for
a ray during passage through the entire turbulent layer. The result is

5. ((6n)2) (2
P34 x 10_30m4__“|v('£b|nc)q i{(;‘b ) (1)

where ((61)?) (1), |V¥|, and (g are in MKS units, and the microwave frequency f is in
GHz.
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E Fig. 1. Profiles of power density
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0 1 plasmas (a) without turbulence
e and (b) with turbulence. Contour
2 levels are multiples of 0.01 W /cm®
.: for each Watt of incident power.
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We evaluate Eq. (1) for CIT by using |Vi| = 1.35m™?, f = 308 GHz, and the
parameters given previously. The result is p = 1.3, which indicates that most rays are
scattered at least once. However, most of the scatlering angles satisfy 8 < c(p/w = 4°.
An angular deflection of 4° yields a 3.5 cm displacement along the 0.5 m ray path from
the turbulence layer to the plasma center. For the turbulence parameters assumed here
we thus find that, due to scattering, the beam broadens by only a few centimeters.

The beam broadening is illustrated in Fig. 1, in which we compare beam profiles
with and without turbulence. The two cases each have an initially Gaussian beam
represented by 500 rays, which are traced through the plasma to a cylindrical surface
R = Ries, where the cyclotron resonance occurs. The profiles are computed from the
locations of ray hits on this surface. The broadened beam in Fig. 1(b) is primarily wider
in the direction perpendicular to magnetic field lines in the turbulence layer, where the
field-line direction is noticeably different from the toroidal direction.

LOCALIZABILITY OF POWER DEPOSITION

For purposes of controlling sawteeth and disruptions, we wish to deposit electron-
cyclotron power on a narrow range of flux surfaces near the ¢ = 1 and ¢ = 2
surfaces. Study of our ability to deposit power locally begins with the constraint of
fixed f = 308 GHz, chosen to satisfy cycloiron resonance at the nominal 11 T field. We
obtain underestimates of the width of the deposition layer by ignoring both scattering
and the finite width and divergence of the beam. Cyclotron absorption is computed in
the weakly relativistic approximation[].

Injection of power along the tokamak equatorial plane (Z = 0) can result in power
deposition away from the magnetic axis if a Doppler shift is produced by a mirror that
sleers the beam into a direction oblique to the magnetic field lines[7]. This method has
limited ability to deposit power on outer surfaces (e.g., near g = 2) and leads to poor
localization (see Fig. 2).
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308 CHz, 7 = 0 ¢cn
T

. 3
Fig. 2. Localizability of Power g,
position with steering in the equa.
torial plane. The solid curve

2 the left axis) shows the locatioy s
8F 1 of the peak of the absorption oreld
file. The dashed curve (and the right
axis) shows the half-width in Y of the
profile at the 1/e point. The laungy
angle ¢ is measured between the ra
and the line from the launch point
[(3,0,0) m] to the machine center,

Normalized flue ¥ ol peak abs.

Lounch ongle ¢ (deg)

J08 CHr, Y = 0
T T T T -3

Fig. 3. Localizability of power de-
position with steering in the polojd|
plane. The launch angle 6 is mea.
sured between the ray and a horizop.
tal plane. Note that the range of an.
gles 6 in this figure is smaller than the
range of ¢ in Fig. 2.

Normalized 1lux ¢ al peok abs,

Lounch ongle # (deg)-

A more successful method involves using & mirror to steer the beam in the poloidal
plane. For CIT we locate the mirror at (X, Y, Z) = (3.5,0,—0.3) m and aim the beam
to intersect the resonance surface R = Ries at the desired value of 9. As shown in
Fig. 3, this method can access flux surfaces as far out as g = 2 and can deposit power
very locally.
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NED BLECTRON CYCLOTRON RAY TRACING AND TRANSPORT CODE
cgulvgms N THE COMPACT IGNITION TOKAMAK
5

li, R.C. Englade, M. Porkolab
Pi:;j:;%ﬂon Center, M.LT., Cambridge, MA 02139 USA
P

. Kritz
ﬁﬁtg College,
L Introduction

The Compact Ignition Tokamak (CIT) operating scenario is envisaged to consist
of a start-up phase m which the to::onda.l magnetic field (Br), plasma current (I,) and
central electron density (n,(.O)) are sunultaneoua_ly ramped, followed by a burn cycle and

p down cycle. It is important that densification and heating be carried out as
ah:azasnetjc field is ramped since the available time for flat top magnetic field must be
: for the burn phase.

Electron cyclotron radio-frequency (ECRF) power at fixed frequency is ideally suited
{o heating during the ramp up phase of CIT. The angle of injection of the incident
microwave beam can be varied as the toroidal field is ramped, so as to maintain central
rf-power power deposition [1,2]. Furthermore, since the EC wave is a propagating mode
in vacuum, relatively high power densities (~ 100MW /m?) can be easily coupled into
» compact device. Finally, we note that recent advances in source technology (such as

trons and FELs) make ECR heating at (280-310) GHz a viable option.

Tn order to realistically simulate this ramp up scenario, a combined code has been
developed in which ECRF ray tracing and absorption, an MHD equilibrium calculation,
and thermal and particle transport are treated self-consistently. Previous studies [1]
of electron cyclotron resonance heating (ECRH) in CIT were carried out using model
profiles of rf absorption based on stand-alone ray tracing and absorption calculations.
In addition, these studies held the plasma current, toroidal magnetic field, and density
constant in time. In the present work, a time variation in these plasma quantities is
imposed and ECRF power deposition is re-calculated during rf injection so as to more
realistically and self-consistently simulate ECH-assisted start-up in CIT.

The most recent CIT configuration calls for a toroidal field ramp to 11T. Thus, the
present studies consider the use of an ECRF source frequency of 308 GHz, with EC waves
launched in the ordinary mode (0-mode) of polarization (E; || B). The critical density to
which EC waves may propagate is given by wpe(Te,crit) = Wee, OF D crit & 1.1 X 102'm—3
(above the maximum density in CIT).

II. Toroiday Ray Tracing and Absorption

Electron cyclotron wave propagation and absorption in the CIT plasma are calcu-
lated using the toroidal ray tracing code TORCH [2], which evolved from the earlier
TORAY code [3]. The ray tracing and absorption are based on the weakly relativistic
formulation of Shkarofsky [4]. The ray equations are integrated in cartesian coordinates
using values along a trajectory of the temperature, density, and magnetic field compo-
nents, and the derivatives of these quantities that are obtained from a modification of
the equilibrium package of the BALDUR 1 1/2 D simulation code [5]. This modifica-
tion makes extensive use of a procedure originally developed to track a chord through
the nested flux surface geometry of a toroidal device [6]. The ray tracing and absorp-
tion are recalculated during the period of ECRF injection, resulting in a self-consistent
description of the rf heated plasma.

The TORCH code was constructed and is operated under the Basis system at the

CUNY, NY USA
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National Magnetic Fusion Energy Computer Center in Livermore, CA. However
venience in linking this code to the BALDUR transport package, a Fortran Preprog,

was used to transform TORCH statements from their Basis system form to Fort SSsop
form. Numerous physical quantities associated with the wave propagation ang ab&n n
tion are displayed using a post-processor written for the TORAY code. 1T

III. Transport Calculation

Spatial (p) profiles of electron and ion temperature, particle densities, and 5 =
sentation of the poloidal magnetic field are advanced in time with a modified Vt‘-rsio:m
the BALDUR 1 1/2 D transport package. We assume that the electron heat fiyy cﬁf
be written as go = —Mk VT, — (M — 1)ark,T,VV/V(a) (conduction and inwarg he“
pinch), with . = [CT(p) V2(2)A(a)"¥//Ta()| VVIL + 76(1 ~ Por/Pror)? < g, o
Here, p is a flux surface label, I, is the current within p, p = a designates the P r¢l
boundary, and at describes a “canonical” profile shape T, o< exp(uaTV/V(a)) which
the transport model seeks to enforce. The constant C is chosen to fit a wide Tangs of
Ohmic experiments, and 7, = 9.0 has been found to reproduce L mode auxiliary heat;
results for the electron thermal energy when ion losses are suitably accounted for [
As a model for the anomalous ion heat flux, we take q; to have the same form a4 q‘
above with ki = 290(1 — Pon/Pror)? < fp > /[1 4 7o(1 = Pon/Pror)® < B, S,
so that in the limit of large auxiliary or fusion power, k; = 2ke; neoclassical heat ﬂu;
is also included. We have chosen ar = 3.33 and M = 3. The fluxes of deuterium apq
tritium ions, a light impurity, and thermalized fusion « particles are all described by
T; = DVn; + anDm;VV/(V(a)(1 - V/V,)) where D = k./n.. Zero flux boundary cong;.
tions are arbitrarily imposed at the outer flux surface. The time evolution of the poloids)
field distribution is governed by the neoclassical expression for plasma resistivity and the
programming of the toroidal current. Local sources and sinks for the electron thermal ey
ergy are ohmic heating, fusion heating, ECRF absorption determined self-consistently by
the ray tracing package, bremsstrahlung, syncrotron radiation, and collisional exchange
with ions. The source for thermal o particles is determined by the fusion reactivity and
classical slowing down, while the other ions have sources proportional to (1 — V/V,)oN
with magnitudes chosen to yield a desired rate of density ramping.

Finally, a Kadomtsev reconnection model for sawtooth activity with an arbitrary
repetition rate is employed and plasma quantities are redistributed within a mixing
radius determined by conservation of helical flux.

] f()l' 0.

IV. Results and Discussion

To illustrate the use of this model, we consider a CIT start-up scenario in which
the central electron density is increased linearly from 6.6 x 10*°m~3 to 9.0 x 10*°m~*in
7.5 sec, with a parabolic spatial profile and Zes = 1.5 maintained throughout; the total
plasma current is ramped from 1 MA to 12 MA during the same time; and the vacuum
toroidal field at the center of the vacuum vessel (R = 2.1 m) is increased from 5 T
to 11 T. The outer boundary of the plasma is held fixed with horizontal minor radius
0.645 m, elongation 1.8, and triangularity 0.4. Between 4.5 sec. and 7.5 sec., 35 MW of
ECRF power (O-mode at 308 GHz) is injected into the plasma. The antenna spectrum
is simply modelled by three rays launched at positions in the poloidal cross-section of
(80°, 90°, 100°) with angles of injection of (100°, 95°, 85°), relative to the direction
of the toroidal magnetic field. Note that the orientation of the incident microwaves in
this example has not been dynamically programmed to yield central EC wave absorption
throughout the field ramp.
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pigores 1(a) and 1(b) s}'mw the resu..lti.ng time evolution of the central densities and
anperatms' Figure 1(c) gives the spatial profiles of the-alectron and ion temperatures
;nthe meridian plane at t=8.1 sec., when the plasma is ignited with a total energy
ment time Te of 0.47 sec. Subsequently, the burn-up of deuterium and tritium,
sawteeth at t=8.7 sec., act to quench the discharge. We observe that 25

the onset of ¥ P —
power is not sufficient to ignite with the assumed transport and launch

AW of injected
0.

The time evolution of the ECRF power deposition profile is shown in Fig. 1(d). We
sote the highly 10ca1j?ed nature of the absorption and the shift toward the magnetic axis
us the toroidal field is ramped. The projection of the ray paths in the poloidal plane

7.0 sec. is shown in Figs. 2(a) and 2(b) respectively. The dashed line
location of the cyclotron resonance layer. Each cross mark along the ray
s a 10% decrease in wave power due to cyclotron damping,.

ab §=0.0 8ad
indicates the
paths indicate:
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F' Captiom

iz 1, CIT discharge evolution for Prr = 35 MW. a) Central electron and ion density vs.
time; b) Central electron and ion temperatue vs. time; c) Electron and ion temperature
B horizontal minor radius at t = 8.1 sec.; d) ECRF power deposition in horizontal
minor radius vs. time.
Fig. 2 ECRF ray trajectories with cyclotron resonance layer. Each cross represents

10% power absorption. a) t = 5.0 sec. ;b)t=7.0 sec.
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STOCHASTIC ELECTRON ENERGY DIFFUSION
IN ELECTRON CYCLOTRON HEATING

A.Mennella, R.Pozzoli, D.Ronzio

artimento di Fisica — Universita di Milano — MILANO — ITALY

Dip

In the last years there had been an increasing interest in the non-linear interaction
between electromagnetic (e.m.) waves and charged particles. In particular it has been

noticed that, under certain conditions, it is possible to accelerate these particles up to

very high values of energy, due to the stochastic interaction with the wave. Existing
analyses of the transition to the stochastic regime by means of e.m. waves refer to the
oblique propaga.tion(l'2‘3) and cannot be simply extended to the perpendicular case.
We consider here the latter physical situation.

For an electron moving in an uniform magnetic field ﬁﬂ = Byé. and interacting
with an e.m. wave propagating along the y axis, taking into account the two possible
polarizations of the wave (i.e. OM and XM), the relativistic Hamiltonian can be

written in canonical angle-action variables @ = (01,03), [ = (I1,I7) as follows:

+ o0
h=m —vly+ Z @, cos U, (1)

n=—o0

where for the OM mode an = —¢-LJ(}) , ¥n =@y +nO; while for the XM
mode a, = e%bn y b= 214 p)dnoa(A)— (1 —p)ap1(A)], V=5 —02—nb,
and 7, = ,/1+ P“f +2I;, p=Eoy/EBoz, \=Nvy2I; , N is the refractive index,
v is the ratio between the wave frequency and the electron cyclotron frequency and €
is the normalized amplitude of the vector potential.

If ¢ is sufficiently small, the resonance domains defined by ¥, = 0 do not overlap,
50 that the particle’s motion is trapped around a given resonance (say n = @) depend-

ing on its initial conditions. It is therefore possible to neglect, in the series defined in
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Eq. (1), all the terms with n # 7, and reduce the number of degrees of freedumb

means of a canonical transformation, obtaining:

H:qo(fﬁ_)7u1ﬁ+aﬁc05@ﬁ (2)

where I; rapresents the action I; around the i—th resonance.

To investigate the possibility of stochastic acceleration of the electrons When
is increased, we study first the system around two adiacent resonances (i.e. Settmg
7 = 1,2 for OM mode and 7i = 2,3 for XM mode) by means of the leve] Cliryeg
defined by the Hamiltonian (2) and determine the resonance locations and widtpg g
functions of the parameter ¢; finally we compare the two adiacent resonance layers iy
order to determine the occurrence of overlapping.

The level curves of h change their topology when ¢ is varied. In the OM cage and
near the first harmonic, a critical value of ¢ exists, copr beyond which the separatriy
is absent. When € < egpr three singular points exist, two elliptic and one h)’PerOlic,
and we can define the width of the resonance as the width of the separatrix. When
€ > €op, We can consider the ho= N = L J1+ P” curve as the separatrix. Neg
the second harmonic the separatrix always exist. Setting, for definiteness, B, ~
5T and w,/Ql. =~ 0.3, we observe that (Fig. 1) there is no overlapping of the {yo
resonances if ¢ < 0.4. This value represents the upper limit of ¢, consistent with
the first order approximation of k. This implies that within this limit no significant
stochastic acceleration for the electrons of the first harmonic can occur.

In the XM case, near the second harmonic a critical ex s exists, so that there
is a separatrix only if € < exps, otherwise we use the h= 7| curve to determine the
resonance width. Near the third harmonic the orbits are pendulum-like. Fig. 2 shows
the occurrence of resonance overlapping for € > ¢, = 0.13.

In order to study the dependence of ¢, on the external parameters (i.e. on P
and ») we write the overlapping condition as I3 — 2w, — 3wy = 0, where I represents
the ordinate of the hyperbolic point relevant to the third harmonic and ws, w; are the
widths of the second and the third harmonic, respectively.

The dependence of the critical value €. on the parameters v and P"is represented
in Fig.3: notice that there is an absolute minimum for Pj — 0 and v ~ 1.8, The
dependence of ¢, on these parameters is not very strong, and we may set the value 0.1
as the order of magnitude of the perturbation necessary for the transition to global

stochasticity.
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Fig. 1 : Resonance width vs. amplitude field ¢ in the OM1 case; Fig. 2 : the
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Fig. 3: Critical value €, as a function of P| and v.

Fig. 4: Averaged diffusion coefficient d(t) normalized respect to the value d;
predicted by Eq. (3); d: =0.279, e=0.13, =01 ,v=18.
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Finally, we investigate the stochastic diffusion in the XM case near the Secong
harmonic. It is possible to show that using a random phase approximation and iy h
3

limit of very large times the distribution function f, satisfies the following (FPI{)

diffusion equation*):
o, 0 (. 0
at = ol (D(I) 31)

From the expansion of D(I) the following averaged diffusion coefficient d is they o

tained:
1

2
d= E/tﬂ D{I) = 2;%{ ;mz(mz — v, o)

where AT is the global variation of the action I; and the summation is pel‘formed
only on the resonant harmonics.
In Fig. 4 the diffusion coefficient d(t) evaluated numerically following 100 pag;.
cles, is shown; we can recognize a plateau very close to the theoretical predicted valye
given by Eq. (3) .
The analysis of the transition to the stochastic regime for the case of an electroy
cyclotron wave in perpendicular propagation has been performed. We have found tha
the XM at the second harmonic is more efficient, with respect to this transition, thay
the OM at the first harmonic, and we have shown that (for the chosen B, and wpfnt)
¢ values around 0.1 are enough to allow the transition. At a fime scale of about 700
gyroperiods the diffusion coeflicient obtained by numerical simulation is in agreement

with that evaluated by means of the FFPK equation.
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CALCULATED POWER DEPOSITION PROFILES DURING ECRH
ON THE FTU TOKAMAK

A.Airoldi, S.Cirant, S.Nowak
Istituto di Fisica del Plasma
EURATOM/ENEA/CNR Ass.- Milano - Italy

The quasi—optical antennae proposed for ECRH on FTU tokamak /1/ at 140
GHz, 1.6 MW, (Fig.1) has been designed /2/ to control the localization of the
abso;‘bing volume at fixed magnetic field by moving the microwave beams

ertically in the poloidal cross section. The mean single-pass absorption in the

Foreseen FTU plasma, obtained with a toroidal ray-tracing code /3/, is much
higher than the mean resistive loss at wall reflection. EC waves are therefore
nearly totally absorbed /4/ in almost all the foreseen regimes. However, when a
measurable fraction of the power is left into the beam after each single pass some
uncertainty remains about the effective power deposition profile.

On the other hand, if an analysis of the temperature profile variations
during ECRH is made aiming at the study of local transport coefficients (Jacchia
A, this conference), it is essential to know accurately the spatial distribution of
the heat source term. The demand for a very high (>95%) single pass absorption
therefore limits the useful range of parameters under which transport can be
studied and scaled. For central heating, the key-factor for localized absorption is
the peak density. A too high density leads to severe refraction, while a low
density implies low optical thickness and inadequate single pass absorption. The
useful range of peak densities satisfying the requirement is ~8x1019+2x1020 m-3,
assuming a parabolic temperature profile with a peak value of 1.5 keV. Outside
launch of the O-mode is considered. Localized absorption could still be achieved
outside this range with an efficient absorber put on the walls.

In alternative to damping the residual power left in the beam after the first
pass to prevent the heating of distant magnetic surfaces, the wall opposite to the
launching antennae can be treated for best reflection to take advantage of the
second pass. To verify this possibility, the second pass absorption has been
calculated by following each ray emerging from the plasma, after its reflection at
the wall. The direction of propagation and the polarization are given by the
Geometrical Optics reflection laws. Only the cases with single pass absorption of
at least 80% have -been considered, in order to obtain a localized overall
absorption again over 95% after just two passes. A further requirement is that
absorption occurs on the same magnetic surfaces, in order to maintain
localization.

The lower limit of the useful range of plasma densities can be extended in
this way from = 8x101? m-3 down to = 4x101% m-3, still maintaining the very high
overall absorption typical of the regimes at higher densities. In Fig.2 and 3 the ray
tracing and the power deposition profiles at the first and second pass are shown
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respectively. In Fig.4 the overall absorption vs. peak density is Presenteq g,
single and a double pass. 3

For off-axis heating the benefit from using second pass absorption is Teduceg
because in general heating occurs on different magnetic surfaces (Fig.5,6). 1, thi
case the only way to get localized heating is the use of absorbing walls, at redy,
overall absorption. In Fig.7 single pass absorption versus the peak dengipy, ;
shown for the two cases of heating the centre and a volume set at 50% of thL:
minor radius respectively. The absorption at the different densities is calculageg
with different orientations of the launching antenna in order to compensate fq,
the modified refraction.

The effective localization of the heated surfaces depends critically on the Teq|
density and temperature profiles, which have therefore to be measyreg
accurately. Furthermore, the presence of non-thermal electrons is neglected i
the calculations. It is therefore necessary to confirm with trang
measurements the correctness of the estimated power deposition profile,

To this purpose, a set of pick-up horns is put on the opposite wal] to
compare the predicted and the measured residual electromagnetic power densi
which is determined both by absorption and by the effect of the inhomogeneou;
refractive index. In order to calculate the attenuation due to the lens effect, 5
comprehensive bundle of rays is traced up to the opposite wall assuming zerg
absorption. The absolute weight assigned to each ray on the basis of a gaussiag
distribution is then re-scaled by imposing a unitary surface integral over the
phase-front outside the plasma. Attenuation due to absorption is then calculateq
as usual. In Fig.8 the residual power density at the wall is shown as a functign of
the poloidal angle for two different orientations of the antenna (close to central
heating and slightly off-axis).

The predicted signal is finally obtained by taking into account, concurrently
with the wave damping and refraction, also the polarization and the gain of the

receiving antenna at the angle of incidence of the waves emerging from the
plasma.

Mmissiop
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FTU GAUSSTAN BERHS

BIEplane

ig.] - Scheme of the quasi-optical
stem for ECRH at 140 GHz on FTU.
The ellipsoidal mirrors are
lndependently movable to scan
yertically the four beams.
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]

Fig.2 - Ray tracing at the first two
passes for central heating.

Nep=5x101% m-3; Tep=1.5 keV.

Single pass absorption is =80%.
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Fig.3 - Power deposition profile for
the case of Fig.2.

a) first pass; b) second pass; c) total.
The total input power is 250 kW.
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Fig.7 - Single pass absorption as 4
function of the peak density.

a) central heating

b) heating at 50% of the minor radiyg,
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Fig.6 - Power deposition profile for Fig.8 - Residual power density at the
the case of Fig.5. wall (a.u.) for near-central (a) and off-
a) first pass; b) second pass; ¢) total. axis heating (b).

The total input power is 250 kW.
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WAVE BREAKDOWN OF THE NEUTRAL GAS AROUND THE EC

WEER%N ANCE IN HIGH POWER TRANSMISSION LINES FOR ECRH

L.Argenti, A.Bruschi, §.Cirant, G.Gorini, G.Granucci,
F.Lucca, P.Mantica, M.Silari, A.Simonetto, G.Solari

Istituto di Fisica del Plasma
EURATOM/ENEA/CNR Ass.- Milano - Italy

A problem that may e?rise in high power .ECRH, which represents the draw-
back of its high efficigncy in el‘ectron heating, is the b?’eakdown of the neutral gas
filling the transmission line if the co[d. resonance is r:_net outside the plas_ma.
This typically occurs wher} plasma heating at down—shlft?d frequency or hlgh_-
field-side launch ECRH is performed. Also the question can be posed if
sufficiently high electric fields at the second harmonic could cause breakdown. In
this case any ECRH scheme at the fundamental resonance should take into
account this possibility in the design of the microwave system.

The assumptions made in existing theories /1,2/ based on diffusion
processes 0 calculate the breakdown field are in general not satisfied in most of
the cases of interest here. In fact, the mean free path for ionizing collisions at
resonance is not much shorter than the waveguide size because of the low
pressure (=103 Torr or lower) and the drop of the cross section at high electron
energy. The accelerating electric field, usually an HE1,1 mode in a circular
waveguide, is strongly spatially non-uniform. Also the magnetic field at
resonance can have large gradients. Relativistic effects are to be taken into
account in calculating the power gain for the electrons.

The aim of this work is therefore to propose a model for the description of
the conditions leading to avalanche for the specific experimental configurations
of ECRH experiments. The model will be used in particular to analyse the case of
the proposed experiment at 140 Gz on FTU. Iis validity is being tested in an ad-
hoc experiment at 28 GHz using THOR toroidal magnet /3/.

The electric breakdown can be an elusive phenomenon, in the sense that
some factors difficult to predict completely can play an important role. In fact,
crucial issues when microwaves are used are the wall conditioning of the
waveguide system and a great care in eliminating mechanical imperfections. On
the other hand, a model of the breakdown not including wall effects as secondary
emission and local perturbations would still be helpful at least to point out
cdrcumstances prone to arcing. Furthermore, when Gaussian beams are to be
used, as in the case of FTU, the ideal wall-free situation can be considered quite
close to the real one.

Following the general assumption that breakdown is possible only if the
lonization occurs before the electron loss, the approach attempted here compares
the time it takes to the electron to cause charge build-up with the time it takes to




1113

drift to the walls /4/. The avalanche time depends on the filling pressure Whi
the loss time depends on the electric field and the geometry. As the Jogg A 3
tends to decrease with increasing electromagnetic power density, then a preSsEe
threshold for breakdown is to be expected. ¢

The model is based on a statistical definition of local breakdg
electrons uniformly distributed over the waveguide cross-section. We start
considering Ny identical electrons starting from rest at the same point in Space
The ratio of the N ionizing collisions to Npis then a function Fj of the ﬁmé
given by:

wn fm.

N
Nt (- ot}

where o is the cross section for ionizing collisions /5/ and Ny the Neutra]
density.The integral is taken over the electron trajectory, which is obtained },

solving the exact relativistic equation of motion, as determined by the Loren
force. The accelerating force is the action of the electric field of the transmitteq
waveguide mode. The energy is then obtained for all times and points before the
loss at the wall. The start from rest is assumed since the energy gained s
resonance is soon much higher than any plausible initial energy for backgroung
electrons. Furthermore, excluding high energy particles statistically sporadic iy
the background, a non-zero initial velocity has the effect of shortening the time
of permanence of the electron in the active volume, thereby reducing F;.

We define then the value of F; when the eleciron reaches the wall as the
breakdown probability P; for the i-th electron. The local breakdown condition i
that the original population of Ny electrons sitting at the point considered is at
least maintained, which means that at least half of them has made an ionizing
collision, or P;=0.5. The general breakdown condition is that local breakdown
occurs at least at one point. In principle, Pjshould be calculated for a
comprehensive set of points for the full range of pressures and powers of interest
in the chosen geometrical configuration. In practice, these extensive calculations
(Fig.1) are performed only for a test electron, which is identified as the electron
sitting in a position such that it first reaches Fi=0.5 for a few pressures. At any
given power there is therefore a test eleciron at a specific position, which has
been verified to be virtually independent on the pressure. The general
breakdown condition at any power level and pressure is therefore that Pi=0.5 for
the test electron.

The calculations have been carried out for significant cases at 28 and 140
GHz, the latter being specifically aimed at foreseeing breakdown in the ECRH
experiment on FTU. For all the configurations considered a minimum pressure
is found below which breakdown does not occur, at any power level. For
pressures above this limit a finite range of power is found for breakdown; while
the lower limit is set by a too low power gain for reaching the breakdown
condition, the upper one is encountered when the power gain is so high that the
electron drifts away before reaching an appreciable probability for an ionizing
collision, mainly because of the drop in the cross section at very high energies.
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der to test the predictions, experiments have been started at 28 GHz
0.1 mode in a circular w.g. with an inner diameter of 63.5 mm., at peak
to =150 kW (Epeak=3.6x10% Vm-1), The transmission line is terminated
calorimetric matched load. In these preliminary experiments the
de axis has been set tangentially to the toroidal magnetic field. The
eguidE is pumped through a transverse cut 1 mm wide set at resonance,
b atible with conversion-free propagation of the TEp mode. For a short
cog'ign petween the pumping aperture and the load the continuous waveguide
Seajl is replaced by a metallic mesh, which causes some mode conversion but
W Jigible reflection. The hydrogen is injected inside the w.g. through this mesh
gegmeans of a piezo-electric valve, allowing the experimental measurement of
he scaling of the breakdown vgltage with pressure. The presence of breakdown
has been detected by monitoring the light emitted through the pumping slit.
Photomultipliers have been used to ensure sensitivity and fast response.

The experimental results, summarized in Fig. 4, are still affected by some
uncertainty on the effective pressure because the incomplete wall conditioning
can lead to gas release when the microwave power is applied. Nevertheless,
preakdown is not observed when the starting pressure is below ~2x10-3 Torr at Prf
100 kW. The predictions of the model for the same geometrical configuration
(Fig.3) indicate a threshold an order of magnitude higher. This is partly due to a

ossible underestimate of the pressure and partly to the crudeness of the
breakdown criterion. A more conservative condition for non breakdown should
be Pi<<0.5. In fact the data are better reproduced both in the absolute value and
in the trend of increasing the threshold as the power is decreased, if Pi<0.05 is
taken as the non breakdown condition.

The numerical analysis applied to the case of the X-mode injection by
launching an HE11 mode at 140 GHz, 250 kW, in FTU gives a pressure threshold
=10-3 Torr (Fig.2), while in the case of the O-mode launch no serious risk of
breakdown is expected.

In conclusion, a model for breakdown in transmission lines to be used in
high power ECRH experiments has been conceived. Its prediction of a lower
pressure threshold is confirmed experimentally also quantitatively if a
conservative definition of the breakdown condition is assumed. Pressures below
the foreseen threshold can be achieved in real devices, ensuring therefore an
arc-free operation of the system.

In or!
with  TE
Powel' uP

with 2
wavegi!
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Fig.1 - Plot of the break-down
probability P; vs. Pry and filling
pressure.The TEp,1 mode at 28 Ghz is
propagated in a w.g with 63.5 mm i.d.,
with the axis tangential to the 1 Tesla
toroidal magnetic field line.

Fig.2 - Plot of the break-down
probability Pj vs. Pr¢ and filling
pressure.The HEj,1 mode at 140 Ghz
is propagated in a w.g with 35 mm
i.d., with the axis perpendicular to
magnetic field line. The field
increases from 0 to 8 Tesla in 13 cm in
the direction of the w.g. axis.
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Fig.3 - The + mark indicates that g,
break-down condition Pi>05 is
satisfied. The TEp,1 mode at 28 Ghy i
propagated in a w.g with 63.5 mmig,
with the axis tangential to the 1 Tegl
toroidal magnetic field lipg
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TRACING STUDY OF THE SECOND ELECTRON CYCLOTRON HARMONIC

RAY WAVE ABSORPTION AND CURRENT DRIVE

S.Pe3i¢ and A.Stoji¢

mstitute for Research in Physics,"Boris Kidrig" Institute,

P,0.B. 522, 11001 Belgrade, Yugoslavia

In the present paper the propagation and absorption of both, the extra-
ordinary and ordinary mode near the second harmonic of the electron cyclo-
+ron frequency is investigated within the geometrical optics approximation.
A fully three-dimensional ray tracing is carried out by integrating the
Hamiltonian form of the geometrical optics equations.in hot plasma. The ray
tracing code is applied to a tokamak Tike plasma. The ray trajectories ob-
tained from the hot plasma dispersion relation are compared to those calcu-
lated by solving the ray egquations in the cold plasma approximation. Besi-
des, the imaginary part of the wave vector evaluated within the weak damp-
ing 1imit is compared to the roots of the complete weakly-relativistic
dispersion equation. The obtained power deposition profiles indicate that
the central plasma region can be efficiently heated by launching waves
With a moderate frequency down-shift. Furthermore, it is found that rela-

tively Targe currents can be generated in preheated large-size plasmas.
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HIGH POWER MODE-PURITY MEASUREMENTS ON THE
60 GHz TRANSMISSION LINE FOR ECRH ON RTp

A.G.A, Verhoeven, W.A. Bongers, R. Bosman
R.D. Damstra, 0.G. Kruyt, J. Stakenborg

Association EURATOM-FOM
FOM Institunt voor Plasmafysica Rijnhuizen
3430 BE Nieuwegein, the Netherlands

1. Introduction

Mode purity measurements have been performed at both low and high poye
(200 kW) on several parts of the ECRH transmission line. This transmission line ¢qy.
nects the first 60 GHz gyrotron to the RTP tokamak [1]. Measurements of the mode
purity of two gyrotrons showed a high percentage of TEq;. This could be reconverteq
into TEys by a phase matched TEq;-to-TEqy converter section.

The maximum rate-of-rise of the RF-power has been measured. Square wave mo.
ulations up to 100 kHz can be made and single pulses of 1 ps have been produced,

At this moment ECRH power is routinely applied to the RTP-plasma [2].

2. Transmission line setup

Two transmission lines are fed by a Varian 60 GHz (200 kW, 100 ms) gyrotron (3]
The output mode is mainly TEgs (fig. 1.). After the first bend the mode is converted
into TEg; and filtered to reach a high mode purity. After the second bend the TEy
mode is converted into the linearly polarised TE;; mode and the waveguide tapered up
to 63.5 mm diameter which is the diameter of the vacuum window.

The second transmission line ends in an adjustable elliptical polarized HE;; mode,
Therefore an elliptical polarizer [4] and a TEj;-to-HE;; converter are added to the
line. The last part of this line will be made of corrugated wall circular waveguide. The
diameter of the vacuum window and the launcher will be 27.8 mm. An extension of the
ECRH system with a 100 GHz line is under development.

3. Resulis of high power measurements.

The mode content of the transmission line was measured at four different places,
named A through D as shown in fig. 1. Table 1 shows the results of the mode purity
measurements. The mode content of the gyrotrons SN11 and SN12 contains 22.2 %
and 11.6 % of TEy; respectively and a smaller amount of non circular modes (A).
The mode content remains the same over a wide range of optimized gyrotron operating
parameters. The first bend is designed for TEys, therefore the fraction of TEq; that is
produced by the gyrotron is reconverted before the bend into the TEyy mode by means
of one section of the TEgy-to-TEg; converter [5]. By means of phase matching of this
section, the TEq» fraction is minimized after the the TEgs-to-TEy; converter (C*), and
the total amount of undesired modes could be reduced from 9.8 % to 6.2 %.
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of mode purity measurements
After the 30° bend (designed for TEo1) the mode content did not change much
(D). The amount of non-circular modes could be depressed by adding a filter in the
transmission line between the two bends (D*).
Reflected-power measurements were performed at position D during pulses at the
RTP vessel without plasma. The figures in Table 1 (reflected) are given as the percent-
age of the total forward power. The total level of 16.5 % of reflected power is reduced
to a.pproximately 1 % with plasma.

LOCATION | GYROTRON MODE CONTENT (%)
TEqy T FEos T Eqs TEh; other modes
A SN11 22.2 76.1 0.7 0.7 0.3
B SN11 7.7 76.2 10.0 1.6 4.5
C SN11 90.2 3.0 3.7 1.5 1.6
C* SNil 93.8 0.3 3.0 1.2 1.7
A SN12 11.6 80.0 3.7 3.0 1.7
C* SN12 84.1 0.0 6.8 2.8 6.3
D SN12 87.7 0.0 4.5 3.7 4.1
D* SNi2 93.9 1.7 1.0 1.0 2.4
reflected SN12 11.5 4.7 0.1 0.0 0.2

Table 1 Results of modepurity measurements. Desired modes are printed bold.
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Gyrotron SN11 appeared to have a vacuum leakage after testing most of the tray,
mission line. The gyrotron was replaced by gyrotron SN12 and we are in-houge tryin
to repair the leaking gyrotron, up to now succesful.

4. Interpretation of k-spectrometer measurements.

The k-spectrometer makes it possible to determine the mode content of a Waveguide
A small fraction of the magnetic field in the waveguide is coupled out. Thig magnet;d
field induces an electromagnetic wave which, due to interference, can be measured unde
a certain angle (J) with the axis of the waveguide (fig. 2.). For mode contents it
only a few modes it is easy to make an interpretation of the results of the measuremeng
and to calculate the mode content of the waveguide [6]. If more modes appear in
spectrum the interpretation becomes more difficult.

The angle 9 of two modes differs some-
times less than one degree which is about
the resolution of the measurement. So it
is very difficult to determine which mode is
being measured only by looking at the an-
gle ¥. Furthermore sometimes two modes
appear at exactly the same angle 9.

The magnetic field of a TE,,, mode at
the waveguide surface has an H, and H,
component which vary with sinmy. This
means that if the k-spectrometer is rotated =~ _ g -
along its axis over 360°, 2m maxima and
2m minima will be found. By measuring at
different angles ¢ (fig. 2.) the mode being
measured can be determined by the angle 9
and the difference in angle ¢ between two
maxima. (This has to be done anyhow, be-
cause the peak value determines the ampli-
tude of the mode).

fig. 2. The k-spectrometer orientation,

In case two modes are measured at nearly the same angle ¥ it is in general very
difficult to separate the contributions of the two modes, unless one of them is circular
(TEqn). Fortunately, circular modes dominate the largest part of the transmission line,

As already mentioned the magnetic field components H. and H, of TEp, vary!
with sinmep. Together with the constant magnetic field component of circular modes
this results in m maxima and m minima over 360°, because now at a certain  the two
components of the two modes are in phase, while at an angle of ¢ + 360°/2m the two
components are in counter phase.

At the maximum the total magnetic field component H o, will be Hopor = He+Hye
where H. is the component of the circular mode and H,, the component of the non
circular mode. The minimum will be: H;p = H, — I

ne:

From this maximum and minimum the components of the two modes can be cal-
culated: H, = %(Hm” + Hoypin) and Hye = %(H,nﬂz — Hin). Expressed in powers this
will be: P, = i(vpmaz & Vsz'n)2 and Py, = %(V-Prna: s mez'n)z'
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5. RF power modulation.

power output of the gyrotron can be varied by modulation of the anode
£ the gyrotron [7]. The RF power is a steep function of the anode voltage:
voltage © wer varies as much as 10 kW/V due to changing the anode voltage. In our
the Poanode voltage can be changed 100 % (20 kV, for switching the gyrotron on

The RE

setup éhem. a few 100 volts (for modulation during a pulse). Fig. 3. shows the result
and od‘)ﬂa.tions with a frequency of 100 kHz. Fig. 4. shows the smallest pulse we could
0
;fa[;e: Jess than 1 ps.
300 T T T T 1 3 250 T T T T T T
= 200 =
200 I w 150 -
,_t i “ 100 -
100 T i |
r 1 1 l 1 1 1 0 | O O N S M |
% 2 4 6 8 10 12 14 16 18 20 0o 2 4 6 8 10
—+ time (ps) —+ time (ps)
fig. 3. Power at 100 kHz modulation fig. 4. Small single pulse

In our anode modulator the voltage can only be switched between two preset voltage
levels, which correspond to two RF-power levels. This means that it is not possible with
our installation to vary the RF power continuously and therefore to ramp up slowly the
RE power from the gyrotron. )

However, to enable slow N L
ramp up and down of the RF g =00 i
power, We have build a pulse- = sgol )
length modulation unit. This R
unit allows to switch the RF 100 i
power on and off with pulses T |
5o short that the plasma re- sOr
sponds to the time-integral of o L 1| 1 L W

the applied RF power. ] 10 20 30 40 50

— time (ms)
fig. 5. Ramp up and down of the RF power.
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Introduction

The future research programme of the Rijnhuizen Tokamak Project RTP will concentratg g,
the study of transport mechanisms in strongly auxiliary heated tokamak plasmas [1]. An Electroy
Cyclotron Resonance Heating (ECRH) system which can comprise up to three 60 GHz, 20¢ kW
100 ms gyrotrons [2] will supply the additional heating power. L

ECRH is also attractive for starting-up tokamak plasmas. This paper deals with €XPperimengy)
results on plasmas produced and sustained by sole ECRH power. It appears that during the |
pulse, with the RF power launched perpendicular to the magnetic field from the lower field side
a weak plasma current (I, < 2 kA) flows in RTP. Suchlike currents were observed ﬁﬂrh'eri;;
various devices, and for diverse experimental conditions [3,4,5,6,7]. For RTP, the dependeng
of the observed current on various experimental parameters will be described for 60 GH;
irradiation. The ECH power ranges up to 200 kW, and the pulse lengths are up to 100 ms, The
studies should yield the best scenario for low-voltage tokamak start-up.

Experimental set-up

The experiments have been carried out on the Rijnhuizen tokamak device RTP, which was
put into operation in 1989. The stainless steel vacuum chamber has a major radius of 0.72 m, anq
a minor radius of 0.24 m. The minor radius of the plasma is 0.178 m.

The RF power is generated by one 60 GHz, 200 kW, 100 ms gyrotron and is fed to the
plasma via an oversized waveguide containing various mode convertors, and a launcher mounteg
in the midplane at the lower field side of the torus. The power is irradiated perpendicular to the
magnetic field in the nearly linearly polarized TE, -mode and has been launched into the torus in
O- and X-mode wave polarization. The fraction o?[he incident power not absorbed in single pass
is reflected at the higher field side of the torus by a flat mirror under 8° with the toroidal
direction. The toroidal magnetic field, By, can be varied in 9 steps and ranges up to Bn=25T,
Usually Br(Ry) is 2.2 T, which corresponds to 1% harmonic 60 GHz resonance near the centre,

The expenimental procedure has been simple. The torus is continuously pumped. In advance
of the pulse, hydrogen gas is supplied at the proper rate to get the desired pressure, py; 1+ After
that the toroidal field B is applied. Then, by injecting the 60 GHz microwave power, a plfasmais
produced. Before or during the ECH pulse a vertical (B,) and a radial magnetic field (By) can be
superposed on Br. It is possible to choose B, and By stationary as well as time dependent.

No primary voltage is applied to induce the toroidal electric field which normally drives the
plasma current. Nevertheless a weak plasma current, I, flows (I, <2kA), which is initiated
and sustained by the RF power. The primary transformef coil circuit is not open, but currents are
either small or inhibited by a diode. The liner has no break, therefore I induces a current in the
liner of a few hundreds of amperes in opposite direction. The observed dependence of I on
various experimental parameters will be discussed. The results shown in the figures apply to

O-mode launch. The positive directions of the fields are the directions that are used during normal
tokamak pulses.

Results
la.1 as a function of stationary B, and B,

lgigurc 1 shows the time dependence of the ECRH generated current I in case the RF pulse
is on from 0 to 50 ms, and from 75 to 100 ms. The experimental conditiong are Ppoy =200 kW
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= 0.2 mtorr, B; = 2.2 T, and B, = 0 mT. The various curves apply to

(at the Wﬂzﬁ‘;ﬁqg% B,, which in Téhis case is kep{1 constant to avoid induction of I_ by

diferent 5772 “Note the relatively fast increase of I during some 15 ms, followed by a tore
er action : : . A :

B ase and saturation, When the ECRH power is switched off, I quickly declines to
ngllﬂl mcl:“dtching on the power again, [ climbs fast to the value it would have had without
210 . of the ECH pulse. At higher ﬁlhpng pressures the time dependence is different, as will
mmrupnged later (Figs. 5, 6).The magnitude of I depends on B, and is maximum around B, =

id;sg-lf: The influence of By on 13 is usually mirfor, except at certain extreme values of B,,.
sl ion of non-stationary B,

Ib] “f,r‘: ;nd{;;lpalay'sfhow I reacts if ﬁv is switched on in the course of the ECRH pulse as a

18 tion (B, = — 1.35 mT from t = 25 ms on). The curves apply to three different values of
siep fUne e eld: By = 1.85 T, 2.07 T, and 2.25 T; the filling pressure was pgy, = 0.5 mtorr and
lhﬂmrglm,r. In Fig. 3 the evolution of I, is shown in case the vertical field increases and
By = es in strength inside the ECH pulse. Here, the ECH pulse is continuously on during
ms. The start of the time varying field is at t = 25 ms. Curve 1 of Fig. 3 shows that L, falls to
100 aﬂcr B. has reached a value around — 2.2 mT (in keeping with the dc-results of Fig: 1), and
t switc!‘{cs on again when IB, | has decreased to a proper value. By using a three times higher
o tin the B, coils, the current I could be pushed to reverse its direction: curve 2.

Plotting I against B, yields the dynamic I - B, characteristic for the considered pulse. Such
haracteristics are shown in Fig.4, where the two traces at negative B, apply to the cases
?jlusu'atcd in Fig.3. Figure 4 is supplemented with the results for a comparable pulse with a

sitive swing of B, The static values of Fig.1, marked (4), indicate good agreement.
3. I asafunction of filling presswre. ; )

" feutral gas breakdown and plasma build-up has been obtained at filling pressures from 0.1
up to 5 mtorr. The rise rate of I is a clear function of the filling pressure, as illustrated in Fig. 5.
Also the electron density bLﬁld-up is dependent on the filling pressure. In general the
reproducibility of successive shots is very good. There is some memory effect when higher
filling pressures are used prior to shots with a lower p, and there is some slight day-to-day
variation, probably due to variations in wall condition,

3, The evolution of the plasma density.

The evolution of the plasma density is different from that of I . The value of | ndl,
measured along the central chord, does not grow from zero to a saturatibn level, like I . Insfead,
itincreases rapidly, reaches a maximum corresponding to an ionization level of severAl tens per
cent of the prefill gas in about 2 ms, and then decreases to some low stationary value by a quick
particle loss (Fig. 6). When after 50 ms the ECH power is switched off and Ip falls to zero (see
Fig, 1),f n dl also reduces to zero, but at a slower rate. When at 75 ms the RF power is switched
on again, f n.dl increases to approximately its previous value at a slower rate than I does. For
the diverse experimental conditions, such as with the 60 GHz resonance location in- or outwardly
displaced over about half a plasma radius (the case of Fig. 2), or with the current pushed in
reverse direction (Fig. 3) the time trace of the central line density can be a shade different.

Figures 5 and 6 now explain the fast recovery of EJ at a second ECH pulse as in Fig. 1. The
fast particle loss in the beginning of the first ECH pulse means that a good part of the filling gas
is knocked into the wall, leaving a lower pg,.. At the time of the second pulse the pressure is still
low (Fig. 6) since the used gas feed rate is not able to raise it substantally. Thus the second ECH
pulse ionizes at a lower prefill than the first, and therefore I has a fast rise rate,

A typical relation between the induced current and the chsity is shown in Fig. 7, where I.ins
plotted against | n.dl. The figure shows that I increases when | n dl decreases. The data are
taken from a pulse with p, = 1 mtorr and By =2.2 T. The plasma formation phase has not been
omitted. At start-up the behaviour is different, and, in fact, confusing. As is shown in Figs. 1 -
7, the direction of L is positive for the chosen experimental parameters, However, in many cases

is negative durinf the | n dl spike in the first few milliseconds, while at the second ECH pulse
remains positive, or even shows a sharp positive spike. This is not yet understood.

. I, as a function of power.

The time evolution of I_also depends on the gyrotron power. In Fig. 8 a few time traces of
5&1’: given for different values of Peeoy (B, =-1.1mT, By =0.3 mT, py, = 0.2 mtorr,
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By =2.2T). Like in Fig. 5 the growth rate of I]J is approximately proportional to the avai]
power per particle. Bllah
5. I as afunction of By
reakdown using O-mode launch could only be obtained for toroidal fields havin
T surface (i.e. the field strength for 60 GHz fundamental resonance) located inside the va 2l
vessel, as in Fig. 2. Cuy
Using fundamental X-mode launch resulted in a fast electron density build-

U
ionization for py; = 0.2 mtorr) followed by a switch-off of the gyrotron at 1.5 mg‘ Eilu
reflected power, ]instcad breakdown was obtained at 1.07 T, the value for 2nd hﬂl‘m:n
Tesonance.

With the direction of By reversed, IP proved to change sign as well, The time behayig,
appeared to be different.

Conclusions

- In general the value of B, has little effect whilst B, strongly influences the e
Dynamically measured I (lgv) curves coincide well w11¥1 static values.
The interpretation of the Telation between I_and B, is complicated by the presence of
stray-field components. Further analysis if necessary.,
The rise rate of I scales roughly proportional to Peen/ Prn
Dynamically one finds I_ (:) (Jpncdl)“, indicating that ]higher collision rates damp
anisotropy in the particle lgsscs, thought to be responsible for the generated current,
Extrapolation of the results to much larger devices will be complicated by details of currey
flowing in external circuitry and vessel, and of the stray-field distribution,
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Figure Captions

Fig. I Time evolution of ECRH generated currents.The curves apply to stationary B, fields
-80 A, -100 A, -30 A, 0 A, and +90 A (from top to bottom).180 kW ECH  is on from
to 50 ms and from 75 to 100 ms; p = 0.2 mrorr.

Fig.2 a)Time trace of ECRH generated clirrent in case a step-function B, field is started
inside the ECRH pulse (start at 25 ms). The traces correspond to different strengths o
Br,pgy = 0.5 miorr.

Fig.3 Timetraces of ECRH generated current in case a time-varying B field is applied, P
0.5 mtorr.

Fig.4 DynamicI - B  curve for the cases of Fig. 3.

Fig.5 Time tracés o 1, for various filling pressures, Prey =200 kW, B, =0, B, = 0.3mT.

Fig. 6 fnedlfor the same pulse as in Fig. 2, Bp=22T.

Fig.7 I plonted againsrf?l dl for pr, = 1 mrorr.

Fig. 8 Time traces of L, with the g)/r‘orron power as parameter, pg = 0.2mTorr, B, = 0T,
B, =03 mT.
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THE ELECTRON TEMPERATURE BEHAVIOUR STUDY IN FT-1 TOKAMAK Plug
HEATED BY THE ORDINARY AND EXTRAORDINARY ECR WAVES

T.Yu.Akatova, D.G.Bulyginsky, M.Yu.Kantor, M.M.Larionoy,

S.I.Lashkul, L.S.Levin, G.T.Razdobarin, A.T.Tokunov,
N.V.Shustova

A.F.Toffe Physico-Technical Institute, Leningrad, USSRy

The study of electron temperature behaviour in FT-1 tok
(R=62 cm, ;=15 em) during ECRH was ocarried out in diffepent
discharge conditions. Two gyrotron generators each of 10p K
output with =0.6 ms pulse length at the frequency of 30 CHz
were used in different modes of wave launching [1]. The
ordinary and the extraordinary waves have been launched frop
the stronger and lower magnetic field sides correspondingly
into the tokamak OH plasma (Ip=30 kA, BT=‘I.‘I Ty Teo"=’400 ey,
neO:1O13 cm_B). The data on plasma heating were taken by
Thomson scattering. For more detailed HF heating studies 3
proper diagnostic technology was developed using  the
multipulsed ruby laser and the multibeam plasma probing [2],
The electron temperature measurement statistical ErTOr Wwas
reduced due to novel developments to detect a few percent
temperature time variations in main plasma. The accuracy of
temperature measurements in plasma periphery was about 10%.

The experimental data were taken at different chamber
cleaning conditions. The Zei‘f value was about 2.5 with Tailor
discharge cleaning and the chamber wall baking, whereas it was
not lower than 4 with Tailor discharge being off. To check the
ion plasma composition the VUV spectroscopic measurements were
peformed which indicate the increase of the low-7 ocarbon and
oxygen impurity concentrations in poor cleaning conditions.

The temporal variations of the electron temperature spatial
profile during ECRH with the wave being launched from the
stronger field side for different cleaning conditions are shown
in Fig.1. The rescnance layer position was shifted of the
discharge axis by no more than 3 em. It is seen that the
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ing 1is less pronounced for the higher Zef! discharge
BB - This can be stated as well from the data in Fig.2
ne stored electron energy temporal dependence is shown
the discharge oconditions pointed above. As it follows from

for ourves in Fig.2 a substantial plasma heating occures just
otk the switching on of the gyrotron. Afterwards the stored
afieP ise is slowling down which is more obvious for the
energy T18 . ) ; ,
wigher Lops dlscharges‘ (rig.2,B). This slow:!.ng down _15

sounted for the deterioration of energy oconfinment during
aoRH whioh is happened to be the stronger the higher is Zerr'
ﬁthe last case the plasma background in ionized carbon and
oxygen lines is influenced by ECRH.

mThe electron energy oontent time derivative jumps at the
poments of gyrotron switch on and off were taken to determine
the HF absorption rate in bulk eleotrons. As it follows from
Fig.2 the derivative Jumps are apparently independent of Zeff
and are approximately the same while the gyrotron is switching
on and off. It indicates that the HF absorption rate behaves
almost unchangeable througout the auxiliary heating process. In
order to get more accurate data on HF absorption rate the loocal
yalues of electron energy oontent were determined at the
different radial positions in the time before ECRH and during
the rfirst 150-200 Ws period of gyrotron action. The derivative
caloulations with a good temporal resolution and satisfactory
agouracy became possible only after the storing a lot of laser
pulses arriving at the start of gyrotron action. This resulted
in a HF absorption rate radial distribution which is shown in
Fig.3. The main part of the absorption rate distribution
ranging from the discharge axis up to one half of minor radius
contains about 50 kW of the absorbed HF power. The HF power
fliich is absorbed throughout the plasma column was found to be
of 65510 kW. This value is close to the overall gyrotron power
launched .into plasma with account of "15% losses in waveguide
and discharge chamber walls.

The temporal variations of electron temperature spatial

nea®

(Pig
where %

profile  and the eleotron energy content in a ocase of the
ordinary wave launched from the lower field side are shown in
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Figs.4 and 5. The HF absorption rate radial distribution ]

also presented (Fig.6). For FT-1 tokamak discharge Oonditionat

the ordinary wave absorption is ruther small,and HF power gq w
be abserbed only after a large number of wave reflectiong fro:

the ohamber walls. It is just the effeot which may g
responsible for the observed more poor electron heating ang the
displacement of HF absorption zone towards the

DPlagny
periphery.

Reference:
1.D.G.Bulygynsky et al. Proceedings of the 2 Joint
Grenoble-Varenna International Symposium v.1, 187, 1980
2 T.Yu.Akatova et al. This conference.
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ELECTRON-CYCLOTRON HEATING IN NET USING THE ORDINARY MODE
AT DOWN-SHIFTED FREQUENCY

I. Fidone, G. Giruzzi

ASSOCIATION EURATOM-CEA SUR LA FUSION
Département de Recherches sur la Fusion Contrdlée
Centre d'Etudes Nucléaires de Cadarache
13108 - Saint-Paul-lez-Durance (FRANCE)

Electron-cyclotron resonance absorption of the ordinary (0) mode at g
o, for propagation normal to the magnetic field has proved to be very efficient
for electron heating in tokamak devices [1,2], but the implementation of iy,
method in high magnetic field tokamak reactors would require the development
of high frequency wave sources. Moreover, the applicability of the methed tg
various plasma configurations and operaticn regimes generally requires a range
of different wave frequencies (e.g., *10 percent), obtained either by
frequency-tunable wave sources, or by a multi-frequency system (3-4 different
frequencies). In order to alleviate the difficulty of developing high freguency
sources, a different mode of operation based on the relativistic down-shift of
the resonance frequency at oblique propagation has been proposed [3,4] and a
series of applications have been discussed, using the extraordinary (X) mode
launched from the tokamak top (bottom) ports [5]. This method is most appropriate
for dense tokamak plasmas [6]. However, generally, in a tokamak reactor,
launching the X-mode obliquely requires the appropriate elliptical polarization
of the input wave and, for some peripheral magnetic field configurations,
efficient tunneling through the cut-off/upper-hybrid region and negligible
attenuation at w = w, at the plasma edge.

These problems are avoided for outside launch of a linearly polarized O-mode
normally to the magnetic field at w > wp(D) (the plasma freguency wp being a
cut-off frequency for the O-mode). The attenuation of the O-mode near w = @
is proportional to neTe and is therefore negligible at the plasma edge. We now
show that the incident O-mode at an angle ¢ = 0 with respect toc the normal to
the magnetic field "B', at down-shifted frequency (i.e., at a frequency for which

= o is realized outside the plasma) will be totally absorbed after being




at an angle ¢ # 0. The success of this scenario relies on a peculiar

:eflected
rty of the relativistic damping of the O-mode at down-shifted frequencies,

rope

f the maximum wave attenuation occurs for # # 0, in contrast with the more

panely N __ .

e case at w = @_, 1n which the maximum is at 6 = 0. The O-mode is launched
f_anu.l.lar c

on the point A in the low magnetic field side with 6 = 0 (see Fig. 1). 1In a
£r

oW temperature plasma, from A to A' the attenuation of the O-mode at 6 = 0 is
negliqible' A mirror located at A' will reflect t.he wave at an angle 6 # 0. Note
tnat with 2 simple reflecting mirror the reflected wave is also partially in
tne X-mode, but this is not a problem, since the X-mode at 6 # O is generally
strongly damped too.

We now specifically refer to the NET device [7], i.e., major radius R =
§.3 M, norizontal minor radius a = 2 m, vertical elongation 2.2, B(0) = 6 T,

; = 14, =B = :
ayerage density and temperature nE =0.8x10""cm 7, Te = 15 keV. The following

@ ' TE(P) = 25(1 - pz} keV, where

profiles are assumed: ne(p) = 1014(1 - 92);‘5 cm
o= [(l!,_..;,o)/(;pb—q;o)]%, Yy is the poloidal flux function and pr, 4;0 are its values
at the plasma boundary and axis, respectively. The relativistic dispersion
relation and the ray equations have been discussed elsewhere [4,6] and are not
presented here.

Typical results using the NET-II parameters and f = w/2n = 100 - 125 GHz
for a ray tube of cross-section ¢ =~ 0.1 m2 are presented below. In Fig. 2, the
fraction 7(p) of O-mode power absorbed between the launching point and the flux
surface of coordinate p is shown, for f = 125 GHz, # = 40° and Te(o) =5 and 6
keV. In this case, the reflected X-mode is strongly damped closer to the plasma
centre, whereas the absorption of the incident O-mode at 6 = 0 is negligible.
We consider this as the starting phase for the initiation of the plasma heating.
As the electron temperature increases, the wave frequency can be decreased, down
to f = 100 GHZz when Te =~ 20 - 25 keV. We find that in all cases the O-mode is
ultimately totally damped in the central plasma region. Note that for TE(O) >
15 keV the attenuation of the incident wave in the first transit starts to become
relevant. This is illustrated in Fig. 3 for the final phase, i.e., f = 100 GHz
and TE(O) = 25 keV, in which the absorption of the incident wave at 6 = 0 (dashed
curve) is 50 percent. In Fig. 4, the overall power per unit volume of the incident
and the reflected O-mode deposited into the plasma is presented for different

Central temperatures and different values of f. For Te(o) = 15 keV the wvalue
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f = 110 GHz was used. Note that, although for Te(o) = 5 keV the power depositiw
is broad and maximum at p = 0.4, it rapidly becomes central for a slight incfease
of the electron temperature.

In conclusion, we have discussed an acceptable scenario for central heating
in the NET device using existing wave sources (f = 100 - 125 GHz) ang wave
launching from the most accessible side of the torus. This method Cumulateg
two main advantages, namely, low wave fregquency and side launch of the O-moge,

Central wave absorption occurs for the reflected O-mode at an angle @ # Q. Thﬂ

is a difficulty, since a reflector is required at the inboard tokamak Wall
However, this difficulty is minimized by the fact that no special polarizmion
is required for the reflected wave, since both modes are efficiently absorbeg

in the plasma core.
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Figure captions

Fig. 1 Toroidal projections of the ray paths for the incident and the reflected
waves in NET-II. Dimensions are in cm.

Fig. 2 Fraction of the absorbed wave power w(p) for 6 = 40°, f = 125 GHz and
two different values of the central electron temperature.

Fig. 3 As in Fig. 2, for T _(0) = 25 keV, f = 100 GHz and for the incident wave
(dashed) and the reflected O-mode (full).

Fig. 4 Total absorbed wave power density (namely, incident plus reflected
O-mode) for different values of the central temperature and of the wave
frequency.
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The Fusion Research Center, The University of Texas at Austin,
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1 Auburn University, Aubum AL
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Electron Cyclotron Heating experiments are being performed on the
TEXT tokamak (Rg = 1 m, ajim = .26 m). We use a 200 kW, 59.7 GHz Variay
gyrotron, which launches about 140 kW into the low field side of the plasma in
the fundamental ordinary mode. We have found that the largest effect on the
electron temperature has been obtained on high-g, non-sawtoothing discharges
(Ip = 120 kA, BT = 21.6 kG, Qlimiter = 5 to 6, PoH = 200 kW, ne = 1.6x1019
m-3). In these discharges (see figures 1 and 2), we have observed an increase in
Te from the OH only to the ECH case of almost 100% in a small region near the
center of the discharge, as measured by Thomson scattering. This is often
accompanied by a slight (order 10% or less) decrease in ne near the central axis,
Small scale fluctuations have been measured before and during ECH using a
Heavy Ion Beam Probe and a FIR scattering system. The effect of the ECH is an
increase the fluctuation level, fi/n, by = 25% throughout most of the plasma, with
the edge fluctuation level remaining constant or decreasing.

Results with a Focusing Launcher
In order to increase the central heating effect, a launcher has been

constructed with a narrower beam pattern. The launcher consists of two
mirrors: a flat mirror and a concave mirror designed to focus approximately at
the center of the plasma. The focusing mirror is mounted on a pivot to allow 2
scan in the vertical direction. In free space measurements, the new antenna
system decreased the 1/e power width from ~8.5 cm to ~2.5 cm in the H-plane
(vertical) direction, theoretically providing better radial localization for heatin
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py of resonant at R = Rg. The width in the E-plane (i.e., the toroidal direction)
decreased from ~7 c¢cm to ~3 cm. _ _ .

Initial results of the experiments with plasma point to a more localized

ower deposition profile, but not as much as would be anticipated from the free
space focusing of approximately 3. Figure 3 shc_)ws a power deposition profile

brained from a measurement of second harmonic, extraordinary mode electron
g clotron emission (ECE) from the plasma. The plasma can be considered
0)’ tically thick near the center for the range of parameters in the experiment.
Power deposition was derived from the chapge in slope of the ECE at the turn
off of the ECH power. We see some narrowing of the profile and a 35% increase
in the peak power absorption density, although these resulEs are not as localized
as might be expected from L!le free space tests and ray tracing [1]. One possible
gxplanation might be scattering of the rf by small scale density fluctuations in the

a.

e Experiments in which the deposition region was scanned vertically
indicated fairly sharp profiles. For a non-sawtoothing discharge, heating with
the focused mirror on-axis produced a 75 - 100% central Te increase for steady
state. This was comparable to the results obtained with the unfocused mirror.
However, by moving the focus as little as 2 cm off axis, ATe decreased to only
50%. ‘Results with a sawtoothing discharge produced smaller T, increases, and a
correspondingly smaller effect of moving the resonance off-axis.

‘We have looked at the change in total stored plasma energy during ECH by
measuring A= (Bp+1i/2). In contrast to the results from ECE measurements, we
do see a change in the total stored energy by changing from the unfocused to the
focused antenna in the non-sawtoothing, on-axis case (fig. 4), due to poorer
confinement of energy deposited off-axis. We also see a decrease in the change
in stored energy, AW, for the case of slightly off-axis heating (again, as little as 1
-2 cm). Finally, in central heating cases where we expect good absorption
(density large enough to be black but not large enough to refract the rf) we have
seen a decrease in the stray power leaving the vacuum chamber when the
focusing antenna is used.

ion Chan ring ECH

We have also performed experiments using the heavy ion beam probe
(HIBP) to determine the role of ECH and Te as possible causes of density
fluctuations which are thought to be related to plasma transport. Figure 5 shows
the normalized rms fluctuation signal, fi/n, near the axis before and during ECH.
We see an increase in the fluctuations during ECH, which could be due to Te
modification, direct drive of the fluctuations by the ECH, or changes in the
density or density gradient during ECH. To help distinguish ne modification
from Te modification effects, we have modulated the plasma density using a gas
puff. We used ECH at a reduced power and with slightly off-axis heating to
greatly decrease the amount of the central T modulation normally present in the
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gas modulation experiments, Results are shown in figure 6. Even though ¢,
modulation in the central Te is greatly reduced, the modulation in the centra] § -
signal is almost unaffected, implying that something other than central T, j
responsible for most of these fluctuations. On the other hand, in eXperimen
where ECH was applied so as to increase the Te modulation, an increase ng
during the ECH pulses was seen, implying that the ECH can play some role in
determining density fluctuations.

We have performed experiments where we have looked at the fluctuatioy
level as the resonance position was moved off axis. In these experiments, th,
change in central Te upon the application of ECH was half as large for a 5-cm.
off-axis heating case than the on-axis case, yet the increase in fi/n wyg
comparable. Similarly, in going from heating at r/a = .25 to r/a = .5, centra] AT,
decreased by almost half; however, little effect was seen on the change in fhe
fluctuation level.

Conclusions

We have constructed a focusing launcher for ECH experiments which, ip
the case of non-sawtoothing discharges, allows for a more precise control of the
power deposition profile. Using this launcher, we have attempted to finq a
connection between ECH and small scale density fluctuations. The experiments
reported here would indicate that changes in the fluctuation levels are not due
entirely, if at all, to local changes in the electron temperature.
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RF ALFVEN WAVE HEATING OF A HIGH-BETA PLASMA COLUMN

M. Cekic, B.A. Nelson, F.L. Ribe
University of Washington
Seattle WA 98195 - U.,S.A.

1, Introduction
This paper presents results of the experimental study of the low fre-

quency heating of a straight high 3 plasma column. The present experiment
is the continuation of earlier High-Beta @ Machine (HBQM) efforts! studying
agimuthally symmetric (m=0) magnetosonic waves. For this work we used a
non-axisymmetric (m=*1) RF heating system (A=0.4 m, w=625-720 kHz) to
drive waves in deuterium or protium plasmas. The variation of plasma
parameters over appropriate ranges provides the means of control of the
radial position of the Alfven rescnant layer in the radially varying axial
magnetic field.

In Sec. 2 we describe the experimental apparatus and instrumentation.
gection 3 deals with the measurement results. Finally, Sec. 4 presents the
comparisons between the experimental results and the theoretical predictions

with the summary and conclusions.

2. Apparatus and instrumentation

The HBQM is a fast-rising, low-compression theta pinch. A single-turn
aluminum segmented compression coil 260 cm long with an 11 c¢m inner
radius is powered by a 3.6 uF, 90 kV, passively crowbarred main capacitor
bank, Triggered by 9 parallel multichannel spark gaps, the main bank
rises in approximately 400 nsec. The main discharge shock heats the
plasma already 20%-30% preionized by a 800 G 330 kHz ringing axial mag-
netic field. By use of a parallel plate transformer (power crowbar) to com-
pensate for the resistive losses, we are able to sustain an external axial
magnetic field at a nearly constant 3 kG for more than 20 psec. A uniform
230 G forward bias field is used to limit the shock action and protect the
internal probes near the machine axis. Typically, the resulting quasi-
equilibrium plasma column is characterized by a nearly flat density profile
(ne27 x 102 m-3) and a Gaussian temperature profile (<Te+T>2300 eV,
{®20.2-0.5).
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During the experiment we measure: RF antenna current and voltage,
internal and external magnetic fields, total axial flux, and axially integrated
electron number density. The antenna current is measured by differential
Rogowski loops and the antenna voltage by a closely coupled flux loop. The
internal magnetic field is measured by a set of four 3D (B,,R,, B, magnetic
probes. The external axial magnetic probes and flux loops, together,
measure plasma diamagnetism. An axial laser interferometer is used to
measure electron line density.

3. Experimental results

The experiment consists of applying the RF power to protium and deu-
terium plasma 4.5 psec after the main bank discharge. At that time the
shock-caused m=0 oscillations of the plasmal are damped to less than 10% of
the initial amplitude. The presence of the plasma causes a considerable
increase in the antenna loading. Figure 2 shows voltage and current sig-
nals for vacuum and 7.5 mTorr H: filling pressure discharges. The loading
by the hydrogen plasma is measurably larger than that caused by
deuterium under similar conditions.

The difference between deuterium and protium plasma response is most
pronounced in comparison of time dependencies of internal B, Figure 3
shows measurements from the radial array of four magnetic probes posi-
tioned at ® = -90°, at the axial location of the node of the axial RF field.
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FIG. 4. B, field profiles before and during RF discharge in protium.
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The RF heating effects on the radial profiles of the equilibrium axia)
field B, are shown in Fig. 4 for the protium case. Two profiles are takep
at the time just before the RF bank discharge (4 psec) and 8.756 usec intg
the discharge. The distortion of the profile is localized around r= 5.5 ¢p
and peaks in approximately 2 psec. The effects on the deuterium plasms
are 20%-30% weaker, grow more slowly and do not indicate such a pro-
nounced localization.

4. Comparison with the theory and conclusions
The cold-plasma theory? predicts the existence of the Alfven resonant
surfaces for the resonant condition:

-8 (2]
HoP w,,

where w is the driving frequency, B local equilibrium magnetic field, p

plasma mass density, w, ion cyclotron frequency , and k, wave number
parallel to the magnetic field. At those surfaces strong resonant energy
absorption is also predicted.

In our experiments the above resonant condition can be satisfied only
in protium plasma. Deuterium plasma can have only simple ion-cyclotron
resonance close to the machine axis (depending upon the details of field
profile behavior). The theory predicts only weak damping associated with
this resonance. The majority of our measurements are done at the time
which places the Alfven resonance around r=6 cm. During the experiment
the resonant surface can move but this motion is limited by the increase of
the gradient of the axial field profile, A comparison of measurement quanti-
ties with results of the warm-plasma full-wave solving ANTENA? code shows
only general gqualitative agreement. Comparison with the finite B
Vlasov-fluid model, including ion-cyclotron effects?, will be also presented.

in conclusion, our measurements show strong antenna loading, existence
of well established driven modes, and indications of strong resonant heating
close to the position of the Alfven resonant surface calculated from cold
plasma theory.
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1R, Sanchez, Phys. Fluids 24, 40 (1981); Ph.D. Dissertation, University of
Washington, Seattle, 1981.



GENERATION OF FAST MAGNETOSONIC WAVES IN A MIRROR TRAP.

Elfimov A.G., Garina S.M., Grishanov N.I.
1.N.Vekua Institute of Physics and Technology, Sukhumi, USSR.

In the present paper the wave eigenfunction are considered in
irror traps within the range of ion-oyclotron frequencies and
B yarious aspects of this problem were discussed in Ref.[1].

ba;ﬁworder to creat an idea about eigenmode behaviours in a mir-
ror trap, we shall use a oylindrical plasma model in uniform mag
netic field with a radially nonuniform density.RF fields in such
a plasma may be sought as a harmonies proportional to exrp i(mp +
kz -Wt). Within the geometric optics approximation for fast wa-
ves with characteristic small values of a longitudinal electri-

cal field, we obtain the following dispersion relation:

ko= €07/ 2 ~ Ko/, * '@ 4+ &ul/ee (1)

where €, g —transversal permebility tensor components of plasma
The minus sign in front of radical for €,> O corresponds to fast
magnetosonic (FMS) waves,while the plug sign refers to fast Alf-
ven (FA) ones. For £,<0, FMS and FA waves correspond to opposite
gigne in front of the radical.

In such plasma systems, there may arise surface (Stwith m=+1)
waves with dispersione at |kza|<<1

k§= 0.5 m’“c;‘2 [1+(m/|m| )w/ﬂci]; where cf= B2(4'IC Noimi)_1 : (2)

The corresponding dispersion curves characterizing the conp-
lings of eigenfrequencies and eigenwavenumbers within the range
of W< QCH are given in Fig.1 for hydrogen plasma.Dashed lines
correspond to the range of Alfven ocontinuum. Within this region,
there exists a local Alfven resonance with the waves absorbed by
eleotrons due to Landau damping or eleotron-ion collisions [2].

The dispersion of waves in a mirror trap may significantly dif
fer from that given in Fig.1. We use a theoretical approach here
based on the geomeiric optics approximation for a RF field in a
plasma: 5
H,, divB, . J (k) ezp i( g k dz + mp - wt). (3)
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We have considered here that the plasma is uniform in i%'s opgg
section,while kz({;) (1) depends on the longitudinal coordinate 2

via the confining magnetioc field, B=B_ /(1-{),where {=(R-1 )z | /RL
R is the mirror ratio, and L is the mirror trap half-length. The

plasma boundary radius is r'o((;) =av1-¢ .
Zo
Using quantization conditions for eigenmodes: [ kzdz =Tq
_zo '
n being integers, where integration done over the wave Propaga-

tion region (where k§>0), FMS and FA wave dispersion expressiong

may be derived. For FA waves, the propagation region covers tpg
2 B 2/3

whole plasma volume.For FMS waves, z,=RL|{1-(l; c, /0a) ]/(R_”

(o)
oH ’

2 2 2 2/
2 : =
ux%MS=cAO{um/ae +[1 5 15[2w/0E0+u1m/02] (R-1 )n/RL] 3};0A0=0A(z=0)
where [ is the root of Beesel funoction, Jm(x).

Fig.2 shows the fast wave dispersions for the hydrogen plasma
indicating that the FMS wave dispersion is not sensitive to the
cyolotron resonance zone existence (= 1-05, /v, where & -+ @
FA waves do not reach this zone since their wavelengths become
much shorter on approaching nearer to the oyoclotron rescnance
zone, this effect being accompanied by a mighty damping of these

waves. Based on Eq.(1), Fig.3 shows local values of kg versus {

for the hydrogen plasma with deuterium impurities.It's seen that
a FA wave in the neighbourhood of the cyclotron resonance of deu
v/, undergoes tearing which indi
cates the possibility of the RF field transformation into oyoclo-
tron oscillations and their damping. Such circumstances may

lead to the powerful heating of plasma ions and electrons.

Further,using numerical code named FITA [3], generation and ab
sorption of RF fields are analyzed in a plasma mirror trap over
the range of eigenfrequencies of FMS waves. A FMS resonance is
found for the following parameters: B0=2.6kG, R=6, I=250cm,d=5cm
the RF circuit radius b=25cm, the casing radius d=30Ocm, the an-
terma multipoleness: m=1, n=3, W=3.06 107. The collisional dis-
sipation mechanism of the waves generated is simulated with the
effective ocollisional frequency at the level of v= 0.01 w inolu-
ded in the components of the dielectric constant.

and when w < Q the dispersion equation will be:

terium impurities {_ =1- 0.5 Q'
CD [}
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Fig 4 shows the electrical field component, E=Er-iE(p, distri-

uted over the radius, for the FMS resonance in different oross-—

ations. Figs.5,6 represent r- and z— structures of the E field
sed the absorbed power, respectively. The distributions obtained
?gr RF fields and absorbed powers indicate the possibility for
jasma as a result of resonant generation of FMS oscillations at
%he central part of a mirror trap.
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NONLINEAR TRANSFORMATTION OF ATFVEN WAVES IN A HOT PLASMA.
V.P.Minenko, V.P.Sidorov, V.S.Tsypin.
Sukhumi Institute of Physics and Technology,
384914, Sukhumi, USSR.

1n interactions of electromagnetic fields of Alfven-range
frequencies with plasmas of fusion devices or with the space
plasma, RF field amplitudes near the Alfven resonance may have
japge values [1]. Moreover, various nonlinear effects may be
sxpected, such as the development of harmonics with the main
frequences, and RF field effects upon the plasma dispersion
properties and nonlinear transformations of Alfven waves.

The authors had already considered nonlinear Alfven wave
transformations in a hot plasma [2]. Resonant generations of
parmonics with main frequencies had been found; however, the
parmonics amplitude was (Mt/Me)2= M. 2times lower than its value
obtained from qualitative estimations. The coefficient of a
nonlinear coupling for dispersion equations of the first and
gecond RF field harmonics was the same order of magnitude
lower.

It should be expected that in a hot plasma such a degenera-
tion would disappear with the resonance effects more notably
developed. In what follows, we shall restrict ourselves with a
hot rarified plasma where the finite Larmour radius effects of
ions are significant. Exponentially small Landau electron damp-
ing will be neglected.

Within the geomeirical optics approximation, we use an app-
roach where the dielectric permeability tensor is taken to be
kinetic while nonlinear effects are considered as hydrodynamic
ones. As in Ref. [2], the equation is initial for S-harmoniecs

-+ -+ -+ >

(in %, y, z coordinates; B=e, B, N=elN ):
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2 (s} (S =3] (=)
(NO, -NN-G, IE =T, (1),
In Eq. (1),
(X1 4y Lo + >
U = #4mi/w g eanoa{vd,iiJrvcaii;/O LN VO!.iZH-
+ 2 -+ + -+ (L 2 (m
+1/c(N Vaig) ]+Vaiz/G(N Va 1)}; vuszvaﬁ +VGE:
2 +(n) +¢Ll + +(Ll
U = :21:1/(05 Bl o f Ve Ve, VOAN Moy D (2)
As distinguished from Ref. [2], we adopt:
E X AN (s +(mn? (g3 »{mn?
- 7 : —
Vas‘ga,eE /eyfaqr Voo™ 40, Dy / Wpy (3)
where:
+m + - (n} -+ -+ -+ -+
Dy == ((Vo@)Vg) = 1/My (7 By/ng), +eg/Myel (W(V,E)) —(BV,)) )

(the symbols are of commcn use).
In Eqs. (1) and (2), well-known kinetic expressions for a
slightly nonhomogeneous plasma are taken as tensors of the die-

~

lectric permeability, &, and the conductivity, g, (see, e.g.
[31). The pressure, Pg,
It should also noted that qualitative analyses of the finite

is derived from the adiabatic equation.

Larmour radius effects may be done using the hydrodynamical eq-
uations including the gyroviscosity.

In the present research, the availability of the resonance
found out in Ref. [2] is of great importance. The essence of
this resonance is that for A1§ 0 (where Aiis the definitor of
the left-hand side of Eg. (1) for s=1 taken with an opposit
sign), A, also turns into zero in a certain point of the space.
As in Ref. [2], the resonance condition for a small Larmour ra-
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of ions (these terms are taken Into consideration as cor-
ions) is considered in:

aN°+ DN*+ oN°+ d = 0 (4)

coefficients somewhat differing from those in Ref. [2].

§ = Eis)/ 8(5) ()'>/ S

ZzZ X

(s _ (k) (sy_tky (s k) (s) (s ()
— . — o
b=%£5_¢&_/ &€& (g ) g, (1+‘,yy /g, )+

ZZT 2= XX nX XX XX

k
tk)(1+8<k)/e<}-))+ﬁ 8“4/8‘ ] ﬁkE:) / Stsa;

s =z XX

t=2y _ ks (s :H tk) ()
e=¢g_ & /€ & P B B) +

ZzZz ZzZZ KX wx

(s _ (ko (=) (s tky <ky {s)
+ g &g (e /g — &, /em) + gle =

zz zz O oyy | xx
(k’(‘I-I-E(k)/S(k) ﬁk[ech (g)(‘l-%-E‘E,/S{E’)] 45
+ ( Erslastlc) 8(!:;68:5))
o Y X R
N (Ecka/gckiascs) E:s}/g(saﬁsdn) ﬂs=8;;)+8;:, /8::’,
8= NN, [2N; &7+ e T+e Z (N -€70)].

‘root of Bq. (4) is most interesting:
¥ = - d/c - bd®/c’ (5)

ides, N° = N

N e Amplitudes of second harmonics calculated

n Bq. (I) (s=2), taking Egs. (2)-(5) into account, result in

B = (x d0/8)(7° N, B/B, ) %
B = (0,0%/8,) (17N, B /UB,) -l (6)
E;iz: _ (Ef““ﬂ E;—"), = c/{':‘\,'u=(|)/mm

coupling coefficient of dispersion equations of the first
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and second harmonics, A, is derived in a similar way:
d 2
== I (*1)
A= ANE ] = A |E | /4, (7)

where  A,=a Y7N2B /BIU®,A =27°N; /uB.,B,=4Tn, T /B, the ooersi
cients, a ,a,,0, are of the order of unity, v <1.

Analizing Egs. (6) for the second harmonics of the Tielgs
and a nonlinear coupling ccefficient, Eq. (7), one sees thay
they differ from the corresponding expressions in Ref. [2] fop
a cold plasma by the factor QU@fQICf+IDa (within the assunp-
tion of the present problem). Threfore, the resonant effeotg
while approching the point of A = 0 in a hot plasma, are exp-
ressed much better that in a cold cne, and near the Alfven pe-
gonance point, intense generation of the main frequency harmo-
nics is to be expected. The results obtained in the present pa-
per, make the qualitative features on nonlinear transformations
much clearer. In order to enlighten the phenomenon details, the
analysis based on solutions of corresponding differential eg-
uations should be done. Investigations of cases when Landau da-
mping (both linear and nonlinear) is significant is also of
great practical interest.
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perimental Studies of Kenertic Alfven Waves on CT-6B Tokamak

Ex®

zhand paming , Wang Long , Zheng Shaobal and Yuan Dingpu
institute of Physics , Chinese Academy of Sciences

P.0. Box 603, 100080, Beijing , China

Abstract

We present here the studies of the shear Alfven waves on CT-&B

tokamak . The low n modes of the wave were excited with a m=0
antenna and measured by a group of movable magnetic probes . The
gignal was analyzed by a set of phase detectors ., The excirting
conditions of the surface shear Alfven waves were experimentally
determined . And also the radial structure of the wave field was
studied .

solving the ion Vlasov equation and electron drift kenetic
pquation without neglecting the electron temperature effect and
the compressive term , the mode conversion condition of the shear
Alfven wave to kenetic Alfven wave ( KAW ) in the vicinity of cthe
regonance layer was studied in detail . The condition was found
to be easier <to meet than that obhtained considering only the
gffects of ions or electrons

As the electron beta in the vieinity of the resonance layer
rose high enough , g¢greacter than (1/3)*(me/mi) , a kind of mode of
new characters was observed . The radial vector of the mode was
measured from <time teo time in the tokamak discharge which was
principalely agree with the thoretical results obrtained by Stix
and L.Chen in the vicinicy of the shear Alfven wave resonance
layer . And also , rthe radial energy flux and the heating
efficiency of the kenetic Alfven wave was analyzed
experimentally .
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ELECTRON ABSORPTION OF FAST MAGNETOSONIC WAVES BY TTMP IN JET

F. Rimini, D.V. Bartlett, V.P, Bhatnagar, D.J. Campbell, C.D. Challis,
A.D. Cheetam, S. Corti, A.W. Edwards, L-G. Eriksson, R.D. Gill,
N. Gottardi, T. Hellsten?, J.Jacquinot, J. O'Rourke, M.J. Mayberry2,
D. Moreau?, N.A, Salmon, P. Smeulders, D.F.H. Start, M. von Hellermannp

JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, U.K.
1 Royal Institute of Technology S-10044, Stockholm, Sweden
2 General Atomics San Diego, California, USA
3 CEA Centre d’Etudes Nucleaires de Cadarache, France

Introduction: Direct electron damping of low frequency fast magnetosonic wayg
is regarded as a promiising method for nan-inductive current drive in future tokama
fusion reactors. Theoretical studies /1/ predict for this scheme a greater eff
than Lower Hybrid current drive; in addition, the fast wave can propagate up to the
central high-temperature high-density region of a reactor plasma while the lower
hybrid propagation is greatly restricted according to the Stix-Golant accessibijlj
criterion /2,3/. In existing experiments the presence of stronger competitive
absorption mechanisms, in particular ion cyclotron damping, makes it difficult to
obtain and detect significant direct absorption of the wave via Transit Time Magnetic
Pumping or Electron Lapdau Damping. In this paper we report the first experimenta|
observation of direct electron damping of low frequency fast magnetosonic waves jp
high-f JET plasmas in conditions where TTMP is estimated to be an important
component in the electron-wave interaction.

iCiency

Theory: Electrons interacting directly with the fast wave are accelerated in the
direction parallel to the magnetic field by a combination of TTMP and ELD; the
resonance condition for both mechanisms is w= kyv;, where w is the wave frequency,
ky and v, are the components of wave vector and electron velocity in the paralle|
direction. In recent theoretical works /4,5/ a key role in determining the relative
strength of TTMP and ELD interaction is attributed to the parameter
o =Tew?,/mec2w, where T, is the electron temperature, wy is the ion plasma
frequency and mgc? is the electron rest energy. It is found that for &> > 1, i.e. for low
frequency waves and high-f plasmas, TTMP is the dominating component in the
interaction for electrons with EL greater than <EL>, while ELD is stronger in the
opposite case of EL less than <ELl>,where EL is the electron energy perpendicular
to the magnetic field and <EL> is the perpendicular energy averaged over the
electron distribution function. In the limit > >1 the current drive efficiency has the
enhanced value found by Fisch and Karney; the damping is then given by

AL/ L| = /7 fe ¢ exp(- 2 £2) (1)

where kl; is the imaginary part of the perpendicular component kL of the wave
vector, ff, is the electron beta and ¢ is the phase velocity normalized to the electron
thermal velocity ve. The strongest absorption occurs at maximum f, and for waves
with phase velocity around v./\/ 2 . In the high frequency and low- plasma case,
< <1, the interaction is mainly via ELD for all values of EL and the current drive
efficiency is predicted to be comparable to that of the lower hybrid waves. All the
fast wave experiments carried out so far /6-10/ fall in this second regime, with o= 0.1
and w>> . In a reactor such a scheme would be susceptible to strong
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e absorption by a particles. On the contrary, for the experiment in JET a
y and high-f scheme has been chosen because it seems more attractive
tor plasmas, where damping by w-particles could be a_strong competitive
n mechanism. For ITER we have proposed to use frequencies below the
clotron frequency in the device to avoid all cyclotron damping and, with
~ 50, to benefit from the improved current drive efficiency.

itiv
competl
w frequenc

r reac
ab'sgrptlﬂ
m‘west cy
predi;ted o

Experiment and results: The experiments have been carried out in hydrogen

ple-null X-point discharges, with plasma current of 2 MA and vacuum toroidal field
iy 34-1.44 T and combined ICRF and NBI heating. The RF power, at the frequency
ofl‘B M""Z and in dipole phasing, was square modulated at 8 Hz between 3 MW and
owa The 2wy resonance was located on the high field side at about 0.4 m from

m‘agnetic axis, such that a large portion of the plasma central region is free from
Ihede conversion and ion cyclotron layers and wave damping can only occur via
ﬂ%ﬂp and ELD. During the combined heating phase electron and ion temperatures
are strongly peaked, with central values of 3.9 keV and 2.9 keV respectively, whereas
the electron density profile is broader, with on-axis value around 2.2x1019 m3; the
volume averaged total f is 1.4 %. :

“The response of the electr:on temperature to the RF power modulation is studied
using a fixed-frequency multi-channel hgterodyne ECE ra‘diometer, which views the

lasma horizontally along the equatorial plane, detecting 27d harmonic E-mode
radiation /11/ : the covered region ranges from 3.07 m to 3.32 m at By=1.34 T and
from 3.30 m to 3.58 m at By=1.44 T.. In dipole antenna phasing direct electron
jeating due to mode conversion at the 2% harmonic is, according to full wave
calculations, only 1 % of the total power absorbed. In this situation the observed
direct electron heating is predominatly associated with TTMP and ELD; in particular,
since a value of =3 is estimated for these discharges, TTMP is a major component
in the measured damping on resonant electrons. .

Direct electron absorption of the wave is evidenced by the prompt change of the
slope "FE of the sawtooth ramp at the time of ICRF power switched up and down (fig.1);
the discontinuity AT in the temperature slope can be linked to the step in absorbed
power density via the relation APe=3/,n AT, under the assumption that heat
fransport is continuous during the RF power step and that An,=0. In our case no
evident step can be detected in the density slope and the error due to neglecting this
component is estimated to be at most 0.01 MW/m3. Fig. 2 shows the power
deposition profile for two shots with different toroidal field. The peaked shape reflects
the similar form of fl,. The power density on axis is = 0.11MW/m? and the total
modulated power absorbed in the central region free from ion cyclotron resonance
s~ 1.3 + 0.3 MW, corresponding to 22 + 5 % of the modulated input power.The
estimate based on eqn (1), with k;,=7 m-1 and fi,=1.5 %, yields a slightly lower value
of % 17%.

The centrally peaked power deposition deduced from ECE measurements is
confirmed by profiles obtained from the change in slope AZ in the tomographically
inverted soft X-ray emissivity profiles /12/. The error bars in the profile of A (fig. 3)
represent rms deviations and the small displacement (=~ 7 cm) of the maximum from
the magnetic axis is well within the uncertainties both of tomography and equilibrium
calculations; the peaks outside the sawtooth inversion radius could be caused by
electron heating due to mode conversion at w=2wcy. The total power deposited
in the plasma can be estimgled from {he mody)ation in the plasma engrgy content
which can be expressed as Wrgr=13(Wpia+ 2Wyup), where Wp, and Wunp are the
modulated plasma energy content given by the diamagnetic loop and Shafranov shift
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(fig. 1) and their different sensitivity to parallel and perpendicular energy ha
taken into account. Since the global energy confinement time 7¢ in the Presa
experiment is significantly greater ( 7g=0.18 sec ) than the modulation period . ":11
gquare waye amplitude of the modulated power absorbed can be expressey .

Tor = 20 Wror/m. The resuit[ng"ﬁTOT=4.4 MW accounts for 77 + 10% of the 58 M?,;
of modulated input, which indicates that most of the power is absorbed at 2¢
the power unaccounted for is probably deposited at the plasma periphery w
poor energy confinement reduces the sensitivity of the energy diagnostics,

A comparison has been carried out (fig. 4) between the experimental depositjg
profile, the predictions of a ray-tracing code /13/ and a self-consistent freatment ﬂ"f
power deposition and velocity distribution using the PION code /14/. Both Codeg
include TTMP and ELD damping and absorption at 2w¢y, with the PION code takin
also into account the enhanced second harmenic absorption due to hydrogen tai]
formation. Out of the 4.4 MW of deposited modulated power the PION code calculateg
that 30 + 5 % is absorbed directly by the electrons, corresponding to 1.2 + 0.2 MW
dissipated in the central region alone. This global value is in good agreement with
the experimental estimate although the predicted profile is more peaked than than
the profile inferred from ECE data and the central value of 0.3 MW/m?3 is higher than
the measured one. According to ray-tracing calculations 38 % of the modulated input
is damped by electrons, yielding an absorption of 1.2 MW in the centre, in agreement
with both the experiment and the PION code. The shift of the maximum of the
deposition profile of ~ 0.2 m off-axis can be attributed to focussing of the rays at 0.2m
inboard of the magnetic axis.

S bee"

cH Whils
here the

Summary: collisionless electron damping of fast magnetosonic waves hag
been observed in the central region, free from ion cyclotron and mode conversjop
layers, of JET high-f discharges in conditions where TTMP is predicted to be a
significant component in the electron-wave interaction.

The experimentally determined electron heating profile is less peaked than that
predicted by either ray-tracing or the PION code, although the measured total power
absorbed by electrons is in good agreement with theory.

Acknowledgement: the authors are thankful to the JET Team for assistance in
this work, and in particular to the tokamak operating team, the ICRF team and the
diagnaostic groups involved in the measurements reported here.
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fig. 1 Response of, from top, Wpa, Wyyp and T (central ECE channel) to ICRF power madulation

fig. 2 Direct electron heating profile de‘duced from ECE measurements
fig. 3 Profile of the discontinuity in AE in the soft X-ray emissivity plotted versus the normalized
poloidal flux

fig. 4 Comparison of the observed direct electron healing profile with predictions from ray-tracing
and the PION code
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ION BERNSTEIN WAVE EXPERIMENTS AND PRELIMINARY OBSERVATIQNS
OF ALFVEN WAVE RESONANCE IN TOKAMAK KT-5B

Wandong Liu Yizhi Wen Shensheng Han Shiyao Zhy

Shude Wan Changxun Yu zhiling Xiang

(Department of Modern Physics, University of Science and
Technology of China, Hefei, Anhui 230026, P.R.China)

I. INTRODUCTION

KT-5B tokamak is a small device (R=30cm, a=10cm, Ip=10-20kx
Bt=0.3-0.6T, Teo=70-100ev, n=0.5-1.0x10" cm?) at the UniVErsi{
of Science and Technology of China (USTC). The investigation of
externally launched ion Bernstein wave (IBW) has been carried out.
in this device since 1986, and the preliminary Alfven wave (Ay)
resonance was observed recently. Both the experiments used the
same antenna and detection system. The radially movable antenna
is a Faraday shield toroidal loop (of Nagoya type III[1], 35cm iy
length) installed on the weak field side of the vessel (fig.1),
and is shadowed by two limiters(L1,L2), that produces the plasma
parameters to be R=28.5cm, a=6.5cm, Ip=3-9kA. The RF power from
transmitter(T) are at 10-20W(6-10MHz) for linear IBW launching
and at 50-100W(1-2MHz) for AW excitation. Two sets of RF Langmuir
probes(P1,P2) and CO; laser scattering system were used for
detecting waves. Both probes were radically movable (P1 vertically
and P2 horizontally) in which P1 is single-pin, and P2 is double-
pin with a radial distance of 5mm between the two tips, cthe
perpendicular wave number can be derived directly from the phase
difference between the signals taking from the two pins (through
band-filters BF and amplifiers AF to a phase discriminator PD),
the plasma of low temperature in small tokamak allows the
insertion of the probes to the interior of plasma without
interfering seriously in discharges. The probe sensitivity rto

Pumping

KT-5B Vessel

Fig.l. Diagram of experimental arrangement
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density fluctuation is below 5x10% cm®  and the position

a w 5
laggut is better than 0.lmm, so that quite good spatial
rs:olution can be reached on the bases of shots average.
re

11, IBW EXPERIMENTS

The experimental conditions for optimally exciting IBW and
e estimation of the ion temperature profile in the outer region

t: the plasma from experimental IBW dispersion relation were

oeorted elsewhere [2,3]. Here we are to report the experiments

of IBW prop?gation. g .

According to the variation of IBW amplitude, tokamak plasma
can be divided into three region: shadow region (r>a=6.5cm); edge
region (a<r<5.5cm) and normal region (r<5.5cm). In shadow region,
1o signals related to IBW were detected, which means that IBW
antenna disturbance was efficiently limicted in antenna region by
the limiters locateq at both the ends of antenna. In edge region,
1BW amplitude varied quickly as it propagated towards plasma
center and after one or two peaks its amplitude tended to a
stable value. This phenomenon existed for all cases but the
yariable region get smaller when the frequency ratio w/wda at the
antenna changed from 1.97 to 1.72 as shown in fig.2. In normal
region, the IBW amplitude remained a relative stable value unless
it reached the minority ions cyclotron resonance layer ( wW/we =
1.5) (fig.1l(c)).

T 1 Ll I T T L] T 1 ]
=Tk I (a)
=] | -
. L a
o [ T 1 v - !
= |
,g edge region i ‘normal region (b)
= r -
D |
- L 1 4
e b S a 3
Q | * &
5 |
o
= v I -
m b
H 'l' e L -
1 1 | B L

i 6.5 5.9 5.3 4.7 4.1 3.5
5 radial position r (cm)

Fig.2. Variation of IBW amplitude as it propagates toward
plasma center for the frequency ratio at antenna
w/wilrg= (a) 1.95; (b) 1.85 and (ec) 1.72

It is noted that the edge region is a small region. The
phenomena appeared in this region could not be explained as the
result of interaction between IBW and plasma but probably the
affection of the limiters on IBW propagation. Near the edge of
plasma column, some component of IBW were shielded by the
limiters and could not reach the probe position and coherent
Superposition of remained wave components may lead a variation
Picture of IBW amplitude.
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¥(cm) P1 positien

wave front

Fig.3. Typical wave front at b
vertical cherd of R=3oge
The small arrows represem
the opposite directionnt
local wave vector of IBwu

antenna

a 7 9 Xlcm)
By means of the vertically moved probe, the vertical wav
number of IBW was measured and the typical wave front was figur£
in fig.3. It can see from fig.3 that the wave front near

A t
plasma center goes somewhat backward comparing to that near tﬁg

plasma edge, which was consistent with the minor section geometyy
ITI. Preliminary Observation of Alfven Wave Resonance

Recently, Alfven wave resonance was excited successfully by
means of the longitudinal loop antenna in KT-5B tokamak, apg
quite interested experimental results were observed. The antenp;
loading deduced from the input RF power and the antenna current
showed quite rich structure in the loading trace. These results
are qualitatively consistent with the theory predications,
Calculaticns made by employing the method similar to references
(4,5] show that there are two non-trivial continuum modes
(n,m)=(0,1) and (-1,1) under the present KT-5B tokamak exXperiment
conditions. The loading are found to be quite sensitive to cthe
plasma current and impurity level., but not sensitive to the
magnetic field. As the plasma current increase to 6kA, there is a
large (0,1) mode loading, while the plasma current decreases to
1.5kA, the (-1,1) mode appears. Keeping the plasma current at the
intermediate value about 3kA, two modes coexist in the loading
evolution, as shown in fig.4. The strong dependence of the
loading on current is consistent with TCA results: the different
effects ' of the current on the different modes are attributed to
the sign in the formula m(m-1g)[6]. The dependence of the loading
on the impurity level is attributed to the relative low Pe in KT-
5B, which is also found elsewhere [7.8].

The loading peaks we observed can be interpreted as
follows. Accecrding to kinetic theory. the singular resonance
layer is repkaced by mode conversicon. TIn the region of B, >mg /Y,
the mode conversion process excites the kinetic Alfven wave (KAW)
which propagates towards the interior of the plasma and is
subsequently damped, heating the particles. Otherwise, the
converted wave is reflected from the resonant layer, propagates
towards the low density side, c¢reating a surface electrostatic
wave (SEW) [6,9]. Numerical result [9] revealed that in a small
tokamak similar to KT-5B. when the electron temperature in the
resenance area is around 50ev, the loading has strong dependence
on the temperature, and large SEW loading peak appears. the DAW
could also produce peaks in the loading spectrum (5], however, in
our case, the loading peaks do not appear beneath the continuunm
threshold. For these reasons, we prefer to consider that the SEW
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jde the dominant loading.
prov We have just begun the Alfven wave resonance experiments,
1ting the primary, however, interested observations. Further
esustigation on the Alfven wave resonance and high power AWH
inveriment will be performed on the new tokamak KT-5C (upgraded
;;EEB) in the near future.

I

(c)

Fig.4. AWH antenna loading (10mS2/div) at different plasma
current (2kA/div), Ip= (a) 6kA; (b) 1.5kA; (c) 3ka
(100ps/div)
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EDGE-PLASMA HEATING
VIA PARASITIC-TORSIONAL-MODE EXCITATION
BY FARADAY-SHIELDED ION-BERNSTEIN-WAVE ANTENNAg

Satish Puri
Max-Planck Institut fiir Plasmaphysik, EURATOM Association,
Garching bei Miinchen, Federal Republic of Germany

Presence of large-k; spectral component in Faraday-shielded Ion-BernsI:.e:in-\,va_‘,e
(IBW) antennas couples a significant amount of power to the finite-temperature Parasitje
torsional mode (PTM). The wave transfers its energy to the plasma electrons via Landay
damping. This mechanism may play a vital part in the observed background loading
in IBW heating experiments. The conditions for the parasitic mode excitation age
examined-and the antenna loading for some idealized cases is computed. Methods for

minimizing parasitic excitation are discussed,

The antenna loading for the typical IBW heating experimental parameters due
to the PTM is of the order of a few ohms compared to the fraction of an ohm loading
contributed by the IBW itself. The PTM loading increases with frequency as experimen-
tally observed. PTM loading also increases with density and Z.yy but monotonically
drops at higher electron temperatures and for finer spacing of the Faraday shield con-

ductors. However unlike the experiments, we do not find a strong dependence of the

PTM loading upon the antenna phasing.
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PROPAGATION ABSORPTION AND PARTICLE DYNAMICS
OF ION-BERNSTEIN WAVE IN TOKAMAKS

A. Cardinali, R. Cesario, F. De Marco

Associazione EURATOM-ENEA sulla Fusione,
Centro Ricerche Energia Frascati
C.P. 65 — 00044 Frascati, Rome, Italy

INTRODUCTION

Direct Jaunch of ion Bernstein waves has been considered in these last years
a5 an alternative method for heating directly the ions in the central region of the
plasma. Many experiments have been successfully performed in particular that of
pIT [1] and Alcator [2,3] where a large amount of power has been coupled with a
Joop antenna to the plasma.

The coupling characteristics of the waveguide antenna that we want to use on
FTU at a frequency of 433 MHz have been discussed elsewhere [4], here we want
{o recall only that they are very similar to that of the lower hybrid wave coupling.
For plasma density typical of FT'U and for the above mentioned frequency the LH
resonance layer is located inside but in the very edge of the plasma. Hence the
mode transformation from electron plasma to ion Bernstein wave [5] is expected to
happen near the plasma edge and for very low density and temperatures.

In order to study the wave propagation and absorption of the IB mode the
complex dispersion equation is solved in the complex domain of wavenumber in
the slab geometry; so it is possible to calculate the electric field and the particle
density fluctuations induced by the wave, by mean of the conductivity tensor. The
same analysis is also presented when the effects of the three-dimensional geometry
are included. The ray equations are thus solved in toroidal geometry using the
complex dispersion function as Hamiltonian.

THE DISPERSION EQUATION
The electrostatic approximation which seems to be justified here because of
the very high value of k) everywhere inside the plasma has led to the following
dispersion relation:

2w’ pa oy =
E:I+ZW 1+ 20, ¥ Tn(Aa)e ™ Z(zna)| = 0 (1)
where
2 172 _
T EL Vi _w nflca )

202 S i Viae

and Z(zn,) and I,(),) are the plasma dispersion and the modified Bessel functions
tespectively. In the slab geometry eqn. (1) is solved in the complex plane of the
Wwavenumber k) at each radial position (z) in the plasma.
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coordinate normalized to the plasma
radius a = 35em. B,, = 7.92T,
fle, = 3.5+ 10" em ™3, Te., = T,—" =
1.5k eV, fo= f133MHz,k"w—Cn =5
Prr =100 KW. Area of the waveguide
antenna L,-L.=40-8 cm? . Hydrogen
harmonic locations:

2oy = 0.3 L swpy = 1.05

The numerical method for finding the complex roots of eq. (1) is based on the
Newton formula in the complex domain of variables and needs an initial guess to
start.

In fig. la, b we show the evolution of &, and K8 vs. z for two different
values of ky (k) =2,5).

In fig. la can be recognized the mode transformation layer located near
z = 0,95; there the electron plasma linearly transforms in the Bernstein wave
which propagates freely toward the w = 4., resonance where it will be totally
absorbed by the ions. This can be seen in fig. 2 where the curve a represents the
normalized power plotted vs .

The curve b of fig. 2 shows the trend of the radial (x) component of the
electric field. The electric field at the waveguide antenna mouth (on the plasma

side) is calculated from the net rf power P,y by requiring the conservation of the
power flux across the waveguide-plasma interface:

bacPri = W(2wg )vge(Tug )Ly L:

where £, is the fraction of accessible power (in the IBW experiment Eae oAl

is expected), Wr = (EZ/IGW)%L:’; is the total wave energy density and L,L. i
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a a

the total area of the waveguide array. The radial (x) electric field component
is calculated in taking into account the conservation of the component parallel
(z) to the static magnetic field in the slab geometry. The plasma density and

femperature are assumed to vary along the x direction by: n, = ne(0) [1 — (5)2]

2
and T, = Te(0) [l - (f)g} , where a is the limiter radius.

In order to have an idea of the ion motion induced by the IB wave we have
integrated the velocity equation for a single particle. In fig. 3a, b, is shown the jon
trajectories in the plane perpendicular to the static magnetic field in two different
radial (x) positions. The shape of the curves depends on the distance from the
jon-cyclotron harmonic resonances and the local value of the electric field.

Fig. 4a, b show the fluctuating particle density plotted vs. the radial (x)
coordinate. As a particular feature of the ion response, we observe that the
fluctuating ion density goes to zero at £ =098 and Z = 0.60. This fact is due to
the opposite contributions of the terms k;oiz; and keoisze.

This unidimensional picture is not satisfactory because does not account for the
three dimensional effects due to the torcidal geometry. In fact when we consider
the toroidal geometry kj; remains no longer constant and its variation along the

trajectory could lead to a different behaviour of the absorption of the wave.

RAY-TRACING EQUATIONS

For having a more realistic picture of the wave propagation and absorption,
we have solved the ray-equations in toroidal geometry having considered that the
dispersion relation which plaies the role of Hamiltonian is a complex quantity.

The numerical solution of the ray equations has led to follow a ray of the
IBW in a toroidal geometry. The ray, after a very short path in radial direction,
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Fig. 4 — Ion (a) and electron (b) fluctuating density plotted vs. the normalized radia|
coordinate for the same parameters of fig. 1, and Prp = 1KW.

is totally absorbed very near the plasma edge, this owing to a strong variation of
ky along the ray—path.

CONCLUSIONS

The IBW heating seems to be particularly indicated for tokamak-like reactqr
devices because the power can be coupled to the plasma by a waveguide antenpa,
Calculations on the propagation and absorption have been presented for FTU in the
slab and toroidal geometry (ray-tracing technique) and it seems that IBW heating
is very well indicated for FTU. Particular care is requested in the definition of the
Icu —spectrum at the antenna because a sirong variation of the wavenumber due to
the toroidal effects can lead to an anomalous peripheral deposition of the wave
energy.
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MODELLING OF THE INTERACTION OF ENERGETIC IONS WITH
LOWER HYBRID WAVES ON JET

E. Barbato

Associazione EURATOM-ENEA sulla Fusione,
Centro Ricerche Energia Frascati
C.P. 65, 00044 Frascati, Rome, Italy

INTRODUCTION

Jon tail up to several MeV are generated and confined in the Jet plasma
during Ton Cyclotron Heating (ICRH) experiments. When injecting Lower Hybrid
Radiofrequency (LHRF) power at 3.7 GHz, such ions interact with LI waves
limiting the current drive efficiency of the LH system. To study this problem a
1-D model (in the velocity space) for the wave-ions interaction has been developed
which includes, besides the collisional diffusion and drag, the quasilinear LH and
ICRE diffusion terms. To calculate the competition in the absorption between
¢lectrons and ions this model has been coupled to a deposition code for LH waves
[1]_ In sec. 1 the 1-D model and the deposition code are presented. Sec. 2 is
devoted to the discussion of the numerical results. Then conclusions follow.

THE MODEL
In order to find the ion Distribution Function (DF), the steady state Foklker—
Planck (FP) equation is considered, as in refs (2,3], supplemented with the IC and
LH quasi-linear (QL) diffusion terms. The 1-D model of this equation is found
adopting the usual Stix procedure [3] for IC waves. The following equation for the
isotropic part, fy, of the DF is obtained:
% i 1 i [ T; (1}3 + TE
ot 1vrdv |mpw \ ¢ T,
where 7, and v are the slowing down time and the critical velocity of the minority.
The third term in eq. (1) is the QL contribution due to the IC waves which,
for minority heating at the fundamental harmenic, reads: Ho = W(3n,m,) 1K (r).
W is the absorbed power density, n, and m, the minority density and mass and
K(r) the ICRH deposition profile. The last term in eq. (1) is the QL contribution
of LH waves [2],

d
'v3> 5"% + (0 +03) fo + vy (Hyo + HLH)%J;E} (1)

(2)

where n)(ny) is the wave refractive index component parallel (perpendicular) to the
magnetic field. n, is related to n) through the warm electromagnetic LH dispersion
relation, |E(ry)|? is the wave energy spectrum and U is the step function indicating
that only jons with v > ¢/n; = vpgps are able to interact with the LH waves
[4]. The solution, for v > ve reads fo(v) = fy(ve) exp[— f:l dv v(7s(Hrc + Hpp)) ™)
Where v; is a reference velocity. For v < vrEs Where Hrg =0 or v > URES Where

722 3 B 2 2
Hpp = 2 32'5 E:s— d ||[ 3(””)‘ v (1 . ZC 2)
4 m2w v ni(n)) niv
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Hpg — 0, fo(v) reduces to the Stix solution, a maxwellian with a te
Tic = 7sW/(3n,). For v = vgpps the contribution due to Hppy gives rise

larger temperature T = Trc + Try with Tpg = 7emyHpp. For the Para,mto a
considered in this paper Tpy is, for example, of the same order of Tro eters
Pry ~ 3Prc/(4/kjdr), where dr is the radial extension of the ICRF depg:':}eu
profile. The LU wave effect on the ion DF is to flatten fo in the region o '\'t: on
(for a narrow spectrum) or in the whole resonance region ¢/nipax < v < Res

e/n
(for a wide spectrum). Note that for v > ¢/niarn the behaviour of fj ig dol;li;;‘tlﬁ
by Hre. §

To analyze the competition in the absorption between ions and electrong thi
model {eq. 1) has been coupled to a deposition code for LH waves [1,2] whicp soh,]s
selfconsistently the LH wave transport equation and the QLFP equation fop t]?s
electron DF. In the wave propagation model only first pass absorption solutiong u‘;
the wave transport equation are considered and a cylindrical geometry is assumeq
Then n) is taken constant during propagation. i

hp erﬁture

NUMERICAL RESULTS

All the results reported hereafter refer to the following hot ion mode Jet plasma
targel: minor radius a = 1.4m, major radius 1@ = 3.15m, toroidal field B = 3ap

effective ion charge Zgprr = 3, peak electron temperature T' = 9%keV, peak fon

temperature 1" = 18keV, peak electron density ranging between 2. and 5 101
em ™, Parabolic density profiles and squared parabolic temperature profiles are
taken. The LHRF power is assumed to be launched into the plasma according to 4
gaussian n| spectrum P(n)) = Pyexp((n) -fﬁ“”)zfdn'ﬁ) with 7 = 2.3,2.5,2.7, ang
dnj =0.2. 10MW of ICRF power have been assumed to be coupled to the plasmy
according to a deposition profile of gaussian type, centered at r = 0 to simulate
ICRH on axis, or at r=60cm to simulate ICRH off axis. To take into account the
trapped banana orbit excursion afar from the magnetic surface, those profiles are
taken broader (~ 40cm) than those resulting from the standard ICRH deposition
profile calculations [6]. A minority concentration of 5% has been - considered for
both H* and 3He'tt minority heating at the fundamental harmonic.

Fig. 1 shows, as an example, the LH power deposition profile on electrons and
on *Hett jons at 7, =32 10** ecm~*, Prjy =6MW and n = 2.7 for the ICRH
off axis deposition case. Fig. 2 shows the *He™ DF at r=60cm. A flattening
appears at E = 2M eV, corresponding to the *Het™ resonant energy at that radial
position.

Since the tail produced by ICRF are so extended toward high energy, LH
wave-ion interaction occurs every time the LH power reaches the region where the
ion tail lives, i.e. the region where K(r) differs from zero. The ICRH deposition
profile on the jons is rather well known [6], while the LH deposition is still matter
of theoretical discussion and experimental investigation. So, what we can think to
do, actually, is to change the LH deposition and study the absorption by fast ions
when the LH deposition changes. The maximum absorption capability by fast ions
will occur when the ICRH and LH deposition overlap. In the present propagation
model the LH power penetration depends on 7, Prg and n., since the deposition
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Fig. 1 - LH power density absorbed by Fig. 2 - *He** DT at r=60cm
electrons and by SHett. as it results from the solution of
eq. (1).

on the electrons depends on these parameters. Penetration improves the lower are
= and n. and the larger is Prp. So different ny (2.3,2.5,2.7), Prg (2,4,6,8,
1MW) and 7t values (2,3.2, 4, 51013 ecm %) have been considered. All the results
of these deposition calculations are collected in Fig. 3 where the percentage of
the LH power absorbed by H' (H* minority heating) is shown as a function of
py/n? for the different launched ) values. The ICRH deposition profile for this
case is the central one. As shown in the figure the maximum absorption capability
(~22%) oceurs for 77 = 2.3 and at high Pry /A% values when LH power achieves
the center. This could be a quite irrealistic situation since toroidal effects (not
considered in the present LH propagation model) generally prevent such a central
LH deposition. Nevertheless central interaction between LH waves and high energy
ions has been experimentally observed on Asdex [7] during combined 1.3 GHz and
neutral beam injection experiment.

Increasing the ICRF power up to 20MW enhances the LH absorption by HT,
especially at low Ppy/n? and brings the maximum absorption capability to 25%.
For the off axis ICRF deposition case the absorbed power by H' ranges between
15% (at low Ppg /A2 and 7y =2.7) and 30% (at high Prg/n? and 7y =2.3).

Similar calculations have been performed for the ®He™™ minority heating case.
First, we note that for the same W/n, value, Tyc for *Hett is 3/4 smaller
that Tyc for HT. Second, the ®He'" resonant energy is 3 times larger. As
a consequence the *HeT™T population able to interact with LH waves is smaller
than the HT population for the same plasma condition. Then we expect a lower
absorption of LHRF power by *HetT. Fig. 4 shows the percentage of LH power
going to 3Hett accelerated by 10MW of ICRF power according to an off axis
deposition. In this case absorption is larger for larger mj-values. Indeed increasing
7l makes the deposition more peripherical but makes also the ion resonance energy
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smaller. The two effects compete and, in this case, the second one dominates. The
maximum absorption capability is actually 15%.

CONCLUSIONS

The effect of LH waves on the ion DF (which remains mainly distorted by the
ICRF waves) is to flatten the DT close to the resonant region. The temperature
outside such region is dominated by the ICRF term. For given plasma and RF
conditions, the percentage of the LH power absorbed by the fast ions depends on
the overlapping degree of the LH and ICRH deposition profiles. The percentage
of LH power absorbed by fast H' has been found to range between few percents
up to 30%in the worst cases. While the *Hett absorption capability results lower
and ranges between few percents up to 15%.

This work was supported by the art. 14 JET contract n. JJ9/9001.
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OBE MEASUREMENTS OF LOWER-HYBRID WAVENUMBER SPECTRA
PR IN THE ASDEX EDGE PLASMA

M.Kramer*, A.Carlson, and the ASDEX-Team,

*Institut fiir Experimentalphysik II, Ruhr-Universitit, D-4630 Bochum,
Max_planck—lnstitut fir Plasmaphysik, EURATOM Association, D-8046 Garching,
Fed. Rep. Germany

Introduction

Knowledge of the lower-hybrid (LH) wavenumber spectra is of basic importance
o understand lower-hybrid heating (LHH) and lower-hybrid current drive (LHCD) in
jokamak plasmas. A useful method to obtain information on the wavenumber spectra
s the two-point correlation analysis with probes. In the present investigation, this
diagnostics - often used to study low-frequency turbulence - is applied to investigate both
the low-frequency flucuations and the high frequency waves launched into the plasma by
means of the LH grill antenna. Thus, the influence of the low-frequency turbulence on
the high-frequency LH waves (scattering) as well as the effect of the RF fields on the LF
fAuctuations can be studied. One important question of these investigations is wether
the measured RT spectra are similar to the expected (theoretical) antenna spectra.

Experiment

Due to the strong heat load of the probes, the measurements can be performed
only in the edge plasma outside the separatrix (minimum radial position 3 — 4em with
respect to the grill mouth). Hence, we are limited to the region outside the LH resonance
cone and, thus, only indirect information on the LH spectra can be obtained. Here, the
densities are one order of magnitude lower than in the plasma center and the LH wave
dispersion changes into the dispersion of plasma waves, 1. e. k1 /k = wpe/w.

LF and RF Correlation Analysis': A square array of four RF probes (coaxial leads to the
tips, probe tips from Molybdenum, r, = 0.3mm, L, = 1mm, probe distance 3mm, one
probe 2mm radially extended) is used to detect the signals in the edge plasma of ASDEX
83cm distant from the LH grill antenna. The RF signals (fy = 2.45GH z) are converted
into the LF range by heterodyning (fro = fo+250kHz) before they are transmitted to a
transient digitizer (sample rate 1M Hz). Simultaneously, the LF fluctuation signals are
taken whereby the probe tips are biased into the ion saturation regime. From each pair of
the four Fourier-analysed signals (RF and LF signals, respectively), we obtain one phase
difference as a function of frequency. Altogether, we have three phase differences which
can be related to the three wavenumber components. Using the statistical method as
described by Beall et al.2, an estimate of the spectral density S(k,w) can be computed.
Two different sets of measurements were taken: measurements with fast (F) probe
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Fig.1 LF and RF wavenumber spectra (frequency-integrated spectral density) for LHH
(0w0m grill phasing) at r = 209em (rgpn = 212.5cm).- (a) Prp = 30kW, (b) Prp =
T80KW .- By = 2.8T, I, = 460k A.




1169

k. (em™)

n (a.u.)

k. (em™1)

n (a.u.)

1.5 0.7 0 0.6 1.3 2.1

{ r' (em)

Fig.2 Radial profiles of the RF parallel wavenumber spectra and the mean and the
fluctuating density for (a) LHH, Pgp = 90/780kW and (b) LHCD, Pgrp = 60/510kW .-

Jump of the RF power slightly before the maximum probe position (r' = 0 or r =
209¢m ).
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motion (7 & 50msec, one spectrum per shot) and measurements with slow
motion (7 & lsec) enabling one to take radial profiles of the spectra.

(S) Probg

Results

Low Frequency Spectra: The main features of the low-frequency fluctuations in the
presence of the RF fields are as without additional heating: (1) The 1°W‘f1"€quenc
turbulence is mainly two-dimensional, i. e. %k, =~ 0 (Fig. 1. Here, 2 denoteg the
direction parallel to the magnetic field). (2) The main portion of the fluctuation ener
travels in jon diamagnetic (negative §) direction.- With increasing RF power, the LF
fluctuation spectra broaden in wavenumber and frequency (power maximum at g fow
kHz). In addition, the mean density and the density fluctuation amplitude becomes
appreciably larger at higher RF powers whereas the fluctuation level #2/n decreages
(Fig. 2).

High Frequency Spectra: The results of the RF spectral measurements are somewhag
different for the two sets of shots. For the F-measurements, the RF waves are obserye|
to propagate in negative toroidal direction for all antenna phasings (070m; 007x; 0, 72,
m,...). This is in agreement with the expectation since the probe array is located on
the left-hand side of the grill. For lower densities (n. = 2 x 10"m™%), the powe
maxima are observed roughly at the antenna wavenumber whereas, at higher densities
(n. = 4 x 101%m=?), spectral broadening is seen and the RF spectra shift to largey
parallel wavenumbers.

The S-measurements were performed with LHH (0x0)- and LHCD (0, 72, T
phasing of the grill at a density n. = 4 x 10'*m™ and different RF powers (Figs, 1
and 2). In the latter case (Fig. 2b), the k,-spectra become extremely broad even at the
lowest RF powers although the LF turbulence is similar as in the case of LHH,

For LHH (Figs. 1 and 2a), the spectra of all wavenumber components broaden
and shift to larger wavenumbers when the RF power is raised. Moreover, it should be
noted that the radial component of the phase velocity is directed inward. Assuming
the dispersion of plasma waves which are known to be backward waves (see above),
one can conclude with some care that one portion of the RF power leaves the LH cone
and reaches the plasma edge. Finally, comparing the RF wavenumber spectra with the
corresponding LF spectra, in particular the poloidal wavenumber spectra, it turns out
that the spectra are strongly correlated thus indicating the strong interaction between
the RF waves and the LF turbulence.

'M.Krémer, N. Sollich, and J. Dietrich, J. Plasma Phys. 39, 447 (1988).
2J.M.Beall, Y.C.Kim, and E.J.Powers, J.Appl.Phys. 53, 3933(1982).
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TRANSITION FROM ELECTRON- TO ION- INTERACTION
OF LH-WAVES IN ASDEX

_I;I_.—_IL_FM, W. Herrmann, F. Séldner, LH-Team, ASDEX-Team

Max-Planck-Institut fiir Plasmaphysik, EURATOM Association
D-8046 Garching, Fed. Rep. Germany

The LH-System of ASDEX is described in [1]. In our experiments up to 1 MW LH-
ower at 2.45 Ghz was launched into deuterium plasmas for 1s. Wave spectra with a
refractive index N)| up to 4.4 were applied. The line-averaged electron density 7, was
scanned from 1.3 to 5.4 x 10"®m™3 at a plasma current of 420 kA. A neutral particle
analyzer was used to measure the perpendicular charge-exchange neutral hydrogen and
denterium flux up to 10 and 20 keV, respectively. In addition to the passive method
active CX was applied with a diagnostic neutral hydrogen beam. The main advantage
of the passive analysis is its continuous applicability during the discharge. The active
method in principle allows space-resolved measurements, but normally in the pulsed
peam mode only. Comparing the results of both methods can help to localize phenomena
detected with the passive method.

Ripple-Trapped Particles

As found already in earlier investigations, the neutral flux in passive line integrated
measurements increases strongly during LH-heating, if the analyzer is viewing through
the outer region of the plasma in the drift direction of ripple-trapped ions. This flux is
usually attributed to ripple trapped ions which have gained sufficient high perpendicular
energy by interaction with the LH-waves. They drift out of the plasma before they are
able to transfer their energy to the bulk plasma. The flux disappears within the time
resolution of the analyzer (ca. 1ms), when the LH-power is switched off 2, 3].

In our experiments this fast neutral flux was measured with the analyzer viewing
a plasma radius of 30 to 35 cm. The spectra of deuterium and hydrogen flux were
measured up to 10 and 20 keV, respectively. The slope of the spectrum at higher energies
would correspond to temperatures of about 1 to 4 keV, if a maxwellian distribution
function is assumed. The passive flux at two energies is shown for different plasma
densities and LH-spectra in Fig.1. With JV”= 2.2 it rises roughly linearly with density
up to fi, = 4 x 10'°m 2. Between 4 and 5.4 x 10'°m 3 the rise is many times steeper.
At 5.4 x 10'®m~3 the H°-flux is considerably higher than the D°-flux at the same
energy, although in the ohmic phase of these discharges it is 5 to 10 times smaller.

We attempted to locate the fast particles by measurements with the active doping
beam. The active signal is locally defined to the plasma volume common to the ap-
proximately vertical diagnostic beam and the analyzer sightline, which enters from the
outer edge. To the passive signal all parts of the sightline can contribute so far as the
particles are not lost on their path through the plasma. No fast deuterium particles up
t010 keV could be found in the plasma region along the beam inside the plasma radius
of 35 cm. For hydrogen, which could be analyzed up to 20 keV, the situation is not
that clear. Here a flux of fast particles can be seen. This, however, is independent on
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density and LH-power and is present even in ohmic discharges and can be atitributeq ¢
double charge-exchange of diagnostic beam particles. It therefore seems to be jUStiﬁez
to conclude, that the fast particles are generated and present only at the plasma edge

At lower plasma densities the LH-waves interact predominantly with the electropg and
ions are heated consecutively by collisions with the electrons. With increasing depg;
electron heating drops and the LH-waves start to interact directly with the jopg [4]
The observed strong flux rise of fast particles between 4 and 5.4 x 10'9m—3 ind'lcate;
the transition region from electron- to ion-interaction of LH-waves.

Measurements with LH-waves with higher refractive index th 4.4 were performeq
at a_density of fie = 2.8 x 10'%m =3, The detected neutral fluxes are much higher than
for Nj= 2.2 at the same density. Also here the H°-flux is stronger than the Do,
at the same energy. This is indicates an improvement of LH-ion-interaction with both;
increased V), and reduced particle mass, i.e. smaller difference between wave and particle
energy.

Ion Temperature Determination

From the actively and passively measured spectra ion temperatures were derived, Ra.
dial profiles were gained by variation of the vertical inclination of the analyzer sightline
on a shot to shot basis. Only the side opposite to the ion drift direction was used for
temperature evaluation. In Fig. 2a the central ion temperature difference to the ohmic
phase before LH-heating is plotted against density. Fig 2b shows the central electron
temperature difference obtained with the YAG-laser system. The large scatter of the
points are due to the uncertainties of the measurements and the fact that different ex-
perimental situations are summarized in the data. Fig. 2b also shows the range of the
central ion temperature one would expect for pure wave-electron interaction and sub-
sequent ion heating through equipartition with the electrons. Ion temperatures were
calculated from measured electron temperatures and densities under the assumption
that the confinement in the inner region of the plasma does not change from OH- to
LH-phase. As can be seen in the diagram the ion temperature would increase with
density and above fi, = 3 x 10'%m~3 it would fall again.

Comparing Figs. 2a and b one can see that up to i, = 3 x 10'°m ™2 the measured
jon temperatures are consistent with pure direct electron heating. Towards higher
densities they exceed more and more the values from the calculation described above,
This, however, cannot be regarded as an indication for direct ion heating near the
plasma center, because it is questionable, whether the temperatures obtained by the
passive method are actual central temperatures in this situation, as will be discussed
below. Regarding the data in detail one can find one point only, which is - within
the uncertainties of the methods - definitely in contradiction to pure direct electron
heating. This point is a passive measurement and therefore lacking space resolution.
Active measurements were not possible at this density. The points at e = 4 x 101m=
are rather close to the range defined by the calculation.

Temperature Decay Time

The argument against the central temperature interpretation of these passive resultsis
the short decay time of this temperature after switching off the LH-power. This decay
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. e decreases with density, whereas the LH temperature increases. At the highest
hmeity the decay time is shorter than 10 ms and after 20 ms the passive temperature
demreached the ohmic value again. This decay is too fast to possibly refer to the
hﬂ"ua! bulk plasma and it is clearly slower than that of the ripple trapped particles.
g has to consider the possibility that the passive thermal spectrum is flattened by
g;esuperpoﬁiﬁon of other unidentified contributions. Their intensity cannot be much
higher than that of the bulk plasma but just sufficient to produce a slight curvature
of the spectrum. No high energy tail can be identified in the spectra from the central
region. In the passive spectra which are recorded when the analyzer is inclined towards
the plasma edge opposite to drift direction one can find two regions which may be
attributed to different origin. The low energy part is similar to the ohmic case spectra
at this radius, and from about 3 to 7 keV the spectrum has a rather constant slope which
is typical for a temperature around 1 keV. These observations are consistent with the
assumption that during LH there may ”warmer” particles be created not far from the
plasma edge, which are quickly lost, possibly by charge-exchange with the high neutral
density there. Active data would then reflect the central temperatures, but the passive
ones might be considerably overestimated. This is indicated by the arrow in Fig.2a.

Summary

CX-measurements show an increase of suprathermal neutral flux with density during
LH-heating. For deuterium and Nj=2.2 the effect is week below 7, = 4 x 109m—3,
between 4 and 5.4 x 10®m~2 the dependence is much stronger, indicating that the
transition from electron- to ion- interaction of LH-waves takes place in this range. For
hydrogen and for LH-waves with KV, |= 4.4 a comparable strong effect is observed already
at the low density of 3 x 10'®m~—2 Direct wave-ion-interaction, however, is confirmed
only for the plasma edge. The ion temperature increase during LH-heating found at
high densities decays with a time constant of 5 to 15 ms after LH-power being switched
off and can therefore not be regarded as bulk plasma heating. There are indications
that the passive charge-exchange spectrum from the centre is deviated by contributions
of moderately heated ions near the plasma edge.
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ALFVEN WAVE HEATING IN ASDEX
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F.Braun, A.B.Murphy, J.-M. Noterdaeme, F. Ryter, and F.Wesner.

Max Planck Institut fur Plasmaphysik
Boltzmannstrasse 2, Garching bei Muenchen
Bundesrepublik Deutschland

An experiment has been completed on ASDEX to study the response of the
plasma to Alfvén wave heating (AWH). Antenna excitation was provided by the old
TCA 1f generator with an output power capability of 500 kW. Two poloidal loop
antennas were installed at the east and west ends of the tokamak allowing either N
=1or N =2 phasings. Since the largest antenna coupling to the Alfvén resonance is
provided by the m = 1 surface wave, [1], the antennas consisted only of a single
element on the low field side, whereas in TCA the antennas are located on the top
and the bottom of the torus. The antenna elements consisted of 2 parallel bars of
inductance 730 nH and, as in TCA, were left unshielded [2]. A typical antenna
circulating current of 2 kA peak at 1.80 MHz was provided for the experiments.

The excited wave spectrum consisted of discrete Alfvén wave (DAW) peaks
separated by a featureless wave continuum (see the wavefield trace in Fig. 3);
characteristic of the spectrum already observed in TCA [1]. A dispersion plot of
density versus toroidal field is shown in Fig. 1 for the (n,m)=(2,1) DAW. The curve
on the left shows the characteristic dependence on Alfvén speed and the curve on
the right shows the location of the (2,1) DAW with respect to the (2,0) and (2,1)
continuum  thresholds. In addition to the Alfvén spectrum at the fundamental

frequency, a spectrum of harmonic waves is also excited in the plasma edge as in
TCA [2].

A typical plasma response to AWH is shown in Fig. 2 for 1 kA peak (approx)
in the antenna and 50 kW delivered to the plasma. The Alfvén pulse occurs at 2.1 s
and lasts 400 ms. During this pulse the most important plasma effect is an
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uncontrolled density rise. Profile measurements of Zefr revealed that the densj;
rise is not due to impurities. Even though the loop voltage is observed to increage
the beginning of the tf, it tends to decrease later in the pulse. No observable chanae
in the charge exchange flux of low energy neutrals and a general decrease iy H
(Fig. 3) at the time of the rf pulse suggests that a change in recycling {5 nuut
responsible. These conclusions have already been suspected from previous AWH
experiments in TCA and are now known to be independent of whether or not gy,
antennas are electrostatically shielded [2]. The density rise is accompanieq },
increases in B + /2, Bdia. Prag» Te, Tj and plasma energy. The maximum power iy
could be delivered to the plasma (450 kW approx.) was limited by plagy,
disruption.

An interesting effect of AWH is the so called spectral discontinuity obseryeq
on certain plasma parameters. An example is shown in Fig. 3 (Ip = 400 kA) where

the density rises and breaks just after a DAW at 1.3 s. The effect on the plagm,
appears to be a sudden decrease in energy and particle confinement.

The heating analysis has always been complicated by the effects of the
increasing plasma density. Strong electron heating has been observed using
Thomson scattering [3], however the effect of AWH is to increase the saw tooth
amplitude and not the base temperature compared with the ohmic temperature at the
same density. From the plasma energy calculated from the diamagnetic loop, one
can compare the heating during rf with that of gas puffs which give rise to a similar
density increase in the same shot. An example is shown in Fig. 2 where a gas puff
density rise occurs between 0.9 and 1.2 s. A set of plasma energy loci versus
density are shown in Fig. 4. Although it was a general result of the experiments that
the effect of rf on the plasma was largest at lowest density, there is no significant
qualitative difference between gas puffing and AWH. However a more detailed set
of observations than these is required to observe separate heating.

Finally, a series of experiments with AWH applied during a long 1 MW NBI
pulse failed to produce any observable effect in addition to that of NBL The density
rise observed with AWH into ohmic discharges was absent, although the coupling
may be reduced by changes in the edge profiles during NBL
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EXPERIMENTAL STUDY OF ALFVEN WAVE HEATING
USING ELECTROSTATICALLY SHIELDED ANTENNAS IN TCA

G.G. Borg and B. Joye

Centre de recherches en Physique des Plasmas
Association Euratom-Confédération Suisse
EPFL, 1015 Lausanne, Switzerland

Despite the wide acceptance of electrostatic screens in ICRH for the
rotection of the plasma from the near fields of rf antennas, it has always been
considered that low voltages at low frequency have made such screens
unnecessary in Alfvén wave heating (AWH) [1]. Despite this, AWH performs
rather poorly as a heating method; the results being confused by a density rise up
to 300% of the target density. It is now known that the density increase arises
neither from impurity injection nor from a change in recycling. In addition, an
extensive range of phenomena have been observed in the plasma scrape-off layer
(SOL). During AWH, the SOL density is observed to decrease, the SOL floating
potential is perturbed in a way that reflects the Alfvén wave spectrum, the
antennas charge negatively and draw a large current from the plasma and
harmonics have been observed on the edge wave fields. The cause and correlation
of these effects with each other and their impression on the bulk plasma response
was not known.

Experimental results from the TORTUS tokamak [2] have indicated that the
density increase might be eliminated by electrostatic screens. In their case, two
AWH experiments were performed. In the first, an unshiclded OFHC copper loop
antenna was excited at a given power and, in the second, the same antenna was
excited at the same power after installation of an aluminium, TiN coated, slotted
screen. The density increase in the first case was shown to be completely
eliminated in the second, although spectroscopic measurements revealed a
difference in the plasma O(II) and Cu(I) content for each case.

Recently, electrostatic screens have been installed in TCA. TCA has four
pairs of top and bottom antennas in each quadrant of the torus which are excited at
2 MHz. Each antenna consists of 6 parallel poloidal bars fed in push-pull. Screens
were only installed on two pairs of antennas. On antenna top and bottom pair
(1,5), the screens consist of a capacitive divider of 11 earthed blades parallel to
the toroidal field and a fully grounded side limiter at the front and back of each
antenna. The screens were made of the same material as the antenna, stainless
steel, to avoid a possible confusion in the interpretation of experimental results
due to impurities. On antenna pair (2,6) the screens are identical except that the
blades are not earthed. This permits a comparison to be made between
electrostatic and floating screens for identical conditions of plasma coupling. The
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screens do not significantly alter the antenna near magnetic field. Antenng .

(3,7) and (4,8) were left unshielded. The experimental arrangement ig showp %
Fig. 1.

Some physical quantities measured in the SOL are shown in Fig, 24,
excitation of antenna pair (3,7) (Fig. 2a) and antenna pair (1,5) (Fig, 2b) Withm
similar antenna current. The natural polarisation Vpol’ probe floating p{)tenﬁaal

Vflot- measured on unexcited antenna 4, and ion saturation current Lot measureg

by applying negative polarisation to antenna 4, have all been significantly reduceq
by the screens. In addition, the current drawn from the plasma by the antenngg
was completely eliminated. The poloidal wave field component detected by 5 ick
up coil in the SOL is shown plotted in the complex plane during the passage of g
discrete Alfvén wave [1]. There is evidently no clear effect of screens op the
relative amplitude of the first harmonic (4 MHz) and the fundamental (2 MHy)
component; thus eliminating a possible explanation of the harmonics in termg of 3
Langmuir interaction between the antenna and the SOL plasma. From these
results one can simply conclude that the basic technical requirement of the sCreens
has been met. We also mention that there is no differernce observed in the resyl
for antenna pairs (1,5) and (2,6).

Results for the average plasma parameters are shown in Fig, 3, including ap
ohmic discharge (Fig. 3d) for reference. Comparison of the case for excitation
without screens (antenna pair (3,7) in Fig. 3a) and with screens (antenna pair
(1,5) in Fig. 3b and pair (2,6) in Fig. 3c) reveals very little difference in the
response of any of the plasma parameters that cannot be attributed to the
difference in antenna power for each case. In particular, the density increase, which
is known to scale with rf power and be almost entirely responsible in itself for the
observed changes in B +1/2 and the soft X-ray flux, has not been significantly
reduced by screens.

In conclusion, we note that the main benefit of screens in AWH is to 'clean
up' most parasitic phenomena from the plasma SOL which are, without doubt,
linked to the direct contact between the plasma and the unshielded antenna. This
benefit, however, does not, in any way, for better or for worse, alter the plasma
bulk response to AWH. The separate challenges to reveal the origin and
importance of the harmonics and to comprehend the response of a tokamak plasma
to high power Alfvén waves still remain.
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[1] Collins G. A., Hofmann F., Joye B. et. al. Phys. Fluids, 29, 2260 (1986).
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ACCELERATION OF BEAM IONS IN SIMULTANEOUS
INJECTION OF NB AND LH WAVE ON JT-60

M. Nemoto, O. Naito, K. Ushigusa, T. Imai, Y. Ikeda,
Y. Kusama, K. Tobita, H. Takeuchi and JT-60 Team

Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun, Ibarald-ken 311-01 JAPAN

Ll For future tokamaks like ITER or FER, combined current drive with high energy
beams(NB) and lower hybrid waves(LH) will be carried out aiming at establishment of

nt profile control, where NB and LH drive current in the center and outer region,
ectively /1/. It is very important to predict the absorption of LH power by high energy o-
articles leading to decrease in current drive efficiency. Coupling characteristics of LH wave
? jon of NB have been investigated by simultaneous injection of NB and LH wave into

the JT-60 plasmas /2,3/.

We investigated frequency and beam energy dependences of beam ion-wave coupling
characterized by a critical density of the beam acceleration resulted from interaction of LH

waves with hydrogen beam ions. Experiments were carried out in hydrogen plasmas with near-
circular limiter configurations and following parameters; plasma current Ip=1.5 MA, the
oroidal magnetic field By=4.5 T, major radius R=3.04 m and minor radius ap=0.89 m.
1) Frequency dependence

The LH system on JT-60 uses a multi-junction type launcher /4/ and is able to vary the
wave frequency from 1.74 GHz to 2.23 GHz with the sharp refractive index Ny parallel to the
toroidal magnetic field. Here, we injected the waves with fixed peak Ny/ of 2.2. Figure 1 shows
waveforms of simultaneous injection of LH and NB when frequencies of LH were 1.74, 2.0
and 2.23 GHz, and beam energy was 65 keV. High power NB injection around 20 MW would
raise plasma density and make the accurate measurement of the acceleration phenomena
difficult. Therefore, we injected lower NB power around 2 MW from a beam-line which was
viewed by a CX analyzer /5/ in order to obtain a good signal to noise ratio of CX energy
spectra. The top column shows time evolutions of line-integrated electron density and NB
power Png1. The electron density was raised with a constant rate by a feedback control system.
The second column shows the evolution of CX flux intensities InFj of 150 keV for three LH
frequencies. The flux intensities show clear differences in critical densities of the acceleration.
Accompanying with the increase in accelerated ions by LH, the power absorbed by electrons
were steeply decreasing, as shown in the third column. Vertical axis in the column is a product
of the intensity of non-thermal electron cyclotron emission (ECE) at 1.5wce and the line-
integrated density. Here, data for 2.23 GHz case was absent because of the ECE system error.
Differences in injected LH powers shown in the bottom column for three cases did not
influence the essential characteristics. Typical ion energy distributions at e =1.8x1019 m™3 for
those three cases are shown in Fig.2. In the case of 1.74 GHz, shown with closed circles, the
most enhanced beam acceleration up to 200 keV occurred. On the other hand, the tail slope of
2.23 GHz case shown with closed triangles was similar to the case of NB only. The ion
acceleration was due to the absorption of LH wave because electrostatic probes did not detect
parametric decay waves in these discharges.

In an electro-static cold plasma approximation, LH wave satisfies the following
dispersion relation
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where kyand k| are wave numbers parallel and perpendicular to the magnetic field and f
fce and fpj are pump-frequency, electron plasma-, electron gyro- and ion plaSma_ffm A 2B,
respectively. Here, we define two parameters, which indicate absorption rates of I I p;lwtﬂc )
electrons 8, and ions &; /6,7/as €1 by

_ [ Ve)2

8= (Fsye
where v, and vp are electron and beam ion velocities, and vy and v are LH phase veloci
parallel and perpendicular to the magnetic field. These parameters mean that if they are CIOS;‘S
unity, each species is easy to absorb LH wave power. Also, we define a ratio §= 81/60 Whic][:
gives a critical density between electron and ion heating when §=1. Using beam energy By ang
the electron temperature T,, we can re-write Eq.(1) as

(,L]z = MeBp [L)2 + (E)Z , )

fre F5’m,T.3 fa) e
where m, and m, are masses of electron and proton as beam species. The critical electrop
density T%° in units of 1019 m3 when =1 are given as follows

2.281%
nef = G ) 3
Ep fo)?

—2 - 2345
F3?AgT, Br
where fg is LH wave frequency in GHz, Ep and T, are in eV, Bt is in Tesla, Ag is atomic mass
of injected beam species and yis defined as

_ 1y Zm
=Rl A

1
T and T are densities of electron and ion, the summation in vy is performed over ion species
"{" with charge state Z; and atomic mass A;

We calculated a dependence of the critical electron density on LH frequency with
typical JT-60 experimental parameters of injected beam energy Epp=65 keV, Te=3.0 keV,
Br=4.5 T and y=0.8 for Z.;=3 assuming carbon as a dominant impurity. As collisions
between bulk plasma and beam ions produced high energy ions up to injected NB energy, we
took account of a spread of beam energy AE of 10 keV from a CX energy spectrum obtained
from only NB heated plasma. Using Eg=Ego+AE, a satisfactory result was obtained at
Fs=2.75. Figure 3 shows that the calculation result with a solid line is in good agreement with
the experimental data with closed circles. Here, we converted the critical density into an
averaged one " with a coefficient which was based on a parabolic density profile.

2) NB energy dependence

Next, in order to investigate the dependence on beam energy, we carried out an
experiment with NB of Egg=40 keV, LH wave of f=2.0 GHz and peak Ny=2.2, the same By
and configuration as previous experiment. The electron density when accelerated ions of 120
keV were detected was 2.35x101% m-3 as shown in Fig.3 with open circle. The correlation
between the generation of high energy ions and the product of the nonthermal ECE intensity
and the electron density was similar to that in the case of 65 keV injection. The dependence of
the critical density on beam energy was calculated from Eq.(3) using the previous parameters
and also taking account of AE of 10 keV. The result is shown in Fig.3 with a broken line. The
dependence is also consistent with the experimental data shown with open circles.
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Lﬁﬂm'%.‘ﬂﬁcam acceleration by LH wave was studied with the limiter plasmas on JT -60. It
videnced that critical density to couple beam ions was in good agreement with the
was 'eﬁon from the simple LH wave dispersion relation. The critical density is approximately
Mcrﬁonal to the square of the LH frequency and to the reciprocal of the injected beam
prope The results can clearly predict the interaction of the o-particles with LH wave in the

f"ﬂﬁfrgcy tokamnak.
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STOCHASTIC HEATING OF CHARGED
PARTICLES BY TWO MODES OF PLASHMA
OSCILLATIONS

V.S.Krivitaky & S.V.Vladimirov

General Physics Institute, Moscow, W.5.C.R,

As it is well known, temporal dependence of the particles
gigtribution due to their interaction with some (longitudinal)
yeves in turbulent plasma is described in the first approximation
by the quasilinear equation (see, e.g., Ref, [11)

12 s s
% et \dadg =R ERe-ADER%: o
:_QQL Ej@?

where e is an electron charge, o, = ¢ -?’;'-> is the electron
digtribution function averaged upon the statistical ensemble, and
le"’ |9‘ ig a correlation function of Fourier components of the
electric field in a (resonant) wave,

Taking into account g nonlinegr wave interaction (in so cgl=~
led turbulent resonance broadening theories when the Waves obey
Oherenkov condetion () — q‘-?= 0 and/or in the cage of nonlinear
seattering of the wave (o), cT) into the wave ( &)y, §; ) when the
seattering condition @ -, (£~ F).¥ 2 0 is fulfilled) results
only in some modification of the quagilinear diffusion coefficient.
Thus it does not change the principal form of the equation (1)
deseribing the diffusion of the particles in the momentum Space
(ises differential operator acting upon the dictribution function
in the corresponding eXpression for the collision integral remains
the second order in _3/'aP (see Ref. [1])).

But besides these corrections to the deffusion coefficient
connected with the scattering and/or the resonance broadening
there is also a new nonlinear effect which changes the general
form of the collision integral, This effect appears in the third
order in field approximation and corresponds to g nonlinear inte-
faction of plasma particles simultaneously with two types of
08¢illations: the resonant ones ]Eui.'{\p‘ for wh ch the Cherenkov
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regonance conditions (with some particles)

LW o= g =0 (2)

g
is fulfilled, and the nonvesonant ones |Eoil  which do nop g
sf\é both the condition of Cherenkov resonance:

Q- Pkvio, (3)
and the condition of scattering resonance
O-0-(k-3)v 40, (4)
Nonlinear collision integral corresponding to the procegg
described above 1is [2]
P QL N x| D
% - q" +a = 7%+ [T,319% (5)
where {I, J\ = IJ - JI 1is s commutator of operators I and g,

The uperator I is given by the following expression:
X IS |
T - \ ndE |Eqk) %.m BT 5h
where g;: ={e, e > ia the polarisation tensor which is equal to
1/2 (S - k k. /k ) for transversal waves.

Noﬁlllnear oolllslon integral QN ig quite different from the
quasilinear integral Q (1). Namely, QNL has more high (the thirq)
order in ?‘/'bla than Q¥ has. That is why the second term in Eg.
(5) may in some cases have the same order of magnitude as the
quagilinear contribution QQL, althougthNL has an additional small
factor W/(neTe) &< 1 with respect to QQL (W is an energy density
of the nonresonant waves, n, and Te are the electron concentration
and temperature respectively).

(6)

J

Let us consider (in one-dimensional case) a group of the
heated (accelerated) particles which distribution is described by
the function q)p. It is convenient to introduce an energy distri-
bution q:’E . From Eq. 5 for the function CPE one can get

@,
}_fs =-2(@ F(s\)uum(q? G (e)) - 4 nz} (o, HE)).

The function F(£) describes a aystematic acceleration of particles,
and the functions G( € ) and H(& ) describe a fluctuating accelle-
ration (heating) of particles:
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2 =
{s7€E> -<F(Q>)
4;%(:55}5 = <iair,i—?t> + ¢ Ge)> | (8)

<%(bﬂl> = ¢3((a0)- (ae>)ES C3aEG(E)> +<HEY

Sero AE = E - <ED and the angular brackets mea s avera-
ging over the distributg.on q3£ . We can see that besides the
iysual! heating (E%(AE) > there appeares the "cubic" heating
<'§_{b£‘f > determined by the nonlinear interaction.

The nonlinear interaction modifies also the heating processe.
One can obtaine [31 that for sufficienty narrow initial dist-
yibutions of regonant particles and waves a heating efficiency may

increase in

\X/ 'ﬂ're)l"i
neTe ( v )5 (9)

times in comparison with the quasilinear heating, where W is an
energy density of the resonant waves, n, and T_are electron
density and temperature, 15,.:: 2 Te/me Stz (o) /52 +(Aq)l/q’~
where v and q are connected by the resonance condition (2).
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oN THE FILLING OF THE "SPECTRAL GAP" BY PARTICLES IN
THE PRCCESS COF A DRIVEN CURRENT- GENERATION

S.I.Popel, V.N.Tsytovich

2, Lebedev Physical Institute of the Academy of Sciences of the

odle

yssR. Theoreticel Department. USSR, 117924, Moscow B-333, Leningky
prospect, 53

Abstract

To describe currents driven by the lower-hybrid (LH-)waves
gnd in particular to eliminate the discrepancy between the calcula-
ted on the base of the standart theoretical treatment of current
drive "'_1] and. obgerved magnitudes of & driven current an approach
ig proposed in which the radiative-resonant interactions (RRI) 2]
petween electrons and the LH-waves are taken into account. The RRI
are shown to lead to the increase of the resonant region, The gap
between the lowest phase velocity of the LH-waves and the thermel
veloclty of electrons (the spectral gap) diminishes and i1g filled
by particles. The RRI corresponding to the nonlinear resonsnce neme—
ly the radiative-resonant scattering interactions are shown to pro- f
vide gufficiently effective generation of the fagt particles carry-
ing & driven current. It is considered the influence of the monli-
neer effects such as the induced scattering. The magnitudes of the
growth-time and. the efficiency of a driven current generation are
obteined. The proposed theoretical scheme permits to obtain the mag-
nitude of a driven current, its growth~time and the efficiency of

its generation in accordance with observations.

1. Pisch N.J, Rev. Mod. Phys., 59, 175 (1987).
2 Tsytovieh V.N. Phys. Reports, 178, 261 (1989).
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THE EFFECT OF THE INDUCED RF CURRENT DENSITY PROFILE DURIN,
LOWER-HYBRID CURRENT DRIVE ON THE EVOLUTION OF THE ¢ PROFI]E}
AND SAWTEETH STABILIZATION E

M, Shoucri, I.P. Shkarofsky, S. Jardin', A. Kritz?
Centre canadien de fusion magnétique(CCFM), Varennes, Québec,Canada J3x181

We apply the Princeton Tokamak Simulation Code (TSC) [1] to study the effect of th
RF current density profile on the evolution of the g profile and other parameters durine
lower-hybrid current drive, The MHD equations are evolved in time consistently witp the
RF current density profile and the plasma transport. Experimental studies [2] show g, {
sawteeth oscillations are suppressed by lower-hybrid current drive in high density Aleator
C plasmas (7,=1.1x10"cm?, P =600k W at 4.6 GHz). However, when the power is raised e
above the threshold required for stabilization (P,;>900kW), the sawteeth return after 40-50
msec of stabilized operation. More recently, results obtained in the ASDEX experiments &)
show that with lower-hybrid RF at high power, sawteeth are stabilized through the whole
duration of the pulse. An m=2 mode, which leads to a plasma disruption, is also excite,

To understand these different results, several simulations are presented here applying
the TSC code, where a current of 200 kA is driven by 0.8MW of RF power at 3.7 GHz, using
par;l_meters relevant to the Tokamak de Varennes. The power is deposited according to the
profile

2

(r—ay+d*
where r is the position along the radius normalized to the plasma radius. The coefficients
a,d,a, and a, are inputs, which may be constant or may be allowed to evolve in time, The
model developed in TSC assumes an RF current density profile based on Luckhardt’s [4]

and Fisch’s [5,6] theories, Fisch’s formula is modified for the case of a wide RF spectrum
(see Appendix A), namely

Py r(1-r)® (i

J=J..F (2)

7 =16rmm=_§c2 1 v vi—v?] B
max e’n, (5+Z)InA

MKS units are used. P is the power density in watts/m®, nyis the peak electron density (2.75
x 10" m™ in the present calculation), v, = (T/m)'? with T, being the electron temperature,
v, is the lower limit (in velocity space normalized to v,), of the RF spectrum (usually 2-3 v,
v, is the upper limit, calculated from the accessibility condition (limited to 10 v,, since higher
velocity particles will generally run away and be lost), and F is a loss factor, less than unity,
multiplying Fisch’s formula, calculated by Luckhardt [4].

;i 21Invylv,

1 PPPL, Princeton University, Princeton, N.J., U.S.A.
2 Princeton University and Hunter College/CUNY, New York, N.Y., U.S.A.
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The first simulation is effected with a
fixed profile peaking off-axis at a=0.4 with
1=0.3,a,=0 and a,=0.28 in Eq.(1). Figure1
shows that at equilibrium after a time (¢) of
477 msec, the plasma current profile (T
curve) and the impressed RF current pro-
file (L curve) have appr.oached eagh other.
Figure 2 illustrates the time evolution of the

profile from(=150.3 (lower curve) to 302.1
msec (upper curve), the latter at equilib-
rium. At the start (¢=0), the g profile is the
same as the lowest curve in Fig.3, varying
from g<1 in the center to ¢>3 near the edge.
A study of the stability of the equilibrium
at 1=302.1 msec, with the PEST2 code,
confirms the presence of an m=2 oscillation.
A second simulation is effected with the
same parameters as the first one, but with
the parameter a varying from 0.4 to 0.15in
the first 50 msec. This simulates an inward
diffusion of the power density profile. Fig-
ure 3 shows the time evolution of the ¢
profile. Initially, the profile rises above 1 in
the center, which stabilizes the sawteeth
oscillations, Thereafter, the profile evolves
again to below 1 in the center and the
sawteeth oscillations would appear, a result
consistent with Ref.[2].

As a general conclusion, current
drive with a profile peaking off-axis results
in a g profile above 1 in the center and
possibly the excitation of an m=2 mode if g
exceeds 2. On the other hand, a profile
peaking close to the axis, favors a g profile
with a value less than 1 in the center and
the excitation of sawteeth oscillations.

q-PROf

1192

1200000
3000000
-
100000
=
Z§00000
bt
=
B400000

g
5100000

CURR|

0

e R Ba me me e G e Ga G

(™S
o
o
o

o=

Tiugs

Figure 1

P T

CT I
e e~ D

|~

), o, ;. L3
FoLoIBAL FLUX °
Figure 3

a

.033

11Ut
1,5030-01

3.021L-01

TIME

.880€-03

137€-02
119(-02
2E-02

J118E-02
. 2150-02




1193

ACKNOWLEDGEMENTS

The Centre canadien de fusion magnétique is a joint venture of Hydro-Québec, Atom:
Energy of Canada Limited and the Institut National de la Recherche Scientifique, i wl:!“c
MPB Technologies Inc., Canatom Inc. and the Université de Montréal also participatel
is principally funded by AECL, Hydro-Québec and INRS. F It

REFERENCES

[11 S.C. Jardin, N. Pomphrey, J.L. De Lucia, J. Comp., Phys. 66, 481 (1986),

[2] M. Porkolab et al, in Plasma Physics and Controlled Fusion (Proe. 13th Int, Conf
Schliersee, 1986), see also Knowlton S. et al, " Sawteeth Stabilization Experimentg on
Alecator C", APS Fall Meeting (1986); Bull. Am. Phys. Soc. Vol. 31.

[3] F. Leuterer et al., ATP Conference Proceedings 190, editor R. McWilliams, "Radi.
Frequency Power in Plasmas", p.95, N.Y., (1989).

[4] S.C. Luckhardt, Nuc. Fusion 27, 1914 (1987).

[S] N.Fisch Rev. Modern Phys. 59 175 (1987).

[6] N.J.Fisch, Phys. Fluids 28, 245 (1985).

[71 K. Yoshioka et al, Phys. Fluids 31, 1224 (1988)

[8] S.P. Hirshman, R.J. Hawryluk, B. Birge, Nuc. Fusion 17, 611 (1977).

APPENDIX A : Relations for a Wide RF Spectrum

Fisch’s expression (Ref. [5], p. 196) for J/P, assumes the following form for a wide one-
dimensional lower-hybrid spectrum parallel to B with v=v

4 o Py RV
P, P '

J‘dv Sy oy/ov

J‘dv Sw  o(mv¥2)dv
where J is the current density, J, is J normalized to nev, , P is the power input density,
P, is P normalized to vamv? , with

4
w,InA , T, , né?
V_ ]

annvd’

Sy is the spectrum of waves in velocity (v) space along B. In the presence of an electric field
E in one-dimensional space parallel to B, (| |L|=0), Fisch gives yx=y,+%,FE, where

_ e v _L e v
X"_w?(5+2)‘ ME3alwe) Br2)
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For a wide RF spectrum, one has to integrate S, over the velocity extent of the
ectrum. Suppose it extends from v, to v,. The values of the integrals depend on the form
ﬂ; 5y but Yoshioka et al [7] have demonstrated that a good approximation is to replace Sy
of Ows

for LH spectra by the form Sye<v™”. Then

J. ; dvvgy/ov

J 2
—=nmvv,
P; b -

j dvv(mvi2)dv

yielding for the above X =%+ EX,
g 4nev,l- vi-vi ] 2ne’E |— vi—v} ]
P, (5+2)| 2v*In(vyvy) mv(3+Z)| 4v! In(vy/v,)
The second part gives an hot RF induced conductivity
2ne’P, [ vi-vi ]
mv(3+ Z)L4V‘:1n(v2/vl)

On
The Spitzer conductivity can be approximated [8] as a function of the effective ion charge

number Z, thus
2 p e Ap(Z
o, = 3(2) E()
2 mv

32 (Z+1.13 34(Z+1.13
A2) = ﬁ[zum] N z(z+z.67]

Ou 2[2]"2 P, {v;evt]

o 3\n) G+ZA@)| & In(vyvy)

with

Consequently

Fisch [6] uses Py , the normalization of P to vormv; rather than vamv?: , where
V,=2v , giving P,=2Py.Thischanges the numerical constant in front to (4/3)(2/m)"*
= 8/7.53 = 1.06, and this is the factor given in the text in Eq.(4).

The first part of J/P, assumes the following form upon replacing P, by the actual
power density, P = nmvv>P,.

_ lémmee® (v, 2[ vi-vi }P
T ne*G+Z)InAlc ) [ 2vIn(vylvy)

This is the relation given in the text in Eq. (3).
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THE 3.7 GHZ LOWER HYBRID CURRENT DRIVE SYSTEM FOR THE TOKAMAK DE VARENN
ES

A. Hubbard®, J. Bagdoob, G.-A, Chaudron®, R. Décoste®, Y. Demers®

v VR
V. Glaude®, I. P. Shkarofsky® uchgt

Centre canadien de fusion magnétique, Varennes (Québec), CANADA

®IREQ, Institut de recherche d'Hydro-Québec, Varennes (Québec) CANADA
MPB Technologies Inc., Dorval (Québec) CANADA
“Université de Montréal, Montréal (Québec) CANADA

1. INTRODUCTION

A lower hybrid heating and current drive system is presently beyy,
constructed for the Tokamak de Varennes (TdeV). This medium sized quiofl
experiment has parameters R = 0.86 m, a < 0.27 m, B; = 1.5 T and I, < 300 kA
It has recently been fitted with a double-null, closed divertor. A major ]Jar;;
of the scientific program of the tokamak is the study of impurity control apg
plasma-surface interactions under near steady-state conditions. To this enq
the magnetic coils are capable of producing 30 second pulses. Non-inductivé
current drive is necessary to extend the plasma discharge duration frop its
1-2 second length in the present ohmic regime.

The lower hybrid current drive system will operate at a frequency of 3 7
GHz to avoid possible density limitatioms. Up to 1.1 MW will be injected
into the plasma, giving a high power density of 1 MW/m’. Due to the low
magnetic field, the waves must be launched at a high N,, to remain accesssible
to the center at moderate densities (N, = 3.0 for n, = 4x10%%m3).

The preliminary technical design of the RF system has been presented
elsewhere!. Its main features, including some recent modifications; are
summarized below, In section 3 the predicted performance of the system, based
both on empirical scalings and theoretical simulations, is discussed. Section
4 outlines some of the planned lower hybrid experiments.

2, TECHNICAL DESIGN OVERVIEW

The RF system, shown schematically in Fig. 1, will use two Thomson-CSF
klystrons, each with an output power of 300 kW for 30 s or up to 650 kW for
10 s. Each klystron will feed one row of a multijunction antenna, consisting
of 8 4-way modules (Fig. 2). Within a module, the phasing is fixed at 90°,
while the relative phasing of the modules can be adjusted in real time (< 200
ms) using high power phase shifters. This highly flexible arrangement permits
us te vary the spectral peak N;,;,, in the range 2.2 to 3.6 for different
operating scenarios and, if desired, to launch spectra with different Ny
components from each row of the grill. Figure 3 shows results of a
multijunction coupling code®, which predicts a narrow spectrum ( My, = 0.4 FU-
HM) with low reflectivity and near constant directivity over a wide range of
phasings.
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§  fhe antenna consists of 16 identical modules. The preferred construc-
¢ material is GlidCop?, a copper-aluminum oxide dispersion combining low
iy gses with good mechanical strength at high temperatures. The grill

lo ill be of stainless steel. Tests of fabrication techniques are in

The exit dimensions of the secondary waveguides are 76 x 5.5 mm,
maximum power density at the grill mouth of 4.2 kW/cm® (70 kW per
qule) - The grill will be operated at a temperature of 200°C to control
gort! ssing and cooled between shots. The entire assembly, including a power
o‘.ltfiting network which is placed just outside the vacuum windows, is movable
s?1+ 7 cm between shots to optimize the edge coupling density at about
b}‘sﬁolﬂm-i*, Smaller corrections during a discharge will be made using the
i;st (%1 ms) radial position control system of the TdeV.

ﬂuth W
1 proBLesS:
ving 2

o

An important part of the LHCD system is RF measurement and control,
{eterodyne power and phase measurements are to be made at the entrance to
¢h of the antenna modules and at several points in the transmission line.
eafast digital feedback and protection system* based on real time processors
:egulates the klystron output and performs a power balance and other system
g checks, in a 40 ps cycle. Slower tasks such as event sequencing, system
n ponitoring and high power phase control are handled by programmable logic
q c‘,,,‘tro]_lers. Reference waveforms for the power and phase can be preprogrammed
g and/or calculated in real time from plasma parameters (L mg, Yy etes ),
|
i 3, PREDICTED PERFORMANCE

s The major factor affecting our current drive performance is expected to
be the unusually high value of N,,, (2.9 at 0° phasing). Relatively little
data on current drive efficiency exists in this regime. A recent experimental
scaling carried out on ASDEX®, at constant I, and 7, and with N, varied in the
range 1.5 - 2.8, shows very good agreement with the theoretical prediction

= A~

f,(10%m™) I,(kA) R(m) 4 1
‘,V,l =

o
Pyp (kW) 54Z,e  <N,,%>

if the average value <N,,%> is taken to be simply N2, Scaling these results
to the TdeV, for N, = 2.9 and 60% directivity (defined here as the fraction
of the total launched power contained in the main peak of the spectrum), gives
a predicted efficiency of 0.41. With P.,,= 1 MW, we then expect to be able to
drive a current of 200 kA at densities up to T= 2.4x10%m2,

el . e R ket

Both RF current drive and transformer recharge have been simulated using
a modified Bonoli-Englade code®. Changes made to the code include the
possibility of feedback on the plasma current or V, and inclusion of the
radial diffusion of current carried by the fast electrons. Simulations of
pure RF current drive show that even for relatively high density and N;; (ng,=
4,0x10'° m™3, N,= 3.3) the efficiency is quite good, with n = 0.33 (directi-
vity of 60% is assumed). At N,= 2.9, we should then get n = 0.42, in good
agreement with the above experimentally based predictions.

et T ooty | ha iz, o

Given the high level of RF power, significant increases in electron
temperature (AT,¥1 keV) and moderate increases in T; are also predicted.
During divertor operation, it is hoped to be able to enter the H-mode regime.
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For transformer recharge, the simulation code predicts that, Wit
density reduced to n,= 2.7x10""m™® and with about 900 kW of power ip the

t
at N;;=3.3, V, can be maintained at -0.5 V, giving a recharge time O?QNPEak
This corresponds to a recharge efficiency N, =V, I,/Fee of 0.11, mmp;s s,
to that achieved on Alcator C’. Full recharge was not possible o Table

E s 5 5 3 n Alcator
in other experiments, due to limited RF pulse duration. or

In an experimental situation we would typically lower both the 4
and N,, during recharge, presumably improving the above effici_ancy.
therefore appears feasible, by wvarying N,,, to alternate periodg of Qat
asssisted current drive at relatively high density with periods of transfor ¥
recharge. We are currently extending simulations to model more accurately t:lr
effect of the negative electric field and runaway electrons. This wil] enable
us to determine the optimum density for recharge. '

ENsity

4. PLANNED EXPERIMENTAL PROGRAM

The flexibility and high power density of the LH system for the Tdey
will permit us, in addition to extending the pulse length of the tokamal %
a near steady-state regime, to carry out new current drive and heatin
experiments, some of which are relevant to the ITER design. The planned
program includes:

- Current drive at high N;; and low wave energy (30-60 keV). The effep;
of non-accessibility to the center can be assessed by operating at high
density (@, > 4x10%m™). We will also be able to check whether curren
drive saturation occurs at very high RF power density.

- Comparison of limiter and divertor operation, including effects of high
suprathermal flux on divertors.

» Full transformer recharge.

- LH-assisted current ramp-up, with N, ramped according to changes in n,,

- Tailoring the current profile by launching a two-component Ny, spectrup,

- Significant plasma heating (Ppy/Pg®3), with possible H-mode.

We also plan to study questions of a more fundamental nature, such ag
the effect of different wave spectra on the suprathermal electron distribution
and current profile, and the role of edge density fluctuations on coupling,
To this end, a number of diagnostics dedicated to RF experiments will be added
to the set already on the tokamak, which has good viewing access. Current
profile diagnostics include an SMM polarimeter and a plammed neutral bean
injector. Vertical electron cyclotron emission and/or absorption measurements
will be used to determine f(v). Hard X-ray and pulse height analysers are to
be upgraded. A set of fast measurements will enable correlation of pgrill
reflections, density fluctuations and parametric instabilities.

5. CONCLUSION

A long pulse lower hybrid current drive and heating system is being
prepared for the TdeV. It will operate at f=3.7 GHz and with a power of 1.0
1.3 MW, giving a high power density of 1 MW/m®. Experimental scalings and
theoretical simulations predict a current drive efficiency of 0.4 at its
central N;, of 2.9. Operating scenarios include full RF current drive for 30
s, at I~ 200 kA and T,=2.0x10"m™, and alternating periods of OH-assisted
current drive and transformer recharge. The system should be well placed to
study physics issues relevant to ITER. Operation is expected in 1992,
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EFFECT O QUASI-LINEAR DISTORTIONS ON THE LH-WAVE
CURRENT DRIVE IN A REACTOR-TOKALAK

V.S.Belikov, Ya.Il.Kolesnichenko, O.A.Silivrg

Institute for Nuclear Research, Ukrainian SSR
Academy of Sciences, Kiev, USSR
The ol-particle distribution function is found with
taking into consideration the quasi-linear distortion causeq
by LH waves which results in both the accelerationkafalphas
above 3.5 LleV and the anisotropization of their disiribufigy
in the velocity space. The influence of quasi-linear digtor.
tion of alpha distribution on the efficiency of current drive
and the absorbed RF power 1s studied. The comparison of the
obtained results with the earlier known one is carried out,

Fast d-particles interact with LH waves through the
resonance GJ=:kLVL (the notations are usual). Therefore ap-
gsorption of RF energy by alphas is absent provided CD)>kmeQ¢
where \g = 1.3« 100m-€* . But to satisfy this condition one
should use a generator of RF Tield with the relatively large
frequency which is not desirable for the technical reason (for
instance, it is necessary to have <O > 6.5GHz for ITER [1] A
That is why the case oi‘UJlemaX\Q is of interest. The con-
sideration of this case is a subject of the present work,

We proceed from the following quasi-linear equation for
the high energy ol-particles (NyVe , \ﬁro(ﬂqaéne)1/§\ﬁL,\ﬁh
the ion thermal velocity):

a v/ >\¢ 8 a Sa =
& (e i o e G D60 S gy
wh 2
Mhere E ] e eguk C3 Sclr]“ \Efﬂuﬂf_ (\/'L___Ql/ 'l)
D)= aﬁ‘ OV hSL— V‘—r—.\f m? L i /s
AITE :C\(u,_L/w j Sd=\1(a<6\/7/4 the fusion reaction rate,

g the alpha slowing dovn time caused by collisions with
electrons. It follows from Eg.(1) that the quasi-linear diffu-
sion occurs along lines Yy = const. The smallest transverse ve-
locity of alphas interacting with the waves (\ﬁF=:d/?unwn)is
determined by the condition for existance of resonance, the lar
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¢ one is determined by competition of the alpha accelera-

s : s
sion que to quasi-linear process and alpha slowing down due

jomb collisional slowing down. Therefore we may conclu-

;: 2;:13 the velocity distribution of oA -particles is anisotro-
jo and contains the particles with the transverse energies
g yEn Eq= 3452 MeV. fV.L
To find a solution of Eqg. (1) /
it is convenient to divide the Vi
gpace (M VW) in four regions

Eccordl

ng to Fig.l. In the
sirst region (\x—l>¥c )I- \’\\/V, r

—-\’&—V.\rzﬂl?-) the presence of
pi-gield does not affect k-

partlcles and hence

4Tg

:S‘L(V'LNH) 43-‘-(\‘r3 V5q(\éﬂv) (2) Flg-
Iy other regions the solution has the following form:
T region 2 ( Wi Nie ,\i\((s)(.(j )
>
Jt(V.LVu)_- Su oV, Ve +v V'L"/V*

N

TRV (V& w2 (Ve +vR) ()
aere Ve = VView VT
In region 3 (Vip {N1¢Vid=VV2 Vi, Wil €YeM)
g (‘LL Vu) - S;ﬂ-s Vl. \/l\)d\l Vr- (4)
e ATV VEENVD | HpnTD n\u Vi (Ve +V2)
In region 4 { NL»Vd, \{\{.’X_C_Vd\
:‘)‘4 (W ,Vh) :—-—S-z,(\/.mk,Vu) \\J(V_w.,\/n) /\\)(-\{L ,Vu) (5)

where

Ny
Y (\1'.1. ,Vu) =enp I SVJEL.Q-V?C,/V‘ 5)\/1./{.\\5[) (\LIL) AVL}
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When obtaining Eqs(4),(5) the alpha slowing dovm along the' Bt
rallel velocities is neplected that is justified when ‘lc«lor
when the guasi-linear process is much stronger than the S81lowe
ing down one .

Let us assume that the wave spectrum is narrow. Thep for
the case of EMLE= @FSEN_L\-E?KM@VS> we Tind the fast of-pap.
ticle density in the following form:

s
N = S“TS{QH (1438 )*" L ; } o
]

Here the first term describes the ol-particle density in the

absence of RF field, the second one is connected with the tai
Formation due to RF field. It is seen that the second ternm g
dominant provided the sufficiently large wave amplitude. Iote
that the value of g determined by Eq.(6) is less than the
value obtained in Ref.[E_] by a factor of 2+3. (In Ref.{g] the
isotropic solution for —}(\/) is found).

It is of interest tob know the o/\-par'ticle density in the
tail of distribution. Considering particles wi‘ch\/_l_><\liq where
Q_L is the srbitrery fixed value of i we obtoin

*ail QE L Sa:l-. 15 v

N (% g e% ‘&+— ”‘}
where K = \/ -A_ = NA VI It is assumed that ¥ } S =

It follows from Eq.(7) that the most of alphas has the

transverse velocities which dc not exceed 8 - given by

Lma
2 9
E trmay = Q—%‘&L} E e+ md\\/.l.r“/z (8)
Iré particular, £, ..=2&,  for £=1, € pax= 44 &l for
= 100

For the absorbed power the following expressions may be
found using Eq.(1):
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e\, oo ‘
P= 9_*]Tm¢&d\lu SO‘V,\_V_E' (W) OHGL
=LNA Viw v

‘g»ﬂ Eq.(9) may be transformed into

2
PZ23ma Sd Vy 34/5 w——.ﬁ}} (10)
C

aring Bg.(10) with the corresponding expression in the

HL[S-
8 =06 Lk (1)

. F%=MV35¢€/<V2+VEF'). We see that the ratio ¥/, decre-
5 with « In particular, Py = 0.3 for =1 and Vg =
; 2 for ? = 10. These values/‘}re smaller bisr a Tactor </3pr

345 in comparison with those of Ref. [2]. Therefore taking
into account the calculations of Ref.[Z] for the power absor-
ﬂ,t; by elecirons we may conclude that the use of the frequen-
c.o(\qmax'\/qg in ITER like tokamek does not lead 1o essen—
",; decrease of the current drive efficiency. But it is clear
la'

h

at tc find the lower boundary of the acceptable frequencies
e special calculations are required,
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PARAMETRIC DECAY INSTABILITIES STUDIES IN ASDEX

A. Cardinali, R. Cesario, F. Paoletti*, V. Pericoli Ridolfini

Associazione EURATOM-ENEA sulla Fusione
Centro Ricerche Energia Frascati
C.P. 65 — 00044 Frascati, Rome, Italy

Search for possible effects of parametric decay instabilities (PDI) on L s
rent drive and heating was conducted on Asdex through the analysis of the signal
collected by a RF probe located in the scrape off layer plasma. The ffecmeucy
spectrum, whose shape is unaffected by the position of the probe [1], was charae.
terized by two parameters: the width of 2.45 GHz pump line at —10db from the
maximum Af,, and the intensity of the first satellite, downshifted in fl'equency
from the pump by one ion cyclotron frequency evaluated at the torus outer edge,

The plasma parameters for this study lie in the following ranges: line averaged
density 1.3+10" <7, < 510" cm~3 plasma current 300 < I, < 420k4, toroidal
field 2.17 < By < 2.8T, coupled LH power 0.3 < Pry < 1.6MW, peak value of
the launched Ny spectrum 1.5 < Ny <4.4. The main results are:

SATELLITE INTENSITY

A well defined threshold both of Pry and 7, exists for the onset of the fipst
satellite. Its intensity firstly grows exponentially with Prz then saturates, see
circles in fig. 2. Before saturation it decreases considerably if either I, or By are
raised. The threshold power drops rapidly with 7., see circles in fig. 3. The growth
of these instabilities is determined by the conditions of the edge plasma, density
and temperature, the coupled power and by the convective losses, determined in
turn by the grill dimensions [2]. A code previously developed for FT experiment,
can satisfactorily reproduce the behaviour of the threshold power Py [3], full circles
in fig. 3. Values for the Asdex edge density and temperature are taken from [4].

With this same code the different development of PDI, when either one or
both rows of the grill are excited, are also well explained [3].

‘The growth of one or more ion cyclotron satellites does not seem to affect
greatly the current drive properties of the LH wave, at least until they are 1idb
below the pump, as is most often the case, except for 7, > 4.7%10'* cm 3.

PUMP SPECTRAL BROADENING

Triangles in fig. 2 and 3 describe the behaviour of Af, versus Pry and 7.
respectively. An approximately linear increase is observed in either case. The
influence of Br and I, is similar to the ion cyclotron PDI case, namely Af,
decreases increasing either Bp or I,. The status of the walls is also important,
indeed Af, became smaller after boronizing the Asdex vacuum vessel.
Differently from the ion cyclotron sidebands the magnitude of Af, appears
to affect remarkably the current drive properties of the LH waves. This has been
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Fig. 2 — Pump spectral broadening
(A) and first satellite intensity (o)
versus Ppy NH =1.8, R, =2.7*1012
cm —3, Ip = 320kA, B+ =2.17T.

Fig. 1 - Typical parametric decay spec—
t;ul:n for well developed instabilities.

established from the analysis of CD efficiency values, cp, on a large data base
selected in such a way to avoid the problem of the waves accessibility to the plasma
core. The effect of the other quantities which can modify appreciably nep [5],
n ]{IH and the irn‘purity content Z.y, has been taken into account normalizing
nop to the case Nj =1.8 and Z.g = 1. This normalized efficiency n¢p should
be constant for the selected data set independently of plasma parameters like 7,
I, and Br, but variations as large as 50% are instead observed. Looking for
an explanation of this effect a remarkable correlation of ng, with Af, has been
found, as shown in fig. 4.

This can be tentatively explained as follows. The spectral broadening can
be due to either PDI, involving ion sound frequencies, or scattering by density

fluctuations. Both processes can modify the launched Ny spectrum [6]. If we

assume that the frequency shift of a sideband is a measure of its change in N,
we can consider useful for CD only that fraction of the power within a small fixed
inferval Afy; around the pump frequency. This fraction can be easily evaluated
from the experimental spectra as a function of Af,, and the decrease of n%, with
Afy can be calculated. Afy is taken as a free parameter. A best fit procedure
on the experimental values of n¢p has given the dashed curve in fig. 4, with
Afo=0.8 MHz.

In conclusion ion cyclotron PDI do not affect greatly CD efficiency and their
behaviour can be satisfactorily predicted by the theory, on the contrary pump
spectral broadening degradates remarkably CD efficiency probably because of a
related change in the launched Ny spectrum.

PARAMETRIC DISPERSION RELATION AND DECAY INSTABILITIES

We consider the propagation, in a plasma magnetized by a static magnetic field
By, of a lower hybrid pump wave (wp, k) with finite extent which decays into a
low frequency mode (wi,k1) and two high frequency sidebands (w1 £ wo, k1 £ ko).
The plasma is assumed locally homogeneous, i.e., ki > |Va/n|, |VT/T|, where
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k. is the perpendicular (to Bp) wave vector of the waves involved and n and T
are the plasma density and temperature. The parametric dispersion relation is (7]

elwi,ky) = pt + s |
L% E(Ldl + wyrky + ku) e(w1 —wyrky — kg) ( )

where e(w, k) = 14 xi(w, k) + xe(w, k) is the dielectric function and x;x. are the
linear susceptibilities. For wip < ki) Vthe, i.e., when the response of the electron
in the parallel (to Bp) direction is adiabatic, we can assume

e ,k‘ S 1k 2 z 2
,uiz"(““ 1) — el B Juy [1+ et z( i )} sin? 2 ()

252 .2 3 3 3
dwikicle(ws, k) k1 Uhe k1jvine

Cs

In this formula, Z is the Fried-Comte plasma dispersion function, wp the
ion plasma frequency, ¢, the ion sound velocity, U = Eye/By the ExB drift
velocity of electrons, and 5 = Akgai, koo the angle between ko1 and koo, as
kz‘g = kl j: kg.

The solutions of Eq. (1) in the jon—cyclotron frequency range wipr & N,
n=1,2,..., for the Asdex plasma parameters were examinated in a previous work
[8]. The R.F. power thresholds of the parametric instabilities expected by these
solutions are found in a good agreement with the thresholds ohserved during the
lower hybrid experiment in Asdex [3].

Here we present the results of the study of the parametric dispersion relation in
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the jon-sound frequency range, wig = |kyj|vens, which are relevant to the observed
ump wave broadening phenomenon. For a given numerical calculation we have
assumed ki1 as an independent variable, keeping fixed the other plasma and R.F.
parameters. In order to find the solutions of eq. (1) with higher growth rate, we
have examinated many cases with different values of the radial (z) coordinate and
kﬂ“' k2.3”’ k2,3J.: k]!\a kJ_Ha 6:E'

In fig. 5 is shown a branch of solutions of eq. (1) with I‘—;ﬂf =12, 6§~ =120°.

We observe that the maximum growth rate value & ~1.3-107* is expected for
a sideband whose frequency shift by the pump wave is ﬁ—:’ 2~ 0.9.107*. Differently
from the branch of solutions of eq. (1) which is shown in ref. [9], we find, as a
faature of the solutions shown in fig. 5 only stable solutions with v < 0 in the
jon-cyclotron frequency range. The R.F. power threshold estimated in taking into
account the connective effects due to the finite extent of the pump wave, is of
about 100kW. It is possible to conclude that such an ion-sound quasimode driven
parametric instability can be responsible of the broadening of the frequency and
the kj spectrum of the launched wave.
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QUASILINEAR THEORY FOR SPATIALLY DELIMITED WAVE PATTERNS

E. Canobbio® and R. Croci
IPP-Euratom Association, Garching, F.R.G.; (*) CEC, Brussels, Belgium

The usual quasilinear (QL) theory implies waves whose amplitude is constant i, g
a restriction which is particularly inconvenient in the case of the LH waves, nigs
it is precisely in this case that an adequate treatment of both the QI, effects eed,
the resonance cone features is instrumental to the understanding of current driye (int
alia). In this paper the QL theory is extended to cover such situations. For simplicity e
consider particles moving in a temporally constant and spatially uniform magnetje ﬁ:{:
B perturbed by an electrostatic field. In a cartesian reference system with , alon
the magnetic field let the electric field be given by FE; = ajexp [i(wt- kys)] + CCE
gt

where s = z — kiz/k), &1 = (a/Vl) exp [-s2/1?],, a5 = (ki/ky)er, @z = 0 (the
general theory is developed in ref. [1] as well as in a forthcoming publication), The
discussion is conducted mainly in the reference system defined by the unperturbeq
particle trajectories in phase space described as functions of 2. We denote the q|g
variables by (zj,v;), with z; = z, and the new variables by (¢, w;), with ¢ =,
and w; = v,. In the latter reference system the Boltzmann equation takes the form

af of iwt of | _

§+w18—§1+ (4™ +ec) 61),-] =[C(f)], (1)
where A; = (¢/m)E;, 1 = ¢B/mec and ¢,m are the charge and the mass of the
particles; repeated indices have to be summed and the brackets indicate that the qua-
tities they embrace have to be taken in the new reference system. The explicit form of
the collision term is given later. We formally develop f in the following way:

f(.?:j,‘v_,',t) == fo(zj':'”j:t) + %0 fn(zjw'”jat}eith s [2)

where the time scales of f, and f, arelarge in comparison with 1/w. By neglecting
fn with n larger than 2 and by noting that f_; = f{ from eq. (1) one gets

8fo 9fo 9f 1 WOf] _

he v+ [ ][] =
: af1 9f1 8fo] _
(2W+V]f1+§+wla—§1—+|:AJ'avjj|—-0, (3)

where C =~ —vf1 has been substitued in the equation for f; because v < w. The
time derivative will be neglected with respect to wfy; thus f; has the following form
for vy >0:

§1

fi = —eile—is/m /ei(w*if)fr/m ﬁiﬂ, do = ig A ._a_fo ()
v1 Bu]- wy 2 c?v_,-
—00
The solution for v; < 0 is obtained by putting the lower limit of the integral equal to
oco. By taking into account the definition of the new reference system one gets

f1=s{@(%_ﬂ%)“@(ﬁ_wafo a1,

. o
wy \Ow; w?dw w; ws Ows el w2)3w3)}(1)
b
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1,[;(5‘1,1”2) = {glﬂ/wl) + ws. The process described by f, when fi, given by
W) =ere) is inserted in the first of egs. (3) is diffusion in velocity space if the effect of the

fq‘ (Sal operator S on 8f,/dv; is to multiply 8f,/8v; by some function; in other
mtegz the interaction of the particles with the electric field in the interval (—co, ¢1)
words:

> 0) should not appreciably depend on the previous interaction in the interval
Let us integrate by parts in the operators ${} of eq. (5):

afo
(911.’2

Io( w1
—00, ¢1)-

0, 0 9fo ; dfo
= S o g Sto Al 3.7 = O S {s]eon ) o §{[4s]sin} g

a ;
+ terms containing the derivative of f, and of -3% with respect to o . (6)
1

when collisions dominate, and Larmor radius effects can be neglected, 8f,/8v; can
be taken out of the operator §, because the logaritmic derivative of 8f, /Ov; with
respect t0_ <1 is sufficiently small, f, being approximately a Mmellian. In this case
‘Emm the first of egs. (3) and eq. (6) one easily derives the diffusion coefficients. When
Larmor radius effects are not negligible the scale of variation of fo in ¢ (being of the
order of the Larmor radius) is much smaller than the scale of variation of [A;]. We then
take the average over ws, which cancels s_ma,ll—‘scale effects and allows mtroduct_mn of
diffusion coefficients. The mean of f,, which wxl_l b‘e denoted by g,, can be sgs_tltuted
for fo in (|4l f1) if the mean value of the deviation of f, from g, is negligible, as
we assume. Bquation (6) then simplifies to

99,

; 99,
E S {[As]sine} : (7)

6w3

wif1 = § {[41]}

The appropriate approximation of the collision term in the electron equation (the only
one we consider here), in the regime of LH electron current drive is the linearized, high
velocity limit, whose averaged form is, when g, is Maxwelian in wa,

N a Bgo 2‘[1‘.11
(e = 9w, {Dpp 30, T Drp ) gn} : (8)

where Dpp = vvf /w?. The coefficient of the diffusion parallel to the magnetic field
is given by

1
k
“wiDgr = {([A2] S{{A1]} +c.c)) =2 Y JE (iﬂw—s) f ay cos(An(o — 1)) do,
L —00
)
where Ay = (w—nQ)/w; —kj. The integral can be expressed by means of the ‘plasma
dispersion function’

wy Dgy, = alexp [-2s*/1%] Y J2Im{Z ((1An/2) —1is/1)} - (10)
This expression is valid only when |Dgr| < Dpp, as we shall see later. Therefore, as

Dqr, is proportional to 1/w; when |w;| goes to infinity, for large velocity it is no
longer correct. When [ is infinite, ; is constant and from eq. (9) follows the known
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result Dgr, =27a?) J26(w1A,). When o is not constant, the diffusion coeffic]
is usually defined as the linear superposition of the diffusion coefficients cory Cleng

to the different k-components of the electric field. We denote it by D, angsngding
wy Dy = 2ma’ Z J’,,fef“‘&"/i)2 z (1)
n

A simple relation between Dgr and D, exists only when s <<!: from the kn

properties of the Z function we then obtain Dgr = Dy/24/7. The gradient of th
electric fleld amplitude modifies Dgp through A, at the exponent; an inep ¥
the gradient moves the velocity v, at which Dgp S Dpp towards smaller v,
thereby increasing the number of particles which interact with the electric field, Th‘
value of w,, for n =0, the case of interest for the electrons, and s < | is gy be
IA =1, ie. vy = (lw)/(1+1k)). Moreover, ! also modifies the quotient DQL/DP;:Y
When k) issmaller than 2 (large gradient) the diffusion coefficient is larger than DPI-:
at all wy > v,n. When lk| increases Dgy is larger than Dpp in a region whoge
relative amplitude (vas — vm)/vm is proportional to 1/lky; it then becomes smalje
than Dpp, and finally larger than Dpp when w? is larger than approximately
(vvf/a)exp [12];”2/4] . When s <!, Dgy can be much larger than D,, and thus
vy evaluated for Dgp can be smaller than the value of v,, evaluated for D,

Leaving the resonance ( A = 0) has a much less drastic effect on Dgyz, than on 1),
The equation for g, is

€ase of
eloci

dg, a2

ago 2wy
w - —|(D + Dp
1 9e1 dw, [( QL P)

i} T?DFPgo =0. (12)

6w1

If the ¢;—derivative can be neglected, one gets the usual solution

wy
w3 2 w1 Dpp

—Fg e iy 13
vf vi) Dor+Drp ! (13

Ing, = —

which exhibits a ‘plateau’ for w; larger than v,,. However, the condition that the
¢1—derivative of g, be negligible (a necessary condition in order that the terms not
explicitly written in eq. (6) be negligible, i.e. in order that diffusion coefficients can be
defined) is

ag,

4Dpp
- 91

~ = (14)

a
< ‘B_HJ‘L (ZwlgoDFP/’U?)

Since from eq. (13) the value of the ¢;—derivative increases with velocity, the restriction
imposed by eq. (14) is such that eq. (13) describes, strictly speaking, only the beginning
of the ‘plateau’. A consequence of eq. (13) is that where Dgy > Dpp the quantity
which varies slowly with respect to |A;|, and hence can be taken out of the operator
S, is (Dgr+Drp)(8go/8w1) and not (8g,/dw1). With this in mind, we obtain the
following definition of Dgy, valid for every value of DQL/DFP ;

S1
wlDQL[gl) = Z(DQL(Q) + Dpp}cxl(§1) ZJ& f al(g)chiiﬁi(ggpgl)) do . (15)
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be shown that the total diffusion coefficient (Dgu + Drp) which follows from
[tlcaz sation is positive definite. An approximation to g, better than that given by
thlﬁ(lg) is obtained from the equation for f, the logarithm of g,, which follows from
g

1 [12] and which is approximated by
eq-

ag ‘U? DQL + Dpp 30 wy
D _ = =-2—D . 16
(Pgr + F‘P)Bwl + 5 Drp 30 vl FP (16)

stics of eq. (16), which are given by (9¢1/0w,) = v}/2Drp, allows the
(16) to be written in the form

vs/ve

The characteri
solution of €d:

udu

1+ 'T(”w uz/vh S/I] , (17)

Ing, = -2

where WEmﬁaDm(%OﬂU+@ﬂm fﬂﬂ%ﬂﬂﬂq)

Ux/‘)t
Bquation (17) describes the logarithm of a Maxwellian up to the value of v, where
Doy ~ Drp. Then it describes a (more or less flat) ‘plateau’, whose width can be
deduced by the following argument. In eq. (17) the velocity also appears in the ¢1—

u
dependence, 50 that uDgyr decreases exponentially when (vi/2) [ (1/Dpp)dr is
U Ve

Jarger than [. In other words, 7 becomes smaller than unity, and therefore § is
approximately equal to —(v2/v}), for two reasons: the first is a change of the order
Av = w/lk“2 of the u variable of Dgp; it is comparable with the quantity (var —
Um) introduced previously. The second reason is a change of the order I of the ¢-
dependence, which is induced, owing to the characteristics, by a change in velocity
given by 6v = 20Dpp /v, a quantity which, in the one-dimensional case, has the
more appealing form (6v/ve) = (I/A(vm)), where A is the free path of a particle with
vz = Um. The smaller of the two quantities (6v, Av) determines the width of the
‘plateau’; for lzknz = (w"‘/knsvvts), which is a quantity much larger than unity, one
has 6v < Awv. In this situation (gradient of a; small with respect to wavelength and
mean free path, in particular oy = const.) the ‘plateau’ extends over the whole region
(myvar). When 1%k < (w*/k®vv]) the width of the ‘plateau’ is smaller than the
preceding one and is proportional to the collision frequency. On the other hand, whereas
in the first case there is a ‘plateau’ only for values of s smaller than [, in the second
case the limit value for s is (vi; — vi)/8vive. The total area of the ‘plateau’ region
inthe ((s/1),v3) plane is in both cases the same. In conclusion, at variance with the
usually assumed QL theory for constant amplitude waves the phase-space region where
go has a “plateau’ is not defined by the condition Dgr((v2/vs), (s/1)) > Drp.

[1] Quasilinear space-dependent diffusion in the lower hybrid waves regime; E. Canob-
bio and R. Croci, IPP 6/284 (November 1989).
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PARAMETRIC STUDY ON LOWER HYBRID CURRENT DRIVE
EFFICIENCY FOR NEXT STEP DEVICES

H. Takase, K. Okano and A. Hatayama*

Toshiba Research and Development Center,Toshiba Corp. Kawasaki JAPAN

*Fusion Technology Development Office,Nuclear Fusion Division,
Toshiba Corp.,Tokyo,JAPAN

1. INTRODUCTION

Lower hybrid current drive (LHCD) is the most reliable way
among various r.f. current drive methods. However, some difficulties
still remain in its application to reactor grade plasmas, for
example, improvement in the current drive efficiency. In this study,
assuming a steady state current drive, we scan various parameters,
especially  temperature, and discuss its potential as a current
driver in next step devices by using a newly developed analysis
code. The result of simulations partially shows electron temperature
dependence of lower hybrid current drive efficiency as found in
experimental results of JT—60[1]. This dependence takes place by
large shift of the parallel refractive index n, due to the toroidal
effect. Finally, we discuss the maximization of current drive
efficiency by the optimization of electron temperature.

2. LHCD CODE FOR NON-CIRCULAR TOKAMAK PLASMAS

The analysis code consists of three modules. These modules are
1)free boundary MHD  equilibrium code, 2)ray tracing code for
non—circular tokamak plasmas and 3)relativistic Fokker—Planck code
with  two—dimensional effects based on quasi-linear theory. The
equilibrium code gives profiles of denmsity ne,; and temperature Te; (
subscripts € and i mean electron and ion, respectively ) for tokamak
plasma with an arbitrary cross section by solving Grad—Shafranov
equation. Density and temperature profiles are taken to vary as @,
where i is poloidal flux function, with @=0.5 and 1.0 for density
and temperature, respectively. The ray tracing code calculates the
wave propagation and absorption with a very high accuracy on basis
of geometrical optics approximation. This code  adopts the
Adams—Moulton method of the 8—th order for the numerical method, and
the B-—spline method of the 4-th order for interpolating of the
numerically computed ). The accuracy of the ray tracing code is
estimated from its deviation from the dispersion relation along a
ray trajectory, and the maximum deviation is less than 107% The
Fokker—Planck code with two—dimensional effects computes the
electron  velocity  distribution  functions on  individual magnetic
surfaces, wusing the formulation in Bonoli and Englade[2]. The
accuracy of this Fokker—Planck code is checked by the analytical
solution of a one—dimensional Fokker—Planck equation and the
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ated  Wave absorption energy from the electron distribution
mn:;fion compared with the computed wave damping enmergy from ray
mncing code. The calculation flow is carried out as follows; after
3 erence equilibria are obtained by the equilibium code, the ray

cing and the Fokker—Planck calculation are iterated by about 7 to
i3 tjmes until the current density profile Jrf becomes a steady state

githiﬂ about 1% error).

3, Te DEPENDENCE OF CURRENT DRIVE EFFICIENCY

We have carried out calculations of current drive efficiency in
steady state operation with the ITER plasma (major radius Rp =5.5m,
minor radius a=1.8m, elongation 4=2.0, plasma current Ip =18MA and
toroidal magnetic field BT =5.3T). The current drive efficiency is
defined by 77cp =®e» Irf Rp / Rypg, where aer, Irf and Pypg are the
volume averaged density, r.f. current and absorbed wave power,
respectively. The  7cp dependence on the spectrum width An,, the
arallel refractive index n, and the electron temperature Te were
investigated ~ for ~many parameters. The results of calculations in
this study are summarized at Figs. 1 ~ 3. Figure 1 shows a typical
ray trajectory. The parameters used were n,;=2.0, wave frequency
-4.6GHz, @a>=0.9x1020m™3, volume averaged temperature (Te»=<T;>=4.4
eV, and effective charge Zeff =2.0. In Fig. 1, the solid line is the
magnetic surface and the dotted line is the ray trajectory. After
the lower hybrid waves are launched from outer periphery and are
reflected at the plasma surface, the wave power is almost absorbed
in the plasma.

Figure 2 shows various quantities along the ray trajectory for
the same parameters, where ¢ is toroidal angle, r is half width of
flux surface labeled by i and Py is the normalized wave power. In
Fig. 2(b), we should note that the toroidal effects due to the high
clongation induce large shift from the initial n, as it propagates
through the plasma. Parameters scans were done with various central
n, and spectrum widths An,. For simplification, we assumed that the
power spectrum has a rectangular distribution and other parameters
were equivalent to the case of Fig. 1. It was found that the case of
central n =2.0 and An =0.2 maximized 77;p -

Figure 3 shows the dependence on the volume averaged electron
temperature  <Te>  of the current drive efficiency 7¢p and the
normalized current density profiles generated by the lower hybrid
wave. The Te» value was scanned from 4.4keV to 25keV and the lower
hybrid wave power was fixed at 30MW. In the lower temperature region
(Te> = 10keV), the current drive efficiency increases in proportion
to the temperature. This dependence agrees with experimental results
on JT—60[1]. The current drive efficiency, becomes maximum near 17keV
and its value is larger than 0.40510°m 2 A/W. Furthermore, in a higher
temperature region (Te> = 20keV), the current drive efficiency is
independent of temperature. Lower hybrid waves relatively penetrate
into the plasma core in the lower temperature region (see Case 1 in
Fig. 3), while the current density profiles are hollow in the higher
temperature region (see Case 3 in Fig. 3).

4. DISCUSSIONS

In this section, we discuss about the temperature dependence of
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the current drive efficiency as shown in Fig. 3. In the Previoug
section, the large shift of the initial n, was noted. Here, we
assume that the ray trajectories are hardly affected by temperg
We found this assumption is usually acceptable in the Parametci-
range considered here. In the lower temperature region, the lower
hybrid wave is absorbed at a high n, as it propagates through {he
plasma (see the Case 1 region in Fig. 4). According to the
quasi—linear theory, a high n, results in a small current  driye
efficiency. On the other hand, in the case of Tw=17keV, the lower
hybrid wave is absorbed at a low n, (see the Case 2 region in Fip
4). This, in turn, results in a large current drive efficiency,
the higher temperature region, the lower hybrid wave cannot
penetrate into the plasma core and is absorbed at the plasma surface
before large shift of the initial n, (see the Case 3 region in Fig.
4). Therefore, the current drive efficiency is constant with Tespect
to temperature.

In conclusion, the volume averaged electron temperature of the
current drive efficiency can be explained by large shift of the
parallel refractive index in the framework of the ray tracing agg
the quasi-linear Fokker—Planck codes. If it is possible to Optimize
the effective n, at wave power damping, we can obtain higher current
drive  efficiency.  Since the condition is  semsitive to  the
temperature profile, the initial n, and An, we should carefully
select these parameters. Although it is possible to maximize the
current drive efficiency, it cannot be avoided the hollow profile of
the current density. Therefore, we should jointly wuse another
current drive method for plasma core (for example, neutral beam)[3].
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Introduction

Lower Hybrid waves are successfully used for current drive and heating at low
density. Their application at high density is impaired by the problem of wave
accessibility to the central plasma region and it may be impeded by power
depletion near the plasma edge through nonlinear processes like parametric deca
instabilities. Efficient heating at high density could be achieved by launching LH
waves into plasmas with peaked density profiles /1/. Peaking of the density profile i
routinely obtained with particle fuelling by pellet injection /2/. This also provides
superior energy confinement /3/. The combination of pellet injection and LH waves
might therefore allow for current drive and heating in the central region of high
density plasmas with good overall confinement properties. The first successful
experiments with simultaneous operation of Lower Hybrid-current drive and pellet
injection are reported in this paper.

Pellet Ablation with Lower Hybrid

Multiple pellet injection is performed on ASDEX with a centrifuge delivering up to
80 pellets during a single discharge with velocities up to 600 m/s /4/. In the

combined experiments with Lower Hybrid, deuterium pellets of small size (N =4 x

1019 particles) were injected with a repetition rate of 17-25 Hz at a velocity of v =
200 m/s. For investigations of the pellet ablation process we monitored the emitted

Hg radiation with fast light detectors. Additionally we took photographs to get

information about the spatial distribution of the ablation.In ohmic target plasmas the
pellets penetrate to about half the plasma radius. The ablation profile is plotted in
Fig. 1a. In combined experiments with Lower Hybrid, pellet injection is started at
low initial density where the LH current drive efficiency is high /5/. The ablation then
is dominated by suprathermal electrons, and the mass deposition profile depends
strongly on the LH wave spectrum. With Lower Hybrid Current Drive (LHCD) at low
Ny (Njj=1.8, Ap =750), the pellets are ablated in a narrow zone near the plasma
periphery, as seen from the sharp peak close to the separatrix in Fig. 1b. LH waves
with high phase velocities produce suprathermal electrons with a mean energy of
Eg=70 keV under these conditions. Such high energy electrons can cause decom-
position and ablation of the pellets in a short time due to the absorption of the fast
electrons in the interior of the pellets /6/. The gas cloud arising from the evaporation
of the solid pellet expands along the torus and results in an additional broad wing
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H,, signal in Fig. 1b. With LH waves of higher Ny the pellets are ablated
ofthe i;?side the separatrix as shown in Fig. 1c. In this case a symmetric LH
funher:]m with §l|;4.4 {(A@=1800) was launched. The LH waves of lower phase
:alocity generate fast electrons with lower mean energy which are then less

gfﬁCient for fast pellet evaporation.

llet injection after the end of the LH pulse can probe the level and the radial
e ipution of suprathermal electrons. The location of the mass deposition of pellets
distf the decay phase of the suprathermal electrons is plotted in Fig. 2 in function
g the delay time between turn-off of the LH and start of pellet injection. Penetration
f1he first successive pellets after the LH pulse remains shallow in spite of the fact

t the suprathermal electron population is depleted by each pellet as indicated by
fha in the soft X-ray emission. This can be explained by slow outward diffusion of
fast electrons from the central region refilling the fast electron population near the
griphery. Only about 100 ms after the LH pulse the ablation profile resembles the
ohmic profile but the penetration depth at this time is still short with A/a~0.25. With a
delay of 200 ms to the end of the LH pulse, pellets penetrate again to the same

ion as in the preceding ohmic phase. This clearly shows the long confinement
time of the LH-generated suprathermal electrons. A quantitative analysis of the
yansport coefficients of the fast electrons is under way.

| Plasma Parameters and Ener onfinemen
In discharges with pellet injection during LH the central electron density rises after
injection of each pellet though ablation takes place near the plasma periphery. The
density profile starts peaking already with the first pellet in contrast to the pellet
injection into ohmic target plasmas where ng(r) begins to peak typically after 2-3
pellets. The evolution of various global plasma parameters for pellet injection
during LHCD is shown in Fig.3. The line averaged density continues to rise after the
initial jump with the first 3 pellets, indicating the inward flow of particles. For later
pellets, ig remains on successive flat top levels and it decays only slowly after the
end of pellet injection. The density profile first flattened during the gas puff fuelled
LHCD phase, peaks gradually during pellet injection, with the profile factor Qp =

Neo/ < Ne > rising from ~1.4 to ~1.8. The Py, values, as obtained from magnetic

measurements and from Thomson scattering for the thermal electron energy
content, respectively, increase with pellet injection. The difference between the

Increments in iz and ™" disappears with rising density due to weaker anisotropy
of the electron distribution at higher density. There the electron heating is slightly
reduced as seen from a saturation of Bpe|. But during this period ion heating is
enhanced and leads to a strong rise of the neutron production. With rising density
the current drive efficiency is diminished and the residual ohmic power input
required for maintaining the total plasma current at its flat top value is slowly rising
as seen from Fig. 3. The energy confinement time Tg first reduced after start of the
LH due to the increase in total power /7/, rises again with pellet injection. At higher
densities it saturates due to a degradation of the LH power absorption coefficient
which is assumed as constant a=0.75 for the curve of Tg plotted in Fig. 3.

The increase of B, with density for pellet injection during LHCD is similar to the
behaviour with pellet injection into ohmic target plasmas as shown in Fig.4.
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Particle Transport

A well known common feature of pellet fuelled discharges is the strong peakin

their electron density profiles. Pellet injection into LHCD discharges exhibitg ag i

somewhat lower but noticeable enhancement of the central profile peaking of ~

% (see Fig. 5) compared to ~ 50 % of the corresponding ohmic heated cage Thisy

especially remarkable since during LH injection the deposition zone of the Fl’ellelf i

particles is shifted outward close to the plasma boundary where also the

conventional gas-puff refuelling takes place.

The flattening of the steady state profile in the central region duting LH along, a4

seen in Fig. 5, is correlated to the low toroidal electric dc field when most of 1ﬁe

plasma current is driven by LH waves /8/. At higher densities e =3.5x 1013 g3

when the loop voltage rises again the central peaking develops.

Approximately the same net inward flux of particles is found during the density builg

up with peripheral pellet ablation during LH as with the deeper penetration intg

chmic target plasmas. Assuming a radially constant diffusion coefficient D and 5

inward velocity V linearly increasing with minor radius r, the central profile evolution

can be satisfactorily reproduced by the following coefficients:

Dpyik(m?/s) = 0.05 (OH) / 0.056(LH)  V(1/a=0.5)(m/s) = -0.38 (OH) /-0.25 (LH),

The accuracy of the deduced coefficients is estimated to +/- 25 %. The data indicate

a slight reduction of the inward pinch in the central region correlated to the lowereq

toroidal electric de field during LH current drive.

In the experiments with combined operation of LH-current drive and pellet injection

peaking of the density profile and enhanced central heating could be obtained alsg

with peripheral pellet ablation.

The Lower Hybrid experiments are performed in collaboration between IPP

Garching, ENEA Frascati and PPPL Princeton.
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Figure Captions

Fig.1: Ablation profiles for pellet injection into an chmic target plasma (a) and in
combination with Lower Hybrid: low-N;, current drive (b), and high-N;,
symmetric wave spactrum (c). By = 2.3 T, I, = 300 kA for all discharges. The
dashed line indicates the position of the separatrix.

Fig.2: Variation of the pellet penetration depth with the delay between switch-off of
the LH and injection of the pellet. By=2.3 T, I, = 300 kA, 7ig = 2x1013 cm3,

Fig.3: Temporal evolution of various plasma parameters for a discharge with pellet
injection during LHCD (P_H = 620 kW, Njj = 1.8, Ap = 759).

Fig.4: Temporal evolution of Bp and M during pellet injection into an ohmic plasma,

Fig.5: Normalized density profiles during LHCD with pellet fuelling (solid line) and
with gas-puff fuelling (dashed), and during a standard ohmic discharge
(dotted curve). The arrow at r = 0.35 m indicates the pellet penetration depth.
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TRANSPORT EFFECTS ON CURRENT DRIVE
EFFICIENCY AND LOCALISATION

M Cox, J S McKenzie and M R O'Brien,

AEA Technology, Culham Laboratory, Abingdon, Oxon OX14 3DB, UK
(Euratom/UKAEA Fusion Association)

INTRODUCTION

In this paper we discuss the effects of radial transport of electrons on the efficien,
and profiles of radiofrequency and Ohmic current drive in tokamaks. It has been recoq_(
nised theoretically [1, 2, 3] and experimentally [4] that such processes can redyce t]ie
potential current drive efficiency of both Lower Hybrid (LH) and Electron Cyclotrgy
Resonance Heating (ECRI) in tokamaks in which the energy confinement time (
comparable with or less than the collision time of the heated electrons. Also, evep i
tokamaks in which this condition is not satisfied, radial transport can broaden the driven
current profile, and perhaps limit the effectiveness of the use of current drive for tailoriy
the current profile to control localised MHD modes. Here we solve numerically for the
perturbed current-carrying component of the electron distribution function produceq
by balancing collisional, heating and transport processes. Three cases are considered:
current drive by LH waves; the ECRH current drive experiments on CLEO [4] in which
the discrepancy between observed and predicted driven current was attributed to these
effects; and the effect on Ohmic current drive.

Electron Fokker-Planck Equation

TE) s

The electron distribution function f(v,8,r) (with v the speed, @ the pitch angle
and r the flux surface radius) is assumed close to a Maxwellian fy of density n(r) and
ternperature T'(r): f(v,0,7) = fo(v,7)+ fi(v,r) cos §. We neglect Legendre components
of the distribution of higher order as we are only interested in the current-carrying
component fi(v,r). This linearisation and truncation of f means that non-linear effects
(e.g. quasilinear flattening) and trapping corrections are not included: their investigation
awaits a three dimensional code, preparation of which is well advanced. Relativistic
effects are also ignored in this study. The steady-state equation for fi(v,r) may be

written

Z} d d 8 d a

i=0= _fl + i + i + ..é.) +(i) (1)

at ot coll ot ECRH ot LH ot 2 ot trans

The collision term includes the linearised intego-differential form for electron-electron

collisions, and pitch angle scattering with ions of effective charge Z. The collisional,
ECRH and LH terms are those used by Cordey, Edlington and Start [5] and are not repro-
duced here. The remaining terms in equation (1) represent Ohmic heating (8 f1/0t)an. =
(—eE[m.) 8fi/0v with E the electric fieid, and radial transport

(%{_) :lai{(p %i;Wfl)} o)

mic
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ivity D and pinch velocity V' are assumed independent of v in this paper for
ty, alt{;gugh this is not necessarily a requirement of the code.

N ybrid Current Drive

e 1 shows the effect of radial transport on LH current drive with absorption
4 around 7' = a/2. Heating was for v =3 (2T./m)4?, V =0, Z =1, and
d D were assumed independent of r. The total current I (normalised to that for
and the width of the current profile W (W? =2 [§'r (r —r')2 j(r)dr/ [3r j(r)dr)

W/a
W/a

D/(a*/rra)

it Figure 1: The effect of transport on the current I and current profile width .
W of LH current drive.

———— Pawer Density
Current Density

Figure 2:
Different current profiles for the con- 0g
ditions of Figure 1.
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are plotted as functions of D normalised to a?/rry with a the minor radj
the collision time of the heated electrons rpp = (drsimivil)/(n.e*inA) ~ 0.05 K32,
msecs with K the kinetic energy in keV and nis the density in 10%%,-3 I
shows the resulting current profﬁes for various values of D. The diffusive naty,, Sure )
transport broadens the current profile even for small values of D, and th € of the

: : is ma har,
consequences for the proposed use of rf current drive to modify the current ave
devices such as JET. Profile oy

CLEO ECCD Experiments

us a,nd P

In 60GHz second harmonic X mode ECRH current drive experiments op CLE
the observed driven current was approximately one third of the theoretical predi t'O'
neglecting transport effects [4]. Since the collision time of the current-carryip Cellon
trons was approximately equal to 75 (~ lmsec) this shortfall was attributed o §neec-
loss processes interfering with the establishment of the rf current [1]. In Figurs 3r y
show predicted current profiles for the CLEQ experimental conditions [4]. The po“‘-‘e
deposition profile was chosen to match that from ray tracing calculations [4] ang Ot.h:r
parameters were Rfa = 0.9/0.13m, Z = 2, n(r) = 6 x 10" (1 — r?/q?)2 -3 am;
T(r) = 1.3 (1 —r*/a®)® keV. The total currents for the five cases shown in Figure 3
tabulated below: e

nD (10%m~1s71) | V(ms™) | I(kA)

0 0 14.3
2 0 10.2
4 0 6.4
6 0 4.4
6 4rD/a® | 59

The diffusivity was taken to vary inversely with the plasma density to model the
increase in the thermal conductivity x near the edge of the plasma observed in mapy
tokamaks. The values of nD used are similar to those of nx observed in tokamaks which

Y. EmEe Power Densily
Figure 3: 09
Current profiles for varying amounts
of transport for the CLEO ECCD ex-
periments. Only two curves are la- 07
belled as the others are almost indis-
tinguishable.
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i;‘:e;gure 3 shows, even small amounts of transport radically alter the current profile

4 for higher values of D, even if aginch term is present, the profile tends to the
an® * nonical form. In the CLEO ECCD experiments the driven current was ~ 4-5kA

mn:;;,onding to a reasonable value of nD.

ohmic Current Drive

The effects discussed above also apply to Ohmic current drive and Figure 4 shows the
offect on the Obmic current of including radial diffusion of electrons (V = 0). Density
and temperature profiles are of the form X(r) = Xo(0.1 + 0.9(1 —r?/a?)), Z =1 and
is given normalised to a?/7, with 7, ~ 0.05T03“/n0 msecs where Ty and ng are the
central temperature (keV) and density (10'°m~2). The electric field is assumed small so
that Tunaway electrons do not contribute significantly to the current. The increase in
resistance in tokamaks with TE £ few T, can be comparable with or irea.t_er than that due
to neoclassical effects and might contribute to the anomalously high resistance observed
in some tokamaks at low density [6] and reverse field pinches [7].
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Figure 4: The effect of transport on the Ohmic current In.

onable as the heated electrons are at or close to thermal energies (v = (2T./m,)'/?).
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M=2 MODE LIMIT ON LOWER HYBRID CURRENT DRIVE IN ASDEy

H. Zohm, H. Bruhns, F. Leuterer, O. Kliiber, F. X. Séldner

Max-Planck-Institut fiir Plasmaphysik,
EURATOM-IPP Association D-8046 Garching, FRG

1. Introduction

In a steady-state tokamak, the plasma current drive cannot be purely inductive ag
former has to be recharged. Therefore noninductive current drive by radiofrequenc
an important topic in fusion research.

In ASDEX, a 2.45 GHz Lower Hybrid system provides up to 3 MW power in the generator
With two multiwaveguide grill antennae the form of the spectrum can be varied in a widé
range. Directional spectra are used for Lower Hybrid current drive (LHCD). During LHCD
the current profile j(r) is changed due to the localized power deposition [1] of the waves, T],j;
effect can give rise to changes in the MHD behaviour of LHCD discharges. One well known

effect is the suppression of sawteeth instability [2]; the unfavourable effect of destabih'ziug a
(2,1) tearing mode is subject of this paper.

the traps,.
Y Waves jg

2. MHD mode behaviour

Figure 1 shows an example of a LHCD discharge where drastic changes in the MHD mode
behaviour occur: At t = 1.65 s, a (2,1) tearing mode is destabilized. This is in agreement with
the fact that in this case LHCD tends to steepen the gradient of j(r) around the q=2 surface
[1]. A tearing mode stability analysis shows that this leads to higher values of the instability
parameter A'; nevertheless quantitative predictions cannot be given within the uncertaintjes
of the measurement of the current profile.

In a first phase, the growth of the mode is purely exponential. The exponential growth time
7 is 23 ms, which is well above the growth time of about 1.7 ms expected from neoclassical
Spitzer conductivity. This effect might be explained by the observation, that the current
in LHCD discharges is mainly carried by suprathermal electrons which enlarges the resistive
timescale; if we apply the tearing mode scaling (7 o< 7,..,%/5) we find that the plasma behaves
like the electron temperature was enhanced by a factor of 18. This is consistent with the
high tail temperature of the suprathermal electron population as determined from hard-X-ray
measurements.

The mode then reaches a quasi-saturated phase, in which the growth is nearly linear in
amplitude of the perturbed magnetic field B,. The strength of the magnetic perturbation can
reach several percent of the equilibrium poloidal field. During this phase, the initially rotating
mode structure slows down and comes to rest. This phenomenon, known as mode locking,
can be explained by a model of the interaction of the rotating mode with the resistive vacuum
vessel as well as the interaction with static error field due to nonexact positioning and shape
of the vacuum field coils [3]. In this phase, also a flattening of the density profile around the

q=2 surface is observed [4]. The locked mode leads to a disruption, terminating the discharge
att = 1.77s.
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Figure 1: MHD activity during LHCD: Temporal evolution of plasma current, Lower Hybrid
power and loop voltage (a) and m=2 mode activity indicated by a By trace and soft-x-ray
pmissivity viewing through the centre (b). The locked mode itsell cannot be seen on By,

From Soft-X-Ray tomography, for some shots a (1,1) mode can be detected. This mode
initially rotates at a frequency different from that of the (2,1) mode. During the growth of the
(2,1) the frequency of the (1,1) changes to that of the (2,1), indicating toroidal mode coupling.

3. LH-power limit due to m=2 induced disruptions

The above described scenario leading to a disruption is often observed in ASDEX LHCD
discharges where the transformer loop voltage Uy is substantially reduced or even inverted as
the current is driven by the RF. For the two current drive spectra routinely used on ASDEX
(A® = 90° N = 2.2 and A® = 759, N = 1.8 ) a database of m=2 induced disruptions
has been set up. It is found that the amount of RF-power transferred to the plasma at which
disruptions occur is rising with the product of line averaged density A, and plasma current
I, i.e. with the amount of LH-driven current. Figure 2 shows this dependence for the two
different spectra.

In Figure 2, also the power needed to drive the whale current (ie. to reach U; = 0) is

shown assuming a constant current drive efficiency 5 = M’ﬂ, Ry being the plasma major
g ¥y n Pra 4 P J

radius. The value of 5 = 1.2 x lﬂwﬁvf‘w corresponds to standard conditions with boronized
walls assuming Z.;; = 3.5 in the range of low densities [5].

This behaviour is not a strict limit to the power transferable to a discharge. There have
been some experiments where a higher amount of LH-Power could be transferred without a
disruption. Nevertheless Figure 2 shows that there is a limit to the region of safe THCD
operation in ASDEX. The limit is of course dependent on the parameters determining the
radial power deposition of the LH-waves, i.e. mainly 7., B and the spectrum of the wave.

All this shows that, apart from the effect of sawteeth and m=1 stabilization, the profile
changes by LHCD can lead to unfavourable conditions so that the parameters for LHCD per-
formance have to he carefully adjusted.
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Figure 2: Statistics of m=2 disruptions: The LH-power transferred to the plasma hefgre a
disruption rises with the product of plasma current I, and line averaged electron density 7 .
the two diagrams refer to different current drive spectra, a) A® = 75° b) Ad = 90°; for t};
latter case, the power needed to reach U/; = 0 is shown in the experimental range of full current
drive. Here, a constant current drive efficiency was taken.

4. Possibilities of disruption control

The m=2 induced distruption during LHCD is characterized by a preceding long period wity
slow growth of the mode amplitude and the locking of the mode. The question therefore arises
if feedback control of the mode can be achieved during the growth period in order to avoid the
final disruption.

A possibility to avoid a disruption after mode locking is the so called unlocking of the mode,
i.e. forced plasma rotation by unidirectional neutral beam injection. An example is shown in
Figure 3 where a locked mode occured during LHCD and was then unlocked by the NBI, The
typical time interval between locking and the disruption is about 20 ms in LHCD shots which
is enough to unlock the mode. Tt has to be mentioned that the m=2 mode does not vanish
after unlocking; this means that unlocking may avoid a disruption but does not change the
unfavourable current profile. The toroidal force balance for the unlocking of a locked mode has
been explained by a model of the locked mode including viscous coupling of the m=2 island to
the entire plasma in Ref. [3]. For a density of #i, = 1.5 x 10"%m~3 a NBI Power of 1.5 MW is
required to unlock the mode.

Attempts have been made to trigger of a NBI pulse at the occurrence of the locked mode.
We use a suited n=1 combination of saddle loops, integrated on a slow timescale, to detect the
moment when the magnetic perturbation comes to rest; on this timescale, the rotating mode
is not seen. We also checked the possibility of using the m=2 amplitude of rotating modes for
the trigger; in this case modes which grow on a fast timescale (e.g. 1 ms) or even grow ina
locked state might not be detected whereas the triggering by the saddle loops also works in
other scenarios. An example for the saddle loop trigger signal is shown in Figure 3.

5. Conclusions

It has been shown that the changes in the current profile induced by LHCD may lead to
the destabilization of an m=2 mode leading to mode locking and disruptions. As the MHD
stability of current profiles is sensitive to small changes, the profile control by LI CD might be
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Figure 3: Unlocking of a locked mode: A situation where a locked mode produced by LHCD
was unlocked using NBI is shown in a); Figure b) shows the on-line trigger signal for a locked
node during another shot: The vanishing of the Mirnov signal (By) at t = 2.3 s indicates the
accurrence of a locked mode which can be seen on the integrated n=1 saddle loop combination;
the resulting trigger signal inferred from their difference can be used for feedback control.

asophisticated problem. Discharges with high RF-Power input where all the current is driven
by the RI" are especially sensitive to these disruptions, the maximum tolerable power input
rising with the product of I, and 7., if not special care is taken of the power deposition profile.
For the study of disruption control by unlocking of locked modes the LHCD discharges are well
suited because of the enlarged resistive timescale due to the suprathermal electrons produced
by the RF; this allows for a longer time interval to be used for detecting and unlocking locked
modes. It should be mentioned, though, that the NBI Power needed for unlocking rises with the
magnetic fields involved (i.e. the plasma current and the error fields) and the density (inertia)
of the plasma. This means that in big machines the possibility of such feedback control has to
be checked by simulations of the toroidal force balance and might require high NBI powers.
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EVAPORATION RATE OF AN HYDROGEN PELLET
IN PRESENCE OF FAST ELECTRONS
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INTRODUCTION

Pellets injected during ECRH or LHCD experiments show a shallow penetration when
compared with the ohmic case [1-3]. This shortening is recognized to be due to the low density
population of higher energy electrons generated by these methods and question their
compatibility, at high power levels, with pellet refuelling. In order to investigate thig latter
point, we present a simple model taking into account the main physical effects. We show tha,
once the pellet is vaporized, a dense and cold cloud survives sufficiently to contribute tg (g
total penetration of the matter in the discharge. We discuss the behaviour of the total pellg
lifetime with the proportion of suprathermal electrons, their energy, the pellet radius and ji5
velocity.

MODEL DESCRIPTION

The NGS model [4] is assumed to be valid for a Maxwellian distribution after proper
averaging [5]. Due to the energy dependence of the electrons penetration depth in the ice, o
more thorough description of the ablation is required as soon as an energy distribution is
considered. Since the ice thermal diffusivity is sufficiently low for the heat transport to be
neglected (the temperature uniformization time in a 0.1cm radius pellet is of order 0.1s), the
temperature distribution inside the pellet is given by the integral over the time of the power
profile deposited by the electrons. At the pellet surface, the boundary condition is € = i, =
0.01eV, where € is the mean energy per molecule. For all the molecules located in a layer of
thickness 8rp, € reaches L in a time 8t, which yields the pellet radius regression speed r'p=
5rp/8t. In other words, the energy flux falling on the neutral cloud is able, in a time interval 3,
to increase by E6t = 1, - £(t) the energy of the molecules located at (1) -'rpﬁt and to heata
quantity of matter equal to 4nrp2fp8t until it is fully ionized and deposited in the discharge.
Such a situation is displayed on Figure 1 (dashed line) for a temperature T, = 2 keV and fora
pellet radius 1, = 0.05 cm.

The presence of a suprathermal tail does not modify significantly the neutral cloud
hydrodynamics (because the stopping power of gaseous H, decreases rapidly with the energy
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othe incident electrons): the values of €8t and 1,8t remain therefore unchanged. However, the

g-profile is significantly disturbed, which yields an heating in volume of the pellet. Such a
guation is displayed on Figure 1 (full line) for- a distribution including 1?:: of T, = 25keV
o prathﬂﬁnal electrons. It can be seen that Bro* > 1,8t. The layer of thickness 1,0t is principally
peated by the bulk electrons and deposited in the discharge as previously, but the layer of
hickness Or* - 1,0 is only heated by the suprathermal tail. This heating is by far insufficient
for the matter to be fully ionized and deposited in the plasma in the time interval §t. It constitutes
then a cold and dense cloud of gas which expands at a velocity close to the instantaneous sonic
speed: C, = {(’Y—1)(8—].15)/2mH2(’y+1)}U2. This increase in volume results in an increase of the
gblation rate (in mass) proportionnally to ( 1+csﬁt/rp)4’6. For electronic distributions relevant of
LHCD experiments, the energy of the fast tail can be as high as 500keV. The €-profile is then
extremely flat (its characteristic thickness increases as T;1-72). One can then consider that, once
¢ reaches L, the whole remaining part of the pellet transits into a gaseous phase and begins to
expand.
RESULTS
Two simulations for TORE SUPRA are presented on Figure 2. The pellet has an initial
radius 1,0 = 0.15 cm and is injected with a velocity V= 10° m/s. The plasma has a minor
radius a = 0.7 m; the profiles are of the form A(r) = Ay (1-12/22)B, We compare a purely ohmic
case (Maxwellian distribution: ngp =5 1013 ¢cm3, B = 1; Tp=2 keV, B = 2) and a typical
LHCD experiment (identical bulk plasma, plus a suprathermal tail whose characteristics are:
/e =0.1%, B =3; T,y =750 keV forward, Ty =150 keV = T,y backward; energy cut-off
at 600keV, § = 0). The penetration depth is lowered by a factor as large as 2.5 in presence of
fast electrons. The radius of the pellet (or of the cold cloud which follows its vaporization) is
also shown (dashed lines): in the LHCD case, € reaches U, in the whole pellet for a penetration
depth L, = 7 cm. From this point, the remaining part of the pellet survives under the form of a
dense expanding cloud which is itself ablated by the bulk electrons. This second phase of
ablation has approximately the same duration that the first one.
The reduction of the pellet lifetime due to the suprathermal tail can be well characterized

by the ratio LP/‘LP of the penetration depths with and without fast electrons. The value of L
depends on the balance between the two phases of ablation described above, which depends
itself on the temperaturc and density profiles. To focus on the influence of the pellet and fast tail
parameters on ]_.lj all the results presented in this section are computed with plasma parameters
identical to those used for the two simulations of fig.2. The influence of the mean energy of the
fast tail is displayed on Figure 3 for three pellet radii. The computations are performed with an
isotropic suprathermal component of the distribution and with ny/n, = 0.1%. At low energies,
the pellet acts as a thick target and a small decrease of Lp/L (slightly depending on . p) 18
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observed with increasing T;. This behaviour ends as soon as the pellet can be copg;

C dereg
thin target: Lp/LlJ tends towards an asymptotic value independent on rpand T, it

» but wh
strongly depends on ny/n,, by far the most important parameter for the pellet lifetime E\'aluaﬁ::

(see Figure 4). The relative penetration depth varies from 0.5 and 0.2 when ng/n, increaseg S5,
103% to 1%. The infltlence of the pellet velocity is only marginal: a large increase in Vp (Upto
a factor 3) improves ]_1:/'LP by only 15%. More generally, the weak dependence of ]_;/Lp With
r, and V, means that the global ‘scaling of the NGS model with respect to the pelle;
characteristics remains unchanged: L, 0t (1, 53V )13,
CONCLUSION

Two phases can be distinguished in the interaction of a pellet with fast electropg: the
pellet is first heated in volume until it is vaporized, then the resulting cold and dense neutra)
cloud is heated and expanded until the whole matter is deposited in the discharge. For the set of
plasma parameters we have considered, these two phases have approximatively the same
duration and thus contribute equally to the matter penetration (which is reduced by a factor 2 to
5 when compared with the ohmic case). The results display a high sensitivity to the Proportion
of fast electrons but are nearly independent on their energy.
References:
[1] Schissel D.P., Baur J., Bramson G. et al., Nucl. Fus. 27 (1987) 1063.
[2] Biichl K., Vlases G.C., Sandmann W. e al., Nucl. Fus. 27 (1987) 1939,
[3] Drawin H.W., Géraud A., Nucl. Fus. 29 (1989) 1681.
[4] Parks P.B., Turnbull R.J., Phys. Fluids 21 (1978) 1735.
[5] Pégourié B., Dubois M.A., Nucl. Fus. 29 (1989) 745,
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Figure 2:

Matter deposition profile and pellet
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1. Introduction

One of the main goals of Tore Supra is the stu
drive and profile control by means of lower hybrid waves. In order tq
invgssigate the current drive efficiency at high dEHSiLiESIUp

0 'm " ,a RF system has been designed at 3.7 GHz to avoid
with the ions.

dy of Current

Lo
interaction

The system is composed of 16 CW klystrous.delivering 0.5 MW
each,which feed 2 antennae connected to 2 adjacent ports of the
/1,2/. One antenna is made from the assembly of 16 evacuated
Each module has 3 stages of internal power dividers:
junction,with a short circuit on the balance port
direction and two E-plane bijunctions in the toroidal direction in
such a way that 8 reduced-section [(8.5x72 mm Jwaveguides

torus
modules,
an  hybrid
in the poloidal

are
terminating the module. It has been experimented that this
“multijunction” concept allows a good coupling of the wave wilth a
lower reflection coefficient /3/ than a conventionnal lauucher.FiualJy

an array of four poloidal rows af 32 waveguides are facing the plasma
This allows to excite a narrow H// spectrum centered at «N//»=1.9 and
of  total width AN//=0.5. By phasing the modules, ¢N//> can be varied
from 1.5 to 2.3 with a decrease of directivity of less than 10%.

The two launchers have been installed on Tore Supra and Lhe
whole 16-klystron generator has been operated from the control system.

2.LH waves coupling

A study of the coupling of LH waves to the edge plasma has
been carried out from the HF measurements available at the input of
each module. For each coupler, these RF measurements are performed by
16 bidirectional couplers and the incident and reflected eleckric
fields are determined in phase and amplitude . These 32 incident and
reflected fields are related to each other by a scattering matrix S
which has been calculated from the intrinsic matrix of the modules Sm
and the plasma admittance matrix Sp. Sm ,which takes into account the
geometry of the modules [power dividers .phase shifters...), has been
experimentally determined at low HF power for the different type of
modules /4/.Sp, which expresses the intercoupling of the 32 waveguides
by the plasma and which depends on the edge plasma density Ne and the
density gradient VNe, has been computed from the SWAMN code /5/.

The experimental Sij terms were determined as follows:during a
single plasma shot (Ip=0.60 MA,MNe=6.10""m~ ),each module i of a row
was sequentially fed by a 100-ms pulse. With 32 pulses achieved in a
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. sequence, each 5ij terms were measured 4 times.As an example, the
experimental amplitude of the 56 term has been drawn on figure 1 for
yarious positions of the grill, ag a radius Rg, with respect to the
nutboﬂrd limiter, at a radius Rl. With no measurement of the edge
plasma density, it was assumed forithg computation that the density
gecays from the limiter (n = 2.10 "'m ) with an e-folding length An =
1.2 cm.The general shape of the curve is correctly simulated, although
experimental values are slightly higher than expected . For the 556
term no large difference is found between the top and bottom modules
but this 1is not the case for most of the modules: with a density at
the grill mouth twice the cut-off density (for Rg-Rl=2cm), there is a
goud agreement for the lower row of modules with the theoretical
values of S5ii whereas the upper modules would require a lower density
to fit the data [(figure 2).As predicted by the theory, it was
35sessed,with a higher plasma density,when all the modules are fed
¢hat good coupling can be achieved and the power reflection
coefficient lies between 1 and 2 %,

3.Current drive experiments

Current drive experiments were achieved at low toroidal field
(B =1.85 T) in helium , hydrogen and deuterium plasmas at constant
plgsma current.The best results, with large loop voltage drop, were
nbta%geg in hydregen, at low volume averaged density [Ne=0.5 to
1,10 m ], with up to 1.0 MW of power injected into the torus.In
these experiments, the ideal launched N// spectrum,centered at 1.9,
was distorted for different reasons:the coupling was poor (R~6%),only
6/7 over 8 klystons were delivering power,the phasing of the modules
was inacurate.However up to 75% of the current was driven by the LH
waves (Phf=730 kW) in a 430 kA discharge with an increase of the
shafranov parameter A=(Pp+1i/2) of 0.2 [figure 3).The short time
constant of variatien of A suggests that this increase is mainly due
to the kinetic pressure of the fast electrons created by the LHW (fp)
rather than to a modification of the current profile (1i). Some other
evidences of the fast electron tail have been found from the
measurements of the electron cyclotron emission (ECE) and the hard
X-ray (HXR) spectrometry. From 7 Fabry-Pérot lines ,a strong
enhancement of the total ECE (50-500GHz) was observed. The relative
increase, normalized to the thermal level, AECE/ECEth has a linear
dependence with the injected power for each set of data obtained with
different plasma densities and coupling conditions (figure 4).The
energy of HXR Bremsstrahlung emission was analyzed in the range of
20-700 keV and shows the existence of a wide spectrum of fast
electrons up to 200 keV when 0.8 MW is injected into a deuterium
plasma [figure 5).For different HF powers, the relative increase of
the integrated HXR signal is proportional to the relative increase of
the ECE.

During these experiments, an increase of the brightness of the
main impurities (C,0,and Ni) was measured with the grazing incidence
spectrometer. With preliminary electron temperature measurements from
a Thomson scattering system, it was inferred that the Ni influx
increases by 13 % with an injected power of 0.7 MW, in good agreement
with numerical simulations. Nevertheless the ratio of total radiated
power, measured with bolometers, to the total injected power
Prad/(Poh+Phf) does not vary significantly when the HF power [between
0.3 and 1.0 MW) is switched on: this ratio is kept between 25 and 35%.

4.Discussion and conclusions

A relevant parameter for current drive experiments is the
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efficiency that we shall define here as:
. = <Ne>.R.Ihf/Phf where <Ne> is tp
averaged density (10 m R the major radius (m),Ihf the .
driven by the LH waves (A) and Phf the injected power (V). I:YE?&
paper ,for non-zero loop voltage discharges,the temperature Va'-'iatiis
is assumed negligible and Ihf can be expressed as: on
Thf=Ip.(V -V ],"\.v’1 where \.'1 and V
2

g S

a
loop voltage before and during the HF. e the
Theoretically, N can be written /6/ as follows:
¢Ne>.R.Ihf _ 78.a " 761.0.Vy
Phf - /7 > [(z+5) <N//>7 . (Ne> R.(z+3)

where a = Pabs/Phf is the absorption coefficient
For 2 hydrogen plasma densities ,the efficiency has hee
plotted as a function of V_/[<Ne>.R) on figure 6. The expel:imentul;

data suggest that aroun 50% of the injected power could have beey
absorbed between N//=1.4 (accessibility]) and 7.5 (strong Landay
damping). A rough power balance, where the energy content is Supposeq

to be kept constant, gives a similar value for o,

It is well established that wave accessibility can play a Key
role in the CD efficiency /7/.However for these experiments at low
toroidal field [BB=I.B T), the same current drive efficiency [n=g.5_
1.0),as measured on the PETULA-B 3.7GHz experiment, was obtained, the
lower field (1.8 vs. 2.7 T) being compensated by a narrower spectruy
(0.5 vs. 2.0).

Experiments at 3.9 T are being prepared and it
expectec ,with better coupling and accessibility conditions, that
CD efficiency will be enhanced by a factor 2 to 3 at low density.

is
the
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ABSTRACT

In this paper, we investigate the potential of Lower Hybrid Waves (LHW) for Xon!
inductive current ramp-up assist in NET/ITER after testing the validity of the mode]
used on experimental results.

A comparison of code simulations with experimental results in ASDEX was Presenteq
in /1/. In the present work, JT-60 Lower Hybrid Wave current ramp-up experiments
are modelled and the agreement with experiments is found to be satisfactory.

Preliminary results obtained with the code applied to ITER parameters show that
20 to 30Vs can be saved, operating at an average plasma density of 1.5 10'? m~3
a launched LHW power around 20MW.

mm | - Introduction.

Injection of LHW power is considered in NET and ITER to provide current profile
control through partial current drive during long burn operation. Further, non-inductive
current ramp-up assist, by saving transformer flux, can provide an extension of the

inductive burn duration, and/or allow to run the machine at the largest possible plasma
current.

] llﬂing

Non-inductive current ramp-up assist in a reactor is constrained in several ways, On
the one hand, to minimize the amount of additional power required - and the consequent
plasma heating - one has to operate at sufficiently low plasma density. However, the
total power acceptable in the power exhaust system decreases rapidly with density, Two-
dimensional modelling of the scrape-off layer and divertor plasma® shows that acceptable
divertor operation can be achieved at powers into the scrape-off layer (SOL) of the order
of 100MW at average density 7, > 10%?° m~2? . Detailed modelling at lower densities
and powers remains to be carried out. Similarly, the constraints imposed by the use of
a limiter in the early phases of the ramp-up have also to be assessed. For the present
study, we have chosen to examine the domain #, > 1.5 10'° m~2 injected power Py y <
25MW (of which a fraction of the order of 1/2 will be conveyed to the SOL).

On the other hand, the tolerable streases in the transformer also limit the allowable
flux swing saving obtained by non-inductive means. Present estimates® (for ITER)
permit to consider a flux saving of the order of 560Vs as reasonable from this point of
view.

mm II - Description of the model:
The Lower hybrid package LOCH is based on a 1-D , non-relativistic Fokker-Planck

equation including the toroidal electric fleld and is briefly described in /1/. The trans-
port code MINIBANG? coupled to it, solves the transport equations in circular geometry.




egent simulations, the electron heat conduction is the sum of the neoclassical
omalous term; the ion conductivity and diffusivity are taken to be neoclassical.
Je computes a corona equilibrium; a recycling coefficient at the wall of unity is

the PT
-,

‘The €0
‘.‘m;ued- - ke .
e total plasma current I,(t) is imposed as a boundary condition in the equation
_verning Bo-
gﬁ"f I - Simulation of JT-60 results.
?m JT—EDS current ramp-up assisted by 1.6MW of LHW power and performed at
. game TAMP-UP Tate as pure ohmic ramp-up during 28, permitted to reduce the flux
thesumption by 2Vs, as shown in Fig. 1. In the simulation, energy confinement is assu-
eoﬂd to follow the Kaye-Goldston scaling. The launched wave power spectrum however
:ned to be adjusted (main lobe extending from Ny = 1.5 to Ny = 6) with respect to the
actually launched spectrum (main lobe extending from Ny = 1.5 to 2.5) to simulate the
sctral broadening as generated, for instance, by diffraction on the magnetic ripple®.

. 1 shows the results obtained. The surface voltages in the ohmic and LHW assisted
case are in fair agreement with the observations. The internal inductance is found to
Jecrease by almost the same amount during the ramp-up in both the ohmic and LHW
cases 80 that about 90% of the Vs saving pertain to the resistive part (as also concluded
in /6/) The experimental value of the electron temperature was not available for this
shot.

- IV- Conditions selected for simulations of the next step device

The simulations presented are based on the following device parameters
g = 6m, a= 2.1m, By = 4.85T, « = 2.2 (ITER parametera’).

The shape of the plasma cross-section evolves with time during the ramp-up phase. In
the present exploratory simulations, this evolution has not yet been taken into account;
rather the plasma is assumed to fill the chamber all along the ramp-up phase. We use
an equivalent radius a., = a /(1 + x?)/2 where a is the plasma radius in the equatorial
plane, and k the elongation.

The global energy confinement is described by the 'ITER confinement scaling’®:

) = 0.048 nl%h xO° RL? ol BO? Potiew Dita AL
where fi.20 i8 the volume averaged density in terms of 10%° m~3 ; A; is the average
jon mass number; and P, is the externally applied power, for which we chose P, =
Piiabe + VourgIp = PLH abs Deing the to LHW absorbed power and V,u,; the loop voltage
at the plasma surface.

Locally, the electron heat conduction is taken to be y, o afq /75 l.e. constant over the
radius. The confinement is given by the Bohm’s value inside the g=1 surface.

The width of the N, spectrum is taken constant, the upper N, boundary evolving
with time in accordance with a *feed-back formula’, to ensure that the peak of deposition
{s maintained around some fixed radius (here a/2).

The present study was focused on a range of parameters expected to comply with
the constraints imposed by power exhaust system and poloidal fleld system, further it
has been restricted to a ’fast’ ramp-up scenario where the ramp-up time is comparable

to the ohmic one. An appreciably larger Vs saving is expected in a ’slow’ scenario®.

= V- A Reference case

We compare purely ohmic (a) and LHW assisted ramp-up (b). In both cases, the
initial plasma resulting from an ohmic equilibrium is characterized by i, ~ 1.5-101°m™3 ,
T.(0)= 2keV, Z.;;~ 1.8 (impurity is oxygen), and a plasma current of 5MA. The current
isramped-up linearly at a rate of 0.5MA /s up to 22MA and then maintained constant. In
cage b), the LHW input power is ramped-up from zero to 20MW in 10s, then maintained
constant till the end of the current ramp-up and subsequently switched-off. The LHW
spectrum width is ANy = 2 (full width of main lobe).
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The global confinement time calculated from the energy content (electrong and |
and the total power input to the particles ([(pry + E.7)d°z ) was in these run 1ong)
0.6 1, ITER- Talobay &

Fig. 2 shows the density of the driven current, Fig. 3 the toroidal electric felq
Fig. 4 the safety factor. The latter remains quasi-monotonic during the whole . ang
up phase. Various output quantities from the code are shown in Fig, 5, Th, g,
consumption at the end of the current ramp-up is reduced by 28Vs in cage (b)e fluy
respect to (a). The final value of the internal inductance is only slightly larger fn (:iﬂl
that practically only the resistive flux consumption is reduced. ) s

mm VI -Variation of the injected LHW power.

TFig. 6 also shows the effect of varying the injected LHW power. The flux saving A
just at the end of the ramp-up period is found to be roughly proportional to the inject ¢
power (as is the case in the JT -80 experiments). The flux saving scales as ed
AD =~ 1Vs/MW.

For LHW power levels larger than 30MW, the g profile becomes non-monot,
situation which could be undesirable from the point of view of MHD stability,

In the absence of further heating which freezes the current profile, a part of the Ve
saving is lost again after ramp-up, due on the one hand to the cooling itself accompan;
by an overshoot in the resistive surface voltage, and on the other hand to the relaxatjop
of the low-]; profile. These effects are seen in runs in which the LHW power is maintaineg
without current drive after the ramp-up (e.g. using a symmetrical spectrum).

onic, g

mm VI -Variation of the spectrum width.

Varying the spectral width from ANy = 0.2 to 8 leads to the following observationg,
Though the current drive efficiency is much less in the case of narrow spectrum AN
= 0.2 (all spectral components being at relatively low phase velocities), the amount of
flux saving at the end of ramp-up is larger (by 10Vs) than for ANy = 8. This can he
understood when noting that the temperature profiles are very different in both cages,
The LHW deposition zone - which was adjusted to be around mid-radius in these rung
- is much narrower for ANy = 0.2 : this results in a strong heating of the plasma core
while the edge is not heated up; hence, the electric fleld drop at the onset of the LHW
power diffuses rapidly outwards. This series indicate the potential advantage of narrowy
spectra, (such as delivered by the LHW system designed for burn conditions).

mm Concluding remarks.

In conclusion, these preliminary results confirm the viability, for NET/ITER, of
LHW assisted ramp-up though the modelling results have been obtained using various
assumptions and simplifications, the impact of which has still to be assessed.

A transformer flux saving of about 20 to 30Vs (providing a reserve in burn duration
of 180-1808) appears achievable using a moderate LHW power level of 20-30MW at an
average plasma density of about 1.5 10'° m~? in a fast ramp-up scenario. These values
are expected to be compatible with plasma MHD stability, power exhaust and poloidal
fleld system constraints. Larger flux savings are expected for slow ramp-up and/or larger
input power.

The technical requirements for application of the LHW both during the burn phase
and for assisting current ramp-up appear after preliminary review to be achievable using
a single LHW system currently being designed.
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Fig. 5: Ohmic and LHW assisted current ramp-up in ITER:

surface voltage V,, Integral flux consumption ®, (LHW injected power: 0-10-20-50M W), peak electron
temperature T,, internal inductance §; (0-20-50MW) for Ohmic ramp-up and various levels of injected
LHW power.
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NUMERICAL STUDIES OF AN ELECTRON CYCLOTRON CURRENT
DRIVE EFFICIENCY AND THE ROLE OF TRAPPED PARTICLES

Yu.N.Dnestrovskij* , D.P.Kostomarov, A.G.Shishkin,
A.P.Smirnov

*I1.V.Kurchatov Institute of Atomic Energy, Moscow, USSR
Moscow State University, Moscow, USSR

jpstract. The two-dimensional bounce-averaged kinetic model is
Abstrach

developed to simulate a multispecies magnetized plasma for the
jnvestigation of electron cyclotron current drive efficiency in
tokamak plasma. The wave-particle interaction is assumed to be
described in the framework of quasi-linear theory. The poloidal
localization of launched RF power on a given magnetic surface
i taken into consideration.

Model - The basic equation governing the process of current drive

py eleotron coyclotron waves in tokamak geometry on a given
magnetic surface is the kinetic equation for the time evolution
of the electron distribution function fe in velocity space:

8 = L 17T B [F s (1)

wher'gt Lst is the linearized Tokker-Planck operator of Coulomb
gollisions of superthermal electrons with Maxwellian electrons
and ions. Lec is the quasi-linear diffusion operator for electron
cyclotron waves;t is the time. In Eq.(1) we have chosen the velo-

B

T

<
(@]

oity v, the magnetic moment s= as independent variables in

n

v-B
yelocity space. Here B 1s the tokamak magnetic field, BO - the

value of B on the magnetic axis, (VH’VL) - the cylindrical coor-

+ +
dinates in velocity space,vli:(B-V)/\m ,VH:GJVE—VJE_ ,0=+1. For sim-

plicity we assume the magnetic surfaces to be circular with the
radius p. In (v,5) ocoordinates the basic equation (1) disinteg-
rates into three equations: for the distribution function of
trapped particles j’g in the region 1-8< 8 <1+g& ( 82%’ R - the
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major radius ) and for the distribution functions of paggs

particles moving along the magnetic fisld f; ( O=+1 ) aﬂdﬁﬁ

opposite direetion [f_ ( 0=-1 ) in the region 0< s <1-g,
To average the Fokker-Planck opE£ator Lst we multiply itby

an,
then integrate over poloidal angle 8. As a result we Dbtalg

element of volume in phase space d°V in coordinates (v, )

bounce-averaged opsrator L,

3 2
vo g n Teas, 4f_
tf]_ __LE.{J15_<(,JJ_Q.]EU Bt 34
7 § o v mgv AV mg e

et

Tg V° I o7
&
g 2ol wily e g i
G v s < 8s
. 4
Here ag(v,p)= -4 I (-x2)x%dx ,
& p P = xp
0
u
cﬁ(v,p)ﬁ _u[ (—uf) + (2/u - 1/113)Jexp{—x2)xedx], (3)
0
CH CH
(p 8)= :l IL, Jg(p,s)z n_1 j ¥Y1+£.COBD-E d8, (4)
il _g* YT+E-COSB-8 <k "%

fEt §
g

-8
where 6 =1 for passing particles and 0" -arccos for trapped

particles [1], U=V/V,. Other notations are standard.
The bounce-averaged diffusion operator is:

g Q
" 2 At 8, o O
_ta o
feolle) = o = [ vs.d, = 97,2 ] +
0 K
=B o
12 g [ 4s.d. #{E % EVSJ fe ] . (5)
V- ds ds (3v
9 Q Q

(p v,8)= 1 J. D a9 —_— :I;(p,v,s)= A J- ﬁT#1+s'cos€—s ds
¥T+€COS0-8 2n
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9 ¢ ¢
A j D. (1+5.cose-5)32 a8 , D =D (p,v,s,8) . (6)
2

$ Bj‘g ) i
.QQ““V’S T

poundary between passing and trapped particles we require

¢ the
;ﬂﬂribution funations and fluxes in 8 direction to be continuous:
d +
. 0 = I =1 : (7)
E s=1-£+0 5=1-g-0 s=1-g-0
o 70 = + + = -

2( Ist+Iec ) 1f5+0— ( Ist+IeG+I§t+Iec 11_570 ' (8)
o use the following expression for D:

n:no(p)-[ﬂ(vn—v1)—H(v"-v2>]-($g~m1>/2w , (9)
shere @4 and ¢, are the toroidal boundaries of launched RF power,
() - the Heaviside funotion, vy and vV, are the boundaries of

pgsonarnce region in velocity space.
Numerical pesults. Equation (1) has been solved numerically. In
Numer1ea. oo os

Fig.1 the dependence of electron cyclotron current drive effici-
enoy M on the values of € for the absorption on the external side
( ourve 1),the internal side (I1) and also on the top of magnetic
surtace (II1) is depicted. Since the level of input RF power is
quite low ( DO:O.O1, Do=ﬁo-1e/vé ), the deviation of the electron
distribution funotion from the Maxwellian one is small. Comparing
these three curves,we Iind that the efficiency 71 is highest for
internal abscrption and lowest for external one. This is due to
increase in number of trapped particles on the top and the low
#ield side of tokamak as compared to the high field side. The
ourve 1V are the results obtained for the oase when power absorD-—
tion is not localized. The dashed curve shows the values of 1]

obtained by the solution of the integro-differential equation [2]

with neoclassical corrections.The method of its solution is given
in Ref.3.The dot-dashed line depicts the dependence of A(g) which
is the ratio of internal absorption efficiency to external one.
The dependence of current drive efficiency M on the low boundary
of resonance region Vy is shown in Fig.2. It can be seen that
increase in V4 leads to the increment of efficiency and to the
redustion of A.The marked reduction is due to the fact that wave-
induced push of an initially passing electron into the trapped-
particle part of phase space requires a greater level of incoming
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RF power with a rise of V,-It follows from Fig.2 that the e

obtained are in a good agreement with those of Ref.4 (Pig.
£=0.07.

Esults
4) fop

In ¥ig.3 the efficiency 7 is depicted as a function of D

fop
V1:2.9;V2=3.5;S=O.08. It can be seen that the increase in DO

dog
not lead to significant rise of efficiency in contrast go ths
&
results for homogeneous plasma from Ref.4.
n A
—-H5 1 @ A
15
15 32
1 2 ;
1
o
R4
05 L r ]
0 q05 qog 012 0f6¢€ 087 TV
Fig.f
F%J?]mdAvsg;ﬂ:LS 0
I-(8,,6,)=(-10,10),II-(80,100), ]
I11-(1705190),1V-(0,360).0,,8,~ q%:
boundaries of poloidal locali-
zation of absorbed RF power. 3
Fig.2 M and A vs V1; £=0.08,
2
DO:O.O1- I,II,III, dashed, dot-
dashed lines have the same mea- 01 i3 @5.M
ning as in Fig.1. @& corres- !
ponds to the results of Ref.4. Fie 3
Ig.

Pig.3 M vs I,. References
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IMPACT OF SOURCE POWER SPECTRUM
ON ECRH CURRENT DRIVE EFFICIENCY

A.C.Shishkin, A.P.Smirnov, V.V.Parail®

Moscow State University, Moscow, USSR
*I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR

The electron cyclotron surrent drive efficiency in plasma with
external electric field is investigated. Recently the analytic
asymptotic formulas for current density, dissipated power density
and ocurrent drive efficiency for the case of lower hybrid waves
were obtained in Ref.1. In this paper the interaction of electron
gyclotron waves with plasma is studied for variable RF power
profile Dby the same method as in Ref.1.

The electron distribution function fe in the presence of
glectron cyoclotron waves within the framework of quasi-linear

theory is given by:

ar

e _ ek g

_at——Lst[fe] + T I7,) +_5§e i (1)
e |

L is the linearized Fokker-Planck collision operator, LBc is

st
the quasi-linear diffusion operator for electron cyclotron waves

where the diffusion coefficient Dec is a function of parallel
e . J & .5 5 =

velocity VH : DBCADO(U uw) H(u-u,), us“/Ve, u1—v1/Ve»1,

Dosconst«1,azconst,H(uj — Heaviside funection, ve-electron thermal

velooity,v1 _ the lower boundary of resonance region determined

by the source power spectrum. By the method of Ref.2,3 analytic

formulas for current density J,dissipated power P and their ratio

S=J/P usually called current drive efficiency were obtained. The
formu las for ocurrent density for 0=0;1;2 are expressed as:

3890 ), (14888 g{®)- 4@y, 2)
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3n_ev_D- pla)
o] e’ e 0 2y, ,1-a i)
Gog ) cexp(-us).u T (1+ i
=Telgo } (Z+5)VT p 1 ec 1 ) 3
10, 1) 1)z,
3
OV Z(1e1/(243)), b{1)=(0),
2
p@lg. 27T 6 ,
(Z+3) (Z+3) (Z2+1)
4 4
(@) _ 4, q(@) 2 -
A g (e, ﬁ—5u7(1+1/(2+3)) ,
1 o
a(o)::(4+9/(z+8)), allla(@)p g a(“)za\u)+4,

where Y:E/ECT,, EC?.,=4'TUi’lee)ln}\/Te » IMA-Coulomb logarithm, (jgc]q 2
current exocited by waves for y=0.
For dissipated power and efficiency we find:

a)_ 0 (a)
Pog =(Fgo)y (1+Be 1) (4)
mn. D v? X
( Sc)a= e%e ( gec) exp(guf)ugqfa-Kég’ (5)
kROt xWarz, x@)an
(=1} ? ec ’ (=16}
50, (0)  5(1)_, (1)
2
4 u .
Bl (b (7e—2)
745 2 (743)
S3)-(82 )y (146 @y (6)
2 (a)
ev.T u
(80 )= —=2 L w® e—r ), (7)
T (Z+5) :
(0)_¢ (1)_ (@)
T R
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d(0)=b(0)+1 /2, d(1 )=D(O), d(?_‘):D(E)/E .

2
1 Ou1

+

(g, cV-p,  c@)-
4 P P (Z+5)

e principal terms of the current (j;c)=(30 da éc)T and the

oner (P;c) (Pgu)a Bég)'}' for u »1 are proportional to u? with

ype came coefficients. As a result, the efficiency depend on the
ej_ectric rield to a much lesser extent then the current and power

4 conservative difference method, conserving the number of
pﬂ-tlcles, is used for the numerical approximation of Eq.(1) [3].
From mumerical solution of Egq.(1) by 2D code it was found that

the pehaviour of the function jég)(“() is really olose to the

szponent ial one:

380319 (p 71n(18,) g exp (8L

and the coefficients éég) for given « depend on two parameters
tnl

only eég) G( )(LH,Z) and do not depend on DO' In formula (2)

the main linear term in 7y for Dy «! is derived for the current

(@) ‘s o 5la)_qla) )
jeo . In this ocase, eeo eea . The weak dependence of Ei

])0 allows us to make a conclusion on the proximity of Bé{;’) and
eég) for D621 , too. Indeed, from the numerical results we can

gee that éég‘) and Gég“) agree well.Hence, we obtain an approximate

formula for the current:
3898) (7,D)m (30, ) eXP (B

where 9( o) is determined by formula (2).

A =3omparlson between the analytical formulas (2) and (6) shows
that with a rise in the electric field the efficiency rises much
more slowly than the current. The calculations done for high DO
confirm this ocnclusion and bear witness that the dependence

ség) on 7 is of the exponential type:

a)T)

589 (7,04)= (82, ) exp (6 (H7)
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The dependence C (@)

(a)is close to

on DO' as that for the current

o (@)

» 1s vg
weak and C . The proximity of C(a) and ﬁ(a)
allows us to conclude that an approximate formula:
S8 (1, (83, o550 V)
can be used to find the current drive efficiency in the Dresenge
of an electric field for a wide range of launched powerp,
Thus the electron current density and power dissipated

1-a. —1-at density
are found to be proporticnal to U, and u1 for (jec)a ang
(Pec)a correspondingly and the efficiency in its principa]l tem

does not depend on a. Hence, the current and the power are mugp
more sensitive to Dec profile than the efficienacy.
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ELECTRON CYCLOTRON CURRENT DRIVE
AND TEARING MODE STABILIZATION IN ITER

I.K.Kuznetsova®, V.V.Parail®,
A.G.Shishkin, 4.P.Smirnov, F.S.Zaltsev

*I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR
Moscow State University, Moscow, USSR

ABSTRACT

The possibility of using EC-ordinary waves both for the
gupport of stationary ourrent and for tearing mode m=2, n=1
stapilization in ITER is numerically investigated. The calcula-
tions of the propagation of EC waves, the local current drive
officiency, the absorption coefficient, current profiles and
total current in plasma were used for determination of current
drive efficiency. Relativistic effects are included in the
electron cyclotron resonance condition.The electron trapping is
found to substantially reduce the current drive efficiency.

The propagation of EC waves was calculated by using a ray
tracing technique [1]. The dispersion relation for cold plasma
was chosen. To calculate the current profile and the efficiency
of ourrent drive it is necessary to find the values of local
ourrent drive efficiency .To determine the local current drive
efficiency M the method of, Ref.2 is used. The treatment applies
to large aspect ratio ¢ Tokamaks. The perturbation to the
Maxwellian distribution is expressed as the sum of the perturb-
ed distribution function for untrapped electrons and the
neoclassical oorrection in Legendre polynomial representation.
The integro-differential equations obtained were solved numeri
cally by the iterational method. We used the full expressions
for all coefficients instead of the asymptotic formulas that
were used in Ref.2. This reduces the order of discontinuity at
v=0 and facilitates the numerichl golution. The iteration
parameter was proportional to v which led to convergence
acceleration.

In Fig.! the solid curve shows the values of T plotted
against u.0=(m —I.'I)/R!I Ug for the nonrelativistic case (8=0,
where S = Q-ve/(gk.“ce) ) and for $=0.08 for <=0; 0.05 and 0.7.

The dashed curves are results obtained by asymptotic formulas
from Ref.3.The excellent agreement between ocurves can be
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seen. The dot-dashed line shows the efficiency obtaineq wit
integral term. The dependence of current drive efficiency Rou
the relativistic resonance condition parameter 8 ig sho

Fig.2 for e=0; 0.05 and O0.7. It can be seen that the e‘;n In
of trapping substantially reduces efficiency. At the same Teot
we can conclude from Fig.Z2 that the increase in S softepg e
effect of trapped particles.The relativistic resonance
tion is shown to have important effect on the effigieng

current drive by ECRH. For some values of U, and ¢ the I'th?_é

of efficiency for 5=0.08 to efficiency for 5=0.76 is nearly o

oondj-

n ’l
7 % &0
2 905
5 af
15
3 1
{ 051
to ok o G2 6 4z 5
Flif Fig.g

To calculate the current profile and the efficiency of
current generation 'f}cd=ﬁeIDRO/PO(A/W 1020m"3) it is necessary

to find the values of absorption coefficient. It was calculated
on the basis of [4] in a following way. A cold plasma approxi-
mation was used for description of dispersion and polarization
effects. The relativistic resonance condition and relativistic
maxwellian distribution function were taken into account. Both
first and second harmonics were taken 1into account. The
absorbed power was distributed uniformly over magnetic surface.
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Fig.3 The projection of O-wave
trajectories on (ROz) plane:

1)E5=37% 2)65=42% 3)Eg=47°.
dy=—1.5m; $;=25°; £=190GHz.

Fig.4 (a) The damping rate
for three waves alo their
trajectories. |R—R0 is the

distance from magnetic axis.
(b) Current density profiles.
(Parameters are the same as
RCM) Fig.D in Fig.3).

P 1-EXP({ -TRU) Jo ( KR/CMx2x2 )

o
T LT N0 1.5 2.0
/R-RO/(M)  Frqy 5 F19.4
Ccaloulations were performed for R.=6m; a.=2.15m;B =5.3T;
20 -3 9 N g 5

N0~ *10%"m “5 T,,=30keV; Zefr=2.16; elongation - A=1.T7+0.3s

and Shafranov shift of magnetic axis 0.4m . The ocaloulations
gere done for temperature and density distributions:

'I'e=Teo(1—52/ag); ne=neo(1—52/a%)1/2. We changed the the range

of ECW frequency £=180-210GHz;,the vertical displacement of
point of launch d0=—0.75m, -1.5m; the angle between the wave

veotor and the perpendicular to magnetic field EO; the angle

between wave vector and its projection on the horizontal plane
¢y The optimal parameters obtained from simulations are:

nedma 20.26. (IOSG.EMA, P0=1OOMW). d0=—0.75m, £=200GHzZ,

&
£,739°, ¢y=12% 1If dg=-1.5m, ?=190GHz, £g=42°, y=25°, than
M %0.22 (I.~5.6MA).
odmax 0
Por example the damping rate and the current profiles,
gorresponding to trajectories in Fig.3 are shown in Fig.4(a,b).
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Fig.5. The area of energy FPig.6. Relative absopbeg
absorption on along magnetic power distgibution alo
flux coordinate s in depend s. 1)§,=25"; E)EO=32.58?
on ;. RB=6m; ag=2m; By=5T; 3)EO=42-50-

= 0 .3
neo—‘l*'lo m~.

The conditions for tearing mode stabilization near the
surface g=2 by EC-waves were studied. In accordance with the
requirement on the amplitude and localization of the driven
current [4], the typical parameters of EC-system needed for
stabilization of tearing mode were determined. The caloulation
shown, that m=2 tearing mode in ITER can be stabilized by input
of about 20MW ECW wgth grequency fx120GHz. The optimal range
for angles is:£{,=30"-34" for T_,=20-30keV.In this case ECW

power is absorbed in sx0.85. TFor example, Fig.5 show the
situation of maximum (solid line ) and a halfwidth (shade
area)of ECW power absorbed along the magnetic flux coordinate s
depending on the injection angle EO' The profile of power

absorption is shown in Fig.6 for £y =25%; 32.5% 42.5° and
T_,=30keV.
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4. M.Bornatici et.al., Nuclear Fusion, V.23, (1983), p.1153.
5. E.Westerhof, Nuclear Fusion, V.27, (1987), p.1929.
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THREE-DIMENSIONAL FOKKER-PLANCK ANALYSIS
ON RF CURRENT DRIVE IN TOKAMAKS

A. Fukuyama and T. Ueeda

Facully of Engineering, Okayama Universily, Okayama 700, JAPAN

5patial diffusion of fast electrons across the magnetic field line broadens the induced
current profile and reduces the current drive efficiency[1,2]. We numerically solve the
{hree-dimensional Fokker-Planck equation including a radial diffusion term and calcu-
Jate the temporal and spatial evolution of the electron velocity distribution. The results
are compared with the experiment of second-harmonic electron cyclotron current drive
on the WT-3 tokamak[3,4,5]. The dependence of the current-drive efficiency on the mag-
netic field strength agrees with the experimental result. The calculation with a simple
spatial-diffusion model shows considerable reduction of the current drive efficiency for
reasonable values of the diffusion coefficient.

Computational Model

A three-dimensional Fokker-Planck code is newly developed to describe the electron
cyclotron current drive. This code incorporates the trapped-particle effect, the relativis-
tic effect and the spatial diffusion. We assume cylindrical magnetic surfaces and write
the bounce-averaged Fokker-Planck equation for an electron distribution f(p,d,r,t) as

of

2t = (N +QUN+L(H) +5, (1)
where (p, ) are the momentum space coordinates specified on the low-field-side mid-
plane and r is the radial coordinate on the poloidal plane. The Coulomb collision term
C(f) is linearized for the Maxwellian field-particle distribution. The resonant diffusion
term Q(f) is calculated for a Gaussian microwave beam on a midplane. The incident
power determines the intensity of the electric field uniform along the beam axis. The
spatial diffusion term is given by

5(f) = 35-rDe oL (2)

We assume spatial uniformity of the diffusion coefficient D, and velocity dependence of
the form, D,, = D,nq(1—p?/p?,)*, where py, is the momentum of the thermal particle.
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The source term § locally supplies particles with the initial temperature ang

Maintyj
the radial profile of the electron density. g

Plasma parameters are chosen according to the current-drive experiment gy the
WT-3 tokamak using the second-harmonic electron cyclotron wave: B = 0.65 m, g
0.2m, f = 56GHz, B(0) = 0.8 ~ 12T, ny(0) = 4 x 10" m~>, N} = 0.5, T, hﬁﬁ;}
temperature used in the calculation, 4 keV, is much higher than that observed iy the
experiments, 200 eV. The X-mode wave is horizontally launched from the outside of the
torus. The width of the microwave beam is 4 cm. The initial density and temperatyy,
profiles are assumed to be parabolic.

Result Without Spatial Diffusion

When incident power of 110 kW is injected, the single-path absorbed power is about
31.1 kW. In the absence of the spatial diffusion, the maximum of the driven current, 34 5
kA, is obtained when the second harmonic cyclotron resonance is located at the S]ightly
high-field side of the plasma center, B(0) = 0.97 T. Figure 1a shows the radial Profiles
of the current density. The current density monotonically increases with the formatiey
of the fast electron tail and almost saturate 50 ms after the RF power is switched on,
The global current drive efficiency 7, defined by the ratio of the total current Iyp ang
the total absorbed power Prr, increases with the increase of the incident power,

Effect of Spatial Diffusion

In the presence of spatial diffusion, the fast electron produced near the plasma
center diffuses to the peripheral region. Figure 2 shows the momentum distribution
at different radial points at ¢ = 50ms. The momentum is normalized by py. In
the case without spatial diffusion (Fig. 2a), fast ions produced along the relativistic
cyclotron resonance curve diffuses in momentum space by pitch angle diffusion. When
Dyrg = 0.25m?/s and & = 0 (Fig. 2b), the fast electron diffuses radially and some of
them are forced to be trapped particles. This effect also reduces the driven current
in addition to the loss of fast electrons. The current diffuses radially and the current
density is strongly reduced as shown in Fig. 1b. In this case, the total absorbed power
is 40 kW and the driven current 18.7 kA. The efficiency 7 is reduced to 40 % of the
value without spatial diffusion. The D.,q dependence of 3 is shown in Fig. 3. The
particle confinement time 7, is 20 ms for D,.q = 0.25m?/s and inversely proportional
t0 Dyyo. In the WT-3 experiment, the energy confinement time of the fast electrons is
estimated as 6 ms. The efficiency 5 for 7, = 6 ms is 0.15 A/W/[5], which is less than the
experimentally observed efficiency.
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ndence o Magnetic Field Strength

pepe

" gince the parallel velocity of the resonant electrons changes sign on the high-field
m il jow-field sides of the cyclotron resonance, global current-drive efficiency 7 depends
- the location of the resonance. Figure 4 shows the dependence of 7 on the magnetic
ﬁ o strength B(0). We find that 7 is not anti-symmetric owing to the relativistic effect.

E[‘hls behavior is qualitatively agrees with the experimental observation.

piscussion

: In the present calculation, we have assumed that the initial momentum distribution
iﬁ isotropic. In the experiments, the anisotropic electron tail is produced in advance by
ill ohmic electric field and the internal electric field is generated according to the change
of {he current profile. The self-consistent analysis including the induced DC electric field
and the effect of multiple path absorption of the wave will be reported in a near future.
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LINEAR EVALUATION OF CURRENT DRIVE IN TJ-II

F. Castej6n and C. Alejaldre
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g
~ INTRODUCTION
enerated in the Flexible Heliac TJ-IT by low power density EC waves is

The current g : T
gompﬂted- Since stellarators are net current free devices, even .10w current densities can be
:_ortant for the confinement properties and can modify the iota profile. Specifically, the
M 4t profile control one obtains using EC waves can be very useful to compensate

Jeleterious currents, like the bootstrap one, and also to medify the iota profile.
THE FISCH AND BOOZER FUNCTION AND THE RESONANT VELOCITY

The induced current parallel to the magnetic field at a given position in the momentum

ace and for a given absorbed power density, can be obtained using the response function

of Fisch and Bozer [1]. For the particular case of oblique EC waves, in the relativistic case,
for Z=1, the response function can be written as [2], [3]

L OI(¥) _A .| ¥ 2w,
39 = 5P(V) 2{N“G( ) v"{Hz)G( ) ¥ ]

where we have introduced the constant A=m€2/(4‘.ltA33n0) and the function

2_
G(v)=2[7+1}V 2yIny
y-1 Vv

3

the normalized electron momentum and the Lorentz factor:

v:i Z Y:(1+V2)UZ

me
The induced current density will then be given by

1) = [d¥ SE) X W)

where W, is the power density absorbed in the interval (v, v+dv) for frequencies near the

nth harmonic of the cyclotron frequency and satisfies
W, (3) < 8(y-Y, - Nwvi).

Thus, the induced current can be writen in the following way:

I(¥)= zvjdvn S(vi) W, (vi)

‘t
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where all the quantities are evaluated at the resonant momenta and

Vs :TJ—N?(Nl,Yni\}Nﬁ—1+Y:)

Following reference [4], the main contribution to the current at EVEry harmgn:
come from the electrons in the momentum space which more strongly interact wiy, ‘t’ll;llc wil]
packet, as far as the modification of the distribution function can be C(’nsidere:i
perturbation. This electron momentum is the so called Collective Resonance Momen,
is obtained from the equation tu

Wave
a5 5
M ang

dW.
n(v“):O = v”zVRiELY'"Z-F—n-i
dv, I=Ny KN,

There are two possibilities, depending on the sign of Ny:

N, <0 = v_<v_<vg, <v, = v

R = YR+

Ny>0 = v_<vpg_<v,<vp, = Vg =Vp_

The corresponding resonant perpendicular momentum is computed from the Tesonance
condition. This being an odd function of (v Ny the perpendicular component is given for

both cases by

Finally we can approximate the current density, parallel to the magnetic field, for oblique
wave propagation, by:

J(7) =, 3(¥:) R.(7)
n ’

where Pn is the power density absorbed near the nth harmonic and the response function is

evaluated at the collective resonant momentum for that harmonic:

Vg = (vR ,vm) .

THE INDUCED CURRENT IN TJ-II

The absorbed power is computed as in reference [5] using a weakly relativistic model for
the dielectric tensor, which has been adapted to the ray racing code RAYS. As a numerical
example we choose a case with strong absorption, in which X mode waves at second
harmonic (f=53.2 GHz) are launched. The electron density and temperature at the magnetic

axis are ny=1.4 x 10" m and T,=0.8 keV. The ray tracing code gives the ray path, which
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-nted in figure 1, and the imaginary part of the wave vector, k", along the path. The

”ed power density is computed following the eikonal theory (see figure 2). It can be
cen that the absorption takes place for N0 and at upshifted frequencies (see figures 3
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 We consider the current density uniform on every magnetic surface. The averaged
3 g\jsorbed power density is given by [3]:

s(T) V
2k", P, -2 | k", -dT
1 T EXP) £ 1 v, T >

ro; T2
)=
47* R, p(r)|cosq) p) {s”’ 3 e

P(r) =

~ where r is the distance from the magnetic axis, s is the section of the microwave beam (s=25
em? in the TJ -II), ¢ is the angle defined by the group velocity and the normal to the
‘magnetic surface, in a plane of constant toroidal angle ¢, Ry is the major radius (R0=1.5 m
in the TI-II) and Py is the total power delivered by the antenna (P0=200 kW in the TJ-II).
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The induced current is in the helical direction and it can be computed in the follnw'mg wa

I0=36) P61
where B is the magnetic field and h is a vector parallel to the helical direction:
h, = =[R, +rcos(—4¢)]sin ¢ + 4rsin(—4¢)cos o
h, =[R, + rcos(—4¢)]cos o — 4rsin(-4¢)cos o
h, = —4rcos(—4¢)

The current density Profile

- Ttot / Ptot (kA/kw)=—0.,0200 versus the distance frop
[PEERTE MAgnetc axis is presengeq in
~ Im (k) cm-1 L flfgul}']e 5. The imagin P
;% - " of the wave vector, k”l' i
€ also shoyvn (in cm'l)_ The
= o Minus sign means that g,
i current is in the clockyigs
Wl direction.
T 2.8
= The net current intensity is
= | computed assuming that the
B 4.5 magnetic surfaces  gre
L) toroidal, as follows
5 s T T T 1
o 19.25  14.45 9.65 4.85 D.0s 1

DIST C(om) I=2n[drri(r)

0
FIGURE 5

We obtain a total intensity

of about I=-4 kA for the case

considered. This result should be corrected by the effect of the trapped particles and by
quasi-linear modification of the power absorption, which could be important in this case,

since the averaged power density is about 5 W/em’.
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‘ E}ECTR

ON CYCLOTRON CURRENT DRIVE EXPERIMENTS ON DIII-D*

R.A. James,t G. Gmuzz,! A. FYAR.ETDINOV,“ B. pE GENTILE,}
Yu. GcmEL.ov,qJ R. HARVEY, S. JANZ,§ J. LouRr, T.C. Lucg, K. MATSUDA,
P. POLITZER, R. PRATER, L. Robpricuez,} R. SNIDER, V. TRUKHIN

(General Atomics, San Diego, California, USA

Electron Cyclotron Current Drive (ECCD) experiments on the DIII-D tokamak have

) e performed using 60 GHz waves launched from the high field side of the torus. Preliminary

" \ysis indicates rf driven currents between 50 and 100 kA in discharges with total plasma

© _onts between 200 and 500 kA. These are the first ECCD experiments with strong first pass

tion, localized deposition of the rf power, and g much longer than the slowing-down

of the rf generated current carriers. The experimentally measured profiles for T,y me

iﬂd 7. are used as input for a 1D transport code and a multiple-ray, 3D ray tracing code.

Qomparisions with theory and assessment of the influence of the residual electric field, using

ngker-Planck code, are in progress. The ECH power levels were between 1 and 1.5 MW
ith pulse lengths of about 500 msec.

ECCD experimentsl worldwide are motivated by issues relating to the physics and tech-
pical advantages of the use of high frequency rf waves to drive localized currents.? ECCD is
accomplished by preferentially heating electrons moving in one toroidal direction, reducing
their collisionality and thereby producing a non-inductively driven toroidal current.3

The poloidal cross section for a typical discharge used in these experiments is shown in
Fig. 1. These discharges are limited on the inside wall, with the ECH fundamental resonance
By = 2.14 T) located at Ry = 1.6 m and the magnetic center located between 1.55 m
¢ Rn < 1.60 m. Diagnostics consist of: a) radial electron cyclotron emission (ECE) for
T.(r), b) COz interferometry for ne(r) and c) visible bremsstrahlung for Zegr(r)-

The launching hardware, located on the inside wall at z = +13 cm, consists of 8 sub-

10° 1/e half-width.
METHODS OF ANALYSIS

second is the presence of rf current drive.

No. DE-AC03-89ER51114.
t Lawrence Livermore National Laboratory.
! Agsociation Euratom-CEA, TORE SUPRA, Cadarache, France.

1 Kurchatov Institute, Moscow, USSR.
§ University of Maryland.

reflectors aimed at +15° and one aimed at +30°. These angles are relative to perpendicular
injection along the major radius and “+” indicates a direction such as to drive an rf current
parallel to Ip. The experimental antenna pattern is approximately a Gaussian beam with a

For all discharges, the total toroidal current was held constant by using the constant
Ip feedback circuit. As a result of the ECH, the loop voltage is reduced below its Ohmic
value during rf injection by two concurrent processes. The first is a reduction of the global
resistance of the plasma, which results as the thermal electron temperature increases, and the

Since a small inductive voltage remains during the rf phase, a two step process is applied
in order to calculate I¢. First the global change in the resistance of the plasma during the
of phase is quantified by measuring changes in T, and Zeg. With Ip fixed, this procedure
is equivalent to determining the inductive voltage necessary to drive all the toroidal current

* This is a report of work sponscred by the U.5. Department of Energy under Contract
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during the rf phase. Differences between this calculation and the

measured logp +,
then attributed to the presence of an rf driven current. P Voltage are

Combining the steady-state circuit equation during the rf phase, Ip = [Vi(ez )
+1rs, with that of the Ohmic phase, Ip = Vi(oh)/R(oh), we get: P /R(Tf):
Vi(ezp) R(Oh)]
Ly =Ip|l- 1
r=1e 1 e W

where Vi{ezp) is the experimental loop voltage and R is the plasma resistance, By settj

= 0in Eq. (1), we can determine the inductive voltage that would be necessary dur_lﬂg 1y
rf phase to drive all the toroidal current: V;* = V(oh) (R(7f)/R(oh)]. Combining th_ll'[slg the

with

Eq. (1) gives the desired equation for I,

I,.f =1Ip J:——-——v} — VJ(SZ}J)]

v @)
EXPERIMENTAL RESULTS

Figure 2 shows the time history for discharge #65218: plasma current (Ip), ECH Power
loop voltage, central electron temperature, line averaged electron density, magnetic CEnte;
(Rm), and the first time derivative of the sum of currents flowing in the Ohmic and equilibriny
field coils. The loop voltage is proportional to the last signal. The discharge has obtained 5
“stationary state” since all quantities have stopped evolving by ¢t = 2200 ms.

As defined, V;™ is the inductive voltage necessary to drive all the plasma current during
the rf phase. This is calculated by a 1D transport code? using as inputs the experimenta]
measurements of [p and the radial profiles for T, (r), n.(r) and Zg(r). The profile data s
used to calculate the plasma's global resistance. Bootstrap current, less than 10% of the total
current, is included in the code calculations. The transport code calculates Vi* = 0.7 v i
the Ohmic phase, within 5% of the experimental value, and V}* = 0.4 V during rf injection,
During the rf phase, Vi(ezp) = 0.33, thus Eq. (2) gives L = 70 kA.

A 3D, ray tracing code® is used to study the ray trajectories and determine the first pass
absorbed power. The launched radiation pattern is represent by 30 rays, and the resulting
trajectories in the poloidal plane are shown in Fig. 3. Over 99% of the incident power is
absorbed and deposited on the inboard side of the resonance. OFf the rays that are not fully
absorbed, their first pass attenuation averages about 98%.

Using the same experimental profiles and an electric field of 0.03 V/m, a bounce-averaged
Fokker-Planck (F.P.) code® calculates L¢(F.P.) = 95 kA. The influence of the electric field and
a comparision with theory are presently being evaluated. The code indicates that damping
takes place near 2v,,. The slowing down time, or thermalization time for these energetic
electrons (7, 2 1 msec) is such that they should completely thermalize before being lost, 7, ~
35 msec. The F.P. ECH power deposition profile, Fig. 4b, compares well with that calculated
by the ray tracing code, Fig. 3b.

The Fokker-Planck code’s prediction of the harizontal ECE spectrum is compared to the
experimental measurement in Fig. 4. Distortion of the electron distribution is confined to the
central 1/3rd of the profile, and is characterized by an average perpendicular temperature of
about 15 keV. The strong non-thermal ECE emission at large radii is the result of relativis-
tically downshifted 2nd harmonic emission from the centrally localized energetic electrons.
The absence of agreement in the range of 0.6 < r/a < 0.8 is consistent with downshifted 3rd
harmonic emission from energetic electrons near the edge of the profile. This suggests that
radial transport of these electrons from the core is an important aspect of these discharges, a
physics issue not accounted for by the F.P. calculations.
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ation of Electron Cyclotron Emission in the ASDEX Tokamak during Lower Hybrid
Current Drive and Heating.

favestig

K. Wira, A. Eberhagen, V. Merterns and ASDEX-Team
Max Planck Institiit fiir Plasma Physik
8046, Garching bei Miinchen, FRG

It is known that the electron cyclotron emission (ECE) spectrum is sensitively affected
by the presence of the suprathermal electron population in the plasma. During ASDEX
fower hybrid (LH) current drive and heating experiment, suprathermal electrons are

gmerated by 2.4 GHz of LH and a maximum of 3 MW launched power.

The ECE spectrum is measured by a conventional vibrating Michelson interferometer
with ~ 25 msec of time resolution. The interferometer views the plasma along a major
radius of the equatorial plane through a wedged fused quartz window, a focussing TPX lens,
a polarizing grid for selecting the extraordinary mode and ~ 8 meters of 1" transmitting
waveguide. The ECE spectrum is recovered through a standard Fast Fourier Transform

algorithm.

The system was absolutely calibrated with a large surface hot source, T > 500°C, 175 cm?,
which is comparable to a black body radiator. A 2-mm klystron was also used to re-check
the response of the system. The system sweeps from ~100 GHz to ~300 GHz with an ~11 GHz
resolution and measures up to the 4th harmonic in normal experimental conditions.

For obtaining the suprathermal plasma state, the measured ECE spectrum is compared
against a simulated spectrum of a slab, two-temperature plasma model from downshifted
31d harmonic to ~ 300 GHz. The choice of a simple model is used so that the suprathermal
plasma state can be evaluated relatively quickly and processed at local work stations. The
model has a bulk plasma temperature with an isotropic Maxwellian distribution and an

anisotropic tail,
2 2
mtl:'[‘pu/zrll_1:’L/2TJJ 0 <Pl <Pilmax
fst(P11. PL) = CY expl- p2/2ty u>pi
0 Pl > Pllmax

where p is the momentum of the electron.

The model neglects diamagnetic effects so that the toroidal field follows a simple
1/Rmaj behaviour, where Rmaj is the major radius. The cyclotron resonance condition is ®
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= nwe /Y = Nwg/ 1+p1‘%l where wg 1s the rest mass cyclotron resonance frequmq,._ The

thermal emission and absorption are calculated from the second to a maximum of seven
harmonics and the suprathermal emission and absorption are calculated from the Secong

it
to a maximum of fourteen harmonics for energies up to 500 KeV.

In the model, the thermal emission and absorption are assumed to obey Kirchhoffg la
W,

nO(r] T!rad](r)

[x o)

= and g =Tet) (1 - expie Vm).

8m3c2

where Te is the local electron temperature and 1t is the local thermal optical depth of the
nth harmonic given by Bornatici.] The calculation is carried out both for X- and O-modeg

The model has the option of choosing either the assumed bulk plasma temperature apg
density profile or the experimentally measured temperature (YAG Thomson scattering or
ECE second harmonic) and density (YAG/HCN) profiles. The suprathermal electron profile
is assumed to be either the hollow (double Gausian), Gausian with adjustable peak position,
square or constant fraction of the background plasma profiles.

The emission from the suprathermal electrons is obtained from integrating the single
particle emissivity over the velocity distribution.2 We assume that the distribution is the
same at all points in the plasma; the integration is then reduced to a one dimensional
integral for each 1;)015\:1'lzat‘_1011;3

j(x) _qe q ] Pn dy (1-y3) J;JZ(Z] flpn,y)

g qmpnjdyy%[z:ﬂpnyh and 2 =2 pa V12,

Suprathermal absorpton is also included.

A one-pass radiative transfer calculation is carried out using the normal radiative

transfer formula;
0
M=Ipe™+ | dt %e"‘ 5

which is then followed by multiple wall reflection with constant (with respect to both time
and frequency) reflectivity and a polarization scrambling factor. The reflectivity of the
wall is chosen to be 0.8, with 0.3 for the polarization scrambling factor. These numbers
were obtained from the previous experiments and from a recent third harmonic intensity
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{jmation during a standard discharge. The emissio
es
ﬁmgef yalues of frequency between 90 and 400 GIiz.

{he next wave.
This indicates that
{he suprathermal

Typical experimental parameter are B=2.8 T, n=1.4x1013 cm3 and Ip =420 KA. Figure 1
<hows the typical ECE spectrum before and after the LH is applied. The ECE spectrum
changes ve1y quickly after the LH is launched and then remains relatively unchanged until

n and absorption are calculated at

popu]atjon and “E
d{sh‘lbuﬁﬂﬂ do not %
yary too much 3 1.8
during LH 5 0.9
{njection phase. _:_
The suprathermal -~ 0.0l
R perstats~ 4 i Freq. (GHz)
“gec after the wave
is turned off. Fig. 1 ECE spectrum during LH current drive.
In the power scan series, the LH wave > 25 _x 1011 (em3)
was Jaunched at two power levels. For¢=
90°, with an asymmetric launched wave % 2.0L
spectrum, the suprathermal electrons %’,. 5]
have a hollow profile with its peak 1)
located at ~ 6 - 11 cm off the plasma axis. 1.0}
At the initial power level, the profile is ol
relatively narrow, and later it broadens
out at the 20d power level, Fig. 2. The 0.0 i ! e J
128 148 168 188 208
obtained broadened profiles agree quite Rumaj (cm)
well with the tangential hard X-ray Fig. 2 Suprathermal electron profile at 2
derived profiles. different time.

Figures 3 and 4 show the suprathermal electron population and T versus launched
power at two different bulk plasma densities, n=1.4x1013 cm3 and 2.8x1013 em™3

respectively. In both cases, the suprathermal distribution remains relatively unchanged,
T|~85 ~100 KeV and T ;=400 KeV. In general, different T} values, 100 - 450 KeV, only
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slighily affect the simulated ECE spectrum, as expected. The choice of 400 KeV resulig from

the hard X-ray measurement.

The suprathermal population increases with the launched power, but it levelg
out afler ~0.5 MW. In a low density discharge, the suprathermal electron population
saturates at approximately .8 % of the line integraled bulk plasma eleciron population, Fig,
3. In high density discharges, the suprathermal electrons have a similar distribution, but
with much lower population. In the low power regime, the population is an order of
magnituce lower than for the low density case, but it increases very rapidly with launcheq

power, Fig. 4.
1.0 200
5T = S04LT 200
@ |- St elec. population 2 E; -= St. elec. population §
9 o i
a F 150 a 150
5] G
L} Q
® 0.5 @ 0.Z]
L] 4 " L 100 (73] 5
0.0 T T 50 L L | T
(4] 0.5 1.0 1.5 0'00 0.5 1.0 1.550
Power (MW) Power {MW)

Fig. 3 Suprathermal electron population (%  Fig. 4 Suprathermal electron population (%
of bulk plasma population) and T versus LH of bulk plasma population) and T versus LH
launched power at n=1.4x1013 cm3, launched power at n=2.8x1013 cm™3,

In the near future, the ECE spectrum with a symmeiric launched wave will be analyzed
and compared with the asymmetric case. The result will be discussed in the poster.

The authors would like to thank T. Luce for his effort in developing the computer
program.
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" Introduction

The absorption of electron cyclotron waves with one sign of ky is expected to drive
current in a tokamak through the creation of ‘asymmetric resistivity’ in the electron
population (ECCD). The High Field Side (HFS) launch facility on DITE tokamak has
been used to study ECCD at the fundamental resonance using the X-mode. The EC
wave then couples strongly to the plasma, interacting with tail electrons first. Here we
report the results of ECCD experiments for a range of antenna angles and resonance po-
gitions at a wave frequency of 60GHz and with Eower levels up to 285kW. The observed
changes in loop voltage are consistent with an ECCD current which is about one half of
that predicted.

The DITE Experimental Arrangement

The rf power was launched from the HFS from three antennae [1]. The mirrors used
to direct the rf power towards the magnetic axis could be rotated so that the angle
between the wave vector and toroidal field could be varied between nominally parallel
and antiparallel values. The graphite limiters were positioned so that B = 1.19m and
a = 0.23m. Helium discharges were used to provide good density control at 7@, %
10*m=3. Other parameters were I, 5 40kA, 2.2 < B; < 2.4T and 0.26 <| ny |< 0.57 at
the anft‘ennae. Feedback stabilisation provided close control of the plasma position and
current.

The information available for all discharges included V;, 8, + £:/2, Bus, I, and By
from standard diagnostics, line average density fi, at 1.17m, microwave power (Pgr)
from each of the three antennae, and soft X-ray profiles from vertical and horizontal
diode arrays.

The electron temperature was measured by a 14 channel ECE receiver detecting the
0-mode at the fundamental resonance. The EyCE data, converted to T, profiles, showed
non-thermal emission on the low field side due to the presence of a small hot electron
group, but the emission on the high field side behaved thermally. During heating some
60GHz signal was detected in the 59 and 60.5GHz channels but at the higher magnetic
field strengths where these channels lay on the low field side, values for T.(0) and the
profile shape could be obtained for the high field side of the profile. The receiver and
complete waveguide system was calibrated against thermal sources at 77° and 900°K.

El};e value of T\, during ohmic heating was obtained from the SXR spectrum using a SiLi
etector.
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Calculation of Ipr from the data

The tokamak operates at constant I, so that the magnitude of I is obtaineq
analysis of the changes in V} for co (CO) and counter (CTR). launch dire‘:tionz from
EC waves (corresponding to k., > 0 and k.I, < 0 respectively). The CunentOf the
efficiency is small so that with 5 285kW available V; is not reduced to zerg anve
electron heating occurs however so that 17 is reduced from the ohmic heatjy mnﬁ
value by the consequent change in plasma resistance (R,) as well as by aDyEE(é)H
which may be present. Further, the heating efficiency can differ for the two dire t,CD
of launch so calculation of Igrr requires some knowledge of the changes in R, (tﬁalt"?s
T, and Z.;;). With tf current drive present, the total plasma current in equilibriy i
I, = Inr + Vi/R,. The bootstrap current is ignored here but is included late, én v
I, and V; are known. If it is assumed that Jpr does not change between CQ an;l C%ﬁ}l{
launch directions, the equation for I, and its form for counter current drive (with the

sign of Igr changed) can be combined to yield

. Veo Ryorn
Iprp = I(1- 1 th &= —. —/——=
rr = Ip(1=o)/(1+ o) with Vern: Boto (1)
In the initial analysis the relative changes in R, are taken to be proportiona] to

Baia/7)>. Note that this estimate for T2/? is insensitive to profile shapes for constant
Buaia[7i). Thus the values of Irr are based on

t)

- 3f2
_ Veo (ﬁd:‘a co ﬂCTR) /
Vorr \Baia cTr fico

The effect of changes in Z,;; is discussed below.

Experimental Results

The values of Ipr obtained using (1) and (2) are shown in Figures 1(a), 1(b) and
1(c) for different values of resonance position, antenna angle and total ECH power. Two
antennae were used with 140kW (or 70kW) launched on the median plane and 145kW
at the poloidal azimuth of 135° [1] with combinations of these values for the power scan.

The value of A(f, + l;/2) was decreased (increased) by CTR (CO) current drive
indicating changes in the current profile which were supported by the absence (presence)
of sawteeth in the CTR (CO) cases. The behaviour of V; at the end of the power pulse
differed in the two cases as expected from such inductance changes as shown in Figure
2 where the time behaviour predicted by the diffusion code I'%ERMES is shown for
comparison. The ECE data indicated a broader temperature profile for CTR injection

compared with CO but both were more peaked than the OH target discharge which also
lacked sawteeth.

The SXR emission from the plasma core, normalised to A2, showed a larger increase
during heating than expected for constant Z.;;, with more of an increase occuring for
CTR injection. The SXR emission intensity analysis assumed a mixture of He, C and
O and was used’to predict the relative change in Z.;;. The central temperature (ECE)
for CO injection exceeded that for CTR injection. Using the values shown in Figure 1
for Inp, the values for the current drive efficiency
NECCD (= %‘Lﬂ, where figg is in units of 10"‘°m“3) lie between 0.6 % 10~ and
4.7 x 10734Am™W-L,
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re Detailed Analysis

0
-MTD obtain a comparison with the values of Ipr expected from present theoretical
o dels the HERMES code was used to define plasma conditions consistent with all the
B9 ble data for the discharges corresponding to the point ‘EAJ in Figure 1. The effects
‘f wclasﬂica-l resistivity and bootstrap current were included since it was difficult to
5 n ch the plasma parameters without these. The experimental data and code values are
ﬁfw in Table 1 including values of Ipr consistent with the data. A better match to
plasma parameters would probably be obtained if a more complex expression for the
the perature profile shape was used. Using this description of the plasma, the predicted
wwith V, = 0 from ray tracing and Fokker-Planck codes [2] was 14kA (11kA) for CO
(’é&ﬁ) injection respectively. Note that the HERMES code does not contain synergistic
due to the combination of loop voltage and ECCD whereas the Fokker-Planck
de clearly shows strong synergistic effects but does not allow for the bootstrap current
o fribution. With these reservations we conclude that the observed changes in loop
voltage are consistent with an ECCD current which is about one half of that predicted
this way. However particle diffusion across flux surfaces has been shown to reduce
ECCD efficiency [3]. The observed ECCD efficiency in CLEQ [4] was 3x less than that
oredicted without transport effects, but the inclusion of transport is able to explain some
of this discrepancy [3]. In DITE the effect of transport will be smaller due to the higher
clectron density and larger minor radius for example but evaluation of this will be the

qubject of further study.
Table 1: Results from diffusion code HERMES

ects

CO (|!3696£g CTR (ﬂ3597%)
OH CCD OH CCD
Vi 1.8;; (0.51) 1.3;) (1.06
1z 0.5 ] 1.05
Baig (0.3) 088 (0.41 0.84)
APiia 0.58 0.43
(0.64) (0.47)
I; 1.64 2.03 1.61 1.50
AB, +1:/2) 0.78 0.38
(0.63) (0.28)
Loty 2.3 3.2 2.5 3.4
(3.2-3.4) (3.7-4.1)
T,(0)ew (500) (1330)" | (500) (1000)
7. (10%8m=2) | (4.4) 1.0) | (62) (1.3)
ar 3 4.'(7; " g 3 g.ﬁ
3 4.9-6. .8-5.4
g, 2 ( 1.5 ) g ( 1.5 )
Ips kAg 2.1 8.1 3.8 7.9
Ipr(kA 8.0 -5.6
o nl §+5
Bracketed numbers are experimentally determined.
T., n, profiles are defined by z = z(0)(1 — p?)*.
By = 2.34T, I, = 3TkA.
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1. Introduction

The experimental investigation of non-inductive current drive by electromagnetic waves
in the electron cyclotron range of frequencies and the comparison with theoretical predictions
ts increasing interest in both, tokamak as well as stellarator research. In spite of the low
current drive efficiency (compared to Lower Hybrid Current Drive) Electron Cyclotron
Current Drive (ECCD) is a candidate for MHD-mode control and current profil shaping in
jokamaks and stellarators due to the high localization of the driven currents and the capability
o drive currents in the plasma centre in large machines. ECCD is an appropriate tool for the
control of the pressure effects on the profile of the rotational transform, particularly the
bootstrap current in stellarators. This is a crucial condition to maintain good confinement
perties in low shear configurations such as W VII-AS /1/. Basic experimental
investigations were performed at the W VII-AS stellarator, where the small EC-driven
currents are not masked by large inductively driven currents as in tokamaks. The theoretical
weatment of ECCD in stellarators would require a Fokker Planck solution in full phase space
uaking into account the complex magnetic field configuration (trapped particles, loss cone
effects) which is untractable. In a first approach, we have compared our experimental data to a
simple analytical current drive model (linearized in slab geometry) which is incorporated in a
ray-tracing code /2/. In a second step, we have analysed the sensitivity of the model with
respect to simplified assumptions on trapped particles and quasi-linear effects./3/.

2. ECCD Experimental Results, Comparison with Theory

The ECCD experiments were performed at the W VII-AS stellarator with up to 0.8 MW
ri-power at 70 GHz. Up to four linearly polarized rf-beams were launched at the 2nd harmonic
extraordinary wave polarization from the low field side. The resonant magnetic field and the
cutoff density are 1.25 T and ne crit = 3.1 - 1019 m3, respectively. The rf-beams were
directed towards the plasma at arbitrary toroidal launch angles by a set of independently
movable focussing mirrors mounted inside the vacuum chamber /4/. An important input
quantity for ECCD evaluations is the single pass absorption of the rf-waves, which was
directly measured for perpendicular incidence by a 35 pick-up waveguide array mounted at the
inner vessel wall opposite to the launching mirrors. In all cases discussed here, total
absorption of the waves in a single transit through the plasma was found within the
experimental errors,

The EC-driven current was experimentally determined by two different methods, where
the pulse duration was chosen long enough to obtain stationary global plasma behaviour:

In a first experiment, the toroidal launch angle of the rf-beams was varied while the
total net plasma current was kept close to zero (I < 0.2 kA) by feedback control with the OH-
transformer. The change of the required loop voltage AU with respect to perpendicular launch
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(no ECCD) was measured as a function of the launch angle. With the knoy
resistivity, which was measured independently, the EC-driven current was evaluate; spla!STDa

forward. This method is based on the assumption that the bootstrap current °°ﬂl:ribught‘

remains constant, in other words, that the profiles of ne and Te do not chap & tion
during the launch angle scan, which holds for small launch angles. Although the storeqd My,
energy changes from + 20 to - 40 % depending on counter- or co-current drive wig, s Dlasm,
the bootstrap current, the energy change is < 10 % for launch angles < 109, I Fig. 1 t;p:ftto
voltage increment AU is plotted versus the toroidal launch angle at the Tesonance layer 00p
0.24 #6284 —98
4 U!oup

(v]

0.1 4

Fig. 1: Loop voltage increment AU, loop as a function of the launch angle Ptor for discharges
where the net plasma current is controlled by inductive current drive (Ip < 0.2 kA). An 1t
power of 0.35 MW (solid curve) and 0.17 MW (dashed curve) was applied for current drjye,

.
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Fig. 2: LEFT: Ray-tracing.geometry (horizontal cut in the z = 0 plane). The shady region
indicates the plasma column. Two rf-beams are launched from the right (low field side), the
upper one in perpendicular direction, the lower one with an oblique angle of 270,

RIGHT TOP: EC-power deposition profile (solid curve), and electron temperature from
Thomson scattering diagnostics (dashed curve).

RIGHT BOTTOM: Current density distribution as a Junction of the average minor radius.
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din refractive effects for a total rf-power of 0.35 MW. The central plasma density and

n temperature measured by Thomson scattering was ngg = 2.2 1019 m-3 and
1.6 keV, respectively. The maximum driven current was 2.5 kA. Equivalent scans at
el.,;u;rxsities show an increased contribution of suprathermal electrons, which is beyond the
" ified Fokker-Planck model used here. The dashed curve is obtained for a scenario, where
:Sfmp#,ﬁbeam (0.17 MW) was launched perpendicularly and the launch angle of the second
one was scanned, the solid curve is obtained if the launch angle of both rf-beams is scanned

gﬂhﬂh

 The result of a 3-D ray tracing simulation of the experiment based on the measured
el files of ne and Teis given in Fig. 2. In this example, one rf-beam is launched
- P ndicularly from the right (low field) side and a second beam is launched at 10° with
: gspl?:cl to ndicular, which finally results in 279 launch angle at the resonance layer due to
- deflection. The power deposition profiles as well as the driven current density
5 ;djstribﬂﬁon is also given as a function of the average minor radius. The perpendicular beam
 does not contribute to current drive. The EC-wave driven current is evaluated by an analytical
~ model 12/ incorporated in the ray tracing code which gives an upper limit for ECCD because
* pped particle effects are neglected. Zeff = 4 was assumed. As seen from Fig. 3 (left), where

the calculated total driven current is plottpd versus the laupch angle for one (0.17 MW, dotted

line) and two rf-beams (0.35 MW, solid line), respectively, the experimental results are
alitatively well described. In particular, the launch angle for maximum current drive and the
ﬁear increase of ECCD with rf-power agree well. The absorption layer is shifted radially
outward with increasing launch angle which is responsible for the decrease of the driven
current at large launch angles, where Te decreases, the fraction of trapped particles increases

and the mismatch of the linear polarized wave increases.

#6284-98
lcn 1 I'CD 1
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Fig. 3: Calculated EC-driven current for an rf-power of 0.17 MW (dashed curve) and 0.35
MW (solid curve) as a function of the rf-wave launch angle, where trapped particles are
neglected (LEFT) and included (RIGHT) Both simulations are based on the measured profiles
of ne and Te which are the same as in Fig. 1.

This simple ECCD model, however, overestimates the ECCD efficiency by typically a
factor of 3 compared to the experimental findings, indicating that trapped particle effects can
not be neglected. An improved version of the model /3, 5/ includes the interaction with a
trapped particle population in the long mean free path regime of ~ 20 % on axis and ~ 40 % in
the outer plasma region which is evaluated for the magnetic field topology in W VII-AS. Asa
result, the driven current is reduced to 60 % (Fig. 3 right).
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In a second experiment, the launch angle of up to 4 rf-beams was adjusted ¢
the bootstrap current without making use of the OH-transformer (counter c“rregb angy
Scanning the rf-power from 0.17. - 0.75 MW, the electron tcmpefﬂtur:, ve),
0.8 <Te< 1.9 keV and the electron density from 1.1 < ngg < 2.8 - 1019 m-3, the 4 frop
current varies from 0.8 <IBgot < 4.3 KA. Q0tstrap

The total EC-wave driven current ICD was again simulated as described
For the measured radial profiles of ne and Te, ICD normalized to the bootstrap
plotted versus the absorbed rf-power in Fig. 4. The dominant electron co
bootstrap current (Te >> Tj) was calculated by the DKES code which tends
the measurements /3/.

I\
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Fig. 4: Calculated EC-wave driven current ICD normalized to the bootstrap current (calculated
by the DKES code) plotted versus the absorbed rf-power without (circles) and with( crosses)
trapped particles.

As seen from Fig. 4, the data points scatter around 3 - 4 over the wide parameter range
given above if trapped particles are neglected. If trapped particles are taken into account, this
ratio is reduced to typically a factor of 1 - 2.

3. Conclusions

Electron cyclotron current drive was investigated experimentally and compared witha
simple theoretical model neglecting trapped particle effects and an improved model which
includes the interaction of EC heated electrons with trapped particles. The experimental
parameter dependende on the EC wave launch angle and rf-input power are qualitatively well
described by both models. Quantitatively, however, the simple model neglecting trapped
particles results in ECCD efficiencies which are typically a factor of 3 to 4 higher than the
experimental data. This discrepancy is reduced to values around 2 if a realistic population of
trapped particles is included in the medel. The remaining discrepancy for both experimental
scenarios is within the experimental uncertainties and the simplified assumption of the theory.
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1 Introduction e
Ste}iaratﬂl"de"ices offer the possibility of studying non-inductive currents without the
resence of a strong “obscuring” ohmic component. The net toroidal current ( of the
order of a few kA ) observed during ECRH-discharges in W VII-AS ( major radius R=2
n, average minor radius < a > = 0.2 m ) is modelled as the superposition of a neoclassical
( «hootstrap” ) component and a component directly driven by the heating mechanism
ECCD: Electron Cyclotron Current Drive ).
The boostrap current determined experimentally is ( up to a factor of two ) larger than
the neoclassical predictions ( for the electron contribution alone ) based on the DKES
code. The experimental dependence of ECCD on the toroidal injection angle of the waves
s as expected theoretically and the experimental efficiency agrees fairly well with the
results of simplified models. Possible effects on ECCD due to trapped particles ( present
also on plasma axis for the WVII-AS configuration ) and the high deposited ECRH-power
densities reached experimentally ( up to several W/cm?® ) are theoretically discussed.

, Theoretical Models »

“Bootstrap Current”: WVII-AS is characterized by a rather complex magnetic field
topology /1/. The neoclassical transport coefficients have been evaluated numerically by
golving the linearized drift kinetic equation in magnetic flux coordinates using the DKES
code ( developed by S.P. Hirshman and W.I van Rij /2/). On the basis of DKES-results
and the measured temperature and density profiles, the profiles of the bootstrap current
and of the neoclassical parallel conductivity are estimated. The effects of ECRH on the
transport coefficients themselves ( through induced electron trapping and generation of
a suprathermal component ) are outside of this model. This can become critical, affec-
ting both the plasma conductivity and the bootstrap current, in low density, high power
discharges.

ECCD: The ECRH deposited power and driven current are estimated by means of a 3-D
Hamiltonian ray tracing code in the WVII-AS magnetic fleld topology, using the cold di-
spersion relation and an absorption coefficient for general angle of propagation ( relativistic
Doppler shifted resonance condition ) based on a Maxwellian distribution function. Using
the “adjoint property” of the linearized collisional operator, in the case of homogeneous
plasma ( no trapped particle effects ) the evaluation of the driven current reduces to a
convolution with the classical Spitzer function for the electric conductivity, This function
can be evaluated very rapidly ( in dependence of the effective charge Z.;; ) using a suffi-
ciently accurate energy polynomial expansion, the coefficients being determined through a
variational principle /3/. This approach can be extented to include trapped particle effects
in long mean free path regime ( in this case a convolution with the neoclassical solution of
the conductivity problem would appear ). Introducing an approximate collision operator,
the problem has been recently reduced to the solution of an ordinary differential equa-
tion in dependence of two parameters ( Zey; and fi, the “fraction of trapped particles” )
/4/. While in /4/ the differential equation was solved through an expansion in Sonine
polynomials ( and evaluating the expansion coefficients from an infinite system of coupled
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equations ), we have used a generalization of the variational principle already useq
homogeneous case. In this way the driven current can be directly estimateq by tlfor N
tracing with a minimum amount of computing time for both the case wit € Tay.
trapped particle effects.

h and Withoy,
With the aim of investigating quasi-linear effects on the ECRH absorption and oy

drive, the non-linear Fokker-Planck equation solver /5/ has been imPIemEnted_ Th Irent
lyzed equation is of the type: € ana.
af. af. afe af.
(a_f)cnﬂ + [ﬁ)EcRH + (Et—)!rap + (T:}(.m =0

where (8f./8t).u is the collision operator, (3f./8t)zcrr the quasi-linear o
quasi-linear tensor component DJ_J_(U", v, ) being obtained by the ray-tracing,
magnetic surface:

Derator, the
for a Specifie

af. 18 af
(E)EGRH = HE[ ULDLL(quu)ﬁ ]

(8 fe/Bt)trap an increment of pitch angle scattering in the loss-cone region of velocity gpy,
to force the fast isotropization of the bouncing trapped particles /6/: L

o _ 1 8 O
[‘ﬁ)!rﬂp = ma—a[ Unrup':'-':‘g:'ﬂﬂ(‘g) ET]

| (@ being the pitch angle )

and (8 fe/dt)10., & model operator deseribing the energy loss ( related to radial transport
in velocity space ( necessary to reach a steady state in high power density conditions ),
Different models for the loss term have been analyzed: an isotropic convective term of
the form (8f./@)i0ss o ( v°— < v* > ) f, ( in case of an anisotropic distribution function
also parallel momentum can be lost ), the extension conserving parallel momentum and
a loss term limited in the loss-cone region of velocity space ( to simulate loss of electrong
trapped in local magnetic mirrors ).

s Experimental Conditions «

"Bootstrap Current”: In ECRH-experiment a plasma is built up and heated, starting
from a neutral gas target. Associated to finite plasma energy a net current is experimen-
tally observed. This current reverses its sign by a reversal of the direction of the magnetic
field and is interpreted as bootstrap current. Due to the strong correlation between the
global energy confinement properties and the edge value of the rotational transform found
in low-shear devices /7/, operation in the narrow r regimes with optimum confinement
during the whole duration of the discharge required external current control, in most cases
by a small loop voltage.

ECCD: Two main ECCD-scenarios have been analyzed experimentally /8/. In the first
case the ECCD was used to counterbalance the bootstrap current, the ECCD-efficiency
being obtained in unit of bootstrap current. In the second scenario, the ECRH-beams with
perpendicular launching were replaced by other ECRH-beams with oblique launching and
equivalent power, the toroidal launch angle ( kj-spectrum ) was changed shot by shot.
Due to the strong relation between confinement properties and boundary value of the
rotational transform, the total plasma current was controlled by the Ohmic-transformer,
Nevertheless, changes in the current profiles affected the global confinement properties
and macroscopic consequences could be observed in the plasma energy content (AW,/W,
up to —40 + +20% for ECCD co- and counter-bootstrap, respectively).

s Theory vs. Experiment o

“Bootstrap Current”: Fig. 1 shows the result of the analysis of the current behaviour for
series where temperature and density profiles have been measured by Thomson scattering
(09-10" < n.p < 4.5-10"% em™2 ; 0.4 < Tep < 2.5 keV ). The EC-waves were injected
perpendicularly ( with respect to the magnetic field direction ) so that the contribution
of ECCD should be minimized. In the figure, I; and Vi, correspond to the measured
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tcurrﬂnt and loop voltage respectively, while Ihoot,pxEs and Rpgps are the predicted

4 tstrap current and plasma resistance. The sign of the current reverses, reversing the
go etic field, only the absolute value is reported in the figure. The observed deviation
from the expected one to one proportionality can be compensated only partially by the
bootstrap component ( not included in the present theoretical analysis due to the
erimental uncertainty in the ion temperature profiles, but estimated to be less than
30% of the electron contribution ), whereas at low density the ECRH-induced suprathermal
ent ( experimentally observed ), decreases the plasma resistance and increases the

ompo™ : : :
:i;screpan‘:y' Uncertainty in Z.;; plays a minor role ( Iy and Vioop/ B show a quite similar

s dependence ).

ECCD: In (X)-mode, 2"%-harmonic, resonance on axis ECCD-experiments the r.f. power is
#Pe.:f,ed to be absorbed by thermal electrons and the central plasma region is in long mean
free path regime. In WVII-AS a non-negligible amount of trapped electrons is present also
on plasma axis. The “fraction of trapped particles? f; on axis is ~ 20%, around ¢ = 1/3
and & 25% for ¢ 1/2. At the plasma edge f; reaches values of ~ 40 + 50%. The presence
of these trapped electrons would tend to decrease the ECCD-efficiency: power directly
absorbed by them doesn’t contribute to ECCD; trapping ( ECRH increases the perpendi-
cular energy ) of passing particles causes a contribution opposite to the Fisch-Boozer one;
the parallel momentum collisionally transferred from passing to trapped particles is lost.
While the first two mechanisms strongly depends on the position of the resonance and
can be minimized moving the resonance cloge to the maximum of the magnetic field, the
third one would always be present. In the WVII-AS experimental conditions these effects
reduce the ECCD-efficiency typically 30+40%. Up to an angle of ~ 30° from perpendicular
this reducing factor is nearly independent of the launching angle itself. For bigger injection
angles the current evaluated with trapped particles shows a steepler decay and it can even
glightly reverse its sign ( trapping effect overcompensating the Fisch-Boozer mechanism ).
The very good gualitative agreement found between the experimental and the theoreti-
cal dependence of ECCD on launching angle /9/ is valid for both approaches. At the
large injection angles, where the efficiency with trapped particles decays more steeply, the
ECCD-efficiency is low and the uncertainty ( profile effects, deposition profile, percentage
of the power coupled as X-mode ) ig too large to permit a diserimination /8/.

By means of the model Fokker-Planck equation the dependence of the ECCD-efficiency on
input power was analyzed. The results related to a discharge where the EC-driven current
was counterbalancing the bootstrap component are shown in Fig. 2 for the effective radius
where the maximum deposition occurs ( r.;; = 1.5 cm ). At power densities greater than
5 W/r.m3 the efficiency starts to degrade. The case with and without trapped particles
shows a very similar qualitative behaviour. The dependence on the energy loss model
is analyzed for the case corresponding to 10 W/cm®. The full points above the curves
correspond to the ripple loss model, the ones below to the isotropic convective loss model
while the two curves were obtained using the parallel momentum conserving convective
loss model. For low power density the dependence on the loss model vanishes.

The quantitative analysis of the ECCD-efficiency has brought to guite similar results for
all the cases analyzed up to now. As a representative example, we report on the results
relative to the series of Fig. 2. Here the EC-driven current ( four gyrotrons ) counter-
balances ( within few hundreds A ) the bootstrap component. No loop voltage being
applied ( so that in the analysis the uncertainty in the plasma conductivity could be
avoided ). For Z.; = 4 the bootstrap current evaluated by DKES is lyoot,pxEs = 2.7 kA,
the ECCD-driven current evaluated by the ray-tracing is Izcophom = 8.5 kA neglecting
trapped particles, while with trapped particles it is reduced to Igcep,tp. = 5.2 kA, Recal-
ling that Iy.ot, picps represents probably an underestimation ( recall Fig. 1), the efficiency
with trapped particles is within the rather large “error bars” of the analysis. This conclu-
sion is only slightly dependent on the assumed value for Z;;. Although deposited power
densities up to 50 W/ecm?® are evaluated by the linear ray-tracing in case of high input
power and peaked on-axis deposition, there is no experimental evidence for a degradation
of the ECCD-efficiency, X-mode, 2"¢ harmonic launching, so far.




s Conclusions «

A simplified theoretical approach describing the plasma current as the su
bootstrap and a ECCD-component, independently evaluated, agrees fair
experimental findings. Considering the complexity of the problem, where trang
linear and trapped particle effects are strongly linked together in the magnetig
of WVII-AS stellarator this result is fairly satisfactory. More definite conelysj
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Fig. 1: Current components for the shots where density and temperature profiles have
been measured by Thomson scattering. I and Vi, corresponds to the measured net
current and loop voltage, Jpoot, 0k Es and Rpgxps are the predicted bootstrap current ( only
electron contribution ) and plasma resistence. A one to one proportionality should be
expected.

Fig. 2: ECCD-efficiency as a function of the absorbed power density. The full points
corresponding to Pregry = 10 W/em® show the dependence on the model used for the
energy loss term. At low power densities this dependence becomes negligible.
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CURRENT DRIVE BY ELECTRON-CYCLOTRON AND FAST WAVES IN DIII-D

G. Gimzzi and I. Fidone

Association EURATOM-CEA sur la Fusion
Département de Recherches sur la Fusion Contrélée
Centre d'Etudes Nucléaires de Cadarache
13108 - Saint Paul-lez-Durance (FRANCE)

1. Introduction, Current drive by Landau-damped waves has proved to be successful in
present-day tokamak devices, where the slow mode in the lower-hybrid frequency range was used.
However, the extrapolation of the same method to the reactor regime, i.e, temperature and density 5 to 10
times higher, is questionable, since in this case the penetration of the slow mode is restricted to the
plasma periphery, because of strong Landau damping [1]. The fast mode is a better candidate for current
drive in high temperature plasmas. In fact, like the slow mode, it interacts with the electrons by parallel
diffusion, thus the current drive efficiency is comparable, but the wave damping is much weaker and
penetration to the plasma core is possible at reactor-relevant density and temperature. On the other hand,
due to the low damping rate, the investigation of fast wave (FW) current drive in present-day tokamak
devices is difficult, since a basic electron temperature of several keV is required for complete wave
absorption, Therefore, FW current drive in present-day tokamaks can only be realized in the presence of
another electron heating method, such as, for instance, electron cyclotron (EC) resonance heating. An
experiment of this type is planned in the DIII-D tokamak [2] at a magnetic field B = 1 Tesla, using fast
waves at 60 MHz, i.e., in the ion cyclotron frequency range, combined with second-harmonic EC heating.
Generally, in low density plasmas, EC heating tends to generate superthermal electrons which, in turn,
can be accelerated in the toroidal direction by the fast waves, and this will affect the FW current drive
efficiency. A similar scenario, i.e., combined EC and lower-hybrid current drive, was investigated
theoretically [3]. As shown in Ref. 3, for wave powers at the MW level, the currents driven by the two
waves do not add linearly and the efficiency is generally enhanced by a favourable cross-effect. In the
presence of two high power waves, current generation is the result of a complicate kinetic evolution, and
the efficiency of the process can only be evaluated by means of a (two-dimensional in velocity space)
Fokker-Planck code. Similar effects are expected also in the combined EC-FW experiment planned in
DIII-D, and could actually be exploited to maximize the global current drive efficiency, by using the
optimum wave launching configuration.

The kinetic aspect of the problem is here investigated by means of a 2-D Fokker-Planck code [4],
including a FW parallel diffusion term [5]. A case is considered, in which both waves are absorbed in the
plasma core, using typical parameters of the DIII-D experiment [2] and an EC wave beam at > 2wy,
obliquely injected in the equatorial plane from the low field side and polarized in the extraordinary mode,
which yields optimum current drive efficiency. The kinetic evolution of the electron distribution is
evaluated for different values of the FW and EC wave power, in order to investigate the transition from the
linear regime, in which the currents generated by the two waves add linearly, to the non-linear regime, in
which the total efficiency is found to be higher than both separate efficiencies. The DIII-D experiment is
found to be in the non-linear regime, and the current drive efficiency scales favourably with a further
increase of the FW power.

2. Theoretical model.  The kinetic evolution of the electron distribution function f during
1f current drive is described by the Fokker-Planck equation

A=<+ <>+ <G> @

where the brackets denote flux-surface averaging, and the three terms in Eq. (1) describe the effects of EC,
FW and Coulomb collisions, respectively. The EC term and the collision term are discussed in Ref. 3;
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they both include relativistic effects, The collision term is the high energy expansion of
Planck collision operator, valid for values of the electron momentum p » (MTHI2, where = © Fokke,.
the electron mass and the electron temperature, respectively, The FW quasilinear term is gad Ty an

B, o
ot/Fw  ouy FW oy
where u = p,’(mTQU2 and the expression of the FW diffusion coefficient Dy is exlensively dige, !
Ref. 5. Here we assume a Gaussian ny| spectrum for the FW power inside the plasma, thyg ussed in

4 DeR 2
Dy = Dg(n) <% PO T 53 ¢ | 2 Sem MDej; I
ew =Dy —=1| 1 - —ce " 133 =g
! [l u} L \833|2(S-n|11) w?| © |E33|2(S-n’2|) B)

@

where |1 = mczfl'e, D, S, and €34 arc defined in Ref. 5, n, is the FW parallel refractive in
the electron momentum via the Cherenkov resonance condition n = myc/p” 3
and

] dex, relateq to
my is the relativistic Masg

Dy(my) = Do exp [- (- 1) / (Any )% .

Note that for u; « 1 the expression in Eq. (1) is dominated by the terms in round brackets, which
correspond to Landau damping. On the other hand, for high u | the Landau terms are negligible and Wave
damping is dominated by the transit time magnetic pumping (TTMP) effect. In this limit, the py
diffusion coefficient becomes very large, since it is proportional to u 7. Level curves of Dgy in the u,
u plane are shown in Fig. 1, for parameters typical of the DIII-D experiment [2], i.e., E” =57AnS i
B = 1.02 Tesla, ng = 1.5 1013 cm3, T, = 4 keV. Nole the different structure of the level curves the
Landau region (uJ_ < 2) and in the TTMP region (u_L > 2). For increasing u |, Dpy gets very large and
the level curves are no longer plotted. This peculiar structure of the FW diffusion coefficient has an
important consequence: although for a Maxwellian plasma the wave damping is mainly due to the Landay
effect, in the presence of EC waves, which tend to populate the electron distribution at high u |, the
TTMP effect is no longer negligible in the evaluation of both the wave damping and the currenf drive
efficiency.

3. Numerical results. We now consider an EC wave beam of frequency 60 GHz, injected
in the equatorial plane from the low ficld side at an angle of 20° with respect to the normal to the
magnetic field. For typical DIII-D parameters (a = 60 ¢cm, R = 160 cm, B(0) = 1.02 Tesla, ne(0) = 1.5
1013 em'3, Te(0) = 4 keV and the profiles considered in Ref. 2), this beam is strongly damped in the
plasma core. The kinetic evolution of the electron distribution function in the plasma centre is then
computed for Z,pp = 2, both for a very low wave power Py = 0.01 MW and for a high power level, ie,
Py =1MW, where Py is the wave power reaching the plasma centre. The resulting absorbed wave power
density, driven current and ratio W/I (in Watts/Amperes) are presented in Table I. It appears that both
power absorption and current drive efficiency increase with Py, since for high wave power the population
of the energetic tail is enhanced. We then consider a FW power of 2 MW, and assume that it is absorbed
within a radius r < a/3. This yields an average power density of 1.5 W/cm>, which corresponds
approximately to Dy = 0.05. The kinetic evolution at r = 0 is then computed for several values of Dy,
and the results are presented in Table I. Tt appears that also for the FW absorption and efficiency increase
with the injected wave power. Finally, we consider the case of simultaneous injection of EC and FW.
The steady-state disiribution function in the case of Pg=1MW and Dy = 0.1 is shown in Figs. 2-4 (solid
lines), together with the corresponding one for Py = 0 (dashed lines). Table I shows that for low wave
power both the absorbed powers of the two waves and the driven currents add lincarly. On the other hand,
for high wave power, the current drive efficiency increases when the two waves are simultaneously used.
This favourable cross effect can be explained by the fact that in the presence of EC waves a high u|
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- ulation is created, in the region where the FW diffusion coefficient is very high. These electrons are
; P‘g efficiently accelerated in the parallel direction. Being less collisional than low u clectrons, their

F“ tribution to the driven current is higher. Note, however, that also the absorbed power changes for
_pun ing wave power levels, thus the absorption profiles are spatially redistributed. Therefore, these
iﬂﬁumi"ary results need to be confirmed by a full 3-D Fokker-Planck calculation, including a self-

consistent spatial evaluation of both EC and FW power absorption.
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{ FIGURE CAPTIONS

Fig 1 Level curves of the FW diffusion coefficient.

Fig. 2 Level curves of the steady-state solution of the Fokker-Planck equation, for Py = 1 MW and
Dy =0.1. EC+FW (solid line) and FW alone (dashed line).

Fig. 3 Parallel distribution function, for the cases shown in Fig. 2.

Fig. 4 Perpendicular temperature, for the cases shown in Fig. 2.

Table I

[ IPD(MW)I Dy [P Wemd) [1Acm?) | wn wia) |

EC 0.01 0 0.033 4.3 7.6
EC 1 0 4.23 1057 4.0
FW 0 0.001 0.025 3.9 6.4
FW 0 0.05 1.60 275 5.8
FW 0 0.1 3.21 659 4.9
FW 0 0.2 5.97 1490 4.0
EC+FW 0.01 0.001 0.058 8.3 7.0
EC+FW 1 0.05 5.10 1450 3.5
EC+FW 1 0.1 6.37 1970 3.2
EC+FW 1 0.2 8.75 3104 2.8
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' [oWER HYBRID CURRENT DRIVE IN DITE

Lloyd: M W Alcock, S Arshad, G Fishpool, § J Fielding, T C Hender, J Hugill, P C

: E——Fﬂs}m, g ] Manhood, G F Matthews, A W Morris, R A Pitts, A C Riviere, D C
Jo Robinson, C Silvester, P R Simpson, G Vayakis and C D Warrick

Culham Laboratory, Abingdon, Oxon 0X14 3DB, UK
(Euratom/UKAEA Fusion Association)

| NTRODUCTION _ |
Lower Hybrid Current Drive (LHCD) experiments have been carried out on the DITE
skamak (Rfa ~ 1.19/0.23m) at 1.3 GHz with powers up to 250 kW at the antenna.
The system utilised a four-waveguide titanium grill, previously employed on PETULA,
od via a 60m transmission line by a high power klystron used previously on ASDEX.
ior to installation on DITE, passive waveguides were installed on the grill and it was
oloidally shaped to match the DITE plasma boundary. After baking of the grill and
Jow discharge cleaning in argon, full power operation was established within a few days
“f operation. For current drive studies with grill phasing A¢ = 90°, the main spectral
Jobe is rather broad (AN ~ 4) and is centered at V) ~ 2.75.

CURRENT DRIVE EFFICIENCY
The scaling of current drive efficiency with magnetic field, electron density, plasma

current and RF power was investigated, primarily to enable predictions of the volt-second
reductions that might be achieved by LHCD in COMPASS-D to be made. Experiments
sere conducted in hydrogen with By ~ 0.9 — 2.5T', 7 ~ 0.5 — 1.5x10'%m =3, I, ~ 75 —
195k A and Pry 5 250kW. Although the loop voltage, V, could be reduced to a very low
level it was not possible to reduce V to zero in the above parameter ranges. By analogy
with the usual current drive figure of merit for the current drive efficiency with electric
field E=0, we have evaluated the efficiency of OH flux reduction using the parameter
= (7i/10%°)(AV/V), R/ Ppg. In fig 1 it is seen that AV/V saturates strongly (and 7’
is therefore reduced) as Ppy increases, This behaviour is reminiscent of that observed in
PETULA [1]. Guided by previous work by Van Houtte et al [1] and the Fisch expressions
for the conductivity of RF-heated plasma [2] we have been able to model the data at 75
kA and 105 kA in fig 1 by assuming an RF-driven current determined by the asymptotic
eficiency at large Pry(E — 0) together with a plasma conductivity of the form,

I
opr =0oH +0

where o' /aop o« Py for Py < 45kW and saturates at ¢'/oon s 1 for Py > 45kW.
gonr is the conductivity of the OH target plasma. The limited data at higher plasma
currents appears to indicate AV/V independent of Py over the range 75-200 kW.

It is seen in fig 1 that the current drive efficiency appears to increase with increasing
I,. This behaviour, which has also been observed in other devices, is also exhibited in
fig 2 where the density dependence is illustrated. It is not thought that this current
dependence is due to the effect of the residual E-field since it is often found that for
the same RF power and 7, a lower loop voltage can be achieved at higher current. It
is more consistent with a q-dependence possibly associated with variations in the T
profile as proposed in [3]. At high magnetic fields (B = 2.3T) it is seen in fig 2 that
AV/V o 1/f, (i.e. 7' = const) (except at the highest densities where one may begin
fo encounter the current drive density limit) whereas af low By (1.2 T), n' is not only
significantly reduced but decreases with increasing density due to the influence of limited
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wave accessibility under these conditions.

CONTROL OF INSTABILITIES

Stabilisation of sawteeth was readily demonstrated during LHCD but was usually
accompanied by excitation of a large m=1,2; n=1 instability (fig 3). The m=1 oscilla.
tions, localised in the vicinity of the inversion radius are clearly visible in fig 3, The
time taken to stabilise the sawteeth is plotted in fig 4 as a function of the lower hyhriq
power. Sawteeth can be stabilised even for powers Pry 3 50kW but in this case the
time taken becomes very long and plasma parameters are not constant. Clearly, prompt
(5 10ms) stabilisation requires powers 280-100 kW. At the higher powers there is a
small increase (decrease) in period (amplitude) and stabilisation is complete within 5-10
sawteeth. There is little change in inversion radius. Magnetic measurements indicate
slight. decrease in £; during the RF pulse at the highest powers. At the lowest powers,
the inversion radius increases by 5 1 em and the sawtooth period steadily increases by
a factor x3 during the long delay between RF turn-on and stabilisation. For powers in
excess of ~180 &+ 20 kW, (1.e. ~x2 that required for prompt sawtooth stabilisation), the
m=1, m=2 oscillations are either absent or appear when the sawteeth are initially sta-
bilised then decay to zero over a few tens of ms. The location of the internal m=1 mode
remains approximately constant as its amplitude is reduced. Simultaneous feedback sta-
bilisation of the m=1 and m=2 oscillations has also been achieved during LHCD at low
RF power using m=2 windings inside the DITE vacuum vessel [4]. Sawtooth stabilisa-
tion is usually accompanied by a central peaking of the soft x-ray emission profile (e.g.
as seen in fig 3) suggesting an improvement in central confinement. m=1 stabilisation
often (but not always) results in a further slight peaking. Sawtooth stabilisation was
not observed when a symmetric lower hybrid spectrum was launched for heating studies.
Furthermore, at high q(a), (i.e. ~6), when sawteeth were absent from the initial OH
target plasma, LHCD did not lead to destabilisation of the m=2 instability.

The switch-off of lower hybrid power often leads to the onset of the Parail-Pogutse
instability which was stabilised in DITE by ECRH as in earlier experiments.

PLASMA EDGE BEHAVIOUR
The installation of both lower hybrid and electron cyclotron systems on DITE pre
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. gented an excellent opportunity to compare and contrast the edge plasma response in
the same device. During LHCD, 7, is usually observed to fall by 20-30% in the absence
of gas puffing. The electron density in the plasma scrape-off layer (SOL) typically
decreased by a factor x2-3 and the total particle flux to the pump limiter, evaluated by
interpolating between probes distributed over the limiter surfaces, decreased by a factor
x3-4 [5]. Coupled with an observed decrease of the fluctuation levels, F; and 7, and in
the wall H,, signal, there is strong evidence for an increase in particle confinement. There
is a decrease in T, by typically ~30% in the SOL. These observations are in complete

contrast to those with ECRH where 7, Nedge, T edge: Ey, e, Hy emission and the particle
flux to the limiter all increased. During lower hybrid heating (LHH), when a symmetric

spectrum was launched, no decrease in nedge, Tedge, Ep or fi, was evident.

Global power balance has been studied by comparing the convected power to the edge
(obtained from probe measurements assuming a constant power transmission factor for
the sheath) with the total power mput less the radiated power. Good power accounting
is observed during ECRH, LHH and in ohmically heated discharges. However during
LHCD virtually none of the input Pry is observed in the convected flux at the boundary
suggesting that a large fraction of the power deposition is very local and/or power loss
occurs via a high energy component in the electron distribution which would not be
registered in the Langmuir probe bias range (-100V).

LOW-VOLTAGE START-UP
Preliminary studies of combined ECH and LICD start-up in the presence of a small

but finite d.c. electric field have been carried out. The OH primary voltage was limited so
that, in the absence of plasma current, a maximum voltage of 2V (i.e., E 50.3V/m) was
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induced around the torus. With such OH assistance I, could be Tamped up g

in ~0.5s with Ppg ~55kW. The discharge was initiated with ECH (Pean N1'2"25kﬁ\
and adequate coupling of the LH waves into the low density ECH-produced plas OkW]
possible without the need for phase-switching. The final density was T s gxu;?;" v':a
Further work is required to demonstrate that such a scenario (but with
would allow start-up in devices such as ITER with sufficiently high reliab;l;

SUMMARY AND CONCLUSIONS

LHCD experiments have been carried out in the DITE tokamak at 1.3 GHz
presence of a d.c. electric field the current drive efficiency is enhanced at low R | 5 the
an effect which can be explained on DITE, as on other devices, by an increased 1w =
electrical conductivity in the presence of RF power. The current drive efﬁciengas
improves with increasing plasma current, possibly reflecting a g-dependence, Y also

Sawtooth stabilisation is readily observed during LHCD but not during LAY wh
a symmetric spectrum is launched. There is little change in the inversion radiys, W i
sawteeth are stabilised an m=1, 2; n=1 instability usually appears. This instabilit 4
in turn be stabilised by resonant magnetic feedback or by raising Pry by a fa.ct.ory:,ag
over the level required for prompt sawtooth stabilisation. -

An increase in the particle confinement time is observed during LHCD but net duriy
LHH. During ECRH 7, decreases. By measuring the radiated power and the convected
power to the plasma edge, good global power accounting is observed during LHH and
ECRH. However, during LHCD only a small fraction of Pry can be accounted for
suggesting power loss is very local and/or via a high energy component in the e]ect.m;;
distribution.

Finally low-voltage start-up (E<0.3V/m) has been demonstrated in DITE using ECH
and LHCD-assisted ramp-up.
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Coupling of the 2 x 24 Waveguide Grill at 2.45 GHz in ASDEX

F. Leuterer, F. Séldner, M. Miinich, F. Monaco, M. Zouhar, R. Bartiromo],
5 Bernabei2, C. Forrest2, A. Tuccillo?, ASDEX-team, Pellet-team

Max Planck Institut fir Plasmaphysik
EURATOM - IPP Association, D 8046 Garching, FRG
1) ENEA - Frascati, ltaly, 2) PPPL - Princeton, USA

The lower hybrid grill used in ASDEX consists of two arrays of 24
waveguides each, arranged one on top of the other. The inner
dimensions of the guides are 10 x 109 mm with 4 mm walls inbetween.
The vertical separation between the centers of the two grills is 160
mm. With a phasing of A¢ = 180° we generate a symmetric spectrum
centered around N” = 4.4 , with a width of ANH = 0.8. The phase can be

et arbitrarily with a corresponding shift in N”, /1/. The grill is

toroidally and poloidally shaped according to the toroidal geometry.
The whole grill structure is surrounded by protecting graphite tiles,
which are directly attached to the grill walls.

Influence of protecting tiles around the qrill

In a first experimental campaign these tiles protruded beyond the
waveguides by 3 mm. In these conditions the average reflection
coefficient <R> was much higher than expected. Nevertheless, the
distribution of the reflection coefficients in the individual
waveguides, Ry, did show some essential features, like symmetric

patterns for symmetric spectra or the reversal of the asymmetric
patterns when switching the phasing from normal to opposite current
drive,/1/,. Fig.1 shows <R> measured at the upper grill array as a
function of the ri-power for different phase settings. From the fact
that <R> decreases with lower Nj and from the distribution of Rp near

the grill edge we conclude that we had a very low edge density in front
of the grill. We also found that <R> was rather insensitive to variations
of the line averaged electron density ng (in the range 1.3 to

5-1013¢m=3), or the main plasma position Rp (in the range of 1.65 to
1.68 m), or the grill position Rg (from 2.122 to 2.127 m). The
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separatrix position is Rg = Hp + 0.4 m and the position of the
: g IX
protection limiters in ASDEX is R = 2.120 m. &

Based on these observations we assumed that a very low de
with an effective radial extent of 1 to 2 mm, was exjst
immediate front of the waveguides between the protrudin
tiles, which was rather insensitive to the main edg
parameters. In fact, introducing a vacuum gap of up to 2
coupling code strongly enhances the calculated reflection
to values as observed.

The graphite tiles have meanwhile been replaced by another s
do no longer protrude beyond the metal walls of the waveguides, i
global reflection coefficient <R> is now more than a factor of two
lower than before, as seen in Fig.2 as compared to Fig.1. The
characteristic features like symmetric reflection patterns o,
symmetric spectra and reversal of the patterns for normal apg
opposite current drive are again clearly existing. For low N”, like Ag <

NSty laye,
NG in the
9 Qraphjtg
e D|asma
MM in the
Coefficign;

et which

90° or ¢ = oonm... , <R> is now less then 10% even up to a power of 1.8
MW, corresponding to a power density of =~ 4 kW/cm?2 at the grill. There
is now a distinct dependence aon plasma position, showing g
characteristic change in the reflection patterns of the edgs
waveguides on both sides of the minimum in the average <Rs, The
density measured by x-mode reflectometry at the grill position under
good coupling conditions for current drive agrees roughly with the
density for which we expect from coupling calculations a minimum for
<R>,/2/. At high N”, like A¢ = 180°, <R> is higher and reaches values

near to 20%. Here too, we have a clear dependence on plasma or gril
position, but within the possible variations we could not yet reach a
minimum of <R>. From the structure of the reflection pattern we
conclude that the edge density is still too low for the high N” waves,
There is still a variation of <R> with power, although not quite as
strong as in the case with protruding tiles. We think that the cause is a

variation of edge plasma parameters due to the ponderomotive force
and electron heating, /3/.

Control of coupling conditians

Coupling of lower hybrid waves to the plasma depends mainly on the
edge density. Therefore the distance between the grill and the plasma,
dg-p = Rg -Rg is usually the most critical parameter to be adjusted. It

also depends strongly on the frequency since the cutoff density varies
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3 i 2, For the 2.45 GHz grill on ASDEX the best coupling in current

giive experiments is obtained with dg_p ~ 4.5 cm. With larger distance

and thus decreasing edge density the overall reflection <R> increases
rapid!y- . ] . .
o experiments where lower hybrid current drive was comblmled with
ellet injection, /4/, we found that the coupling could be considerably
roved in cases with a large distance between plasma and grill. In
Fig.3 incident, reflected and net rf-power are plotted for dg_p = 7.5 Cm:

puring the gaspuffing phase in the first 0.25 sec the reflection
coefficient <R> = B60%. After begin of repetitive pellet injection it
drops rapidly to <R> = 7%. The pellets are ablated near the plasma
periphery by suprathermal electrons generated by the lower hybrid
waves, /4,5/. This leads to an increase of the density in front of the
grill and thus to an improved coupling. During pellet injection the
coupling remains insensitive even to large displacements of the plasma
away from the grill antenna. In Fig.4 incident, reflected and net
ff-power are plotted for a discharge in which the distance dg-p is

increased from 4.5 to 11.5 cm during the lower hybrid pulse by shifting
the plasma towards the inner wall of the torus. With simultaneous
pellet injections the reflection coefficient <R> does not exceed 16%,
whereas in gas fuelled discharges it would rise to 100% for these large
distances dg-p- The single pellets are barely seen on the curves for

reflected and net power for large dg-p- It seems therefore that the

density in front of the grill is mainly determined by the gas cloud
arising from evaporation of the pellets near the plasma periphery and
less by the particles deposited further inside the separatrix.

Based on these observations, we studied the sensitivity of the coupling
fo the position of the gas inlet in gas fuelled discharges. In fact the
overall reflection coefficient could be reduced by 30% by activating a
gas valve near to the grill, compared with values obtained when the gas
was filled into the vessel from a valve located 180° away from the
grill.

This experiment has been performed in cooperation between
IPP-Garching, ENEA-Frascati and PPPL-Princeton.
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Figures

Fig.1: Overall reflection coefficient <R> of the upper grill arrg

experimental phase with protruding graphite tiles Y N the

Fig.2: Overall reflection coefficient <R> of the both grill arrays in
experimental phase with nonprotruding graphite tiles 9
Fig.3: Temporal evolution of incident, reflected and net Ih-power of th
lower grill array with simultaneous operation of lower hybri?j
current drive and repetitive pellet injection with a |
grill-plasma distance of dg_p = 7.5 cm. ge
Fig.4: Temporal evolution of incident, reflected and net Ih-power of {pq
lower grill array with continuos pre-programmed increase of the
grill-plasma distance dg_p during repetitive pellet injection
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Lower Hybrid Current Drive Efficiency at 2.45 GHz in ASDEX

F. Leuterer, R. Bartiromol, S Bernabei2, F. Sdldner,
ASDEX-, LH- and NI-teams

Max Planck Institut fiir Plasmaphysik,
EURATOM-IPP Association, D-8046 Garching, FRG
1) ENEA, Frascati, Italy, 2) PPPL, Princeton, USA

The lower hybrid antgnna consists of two stacked arrays of 24
iwwguides each in which the phase can be set arbitrarily. Their
ﬁﬁensions are 10 x 109 mm with 4 mm walls,/1/. A phasing of Ap =
180° yields a peak value of the N -spectrum of 4.4, its width is

M| = 0.8.
The experiments are performed with a feedback controlled plasma

current Ip so that the sum of rf-driven current I,f and
tpductively driven current Ting is constant. At sufficiently high
rf-power all the plasma current can be driven by the lower hybrid
yaves and the loop voltage is then zero. From these shots we can

determine the current drive efficiency Mg at zero electric field
No,exp = Ne Ip R / Pin » (1013cm™3am/w) (1)

where ng is the line averaged density and R is the major radius of
the plasma. Fig. 1 shows experimental results at low density as a
function of the grill phasing, respectively N,,. Fig. 2 shows the
density dependence and we recognize the decreasing efficiency for
the 75 ° spectrum because of deminishing accessibility.

Assuming homogeneous current density and absorbed power density
profiles, full absorption of the accessible power by the fast
electrons, and a confinement time longer than their slowing down
time, we can derive from theory,/2/, the zero electric field
efficiency in the same units as

Mo, theor= 1240/ {1nA(5+Zerf) <N, 2>} (2)
with /3/
Niracel® BN ) /N2 AN|| - oo NIlace B () /N 2 dN
<N2>71 = - ———— A e o e ( 3)
coal™ BN AN
N\ acc is determined from the plane wave accessibility condition

with the line averaged density ng and the central magnetic field.

We neglect any possible broadening or upshift of the spectrum. The
results of this calculation are also shown in figs.l and 2. In
fig. 1 the dashed lines indicate the range in Zeff encountered in

these experiments due to different wall conditions. In fig. 1 all
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spectra, except the one for A ¢ = 67° satisfy the accessip;
condition and the agreement with the experiment is quite goo;lity
fig.2 the spectrum with A¢ = 75° suffers * In

from decreqgy,
€Xperiment nox.

e

One reasop for

accessibility when ng increases, however in the
then we expect on the basis of our assumptions.
this may be nonlinear effects, /4/.

If the power is not sufficiently high the loop volta
drop to zero. The efficiency for current drive in the Presence
an electric field has been calculated in a number of Papers /5
We use for our comparison with theory an analytic appro,{iméti/.
for T normalized to the efficiency T without E-field /g, 3

9e does no

M/Mp= 1n{ (1-X2) / (1-XX3) }/ (XX3-X2) ,

(4
with Xp = owp?Ey, X = (N 2/N|1)2, 0= 12/(Zags+T), up = Von2/vey
and Ey = E/Epreicer- The index 2 relates to the upper boundary of

the phase velocity spectrum. With the same assumptions ag before
and with the circuit equations we obtain

P1n/P1ho = (1-Upn/Ugn -T)/(M/Mg) . (5)

Uin and Ugp are the loop voltage during the lower hybrid and the
ohmic phase, T describes the enhancement of the plasma
conductivity due to bulk heating or a change in Zggg, and Pihg is
the power needed to reach zero lcop voltage in these conditions,
The term Xp can be expressed as X3 = Uinp/Ugn + A,with
A = 0'023(Zeff,ch+0'72)/(zeff,lh+7)'Ip/ne(NH2)2Te,oh3/2-

Ipr ng, Te are in units kA,1013cm‘3,kV. Except for N; 7 all these
quantities can be determined experimentally.

In figs.3 and 4 we compare experimental results at two different
densities with this theory. They were obtained with By = 2.8 T and
Ip = 420 kA. The curves have been calculated with an average value
A determined experimentally and with a calculated N,,2, and for
various values of T. At high density, fig.3, the agreement is
quite good and the variaticn of T can be explained by the observed
electron heating with increasing power, (T (0) rises from 1.4 kv
to 3 kV). At low density we find already at low power (up to
P1h/P1np = 0.25) a strong drop in loop voltage which would require
T = 2. This cannot be explained by bulk heating. In this range the
loop voltage is not yet low enough and we observe runaway
electrons which may carry part of the plasma current and which are
not included in this simple theory. At high power where the
electric field is near zero the high value of T can again be
explained by the observed strong electron heating, (Te (0) rises
from 2 kV to 7.5 kV). Comparisons at different current drive '
spectra and plasma currents yield the same result.

With a symmetric spectrum of waves we drive in principle currents
in both toroidal directions, however according to equ. 4, with
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ffereﬂt efficiencies. Thus a net current drive results. Assuming
dit poth these currents can be additively described by equ. 4, we
Jptain for the normalized characteristics
P1n/P1h0 = (1-U1n/Uoh * T) / {N (+Ex) /Mo=M (~Exy) Mg} (6)

These characteristics never reach AU/Ugp= 1,1.e.zero loop voltage.
Hlfigs's and 6 we compare measured and calculated results again
or tWO densities. As in the case with asymmetric spectrum we find
wayﬂmble agreement at high density when we take heating into
sccount . At low density, fig.6, the high wvalues of T resulting
¢rom the comparison can again not be explained by bulk heating.
The production of runaway electrons is in this case even stronger
than in the proper current drive situation since the remaining
dﬁctric field is higher for the same launched power.

We have also studied current drive during neutral beam injection
in a L-mode plasma. Fig.7 shows the loop voltage drop as a
function of rf-power during injection of 1 MW of neutral beam
power . TIn the combined NBI and LH phase the density did rise from
2,1 to 2.4 . 1013cm~3. For the comparison with LH current drive
alone we therefore show in fig.7 two characteristics obtained at
the densities 2.1 and 2.8 . 1013cm™3. From this we conclude that
the current drive efficiency is the same with and without neutral
peam injection for these parameters. The point of zero loop
voltage for this case is marked in fig.2 as the thick cross.

This experiment has been performed in cooperation between IPP -
gGarching, ENEA - Frascati and PPPL - Princeton.
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Fig.l: Steadystate current drive efficiency as function of N,
Fig.2: Steadystate current drive efficiency as function of density
Fig.3: Calculated and measured drop in loop voltage for partial

current drive at ng = 2.8-1013cm™3s cd-spectrum A ¢ = 90°
Fig.4: Calculated and measured drop in loop voltage for partial
current drive at ng = 1.35-1013¢m™3, cd-spectrum A ¢ = 90°
Fig.5: Calculated and measured drop in loop voltage for partial
current drive at ng = 2.8-1013¢m™3, symm.spectr. ¢ = 00mE. ..
Fig.6: Calculated and measured drop in loop voltage for partial
current drive at ng =1.35-1013cm=3, symm.spectr. ¢ = 007m@. ..
Fig.7: Loop voltage drop as function of rf-power during neutral
beam injection, cd-spectrum, A ¢ = 90°
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SIMULATION OF FAST WAVES CURRENT DRIVE

BY MULTI-LOOP ANTENNAE IN ITER

M. V.Dmitrieva
M. V.Keldysh Institute of Applied Mathematics
V.L.Vdovin, S.V.Fedorov

I.V.Kurchatov IAE, Moscow, USSR

3D-simulation of current drive by fast magnetosonic waves CFMSW)
in the range of ICR frequencies and lower ones (60-4.25 MHz) for
the parameters of ITER-technology phase [1] €Ca=1.8 m, R=5.5%5 md> has
been done with developed ICTOR-code [2]. On the basis of reference
operators, [3], the completly conservative schemes for Maxwell's
equations have been derived. The multi-loop antennae located at low
field side or at the top of the torus are used. The current drive
(CD) efficiency, taking account of trapped electrons in C. Karney-
D.Ehst medel [4]1, for ? =18 keV and Zzﬁ=8.a is T=O._25—O.3 Ctabled.

Three frequency ranges are considered: &0 MHz CEU}_ECU;?D, 17 MH=z
CW<W.+) and 8.5-4.25 MHz. The phase velocities are of the order
of thermal electron one and higher. A very peaked current profile
at £=55-60 MHz (Fig.B) 1s expanded at the transition to 17 MHz, and
current passes within a half of the miner plasma radius at f=4.5 MHz.
For the scenario with new ITER in a single null configuration Ca=2.15
m, R=6 m, bra=2) we have obtained more broadened power deposition
profile with an antenna located at the top of the torus CFig. 4>.
With the new consideration of trapped particles effects C(RF diffusion

in the curvilinear magnetic field, and onl y then bounce averagingD
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{51, the CD efficiency is %'=0.56 for Zpp=1.8.

An another interesting opportunity to drive the current by FMsy
within the plasma column middle and outwards from it in 1qy frEfmency
range C(f~10 MHz)> is a simultaneous excitation of the severa] nearly
degenerative cylindrical modes coupled in a ‘toroidal resonance!
C<{m>~4) is shown in Fig.2. Some of these found modes are l‘:’Calized
poloidally. Their excitation in the torus interior not only woul 4
rize about two times the CD efficiency, since trapping effectsg apa
essentially reduced due to [B], but will broaden significant,ly the
current prefile.

The ion absarption in the mode of operation with ?'awc_]_
C~ B0 MHz ) doesn‘'t exceed 20 %, Lhe alpha absorption is
insignificant for a reactor with Rra » 3 [2].

REFERENCIEZ
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2. Vdovin V.L.,Fedorov S.V.,Dmitrieva M.V., ITER ICRF workshop, August
3. Dmitrieva M.V.,Tishkin V.F. et al, Preprint IAM -197, 1986 &
4. Enst D. et al, ITER CD-H modelling meeting, June 18839 (Garching)

5. Vdovin V.L. et al, ITER F workshop, February 1990 (Garchingd
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A 1-2/2 D EULERTAN VLASOV CODE FOR THE NUMERICAL SIMULATION OF
BEAT CURRENT DRIVE IN A MAGNETIZED PLASMA.

A, Ghizzol, P Bertrand{ M. Shuucriz, M. FeixB,
T.W. Johnston®, E. Fijalkow>

1 physique Théorique, Université de Nancy-1, Nancy, France

2 centre Canadien de Fusion Magnétique (CCFM), Varennes, Québec, Canada
3 pMMS-CNRS, Université d'Orléans, France

4 INRS-Energie, Université du Québec, Varennes, Québec, Canada

Beat wave current drive and heating are of increasing interest in the
thSiCS of toroidal plasmal. We present numerical simulations of Raman
packscattering (BRS) in a strong magnetized plasma. In this process, an
jnitial right hand polarized electromagnetic pump wave decays into a
scattered wave and an electrostatic plasma wave (EPW) which traps and
accelerates the electron, producing a current.

In the case of relativistic electrons produced from Raman scattering or
peat wave (without magnetic field) the use of an eulerian Vlasov code
allows a relatively economical calculation of the phase space structures
which are simply invisible in normal particule codes <

Here we extend the previpus codg,tc the case of a magnetized plasma
with an external field B, = B ey in the direction of the incoming pump
wave. Since particles are accelerated in the same direction, we consi-

der two models with one spatial dimension:

1) A 1-2/2 D Vlasov model in which the electron distribution function
£( %, Pxs Py Pz» t ) obeys the relastivistic Vlasov-Maxwell equations,
with a longitUQEnal EPW field E, and transverse electromagnetic modes

(in the plane ey, e, ) propagating in the ey direction .
¥y va X

2) A simplified 1 D model in which the transverse kinetic description
is represented, in a fluid approach, by the mean velocity u, (%, t)»
The more simple distribution function f(x, pg» t) obeys the 1 @ Vlasov-
Maxwell equations supplemented by the fluid equation for u,(x, t) .

Comparisons are presented between the two models. For simplicity, both
are periodic in space. Plasma parameters are: thermal velocity v¢n=0.08¢
(i.e. T=3.2 keV), electron cyclotron frequency W, = 2w, ( M.T.X.

like parameters), incident laser quiver velocity vgge = 0.10¢c and fre-
quency wg = 2.8 W, BRS is expected to produce an EPW with We=1.12w,
then the length of the periodic box is chosen to be 3 times the wave
length of EPW. Notice that Forward Raman Scattering (SRS) is also pos-
sible; in the latter case the wave length of the corresponding EPW is
just the length of the box.

Numerical experiments using the 1-2/2 D model have been carried out
using a grid Ny N N yNPz= 32%128%x32x32 = 4 194 304 mesh points. Typical
time step is O.Ié)wﬁﬁ. Results are displayed in figs 1.The time evolution



1300

of the pump energy is shown in fig la and exhibits, indeed, the 4
into a scattered light (fig 1b) and the EPW (fig lc). Thug this ecay
leads to the generation of accelerated particles and therefore tpronesg
longitudinal current density( fig 1d); energies are normaliz S48
units, time is normalized to the inverse plasma frequaney p and y
cities are normalized to the velocity of the light c . Furthe elo-

ed to g

Tmo
detailed examination of the distribution function in the X=py p;:’
space plane is given in figs le and 1f; both contour plots ang 3Dse

representation of the distribution averaged on p, and Pz are
time t = 300.1 (fig le) and time t = 350.9 ( fig 1f), showing not ani
the expected formation of a 3 vortex structure due to BRS, but alsg t§
emergence of a one period structure at the end of the run which nay be
related to FRS. 4

8iven a¢

A second series of simulation is conducted using the 1 D Vlasov coge
with a grid Ny Np, = 128x512 = 65536 mesh points only and a better
%-px resolution than the full kinetic 1 2/2 D code. Figs 2 exhibit
the results obtained with the latter over a longer time ( 810 =] i
stead of 410 5l). Both model are in good agreement. Furthermore the
oscillatory beﬁaviour after BRS saturation has been identified as FRS,
Phase space plots (fig 2f) reveals also the one period stucture due
to FRS.

Finally the 1-D Vlasov code with fluid description for the transverse
motion appears to be a very efficient tool to study particle dynamics
for beat wave or Raman scattering in magnetized plasma.
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HIGH FREQUENCY CURRENT DRIVE BY NONLINEAR
WAVE-WAVE INTERACTIONS

] g.J. Karttunen', T.J.H. Piattikangas®? and R.R.E. Salomaa’

E 1Technical Research Centre of Finland, Nuclear Engineering Laboratory
i P.0. Box 169, SF-00181 Helsinki, Finland
2Helsinki University of Technology, Department of Technical Physics,
SF-02150 Espoo, Finland

|, INTRODUCTION

In the high frequency regime (w ~ Q) ideas of the current drive in tokamak plasmas are
mainly based on the electron-cyclotron waves generated by hf-gyrotrons. The progress
in free-electron-laser (FEL) technology opens new interesting possibilities for the current
drive. This is due to the potential of FELs for GW peak powers, high efficiencies, and
Jow cost per watt as compared with conventional gyrotrons [1]. Large peak powers apply
{o the excitation of nonlinear wave-wave processes which produce high phase velocity
(vph > Ve) electrostatic modes. These modes accelerate the resonant electrons to large
parallel velocities v} = vy, producing a slowly decaying current.

Large amplitude electrostatic plasma waves can be excited by the beat-wave (BW) inter-
action or by the parametric decay of intensive FEL radiation. In the beat-wave method
two counterpropagating [2] er collinear [3] pump waves can be used. In the stimulated
Raman scattering (SRS) the lower frequency electromagnetic wave grows up from the
noise level. The advantage of the SRS current drive over the BW-method is that only
a single frequency FEL is needed. A weak, broadband seed laser can provide appropri-
ate starting noise. In contrast to the beat-wave current drive the SRS-method is less
sensitive to detuning from the exact resonance.

The operation above the high frequency cut-offs provides an easy access into the plasma
centre which makes possible to control the current and g-profiles. In addition, the FEL
current drive works also in reactor relevant conditions, because there are no limitations
for the plasma density likein the LH current drive. These features make the SRS and BW
methods particularly attractive for bootstrap current seeding, which may considerably
enhance the overall current drive efficiency [3].

9. STIMULATED RAMAN PROCESS

In stimulated Raman scattering an intense electromagnetic pump wave (T') decays into
a scattered wave (I”) and a longitudinal plasma wave (L): T — T'+ L. Energy and
momentum conservation relations for the waves are wp = w, +w and ko = ke + k, where
"0 and ”s” refer to the pump wave and to the scattered wave, respectively.

We assume a simple geometry in which all waves propagate parallel to the magnetic
field. This gives the best current drive efficiency according to 2D-calculations [4]. The
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pump wave can be either right (RCP) or left (LCP) circularly polariged,
caused by the magnetic field to the Raman process are included in our
are particularly important at low frequencies where the current drive ig
most efficient.

Modificyy;
analysig, TL::
EXpected ¢, be

Both Raman forward (SRS-F) and backward (SRS-B) scattering can be use
drive. SRS-B has a larger gain and the momentum transfer to the Plasmon i
efficient. The phase velocity of the SRS-B plasmon, however, is fairly smal] in :u;:re
well underdense plasma so that Landau damping severely limits the growth of the § Rgt
B instability. In SRS-F the plasmon phase velocity v,n = w/k is much higher S
linear damping is very weak. This indicates that SRS-F can dominate over SRS-B evl X
though its gain is smaller. The high phase velocity vpn/c = 0.7 — 0.95 means that SRE;D
F generates nearly collisionless electrons which leads to a slow decay of the res“ltin‘
current. An apparent problem is the coupling of the high phase velocity plasmy tB
the electron distribution. The coupling takes place in the strong pump limit when ﬂ:::
plasmon amplitude is large enough to trap electrons from the tail of the distribution
An interesting possibility is the simultaneous operation of SRS-B and SRS-F which 1
substantially enhance the fast electron production. The SRS-B generates a large numbe;
of medium fast electrons, which increases the tail damping and electron acceleration by
the SRS-F plasmon.

d to currmt

may

The basic gain length for SRS-B and SRS-F is

1, = 282y by, 0

ag Vo' w

where vy = €| Eq(0)|/m.wp is the electron quiver velocity in the pump field. The depen-
dence on the magnetic field By has been included in ap [3]. The gain length gives a
measure for the required interaction length. In most cases the SRS-F plasmon is weakly
damped and the convective growth depletes the pump completely in the distance

4

L
Ld,p( o EE ln(g;),

(2)

where ey is the electromagnetic noise level. If the peak intensity of the FEL pulse is
fn[W/cmz]Ag[mmn] ~ 108, the gain length L, of the SRS-F is about 20 cm and the
depletion length is 0.5 m for ey = 107, If the linear damping limits the growth of the
Raman scattering the depletion length is given by Ly  (I2/2L.)1n(1/ex), where L,
is the linear absorption length.

3. CURRENT DRIVE EFFICIENCY

We assume that the plasma wave excited by SRS transfers all its momentum to the
fast electrons. In the steady state the momentum transferred from the pump wave
to the plasma wave equals the momentum transferred from the plasma wave to the
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gable 1: Current drive and FEL parameters for SRS-F with jp = 2.5 MA/m*, 7. = 0.3

1 and N = 10~* for both wavelengths. The plasma parameters as in Fig. 1.
i A LCP pump wave Ao = L.06 mm | Ao = 1.8 mm
4 CD efficiency n.RJr/P [A/Wm?] 2 x 10%° 10%°
¢ peak intensity [ [Wem™?] 2.7x108 9.3 % 107
X pulse length t, [ns] 30 50
] pulse repetition rate vep [Hz] 94 325
1 gain length L, [m] 0.1 0.05
- depletion length Daen [m] 0.53 0.27
)
: . 10
o

EFFICIENCY nR1/P (10%0A/Wm

0.1
SRS-B -
\\
AY
0.01+ :
SRS-B_______.---moT T
0.001 ' : : : '
0.2 0.4 08 0.8 r A

%)

0.0173

EFFICIENCY nRI/P (10°°A/Wm
(-]

0.001 T T T
0 0.5 1 1.6 2 2.6

WAVELENGTH Ag (mm)

Figure 1: CD-efficiency (3) versus pump wavelength for r. = 1 and 0.1, Z = 1.3,
ne = 102°m~3, T, = 10 keV and Bo = 4.81 T. Upper frame (RCP), lower frame (LCP).
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resonant electrons. The efficiency of the momentum transfer is describeq by thatun,
action transfer ., from the pump wave to the plasma wave. The current drjye efae}-at]?e
is obtained by balancing the momentum obtained by the resonant electropg Clency

momentum lost by them in collisions (see ref. [2]). In units [A/Wm?] the Eesultai:d the

n.RJp i% e}’lz[eV] w . ke, kge
— =2 1 T h (=)= 7.,
P 2.39 x 10 Z2ln A (wn)(w)(wg)r (3)

where g is the fast electron energy corresponding to the plasmon phase velocity
In A is the Coulomb logarithm. g

Figure 1 illustrates the current drive efficiencies (3) for various PUMp Wavelengihs |
Notice that the plasmon wavenumber & and er in Eq. (3) depend on the pump Wav::
length, too. Figure 1 predicts high current drive efficiencies for the SRS-F DProcesg
because it produces less collisional electrons than SRS-B. At short wavelengths the efﬁ_,
ciencies are similar for the ROP and LCP cases, but at long wavelengths the LC
leads to more efficient current drive. In addition, the behaviour of the RCP w
be complicated by the cyclotron damping near wy, = m|Q|.

P bump
ave may

The power P in Ehe current drive efﬁﬂciency (3) is the average FEL output power, A
high peak power P (or peak intensity I) is required to exceed the threshold of SRS, Ty,
relation between the peak and average quantities is P = v, ¢, P where iy is the pulse
length and p,,, is the pulse repetition rate. Table 1 shows some typical current driye
and FEL parameters for the LOP pump wave.

The pump frequencies close to the cut-off frequency are expected to give the best cyr.
rent drive efficiency in terms of the quantum efficiency w/wy. The phase velocity of the
SRS-F plasmon is somewhat reduced which increases the generation of fast electrons,
In this region also SRS-B is expected to operate so that strong coupling to the electron
distribution is anticipated due to simultaneous SRS-B and SRS-F. Near the cut-off fre-
quencies the FEL beam Propagation becomes more complicated. Our preliminary ray
tracing calculations indicate that the beam curvature does not play any significant role
for wo,s > w, in agreement with ref. [2].

References

1. M. J. van der Wiel, P. W. van Amersfoort, Fusion Eng. Design 11 (1989) 245.

2. B. L. Cohen et al., Nucl. Fusion 28 (1988) 1519.

3. J. A. Heikkinen, §. J. Karttunen, R. R. E. Salomaa, Nucl. Fusion 28 (1988) 1845.
4. M.R. Amin, R.A. Cairns, Nucl. Fusion 30 (1990) 327.




1 e

1307

o 92

pOSSIBILITY OF ION CURRENT DRIVEN BY RF HELICITY INJECTION

g Hamamatsu, A. Fukuyama¥, 5.-I. Ttoh**, K. Itoh** and M. Azumi

apan Atomic Energy Research Institute, Naka Fusion Research Establishment,
Naka-machi, Naka-gun, Ibaraki, 311-02.

sfaculty of Engineering, Okayama University, Okayama, 700.

w#National Institute for Fusion Science, Chikusa, Nagoya, 464-01, Japan

1, Introduction  The injection by RF-waves with helicity has been proposed to
the tokamak plasma as a promising current drive scheme by Ohkawa 1.

Recently, the relation between RF-driven current and RF helicity conservation is
clearly explained in Ref. 2,3. We obtain the conversion relation of RF-helicity to
the OH helicity in the range of ion cyclotron frequency. It is found that the RF
helicity is not exactly converted to the DC helicity associated with the plasma
current under any helicity conservation laws 4). We found, however, the

helicity force originated from the < VxB>- force can be expected as a current drive
force. Especially, the < VxB > - force acted on fast ions is interested. We solve the
wave propagation equation as a boundary value problem using the one
dimensional kinetic wave code. The ion driven current is calculated from the
obtained wave field. The density and temperature dependences of the current
drive efficiency are obtained and discussed.

2. RF Helicity and Current Drive Introducing the vector potential A (V
xA=B), we can generally write the conservation relation of the helicity density,
H=AeB, as follows,

H 2A
-aa—t+Vo(Axﬁ+2¢B)x-2E-B (1)

where the relation E = V¢ - dA/0t is used. We divide the field quantities into the
stationary component sustained by the Ohmic drive and the RF oscillating part.
RF field part is calculated using the equation of motion and continuity equation.
Under the constraint that the parallel current is fixed, the reduction of the OH
electric field, - 8Eq| |, is obtained as

-(8Egi | B)=A <EeB> ()

where <> indicates the time average over the wave period and the symbol ~
denotes RF oscillating part. The coefficient A may be interpreted as the
conversion coefficient of the RF helicity to the OH helicity. The explicit from of

A is expressed in Ref. 4. The RF helicity current drive is caused by the < VxB > -
force, which is usually accounted for in revaluating the dynamo force. It is an
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important result that the obtained conservation coefficient A is not nec,
unity. This means that the coefficient A is not constrained by the cong
total helicity but dictated by the other mechanism of current drive.

essari]
EIVation o

3. Ion Driven Current The absorption of wave helicity takes place in the ¢
where waves are absorbed through the cyclotron damping, Landau damping :ied
TTMP. The < VxB > - force appears for electrons and ions. It must be noted th
the ion driven current and electron driven current flow in the opposite ®
directions.

We estimate the ion driven current due to ion cyclotron resonance, Tpe

ion flow is driven by the < VxB > - force. The Ohkawa current associated with
this ion flow is evaluated by using the neoclassical formula. The net current i
is given as G

jii=hvd , Zes) qini vdll

1 =~ L
Vd”=v_5 e [<Ep; >+ < j;xB>] @)

Here vg-1 is the slowing down time of ions and the coefficient h (vqg, Zaog) is the
analytic expression of the classical Spitzer function, which includes the effects of
electron-electron collisions and is valid for all values of vq = vq||/ve and

effective charge, Zegr 5. We include the LD term and < VxB > term in the
expression of vq| |. If the fast ions do not exist, the ion driven current becomes
negligibly small. Because the electrons absorb the input RF power and/or the ion
slowing down time is reduced. Therefore, we assume the existence of the high
energy ions, for example, which are injected by neutral beam. In order to
calculate the wave field, power deposition profile and spacial profile of driven
current, we solve the wave equation in an inhomogeneous plasma as boundary
value problem.

4, Numerical Results = We use a typical parameter of the JT-60 plasma: R=3m,
B=4T, a = 0.95m, Teo=Tjo = 10 keV, Zggr = 2.4. In this calculation we do not
specify the antenna spectrum and treat as the Frourier decomposed mode: k|-
mode. The current drive efficiency is expressed as

_ IR
D =P @

where I is a total driven current, Pyc is a total input RF power and T is a line
averages electron density. Tcp is a function of k||. The notation Tjcq, however, is
used as the maximum value of the current drive efficiency for various k|-mode.
The velocity distribution of high energy beam ions is assumed to be isotropic
Maxwellian with the temperature, Tp, and density, np.
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Figure 1 shows the beam temperature dependence of Ncp for various
Jasma density, where the beam pressure is fixed at the constant value:
npTo/Teo = 40 keV. As the beam temperature increases, the current drive
officiency is increasing because of a reduction of the beam-ion collision. In the
high temperature region: Tp<300 keV, Tcp increases with increasing of the
ma density. The density dependence of induced current is weaker than 1/n.
Figure 2 shows the dependence of Tcp on the electron temperature for
yarious beam temperature. Ncp has a maximum value at a critical electron
jemperature which increases with the increase of beam temperature. In the low
temperature regime below the critical temperature, Tcp increases due to the
reduction of the beam-electron collision. When the eleciron temperature
exceeds the critical one, icp begins decreasing. In the high temperature regime,
the condition of the electron Landau damping is satisfied and the electron
~ current is driven in the opposite direction. This situation is presented in Fig. 3,
where the radial profile of electric field, Ey, power deposition profile and the
distribution of driven current are shown. The plasma parameters are
fleo = 3 X 1020 m=3. Teg = Tip = 30 keV, Tp = 600 keV and k| = 10 m-L.

plas

5. Conclusion and Discussion We have studied the possibility of ion driven
current based on the RF helicity injection. In order to calculate the radial profile
of driven current, we use the one dimensional full-wave code. The high energy
jons are indispensable for the high efficient current drive. In this report, the fast
jons are assumed to be injected by neutral beam, where the beam energy must be
exceeded several hundreds kilo volts. The density dependence of driven current
is weaker than 1/n. The obtained drive efficiency is in a same order of the
conventional methods, i.e. LH-current drive, etc. In the reactor grade tokamak,
however, the a-particles have the high energy enough to be hoped. The
calculation for c-particles has been left as an open problem. In the rarely
collisional regime, the velocity distribution of high energy particles will be
anisotropic. The problems in connection with trapped particles will have to be
further investigated.
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DEVELOPMENT OF FAST-WAVE ICRF CURRENT DRIVE
SYSTEMS AT ORNL*

R. H. Goulding, F. W. Baity, D. B. Batchelor, D. J. Hoffman,
E. F. Jaeger, M. J. Mayberry,T P. M. Ryan

Oak Ridge National Laboratory, Oak Ridge, TN 37831-8071, U.S.A.

INTRODUCTION

A series of proof-of-principle fast-wave current drive (FWCD) experiments in the ion
cyclotron range of frequencies (ICRF) will begin soon on the DIII-D tokamak at General Atomics
[1,2]. These experiments will use a four-strap, 2-MW phased antenna array designed and built at
0Ok Ridge National Laboratory (ORNL) [2]. The antenna array will operate at a frequency of
60 MHz and is expected to drive currents at 0.25 to 0.5 MA in moderate-density (e ~ 1.3 x
1012 m-3) plasmas with Teo~ 4 keV and a toroidal field B = 1 T. We discuss development
work undertaken at ORNL to predict the performance of the phased array and its feed circuit and
o assist in the design of future FWCD systems.

RF MAGNETIC FIELD MEASUREMENTS

A full-scale mock-up of the FWCD antenna array for DIII-D was constructed to examine the
wave spectrum produced by the design geometry, including the effects of three-dimensional (3-D)
structures, for which adequate models have not been available in the past. These structures include
slotted septa between current straps and the Faraday shield. The mock-up has also been used to
determine the electrical characteristics of the array from a transmission line standpoint and to test
proposed configurations of the feed circuit for the array. Figure 1 is a drawing of the actual
antenna array. The current straps are 11 cm wide and 45 cm long and are grounded at one end.
The straps are oriented vertically, and each strap is located in a cavity 22 cm wide bounded on
each side by a septum. The outer septa (between straps 1 and 2 and between straps 3 and 4) are
not shown in Fig. 1 for reasons of clarity. The inner septum between straps 2 and 3, which is
formed from the inner walls of the two antenna cavities, is slotted with horizontal slots extending
from the front Faraday shield surface to 1 cm behind the straps, as shown in Fig. 1.

The toroidal component of the rf magnetic field produced by the mock-up array was
measured with a loop probe scanned in the toroidal direction 6 cm in front of the Faraday shield,
corresponding to the approximate distance from the antenna surface to the magnetic field
separatrix. Three configurations that involved altering the geometry of the outer septa have been
examined.

Figure 2 shows the power spectra calculated from the rf magnetic field measurements for
(a) solid outer septa, (b) horizontally slotted outer septa, with slots extending from the front
Faraday shield surface to 1 cm behind the straps, and (c) no outer septa or Faraday shield, The
most directional spectrum is produced with no septa, but this option is precluded by mechanical

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under contract DE-
ACD5-840R21400 with Martin Marietta Energy Systems, Inc.
TGeneral Atomics, San Dicgo, CA 92138, US.A.
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and electrical design constraints. Case (a),with slots only in the inner Septum, was iny
because it minimizes the power split required between the two pairs of antennas i the §
circuit configuration, as discussed below. For the spectrum generated with slotteq septa, 5
the total power is present in the peak at k, = 8 m~! and 38% in the peak at k. ’2 3% of
where k, is the wave number in the toroidal direction, versus 43.6% and 45_5%,21-351;':0.’““].
for the unslotted septa. The approximate attenuation between the antenna face andig\’ely»
dependent location of the plasma cutoff layer was determined using the diverted L-mode e Kz
profile given in ref. [3]. The spectra corresponding to Figs. 2(a) and (b) with thig evanz:s‘z-nsl

effect taken into account are shown in Fig. 3. The spectrum generated with slotted septa has Zl'éte
of the power in the peak at k, = 8 m~1 and 25% in the peak at k, = 20 m-1, vergys 61 %
33%, respectively, for the unslotted septa. Slotting the septa increases the ratio of power f"ar?-,d
positive k, peak to that in the negative &, peak from 1.8 to 2.7; by this simple measure !he
directionality of the spectrum is significantly increased. On the basis of this measuremm’ e

Cstigatey
Nitig] feq

outer septa in the actual antenna were slotted. Current drive efficiency and loading pmdu(:éhtge
the measured spectra are now being calculated with the ORION full-wave code [4]. y
ANTENNA MODELING

A 2-D magnetostatic code [5] has been developed to model phased antenna arrays and js
being used to model the effect of slotting the outer septa on the vacuum antenna spectrum, Since
the code models a 2-D cross section of the array in a horizontal plane, the slots are modeled by
reducing the distance that the septa extend from the antenna backplane. The Faraday shield ig o
modeled in this code.

In Fig. 2, the dotted lines show the vacuum power spectra calculated by the magnetostatic
code for (a) solid and (b) slotted outer septa. To obtain a good fit to the data, the “slotted” septa
in the model were extended an additional 1 cm past the ends of the actual slots. The geometry for
the slotted sidewall case is shown in Fig. 4. In addition, the observation plane was taken to be
4.5 cm in front of the antenna cavities instead of the actual 6 cm. If this is not done, the power
fraction in the dominant positive k, peak is higher and that in the negative k, peak is lower than
the measured values, as would occur if the calculated currents were closer to the array backplane
than the observed currents. The following possible reasons for the discrepancy are being
investigated. (1) The presence of the Faraday shield may cause a redistribution of currents on the
strap and septa, causing them to move toward the shield (2) The poloidal structure of the slotted
septa may cause return currents to be located farther forward than allowed by the 2-D analog for
them. (3) The angle betwen the two antenna cavities is not reproduced in the model. Because of
these discrepancies, use of this model and others based on similar geometry for predictive

purposes is limited. More accurate modeling of the slot effects should be possible with a 3-D code
that is under development,

ARRAY FEED CIRCUIT

The feed circuit developed for the array allows the entire array to be driven by a single
transmitter with 90° phase change between the currents in neighboring straps. Straps 1 and 3 are
connected by a coaxial transmission line forming a resonant loop; straps 2 and 4 are connectetd to
form a second loop. The loops are fed through an unmatched tee, allowing a power split between
antenna pairs. This results in equal currents on all four straps. The expected behavior of the circuit
has been confirmed in extensive tests with the full-scale mock-up.

Variation in the plasma resistive and reactive loading from the values for which the tuners are
set causes changes in the relative amplitudes and phasing of the currents in each tee. The methods
of ref. [6] were used to develop a lossy transmission line model including distributed coupling.
This model is extremely accurate in predicting the circuit behavior over a range of frequencies.
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Pmdictions of the model for effects of changes in plasma loading on antenna currents are shown
Fig. 5. In th_is_case the relativz_a phases of the currents on neighboring straps are insensitive to
hanges in resistive plasma loading, but the amplitude ratios are not. Alternate tuner settings can
pe chosen at which the current amplitudes are stable to these changes but the relative phasing is
not. Since changes in the current amplitude and phases produces changes in the antenna spectrum,
which in turn produces changes in loading, there is a self-consistent interaction between the tuning
circuit and the plasma. The ORION full-wave code is being employed to understand this
action and to simulate the performance of tuning algorithms to be used in actual experiments.

CONCLUSIONS

Toroidal wave number spectra have been measured on a mock-up of the four-strap FWCD
antenna array for DIII-D, These measurements indicate that the directionality of the generated
yacuum spectrum can be significantly improved by slotting the outer septa. Slotting the inner
septum improves directionality and reduces the power division required between the two antenna

airs to achieve equal currents in all straps. Effects on loading and current drive efficiency remain
10 be calculated. A 2-D magnetostatic model of the mock-up yields spectra that approximate the
measured spectra, but the effective location of appreciable currents in the model appears to be
closer to the antenna backplane than would be inferred from the measured spectra. Future models
should be done in three dimensions to include the full effects of Faraday shield and septum
structures. A feed circuit developed for the system allows the array to be driven from a single
gansmitter with 90° phasing between straps and equal currents on all straps. A model of this feed
circuit indicates that changes in plasma resistive and reactive loading can cause significant changes
in current amplitude ratios and phasing between straps.

inter
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Ti (C,N) - COATED FARADAY
SHIELD FOR STRAPS No. 1 AND No. 2

Fig. 1. The FWCD antenna for DIII-D.
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CURRENT DRIVE VIA LANDAU DAMPING
OF KINETIC ALFVEN WAVE IN TOROIDAL GEOMETRY

A. G. Elfimov* and 8. Puri
Max-Planck Institut fiir Plasmaphysik, EFURATOM Association,
Garching bei Miinchen, Federal Republic of Germany

It is found that Landau-damping of low-phase-velocity waves (vp < vie, the elec-
tron thermal speed) is profoundly affected by toroidicity. The proportion o of the wave
energy imparted to the untrapped particles significantly exceeds their numerical fraction.
computed values of o, versus vp/ve are presented. The implications of these results
on low-phase-velocity-wave current drive are assessed.

REVIEW OF THE THEORY

The problem of Landau damping by trapped and passing particles in a Tokamak
is analyzed in Ref.[1]. A simplified outline valid for low-frequency waves (w < w,) starts
with the linearized drift-kinetic equation

8fo , hevy 8fo | inhgyy . hevy sin @ afo . 8fo\ _ _
2t Tt ' T2k \"ay Yaw)” vio+Qo, (1)
where Qo = _iEHsévﬂw f = F + foexp|i(ng —wt)], ¢ and § are the toroidal and

poloidal angles, f is the particle distribution function, F is the steady-state distribution
assumed to be Maxwellian, hy = |Bg /B, he = |Bs/B|, n is the toroidal wave number,
» is the collision frequency, & = ) Em exp(im#f) is the electric field along the magnetic
field direction and v, v1 are the velocity components along and perpendicular to the

o0 [se]
magnetic field direction. The plasma current is given by 7 = 2me [ vydvy [ fovidvy.
—oo 0

The substitutions v, = usin~y and v) = ucos~, followed by the transformations ¢ = 8

and A = sin® 4 (1 + e cos f) gives
A
vy =uyf————
+ 1+¢ecosd
B . .
= 1+ ecosd

arl” .| __na s(w +iv)r o _ 818”040
_ = =0 =G 2
o | Treeosd —— fo 25 Tixfo o, (2
and 1+ [
o e 3 (e)
gij= 1+€c059.[u o f b L3t )
0 0 ?

* Permanent Address: I N, Vekua Institute of Physics and Technology, Sukhumi-14,
384914 USSR.
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where
r e By oF er )
Go = T N T
emuy u  mhevf,
X(_,) _ ng s(w + iv)r

1+ecosd ot fl _ 1+z!::050

q =rhg/Rohg is the safety factor, s = £1 for v) 20 and the s summation extends
s = +1. Equation (2) possesses the solution pver

fés)=exp (—if ()dn) |:f Goexp( / x( dﬁ‘) dy+g(a)] 9 4)

-8
where 0, defines the maximum azimuthal extent of the particle’s excursion, For pas
particles 8, = 7 while for the trapped particles 8, = cos™![(A — 1)/e]. The mte;:;g
tion constants C( ) are determined by the boundary conditions fé )( m) ( 1)(
fol)( bm) = f ( 0,) for the trapped particles and f( )(ﬂ')

bm),

= fO (‘_"T] for the

untrapped particles. The current j” for an electric field excitation E” mexp(:mﬁ]
becomes ,
y Whe€0
ii=-E=> Em [‘I'Efln #* \115;"),,] ; (5)
g
where
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v —m
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d
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exp (imy—s’ [ x@dn—i [ x® dn)
v
d

m

B
_[ o oo Yy ]
0 exp|—i | xdn|—exp|—i [ xt=2)dn

(7)

Om —bm
;lfu is the permittivity of free space and U? = u?/2v},. The power absorbed per unit
jolume is given by P = %?R [j"Eﬁ]. Integrating over ¢ and 6, gives the fraction of the
power imparted by the wave to the untrapped particles at radius r as
s
R[> \If&"}n(l + e cos ) exp(—im0) df
Sx e

Ctu['.") = 3 (8)

w [ = [elh+ )] (1 + ¢ cos ) exp(—im) do

—m &

COMPUTATIONAL RESULTS

The parameters used in the computations are Rg = 5m, plasma radius a =
1.25m, p = r/a, aspect ratio A = Rofa =4, ¢=(1- p? +p4/3)" 1, ne =2 %100 m~3,
T,=25keV, m=0and n=8.

Figure 1 is a plot of ¢y, the fractional energy absorbed by the untrapped electrons
and f, their fractional abundance versus vp/vge for p = 0.2. As expected, K, =
/B, = 1 for larger phase-velocity waves (vp/vee 2 0.4). For the low-phase-velocity-
wave (vp/vie S 0.4) current drive, £y exceeds unity because of the dominant presence of
trapped electrons with an inherently diminished capacity for Landau damping. These
results would lead to an upward revision of the current-drive efficiency by the subthermal
schemes. For typical kinetic-Alfven-wave current drive [2] parameters with v, [vie = 0.1,
oy 7 0.25 and Ky = 2.8, Le., the power coupled into the untrapped electrons exceeds

their relative abundance almost by a factor of three.
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Figure 2 shows e, 8, and k, as a function of P assuming v, /v,,
maximum with x, = 2.9 occurs at p &~ 0.25. The initial increase in g
increase in the trapped particle population at larger p.

DISCUSSION AND CONCLUSIONS

We find significant enhancement in the energy absorbed by the Passing i
in comparison with their numerical abundance. For the case of kinetic‘Alfven_ icles
current drive this enhancement is of the order of three, so that almost a Quarter o‘fva\fe
wave energy is deposited in the passing particles constituting less than one-tenth of the
population resonant with the wave at vp/'ute =~ 0.1, the

Furthermore, in Ref.[2] it is pointed out that the strict requirement.
servation of the canonical angular momentum would lead to substantial re
wave momentum, initially imparted to the trapped particles, for the purp
drive. The trapped electrons suffer inward Ware pinch [3] as they gain mo
the wave. In steady state, an equal number of trapped electrons undergo
pinch via collisions with the bulk-plasma population. The fraction of th
initially imparted to the trapped particle population is given by o =
inverse Ware pinch transfers the fraction

i K(§)vee . K&
Bt o TRl e (U VBl R (1 — )1
back to the circulating bulk-plasma electrons, where (1 — /&) is the fraction of the
circulating electrons in the plasma bulk, t. and v,; are Spitzer collision frequencies and
K(£) is a correction factor due to the magnetic field effects on Vei- Anomalous magnetic
fleld effects lead to an enhancement of ve; for the trapped electrons with Tee = Ap, where
ree and Ap are the electron gyroradius and plasma Debye length, respectively [4], I
one assumes that the wave momentum given to the trapped electrons with TeefAp < ¢
is irretrievably lost, while the remainder is collisionally redistributed between the bulk-
plasma electrons and ions in the ratio v, /ve;, one obtains K(€) =exp (—wfe€2/4w§=),
The currently available information is insufficient to ascribe a precise value to £ we
assume a conservative figure of € = /2. Further assuming Lu?,z/wge =1/2and Z =13
gives K (&) = 0.78 and ay_,, =~ 0.30, so that the net fraction of the wave momentum
contributing to the kinetic-Alfven-wave current drive becomes

= 0.1, A b
u 18 caused byr(:;g

S of the con.
COVery of the
05e of curpep,
mentum frop,
Inverse Ware
€ momentyp,
1 — oy, The

Ve
Qfry =

af = oy + i, = 0.55 (9)

This value of 7 is substantially the same as was found in Ref.[2] which did not include
the mutually cancelling effects arising from (i) increase in the fraction of energy absorbed
by the untrapped electrons and (i) anomalous magnetic-field effects on v,;.

One concludes that a current-drive efficiency of Rongol /P =~ 2 (similar to that
found in Ref.[2]) would be feasible using the subthermal kinetic-Alfven-wave current
drive. This efficiency figure is at least a factor of five higher than the alternative
approaches such as lower-hybrid and fast-wave current drives,
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RF CURRENT DRIVE BY A STANDING ALFVEN WAVE IN THE
R-0 DEVICE AS A FOSSIBLE EFFECT QF RF HELICITY
INJECTION

A.G.Kirov, A.V.Sukachov, D.A.Voytenko, M.A.Stotland

1.N.Vekua Institute of Faysics and Technology,
Sukhumd, USSR

Anomalous steady-state current drive by a standing
Alfven wave is observed in the R-0 stellarator.
The functional dependence of the current upon the
plasma parameters indicates the current is related
with RF helicity injection.

1, Steady-state currents in the R-0 stellarator are
generated both by travelling and standing Alfven waves (AW)
/1,2/. The current may be generated by travelling AW via
their momentum transfer to electrons, and also, by standing
or travelling AW due to an average RF force acting both on
electrons and ions (so-called RF helicity injection /3/). For
the second case, according to the estimates, the current drive
efficiency may be much greater than that of a dragging cur-
rent /3/.

2. The experiments have been done in the R-0 1=3 stel-
larator with a quartz discharge chamber: R=50 cm, b=5 cm,

8 1=3.5 om, By8 kGs, £,0.8, Bes0o kW, ‘ﬁe=(o.5-8)-1o"5cm‘3,
T<100 eV, Hy, I5p=0. The helical RF antenna consists of 8
helical conductors enclosing the entire discharge chamber. It
allows to excite standing or travelling helical modes with
n=+2/n=+2, w=#1/n=#1, where m and n are poloidal and toroidal
wave numbers, respectively (K¢=m/r, KZ=—n/R). liost of experi-
ments have been carried out with the m=2/n=2 mode with the
frequency f=1,2 MHz. Flasma densities were measured by a A =
2,% mm microwave interferometer. Plasma temperatures were
obtained from diamagnetic and double Langmuir probe measure-
ments. Poloidal and radial RF magnetic field components were
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detecte% bydmeans of a magnetic probes set, the electrical
field (Ez, Er) was measured using a double probe.

5. The experiments with the AW excited by an external
helical standing RF field have shown that there ariseg g
steady - state plasma current up to 0.6 kA (fig.1). The eyp
rent had direction so it inereased the angle of stellaz-atoz.
rotational transform. The sign of this current changed by
tEe changing the direction of the toroidal magnetic Tielq
(Isw aw
currents versus toroidal magnetic field, average plasma
tewperature and dgnsity. As it is seen, the scaling for ghg
current is ISWO‘C e /B'I" ¥ =1=1,5. Theoretically, sugh dew
pendence may be derived from the averaged RF force acting
on plasma species. This force is proportional to the [Vx j@']
term in the equation of motion and it been reduced to the

F. 3 product, i.e., the helicity injection. A similar sca-

]_?:T > 0). Fig.2 shows experimental dependences of I

ling is considered in ref. /3/.

4. Travelling AW generate a dragging current as a resyly
of their momentum absorption by electrons. The direction of
this current is defined by that of the wave propagation along
the torus, i.e. bythe sign of K = I{’-"B’T/BT%O. In all our
experiments, the current driven by a travelling wave with
KZ=—]n|/R< Q (fwaT >0) v_vlasuhigher than the one driven by a
wave with K =+|n|/R>0 (ITWBT(O)- This fact indicates that
an additional unidirectional Ih current is generated. The
direction of this current coincides with that of the current
generated by a standing AW (I Bp>0, fSW§T>O). In some modes
with travelling AW (when K, >0, Ip Br<0), the additional I
current which we regard as due to RF helicity injection may
exceed the dragging current (|I h|>~ | Il ) Henci, Ehe plasma
current changes its sign iE tie circumstancess IplBT>O (fig.
3). These regimes (KZ>O, IplBl‘;O} usually appear for rela-
tively large toroidal magnetic fields and plasma densities
and this fact may be due to different dependences of the
dragging current, I‘l‘w’ and the current driven via RF helicity
injection, I, upon the plasma parameters: Ing =< ﬁeE/EK”/&me

I
T
t
i
!
k
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and Iho-: iﬁfej/2/BT'
: 5. In ree,lmes with relatively high RF power inpub level
-(f/v> 10 W/cm ), the steadystate current generation is ac-—
;ﬂompanled with nonlinear distortions of waveforms in the
'Plasma interiors there arises deep regular modulation of E
and % RF field oscillations which may develop into regular
clllatlon packets /2/.
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Captions
Fig.1. Stending AW, n=+2/n=+2. B = 3,2 kGs, £o=0.31.
Fig.2. Standing AW, m=+2/n=+2.

Fig.3. Travelling AW, m= m=-2/n=~2, K > 0y Iy 2 Qa 40=0, 5’1.
a) BT-E .5 KGs, b) Bp =k, 2" KGs.
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PROFILE CONTROL WITH LOWER HYBRID WAVES ON ASDEX

& r. R.Bartiromo1, S.Bernabei2, R.W.Harvey?, F.Leuterer, K.McCormick,
H.D.Murmann, LH-team, Nl-team, ASDEX-team

Max-Planck-Institut fiir Plasmaphysik, EURATOM Association
D-8046 Garching, Fed. Rep. of Germany

1ENEA Frascati, ltaly, 2Princeton Plasma Physics Laboratory, USA,
3General Atomics, San Diego, USA

Introduction

Optimization of the local shape of the current density profile j(r) should improve the
MHD stability and therefore the confinement behaviour of tokamaks. Sawteeth
could be stabilized on ASDEX with broadening of the current profile by LH-current
drive /1,2/. Also first experiments on the correlation between local current profile
modifications and the form of the wave spectrum launched from the antenna had
been performed with a single antenna for LH waves at 1.3 GHz /3/. The new LH
system at 2.45 GHz provides high flexibility of the wave spectrum for the main goal
of current profile control /4,5/.

Control of MHD activity

The impact of LH on sawteeth, m=1-modes and m=2-modes was studied for
different Ny -spectra, in current drive operation and with symmetric phasing.

The sawtooth repetition period tg; varies strongly with the LH power, as seen from
Fig. 1. The increase of 15 during LH application correlates with the drop in ohmic
power input. It is strongest for current drive with low Nyj (Ag = 759, Njp = 1.8). No
change is seen with symmetric LH spectra at high Ny (Ap = 1800, Ny = 4.4) and
opposite current drive (Ag = -900, Nji = 2.2). For symmetric spectra with Njj = 2.2,

the sawtooth period saturates at about twice the ohmic value <! = 2% for Py >
300 kW. In this regime the reduction in Pgy also saturates. The variation of the
sawtooth repetition period may be explained mainly by the enhanced electrical
conductivity in the presence of suprathermal electrons. With LH-current drive
sawteeth are suppressed. The threshold power Py = 300 kW is nearly
independent of phasing. Stabilization by kinetic effects due to the suprathermal
electron population can be ruled out as a larger suprathermal electron population is
produced with symmetric spectra with Ny = 2.2 than with the corresponding current
drive spectrum.The reduction of the dc electric field also seems not to be decisive
for sawtooth stabilization: Sawteeth persist for symmetric wave spectra with Nj =
2.2 up to the highest LH powers where Pgp and thus the electric field is reduced
below the values at which sawteeth are stabilized by LH-current drive. Sawtooth
suppression is achieved only with current drive spectra and seems to be related to
changes in the current profile.
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The LH power required for sawtooth stabilization increases with density, The
scaling is found for the old LH system on ASDEX at 1.3 GHz and the naw sy
2.45 GHz as shown in Fig. 2. The resulting drop in Pgy, however, is larger Witﬁm t
GHz. A larger fraction of LH-driven current is therefore required with the high 2.45
frequency, and the narrower Ny -spectrum. er Ly

The m=1 mode is still present after stabilization of sawteeth as also foung on PL
/6/. A g=1 surface therefore continues to exist in the sawtooth-free plasma, Thg
amplitude of the m=1 mode grows to a much higher steady-state level after
sawteeth are suppressed. With higher LH power also the m=1 mode is Stabilizeq
this case the internal inductance |; slowly decreases, indicating a flattening of the In
current profile. Again, as for sawtooth suppression, stabilization of the m=1 mode |
obtained with LH in current drive operation only. After suppression of the m=1- >
mode the central electron temperature rises strongly and the radial profile ig
peaking. The increase in the central electron temperature Tgg, in the peaking factor

Q7 = Teo / <Tg> and in the total energy content AW with LH power is compareg jp

Fig. 3 for current drive and symmetric spectra, both with Njj = 2.2. Up to a power
level of Pyoy = 750 kW no difference is seen between the two spectra. For higher
powers much stronger central heating, peaking of Tg(r) and improved global

confinement - in accordance with the larger AW, - are achieved with LH current
drive, compared with application of symmetric Lﬁl spectra. The bifurcation oceurg at
the threshold power for stabilization of the m=1 mode.This is about twice the
threshold for sawtooth suppression. Stabilization of the m=1 mode was also
achieved with LH current drive during NBI. Peaking of Ty(r) and enhanced global
confinement were also obtained in this case. While the electron temperature profilg
peaks strongly up to values of O—re = b, the current profile j(r) flattens. Current and
temperature profiles can therefore be completely decoupled with LH current drive,

Local Control of the Current Profile

Optimization of plasma profiles requires control of the local LH power deposition
profile. With low-N); current drive spectra a reduction of |j is observed in conditions
where the m=1 mode is stabilized. Local current density profile measurements with
the Li-beam show only small changes of j(r) with slight flattening in the central
region. The largest drop in |; is obtained with compound Ny spectra with low-N;;
current drive phasing applied to one grill antenna and high-Ny; phasing to the other
one. This is documented in Fig. 4 for a discharge where LH waves are launched
first with 700 kW in current drive phasing (A¢ = 759, Nj; = 1.8). Then in a second

phase a symmetric spectrum (Ag = 180°, Nj| = 4.4) with 300 kW is added. During
the first phase both pi* and g + I/2 increase, the latter more strongly owing to the

anisotropy By > By produced with LH. In the second phase B rises still slightly,

while pg™ + I/2 decreases strongly. The long time constant indicates a reduction of |;
and therefore appreciable flattening of j{r). Li-beam measurements demonstrate in
fact a clear modification of the current distribution in the cases of such low-Nj; /
high-Njj compound spectra. During the combined injection the current density is
diminished in the centre and also near the edge, while it rises between r /a=0.25
and r/a=0.5. The central region of flat current distribution grows and the gradient of |
steepens in the region further outside. The safety factor q rises above 1 over the




| yhole plasma cross-section. This is consistent with the stabilization of the m=1
- " ode in these discharges.
The results on current profile broadening with different LH spectra are summarized

inFig.5. With low-N;; spectra (Ap = 90°) a slight drop of | is seen only at high
ower. With high-N,; specira of symmetric phasing {(Ag = 1800), |; starts decreasing

already at the lowest power applied. The latter may be explained by a broad profile
of LH-generated suprgthermal electrons which carry then part of the inductively

driven current. With simultaneous injection of low and high-N;; spectra the drop of |;
g larger than the sum from both spectra separately. The central electron heating

from LH-current drive diminishes when the high-Nj; spectrum is added.Therefore

we have to conclude that the deposition zone of the low-N;j current drive spectrum
~ s shifted more toward the periphery by the high-Nyj spectrum. The injection of
- combined Ny spectra therefore provides a means to contral the deposition profile of
LH waves and the resulting current density profile.

ey v

The Lower Hybrid experiments are performed in collaboration between IPP
Garching, ENEA Frascati and PPPL Princeton.
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Figure Captions
Fig. 1: Variation of sawtooth period and residual ohmic power input with LH

power for different Njj-spectra. By=2.8T, Ip =420 KA, fig = 1.4 - 1013 cm3,
Fig. 2: Variation of the threshold LH power pry; for sawtooth stabilization and the

corresponding drop in ohmic power input ApHL/ PSHH with density, for the
two LH systems at 1.3 and 2.45 GHz on ASDEX.
Fig. 3; Variation of central electron temperature Teo. Peaking factor Qr, = Teo /

<Tg> and increment in energy content, AwS® with total power input Piot =
Pon + Py for LH current drive (LHCD) and symmetric LH spectra (LHH).

Fig._4: Temporal evolution of the diamagnetic beta p&* and the sum of equilibrium
beta and internal inductance, pS® + |2, during injection of a narrow current
drive spectrum and a compound spectrum, as plotted in the lower part of
the figure.

Fig. 5: Variation of the drop of internal inductance Al; with LH power for wave

spectra with different phasings and for compound spectra.
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TEARING MODE STABILIZATION BY LOCAL CURRENT DENSITY
PROFILING IN TOKAMAK.

M.P.GRYAZNEVICH*, L.E.ZAKHAROV, A.A.SUBBOTIN, N.V.CHUDIN
I.V.KURCHATOV INSTITUTE OF ATOMIC ENERGY, MOSCOW, USSR.

* JOFFE PHYSICAL-TECHNICAL INSTITUTE, USSR ACADEMY OF
SCIENCE, LENINGRAD, USSR.

The m/n=2/1 tearing is unstable 1In tokamaks under the
condition q, > 1 1f there are not some peculiarities near the
resonant surface P, 4, A(pp,q) = 2. The possibility of the
tearing mode stabilization by addition of portlon of a current
which 1s locallzed near the resonance surface 1s analyzed in
the paper. The calculations of a necessary stabllization
criteria of the 2/1 tearing mode for the present ITER geometry
are performed. The experimental test of a similar stabilization
has been performed on TUMAN-3 tokamak, where the local current
redistribution was produced by a small rapld Increase of the
total current during flat top stage at gy = 3.5 - 4 when the
3/1 mode dominated. Depending on dg value such a procedure
elther suppreses or destabllizes the 3/1 mode.

1. ITER tearing mode stability criteria calculations.

The following approximations has been made 1in the
calculations:

- the plasma pressure was assumed to be zero, f4 = O,

- the perturbations of the longitudinal magnetic field
were chosen to be zero,

- a single helicity test function inside the plasma In
energy principle for the tearing mode was consldered, together
with exact calculation of the vacuum magnetlic energy.

The first constraint corresponds to the Start Of Flat Top
in the ITER scenario. Two others mean that the calculated sta-
bility criteria is the necessary one. (In a clrcular cylinder
case such a procedure gives the exact stability condltion).




1328

In Flg.1 the dependence of the tearing gtabllity PaI‘EIDJEter
Po /1[1' 1s shown as functlon of the internal inductance 188 1n
ITER 11(3) definition) for current ITER geometry R = g m.1 B
1.9 m, b/a = 1.98, 6 = 0.2, Iy = 22 MA, By = 4.85 1,
current distribution was specified In the form
1@ = 3|1 (H)‘H]”e B (13
where the parameters ;]o, Vis Vs has been adjusted 10 the
prescribed Ipl' Qy» 1y values.

The result is that even the necessary stability criterig
1s violated for q, > 1 and 1t 1s marginal for dy = 1. The
calculations with the triangularity & = 0.4 show the
insensitivity of the necessary stability criteria to thig
parameter. Note, that the tearing mode stabllity criterig
predicts an opposite tendency from the ideal stability
calculations.

The tearing mode can be suppressed by the additional
current, locallzed on the mode resonance surface. For g
pressureless plasma 1t 1s possible to obtain a general
stabllization ecriterla for arbltrary cross-sections in the
agymptotic limit w/pm/n << 1. For a simplest additional current
proflle (parallel component AJe)

~ AJw, a1 Po/n€1 <P <Ppmt &
AJw(p) = 0, at p<pu € OF p>py. +&. @)

the stabllization criteria has the form

p A! - 1_ 0:4WAJHR [pm/n + pm/n ]
i )
(3 2
where 7 = < gﬁ >/ s>+ 1—< gﬁ > 18 a geometry factor,
V8 833 ff g
p 1s a radial coordinates in a Tlux coordlnate system, p = 1/Q.

Assuming €] = Epy W=8; + & the additional total current
AL, can be written In the form: AL = Ag 5 (W/0.2)2,
where a normalization of w on 0.2 m 18 introduced for ITER. The
calculations of AID_2 for ITER on the basis of the necessary
stabllity criteria are present In Flg.2 and glves a reasonable
level of the additional current.

(3)

5
&
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p, TUMAN-3 experiment with a rapld additional current
Tamp-up.

Attempts of a local current profile changing has been
pgrrormed in the TUMAN-3 tokamak by a fast additlonal current
ramp-up during a flat top stage in regimes with q, = 3.5 - 4.0
(/a = 0.55/0.24, In this experiments By & 0.5 T, I,; = 70 -
100 ki, T,(0) = 0.4 kev, N, = 2 X 10'3%em3). “In these
regimes the m/n = 3/1 MHD activity was dominated. The
penetration of the 10% additional current was simulated by the
ASTRA code (2] taking into account the measurements of T,(p),
ae(p), Ug (2D, (p+1472)(t). The resulis are presented on Fig.3.
In a periphery plasma the seml-width of the additlonal current
profile AJ was (0.1 - 0.2)a in the initial stage with the
extension of the additional current profile at the next times.
Nevertheless, the localization of the additlonal current gives
the possibility to affect on stability of the plasma. In the
experiment the Increase of the total current from 76 to 85.2 kA

(gg=4 and Qy=3.6 during 0.4 ms excites the 3/1 mode MHD
activity (Fig.5a), while the increase of the total current from
6.4 to 96.3 kA (qy=3.5T and Qy=3.2) suppresses the initially
mstable” 3/1 mode (Fig.5b). The results of the corresponding
current profile simulation together with the tearing mode
stability calculations are shown 1n Fig.4a,b and agree
qualitatively with the experimental observations.

It was predicted that even in the strongly elongated ITER
plasma the m/n = 2/1 tearing mode 1s unstable for smooth
current profiles. The generation of an additlonal current
density which is localized near the g=2 resonance surface can
gtabllize this MHD mode In accordance with the obtained
stabilization criteria (3). The TUMAN-3 experiment have
confirmed qualitatively such a stabillization.

References:
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SURFACE WAVE ANTENNA FOR EXCITATION OF TRAVELLING
FTAST MAGNETOSONIC OR ION BERNSTEIN WAVES IN PLASMA

A.V.Longinov,V.A.Tukinov
kharkov Institute of Physics and Technology,Kkharkov,USSR

mtroduction.The possibllity of surface waves utilization for
fast maigetosonic (FW) or ion Bernstein (IBW) waves exci-
tation plasmas in the wewei frequency range has been
congidered in /1-4/.The simplicity of slot antennas which

nay be used for surface waves excltatlon makes the
application of this method under tokamak-reactor conditlons
/E/ rather promising.Besides, to grovide GD in plasmas the
anterma system must ensure the exc tation of waves iravelling
in one direction along the magnetic field.

This report suggests and studies theoretically the possi-
pility of surface wave antemnas creation to exclte in plasmas
travelling IBW's or FW's using auxiiliary parasitlc slots In
tne first wall of the magnetlc device. There 1s also consid-
ered the emgloyment of the parasitic slot to locallze the
antenna radiating surface.

Description of the model.Consider the excltation of waves
in plasmas with the help of a slot antenna in the presence of
N parasitic slots (Fig. a) with fixed ingut Iimpedances
74=U3/3(83) where Uy Is the potentlal diIference across the
j-th parasitic slot and Jj(sj) 1s the surface current density
at its edge.Practically the required 1nﬁut impedance of the

arasitic slot may be Erovided by switchi to it a resonator,
wo examples of possible realizations of which being shown in
Fig.1b. Limit ourselves to the case of surface wave exclta-
tion with ky=0 in the slab geometry.We perform the analysis on
the basls of the theory developed 1n /1,2/ which uses the
Fourler series expansion of the electromagnetic fields over
longltudinal wave numbers k,n=2m/Lsn where L 1s the perilod of
the excitation system along the magnetic field (along z axis).

In the presence of N parasitic_slots the amplitudes of
Fourier-harmonics of the exciting electric field Ezn at the
antenna surface (x=-d) are presented In the form

Ezn=E#h+1{/1z Ujexp(-ikynsy) , (1)

where E¢n 18" the amplitude of the n-th harmonic of the
exciting field in the absence of parasitic Slots.Usinﬁ N
conditions Zj=U3/J(83) where j(Sj§=§;hmxp(ianSJ} and the
solution of Maxwell equatlions in the plasma and in the
vacuum gap with appropriate boundary conditions allowing to
express Jn thro zn,one obtains the following system of
equations to determine the unkmown Uj's in (1)

3/Z3=](83)=c/4/mHy (8])=Cc/4/T EznYnexp (1kynsj), 3=1,...,N (2)

In"the general case,with the account ol plasma
inhomogeneity the values of the magnitude ¥Yn enterin% the
expression (2) may be obtained by numerical integration of
the wave equation (see e.g./3/).In this paper we 1imit
ourselves to the excitation of IBW's in the homogeneous plasma
with the sharp boundary.Then the analytical expression for ¥n
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%ay bs ﬁgt?iHEdi1 (-2knd) )/ (1 (1 )exp(
n=1w/c/kn (1+gn+ (1-gn)exp (- +gn-(1-gn)exp(~-2kngd
where d 1sg?he vacuumpgaﬁ,ikn:(k%n— 1/61§§andp ))’(3)
%nzicN11Nl1/m/kn/ss(N}1— 12)/ (N2 (N 2—83)~N11(N}1-53))
In this expression Ni1 and Ni2 are the perpendicular
refractive 1ndices of IBW and the slow wave (SW),
respectlvely, and £3 1s the plasma dielectric tensor
component. The results of numerical calculations glven beloy
are_obtained at the following arameters:d-plasma, w/wei
=1.95, B=d4T,ne=4x10"cm ,Te=Ti=200 eV,d=0.5 cm,1=25 m. At
these plasma parameters and vacuum gag dimensions the Surface
wave lengih A=1.72m and its dampi en§th L'=7.23 m (L' <<T)

The regime of IBW excitation fravelling in one direction
along the magnetic field. This regime may be realized using
one or several garasitic slots located on one side of the
driv slot.With one parasitic slot from Egs.(1)-(2) the
Tollow expression for Fzn may be obtalned:

Ezn=Fzn (1+exp (-1k, ns1 )L Ymexp (1K,ms1)/ (4m1/C/Z1~Z Ym) (5)

The Fzn spectrum for pdarameters chosen and for the
distance between the driving and parasitic slots s1=0.43mxp/4
1s shown In Fig.?a(solid line).For comparison here one Shows
with the broken line the Ezn spectrum (in the narrow driving
slot approximation).

While the magnitude Yn possesses the strongly expressed
maximum for kyn close to ky=ks of the surface wave then on
fulfilling the condition Zi>>4wL/(cZ ¥Ym)(see (5)) one Provides
the strong modulation of the Ezn spectrum. Here and in what
follows the results of calculations are given at Z1=w.In
Fig.2a the locations of ¥Yn maxima corresponding to the excita-
tlon of surface waves are shown by vertical broken
lines.Besides, In the presence of one parasitic slot the Ezn
spectrum 1s asymmetric. Therefore, the Intensity of the Ezn
driving field for the surface wave travelling to the parasitic
slot side (n>0) is much less than the Ezn infensity for the
surface wave travelling in the opposite direction (n<0).
There results the unidIrectlonal excitation of the surface
wave as well as of IBW in the plasma.

Flg.2b Bresents the RF power flux spectrum Pn of IBW's
exclted 1n the plasma in this case.The maln portion of the
flux in the range k <0 18 seen 1o be transported by IBW's with
k 's close to ks what provides IBW's drive in the pPlasma that
travel In one direction(P =% Pn=0.93P0).

Fi%.s shows the /Ex/ field distribution in the vacuum gap
and in the edge plasma region for the case consldered.It 1s
seen that in the plasma one may distingulsh two IBW's packets
of different intensities propagating in oggosite directilons
from the driving slot along the magnetic Tleld. The second,
parasitic IBW packet 1s excited malnly due to the coupling
with the stand surface wave on the distance between the
exciting and parasitic slots.

It 18 necessary to note that for high unidirectionality
of IBW's exclitation the presence of the travell surface
wave 1in the re%ion 2<0 1s vitally necessary what Is provided
when the condition I»>>L' is fulfilled.

(4)
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tne degree of directivity of IBW radiation 1-Py /PO depends
n plasma parameters and vacuum gap values but the strongest
&$Endence is on the distance st between the exclting an
arasitlic slots.Fig.4 gives the F,/Po vs s1 dependence.The
lllmdmum directivity 1s seen to be achleved when st1 1s close to
the A4 of the surface wave.Besldes,the practically active

ut impedance Z of the driving slot deinonstrated by Q=Im
yﬂe 7. versus s1 dependence shown in Flg.4 1s the important
advantage of the regime with s1=A/4.

Antenna with the localized radiating surface.The
jocallzation of the radiating surface is achieved through the
ytilization of not less then two %arasitic glots placed on
poth sides of the driving slot.Flg.5 shows the /Ex/ field
gistribution for the symmetric locaticn of parasitic slots
¢1=0.43 m=A/4 and s2=-S1, and Fig.6 corresponds to the
asymmetric_location with $1=0.43 and s2=-0.86 m=-A/2. As 1s
ceen from Fig.5 In the symmetrical location case two IBW

ackets with identical intensities are excited in the plasma,
ne packets propagating in the opgosite directions from the
dr1v§n§ slot along the magnetic field.Then almost total
radiation localization on the surface between the parasitic
glots 1s achleved.

With asymmeiric location of parasitic slots (Flg.6) the
/Bx/ field distribution in the plasma also has the form of
two IBW packets.However , the radiation area 1s localized on
the one Side of the driving slot between s2<z<O.

Tn real condltions thée role of parasitle slots may be
played by various nonuniformities of the first wall of
magnetic device,e.g. branch plges.As follows from the sald
above thelr presence may involve considerable changes in the
spectrum of the exclted waves Over lon%itudinal wave
mumbers. Similar role is also played by parasitic slots when
using surface waves to drive FW's In the plasma/6/.

Conclusions.i.Thus employment of %arasitic slots with a
sufficiently Ei%h input impedance loca ed on one side of the
slot antenna allows one to provide the IBW's or FW's in the
glasma travell in one direction along the magnetic

jeld.The radiatlon directivity of such an antenna may
approach 100% at optimum parameters of edge plasma and vacuum
gap values. The antenna consldered is much simpler than the
antermas used conventionally based on multiphase feeding of a
large number of drivers (loogs or waveguides).

2.Employment of parasitlc slots located on both sides of
the slot anterma gives the possibility to 1limit its radlating
surface.There is also the possibility of asymmetTic location
of the radiating surface with respect to the driving slot what
may be useful in practical applicaticn of such antennas in
concrete devices.
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HARD X-RAY EMISSION DURING 2.45 GHz LH EXPERIMENTS ON ASDEX
L. Gabellieri, A.A. Tuceillo
pssociazione EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati
C.P. 65, 00044 Frascati, Rome, Italy

lh_ems,s1:1:ahlumg emission from suprathermal electrons din ASDEX has been

geasured during experiments with the new 2.45 GHz, 3 MW lower hybrid (LH)

system.

4 three chords radial system and a movable tangential ome, with 3 inches Nal
detectors, have been used to collect hard X-ray spectra ranging from 50 to

600 keV.

In order to obtain information about the interaction of the waves with fast
electrons, we have investigated the dependence of the slope of the photon
spectra and the photon flux intensity vs the launched LH spectrum and power,
for different electron densities and plasma parameters. A broadening of the
suprathermal emission 1s detected at increasing power and we discuss the
evidence of correlations of this behaviour with sawteeth and m =1

stabilization when the bulk electron temperature is strongly peaking.

The simulation with a computer code of the data collected during scans of
the tangential system, together with the information from the emission
measured on the radial one, allows to investigate the electron distribution
function under different plasma conditions and with different launched LH

waves spectra.

Moreover, in order to infer the LH deposition profile, the launched ad-
ditional power was modulated at an appropriate frequency. The correlation of
the bremsstrahlung emission, in different radial positions and tangential
directions is analysed; the results for different plasma conditions and LH

spectra are discussed.
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NEUTRAL BEAM CURRENT DRIVE WITH BALANCED INJECTION

D. Eckhartt

Max-Planck-Institut flr Plasmaphysik
EURATOM Association, 8046 Garching, FRG

Current drive with fast ions has proved its capability to sustaip .
tokamak plasma free of externally induced electric fields in a statigpg
state [1]. The suprathermal ion population within the toroidal Plasma y,
created by quasi-tangential and uni-directional injection of high—energ;e
neutral atoms, their ionisation and subsequent deceleration by collisiong
with the background plasma particles. In future large tokamaks of the
NET/ITER-type, with reactor-relevant values of plasma density and tempera
ture, this current drive scheme is expected to maintain the toroidal oyp-
rent at the plasma centre, as current drive by lower hybrid waves will be
restricted to the outer plasma regions owing to strong wave damping [2]'
Adequate penetration of the neutral atoms through the dense plasma requiregs
particle energies of several hundred kilovolts per nucleon since beanm
absorption scales roughly with the ratic beam energy over density. The
realisation of such high-energy high-power neutral beams, based on negative
ion technology, is now under study.

The electriec current due to the suprathermal ions is counter-acted by
the bulk plasma electrons which are set in motion along the beam direction
by momentum transfer from the fast ions during their slowing down. This
electron screening effect is taken into account by a multiplier Fg to the
fast ion current density [3]. Fg is positive for Zy £ Zgpp, and negative
for Zy >> Zgpr (Zb is the charge number of the beam ions, Zepp is the
effective bulk plasma charge). In the latter case the electron back-current
is larger than the "primary" ion current, hence the net toroidal current
flows opposite to the neutral beam direction. As an example Fig. 1 shows
mod Fg for two different ion species. The radial dependence is due to neo-
classical electron trapping in the toroidal magnetic field mirrors: only
passing electrons can contribute to the counter current (r is normalized to
the minor plasma radius r5 for an aspect ratio major over minor plasma
radius of (6,65 m/1,44 m) = 4,6).

Let us now explain our concept of balanced injection with the help of
Fig. 1: into a slightly contaminated DT-plasma we wish to inject two beams
in quasi-tangential directions but opposite to each other with respect to
the magnetic confining field lines. The co-injected "primary" beam carries
D°-atoms and serves to fuel the innermcst plasma regions during
thermonuclear burn. The counter-injected beam consists of carbon atoms, the
resulting electric net current adds to the toroidal current driven by the
D°-beam. One can balance to zero the net momentum that is introduced by
the two beams in the plasma through proper choice of their beam energy and
power. This could be of advantage as it was observed in present large
tokamak devices that balanced injection has a favourable effect on bulk
plasma behaviour {u]. Each beam particle carries a momentum (Ab-mp°vb)
along the direction of injection (my = proton mass). The number of
particles injected per second and absorbed in the bulk plasma can be

LY
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expressed by an equivalent current Ip/e. Hence the total momentum
introduced per second by a beam is proportional to (Ib-Ab-mp-JEb/Ab~mp).
Let us assume that the initial particle velocities are the same in each °
beam: Ep1/Apy = Epp/Apz. Momentum balance than requires: Ipj-Apy =

Iy *App. Hence both neutral beams deposit the same amount of power in the
plasma.

The presence of non-hydrogenic ions in a pure DT-plasma - be it due to
either unavoidable plasma-wall interactions, to deliberate introduction of
high Z-atoms, or the helium-ash production during thermonuclear burn -
raises the Zgpp-number above unity and must be paid off by enhanced power
losses. The optical radiation such as line radiation or bremsstrahlung
increases, whereas the fusion power output drops as a result of DT-fuel
depletion. Let us assess the changes in plasma characteristics introduced
by an impurity species (Zi) by relating the difference between contaminated
(Zi > Zgrp > 1) and clean conditions (Zgpp = 1) to the corresponding
features in the clean plasma - all referring to the same electron density.
We obtain for the relative changes in bremsstrahlung losses: (Zgpp - 1); in
plasma beta: -(Zgpp-1)/2+Z;; in DT-fuel density: —{Zgpp-1)/(Z;-1). The
electron response factor Fgy grows proportional to (Zgpp - 1)/Zgpp, which
implies that the neutral beam power required to drive a certain toroidal
current through the plasma, decreases when Zgpp Erows. Figure 2 shows how
the ratio between thermonuclear fusion power output pth  from the bulk
plasma and the injected neutral beam power Py changes wWith Zgpp (assumed to
be uniform throughout the plasma and caused by fully ionized carbon ions).
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This numerical example refers to a torecidal current of 10 Ma in the NE
conceptual tokamak driven by injecting a beam of D°-atoms with 1 Mey T 34
energy at an angle of 60° with respect to the magnetic field line
injection port [5] (neo-classical ion effects are neglected). Two 1
scenarios are considered for which deposition profiles had been co;;:f?a
previously assuming a rather flat density distribution [6]: eurve (1) g
refers to Tg = Ty = 20 keV ng = 1,25:102° w3, curve (2) to

T = 10 keV ng = 0.62-102° mjﬁ. Both powers decrease With Zgpp, but at
different rates. Thus their ratio has a flat maximum for Zorp = Tov s 15ER

S at the
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Let us now become more specific about the stationary carbon ion
distribution in radial direction following the unidirectional injection of
a beam of high-energy C-atoms into the NET 3A bulk-plasma. To this end we
have devised a very simple model: C-icns are generated according to the
deposition profiles for H-atoms of the same velocity and the same injection
angle, as presented in Ref. [6]; their loss is governed by radial outward
diffusion of the bulk plasma with a particle diffusion coefficient which is
one-fifth of the electron thermal conductivity as found by local transport
analysis in JET [7]. We limit ourselves to the range 0 £ r/rg < 0,7, where
the radial deposition profile can be approximated by an exponentially
decreasing function for Ey = 0,5 MeV/nuclecn (that is 1 MeV for D°, and
6 MeV for C°), and where the electron thermal conductivity, and hence the
particle diffusion coefficient, is nearly constant [T]. Under these
conditions the diffusion equation can be solved analytically yielding a
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pather flat radial distribution of carbon ions. Upon inserting relevant
qumbers the central density ng(0) in the high-density scenario can be
qritten as: ng(0) = 1,023 - 10" + Ig, with ng in em™3 and Ig in amps.

As a numerical example we consider a burning DT-plasma in the high-
igh-temperature regime of NET 3A (ng(0) = 1,5 - 10%° m3, Te =

20 keV). We assume that a neutral beam power of 50 MW is injected by the
pI.imar-y'beam - being delivered by 50 amps of D°-atoms with an energy of

1 MeV. Momentum balance requires the same power in the counter-injected
¢°-beam, that is 8,3 (equivalent) amps of 6 MeV carbon atoms. As found

from the preceding equation, the resulting density of carbon ions at the
plasma centre is 8,3 - 10!'! em™3. Let us take a 5 % helium ash
concentration (nge/ng) in this central region. The two impurities yield

7 - 1,27 (compared to 1,1 for He alone with the same electron density).
For simplicity, we assume that this Zgpp-value is constant throughout the
plasma cross-section. Thus a toroidal plasma current of 2,5 MA is
paintained by the D°-beam [5], that by the C°-beam amounts to only 1,05 MA
(owing to the shorter ion slowing down time) and it flows in the same
direction. In arriving at this latter value we have again made the
agsumption that fast carbon and deuterium atoms of identical velocities
nave about the same deposition profiles in NET 3A, namely those computed in
Ref. [6]. Egovided that this approximation is valid we can deduce Y = 0,30
[A,W,m, 10 m’3] for the currgnt drive effiency of the combined beams (as
compared to Y = 0,42 for the D -beam alone).

gensity h
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ABSORPTION CHARACTERISTICS OF 200 MHz
FAST WAVE IN JFT-2M TOKAMAK

Y. Uesugi, T. Yamamoto, H. Kawashima, K. Hoshino
and JFI-2M Group

The absorption characteristics of the fast waves excited by a phaseg
four loop antenna array has been investigated experimentally in JpT-
zM tokamak. The frequency [or [ast wave current drive ig 200 MHy
which corresponds to the order of [0th higher harmonics of the ion ¢y-
clotren frequency of hydrogen. The [ast wave power is absorbeq by
the bulk thermal electrons dominantly to heat the electron. [t is showq
clearly that the absorption efficiency of the excited fast waves is im-
proved with increasing the densily and temperature, and with retarg-
ing the phase velocity. Observed resulls are consistent with the theo-
retical predictions using ray-tracing calculation. The power deposition
profile was deduced using synchronous detection of the modulated
electron cyclotron emission by a periodic heat source. The electron

thermal diffusivity and convection velocity obtained from the modula-

tion experiment are D=(2-3) n12/s and  v=-(20-40) m/s

ﬁe=2){1019m—3

at
and 1D=230 kA, respectively. The absorption efficiency

calculated from the power deposition profile is 0.3-0.4, which agrees

roughly with that estimated [rom the initial rise of the plasma stored
energy.
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SPECIAL PHENOMENA OF EDGE DENSITY FLUCTUATIONS
IN HL-1 TOKAMAEK

YANG Qingwei, DING Xuantong, ZHENG Yongzhen,
YANG Shikun, CAI Rengfang, DUAN Xuru

Southwestern Institute of Physics,
Leshan, Sichuan, P.R.CHINA

INTRODUCTION

The wide frequency-band (A@w/w=1.0) density fluctuations
at the plasma edge region was studied in a lot of tokamaks
[1-3], and also, in HL-1 tokamak [4]. It is well know that
the turbulent fluctuation is caused by nonlinear wave-wave
coupling and landou damping. A narrow-band (a®w/w=0.1) Quasi
Coherent Fluctuation (QCF) was found at PDX tokamak which
was operated at H-mode discharges with NBI heating [5]. It
maybe is because of the large gradient of plasma density and
temperature during H-mode discharges. In HL-1 tokamak, the

QCF was observed at ohmic heating discharges. The frequency
peak of QCF is in the region of 150kHz<f<200kHz, and
Aw/®=0.1-0.4 . Perhapes, the QCF play an imporyant role in

tokamak edge and associated with a special discharges.

EXPERIMENTAL

In the edge plasma experiments [6,7], +the profiles of
the electron density and the density fluctuations was given
in Fig.l . The large gradient of density could lead to the
drift wave, and then, develop into turbulent plasma. In the
usual, the fluctuations level was fi/n=0.3 where n is the
local electron density and #i is the amplitude of density
fluctuation respectively. The spectrum of turbulent
fluctuations shows the a®w/wW=1.0 which is not as QCF’s
spectrum.

Many methods including langmiur probes and microwave
reflectors have been wused to studied the QCF in HL-1
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tokamak. A movable langmiur probe array (3 probes) couly
limitay
was fixed at r=20.0cm). The localed probe array (12 Probes)

change their radius from r=18.0cm to r=25.0cm (the

was in the bottom of plasma and radius was 20.Ocm(r<21_5CE

The 8mm and 3cm wave—length microwave was reflected at the

respectivEly
at middle density discharges of HL-1

(Ne=2.0%10"% cm™ ).

The fluctuation signals was obtained during the

plasma center and the plasma edge region

tokamak

stable

A typical
electron density fluctuation signal was given in Fig.2(a)

discharges while no macroscope MHD instibilities.

the frequency power-spectrum of fluctuation [in Fig.2(h)]
was obtained by FFT from the signals of Fig.2(a). The
frequency peaks have the character of aw/w=0.1-0.4 and is iy
the region of 150kHz<{f<(200kHz. The cross—correlation
spectrum shows a high level correlation at this peried [as
it is in Fig.3(b)]. It indicates that the peak shows the
character of the quasi coherent wave-wave interaction and
the good propagation property. from the cross—-phase spectrum
[Fig-3(c)], we could estimate the wave speed is
V;=B.5*1050m/s (the separation of probes 1is A=2.0cm) from
the V.=w/27k. The frequency peak indicated that it is a QCF
wave and have a character of drift wave.

Either from the probes or from the 3cm microwave
reflectors, the QCF phenomena could be obtained both.
Sometimes the QCF spectrum was shown in the another forms as
given in Fig.4 . The QCF peak does not be observed in the
fluctuation spectrum of the 8mm microwave reflection
signals. The large gradient of density and temperature which
is in the plasma edge could lead to the drift wave and make
it +to propagate in the direct of poloidal. The drift wave
can not propagate in the radial direct and the conditions
which in the plasma center is different of it is in the edge
so that no QCF peak was observed in the fluctuation spectrum
of 8mm microwave reflected signals.

We want to find the relationship between QCF and the
parameters of discharge (as Bt, Ip and Ne). There is weakly
relation of that. Usually, the QCF peaks were found at
qL=4.0 where the q 1is the safe factor at the limiter (when
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the toroidal field Bt=2.0-2.2T and the plasma current
IP:lOOkA). The frequency of the QCF peaks are associated
with the g, and Ne weakly. In our experiment, the QCF peaks
could be detected in all of the discharge duration. For
form 1 discharges (as it is in Fig.3), the amplitude of the
oCF peaks is increased by the electron density Ne as given
in Fig.5 . For form 2 discharges (as it is in Fig.4), the
value of fig/fi is smaller at the plasma current plateau than
it is at other peroid where fig and §i is the amplitude of QCF
peak and the amplitude of the density fluctuations
respectively.

The QCF peak does not be observed on the spectrum of the
magnetic fluctuation signals. The magnetic coils were
localed at r=23.0cm. It can not pick up the drift wave
fluctuations expect it changes a kind of electromagnet wave.
The correlation level between magnetic fluctuations and
density fluctuations is lower on f>150kHz than it is on
f¢150kHz and it has a highest correlation level at MHD
instabilities was appeared.

The authers wish to thank HUANG Kegqiang, FU Bo, TANG
Lixin and XU Zhengyu for useful help.
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FLUENCE OF NEUTRAL INJECTION INHOMOGENEITY ON TOKAMAK

M,z.Tokar'

Institute for High Temperatures of the USSR Academy of
gciences, Moscow, USSR

Introduction. Puffing of cold neutral gas in tokamak
cdge plesma 1s the most simple and economical method of the
jncrease and supporting of needed density of the charged par-
ticles., But it's possibilities are restricted by the fact that
yith exceeding of some critical level of the mean density n
the gas coming from the puffing velve ceases to be assimilat-
ed by the plasma and the gas pressure beyond the plasma shaerp-
1y grows /1/. The further rise of T needs a sharp increase of
gas flux end finally it leads to the discharge disruption.

In the present paper & simple analytic model for tokamak

edge plasma description taking into account strong inhomoge-
neity of neutral injection during ges puffing is proposed.
The model permits to explain the reasons of described pheno-
mena before disruption, to obtain the dependence of critical
density of plasma ne on the discharge parameters and to per-
ceive possible ways of it's increase.

Model and baslc equations. Let's assume an idealized geo-
metry oi & tokamak edge regilon permiting mnevertheless to take
into account the effect of inhomogeneity introduced by strong
localization of the cold gas puffing - IMg.1. The gas comes
through a smell hole in the wall parasllel to the magnetic
field. The cold atoms are charge-exchanged on the plasme ions,
ionized by the electrons. The appearing charged particles
spread along the magnetic surfaces and diffuse across them to
the wall. If recycling coefficient R is smaller then 1 the gas
puffing compensates an absorption of the plasma particles by
the wall.

For hydrogen isotope atoms the ionization constant ki
doesn't exceed the congtant of charge-exchange k¢ and with
accuracy sufficient for our aims the neutrals coming from the
valve can be described in diffusive approximation /2/. In this
cage the continuity equation has & form:

¥ (-0,Vn,) = -kyn n_ (1)

where Dg=vila, Vi==V2To/m1 -~ is the thermal wvelocity and ng
.ig the density of charge-exchanged atoms, Aa=vi/(kit+kc)fe i3
their path length; no,T, are characteristic values of the
plasma density and temperature in the neutral cloud (Ti=T1=T)
is assumed).

Boundary conditions of Eq.(1) take into account the in-
jection of neutrals from the valve (¥=0), their absence far
from the valve (/r/—» @2 ) and partial absorption by the wall
(z =0). An approximate solution of Eg.(1) we obtaine assuming
that the characteristic width of the neutral cloud in z direc-
tion doesn't depend on P . Let's take it equals the penetra-
tion depth in the plasma of neutrals coming isotropically from
the infinite wall /2/: 1lg=1/(ngsf®), where sﬂns*(Tog,
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sx= Y1 (k1+KG)/vi. As e result for Tip($)= [ nadz/l, we Rl
J ° :
n, = Ko(c_e/lo),

(277 v;b12) St

where b= ki/(ki+ks), c= Y 1+1/b (1-R)/(1+R), Jg is the tota]
flux of atoms from the valve, Ky 1s modified BeSsel functigp

For typical conditions of the tokemak edge region whepe'
the ionization of neutrals takes place the hydrodynamic degq.
ription of the plasme is suitable since the path length of
charged particles between Colomn collisions is small in Compa-
rison with characteristic dimension of the parameter change
along the magnetic field and Lamor radil - in comperison wity
1lg. Transport equations (Ref./3/) we write with taking intg
account of the plasma interaction with neutrels

L/ +2(av,) /01 = kynn, (3)
2 (mil: vo)/0 z + (minvﬁ +2nT)/2 1= 0 (4)
2 q,/P2z +?q,/P21 = ~k;nn E. (5)

Here /7 = -D,2n/? z, q, ere particle and heat flux densi-
ties in the plasma across the megnetic surfaces V,, q, =
= -ks 2 T/?2 1 + 5nV,T are the flow velocity and heat flux ?en-
sity along the lines of forces (co-ordinate 1), k§ = ART5/2
(A = 1020cm-1s-lev-5/2) ig the electron heat conductivity,
Ei= 25 ev 18 energy losses on lonization and excitation of
hydrogen atom. The influence of impurities on the edge plasms
isn't considered here,

The dimensions of neutral cloud near the valve across and
along the magnetic field are of the same order and it's neces-
sary to take into account here only much more intensgive longi-
tudinal transport of particles and heat., After integration of
Eg-s (3),(5) over 1 with ng in the form of Ex.(2), one obtaing
the expressions for the charged particle outflux from the
cloud and for heat in-flux transported into it by the eleciron
heat conductivity and spending on the atom ionization and
heating of the arising electrons and ions:

2
nvy = g/ (4c10) exp(-c/y//1,), (6)

(xn 07/2 I° = nvi(E; + 51.), (1)

Here y is a co-ordinate on the magnetic surface perpendi-
cular to 1 and the point with y=0, 1=0 corresponds to the
valve location, ;

The value(kn?T/? 1° cen be estimated as k#(Tx)e (Tx-T/L,
where T is the edge plasma temperature far from the valve and
characteriastic length of line of force L is determined by the
cloud dimension d in y direction: L= s,/(2d), 5o is the magne-
tic surface area. According to Ex,.(6) d=21y/c and from Ex.(T7)
it follows:

4,1,/ (n, -1 )n T8, (Bs+5T )/ (1612) (8)
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Now let's integrate Eq-s.(3)-(5) over the edge region ex-
cluding the neutral cloud near the valve: /1/,/y/ 2 lo/c. The
poundary conditions are: Ex-s.(6),(7) V,=q,=0 at 1 = L; condi-
tion of heat flux convectivity et the wall (z=0): q, =g/l T
(g’=5+10). The total heat flux from the discharge central
part Q is also given, One obtains:

(1-R)§0D¢9n/? z(z=0) = Ighs (9)
o}

n0T5=§ n(z)Tydz/1 (10)

Q= Jw; (¢Ty + B;)/(1 - R) (11)

where wi = ¢™2 is the ionized end assimilated by the plasma
part of Jg. In Eq.(10) it's neglected by the contribution of
the first term in Eq.(4) which is of order of 1-R <« 1, The
alteration of n(z) profile due to the particle flow along the
magnetic field is of the same order and it's possible to use
the results obtained in Ref./4/ for situation with homogeneous
recycling on the wall: n= n..z/l, with z ¢ 1,, n= n, with

z 3> ly, where 1, = 2/{n,s}) 1s the characteristic wid%h of the
edge Tegion, s} = g,(T 5.

In divertor con§iguration the gas has & pogsibility to
gpread from the puffing location in wvacuum space between the
wall and geparatrix. Taking into account the neutral ioniza-
tion in the plasma and absorption by the wall we obtain the
equation for the atom density in this space in diffusive app-
roximation:

1/¢ 4/a@ (- vyd_ dn /dp)= - n,v,/d s 2(1-AR)/(1+R)/(1+A)

where dgy is the space width, A i1s the plasme albedo for atoms.

Calculation results. The Eqs.(8)-(11) allow to calculete
the edge plasma parameters with given value of Q, Jg, R. Fig.2
shows the dependences of T,, Ty, wi; on the mean plasme density
n = [ n(z)-dz/a, where a ig the plasmae minor radius, calculat-
ed for conditions of discharges in JFT-2M tokamek /1/: sg =
16 m2, Q=200 kW; D, =Ap/n, Ap=101T cm-1s=1, R=0.9 are also
taken .

With increase of n upper then critical value Tig= 3 -
21013 em~3 T, drops sharply because T, is already enough low
and the necessary heat flux into the cloud can be supplied
with substantial difference between T, and Ty (see Eg.(§E)).
With deminution of Ty down to the hyﬁrogen ionization poten-
tial the ges asgimilation efficiency sharply decreases and
the gas 1s mainly absorbed by the wall. The following rise of
T needs strong increase J, and this is observed experimentally.

The latter leads to %he gtrong growth of the puffed gas
pressure P beyond the plasma. In JFT-2M device the neutral
pressure was meagured by mass spectrum analyzer (RGA). The
distance between the puffing valve and the RGA flange is near-
1y 160 em, do=13 cm /1/. Fig.3 shows the experimental (1) and
calculated on the base of Eq.(12) solution (2) dependences of
the pressure in RGA of deuterium puffed into discharge with
walls saturated by hydrogen on the electron mean density.
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Conclugion, Thus the deterioration of ges puffing effy
ciency with fi> N results from decrease of the plasma tempen
ture near the valve lower than the hydrogen ionization potera"
tial. The further increase of T leads to, &8s it is emsy tq
show, the rise of 1, i.e. an expansion of the cold denge
plasma region over ghe minor radius to the discharge centre
As & result it can provoke the discharge disruption. The 10;
heating of the plasma near the gas puffing valve, for axamplal
by the electromagnetic waves permits to prevent the plagms i
cooling, This way of n, increase is worthy of further consi-
deration.
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Figure captions:

Fig.1. The geometry of tokamak edge region with the gas puff-
ing through the valve and the plasma recycling on the
wall parallel the megnetic field (— neutrals, ——-
cherged particles).

Fig.2, The calculated dependences of the edge plasma tempera-
ture near the valve (To) and far from it (T,), the
ionized part of the gas influx (wi) on the plasma
?ean 9e?§ity for discharge conditions in JFT-2M tokemek

Ref./1/).

Fig.3. The experimental (1} and calculated (2) dependences
of deuterium pressure in RGA on n.
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INFLUENCE OF THE HELICAL RESONANT F}ELDS ON THE PLASMA
EDGE OF TBR—-1 TOKAMAK

C. Ribeiro, R.P. da Silva, I.L. Caldas and TBR—I Team
Instituto de Fisica, Universidade de Sdo Paulo
C.P. 20.516, 01498 Sao Paulo, SP, Brazil

Introduction

The control of the plasma—wall interactions deserved much attention in
recent works in the field of controlled nuclear fusion research with tokamak machines. It is
desirable in this machines to have, in the edge, a cold and dense plasma layer to reduce
impurities liberation, to avoid the migration of non—ionized impurities to the centre of the
column and to have a uniform heat deposition on the vessel/limiter. One way to attain
these objectives is the enhancement of electron thermal transport by the ergodization of
magnetic surfaces in the boundary layer (1]. This process can be obtained with resonant
helical fields that, when supergosed with the equilibrium fields, provoke the overlapping of
magnetic islands and the field structure becomes chaotic. In the situation, f%eld
configuration is called helical magnetic limiter [2].

This paper describes an experimental work [3] that are in progress in TBR—1
tokamak about the influence of resonant helical fields on the plasma potential. The main
parameters of the TBR—1 [4] — a small tokamak in operation at the Physics Institute of
University of Sdo Paulo — are: R (major radius) = 0.30 m; a, (vessel radius) = 0.11 m; a
(plasma radius) = 0.08 m; R/a (aspect ratio) = 3.75; B,, (toroidal field) = 0.5 T; neo

(central electron density) = 7 x 1018m-3; Te, (central electron temperature) =~ 200 eV.

Experimental arrangement

In this experiment the gas used was hydrogen with a pressure of 1,2 x 107¢
mbar. The vessel was conditioned with Taylor discharge cleaning and a base pressure of
1 x 1076 mbar was obtained. No a%as puffing was used.

Besides the usual diagnostics, we have used a set of magnetic probes
arranged in poloidal and toroidal directions to detect Mirnov oscillations [5]. Two
Langmuir probes were also used. One, coupled to a sweep generator, used for electron
temperature and density measurements [6] and the other, coupled to a high impedance
circuit, for floating potential measurements [3].

The helical fields (HF) were produced by electric currents circulating in a set
of coils wound around the vacuum vessel ﬁ . In this experiment m/n = 4/1 configuration
(where m and n are, respectively, the poloidal and toroidal main mode numbers) was used,
since the resonant surface with ¢ = 4 is in the plasma edge region (r ~ 7.2cm). In this
experiment helical currents from 0 to 450 A were used. The current source gives
rectangular pulses with adjustable duration and trigger time.

All the signals from the basic diagnostic, Mirnov coils, Langmuir probes and
helical coil current are coupled to a CAMAC data acquisition system baseg on LeCroy 2264
transient digitizer (8 bits, 8 channels, 500 kHz). The system is controlled by a IBM—PC
like microcomputer.
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Results

In fig. (1a) we have iime profiles of four signals: plasma current (Ip)
coil current (In), horizontal position (Pn) and the floating potential (Vy). The' helicy
current has a duration of 7 ms and maximum current of 8 kA. In this pulse there Plasmg
current in the helical coils. The floating potential i3 negative during the dj bl
attaining a minimum value of =75 V and increasing until the end of the dischar, esmIlSlﬁf’
fig. (1b), where the same signals are shown, we can see the effect of HF on th%.ﬁ the
potential. In this figure a discharge with a helical current pulse (1 ms duration ang iatmﬁ
intensity) is shown. With the application of the HF there was an increase of ~ 29 v 20
floating potential. A small decrease in the plasma current was also detected. In“:hthe
discharges the Langmuir probe position was r = 6.6 cm. e

The measurements were made with the Langmuir probe in 8 different, rag;
positions in the region 5,5 < r (cm) £ 10.8, and 5 values for the helical current: 0, 150 25&!
350 and 450 A. In all measurements m/n = 4/1 was the dominant helical mode. = 0

In the fig. (2a) two radial profiles of the floating potential are shown; g
with the application of the HF (In = 450 A, continuous line) and the other without tp i
fields (dashed line). Each point of the graphics was obtained from the average data of m:.fe
tokamak pulses during the time interval of the application of the HF. If we compare thmg

rofiles we see that the effect of the HF is more intense in the regions near r = 6.6 o
AVi~10V) and r = 7.7 cm (AV 2 6V).

In fig. (2b) we also have two radial profiles of the floating potential obtaineq
in the same conditions of the preceding figure, but with I = 150 A in the helical coils. The
change of Vr are lower in this case than in the previous one,

Finally in fig. (3) we can see the global effect of the HF on the floating
potential in the plasma edge of TBR~1 for five values of the helical coil current: 0, 150
250, 350 and 450 A. The average potential (averaged in the region 5,5 < r(cm) ¢ 10.8)’
clearly increases with the helical current intensity. 7

Discussion and Conclusion

In summary, the reported results indicate the influence of resonant helical
perturbations on the floating potential in the plasma edge of TBR~1, specially in the
chaotic field regions created by resonant helical fields. Thus, for the m/n = 4/1 mode and
Ty = 450A, this potential increases approximately 10V around r = 6.6cm. In TBR~1 the
temperature is usually almost constant in time durin the plasma current plateau and
decays exponentially with r [6]. Thus, from the measured floating potential, it is possible to
predict (supposing that the plasma temperature is not significantly modified by the HF (8])
that plasma potential increases with the helical current intensity. The observed reduction
of plasma current can be explaned by an increase of the average plasma registivity. In
conclusion, we verify that helical resonant fields modifies the transport properties of the
plasma in the edge of TBR~1, provoking an enhancement of electron diffusion and an
increase in the plasma potential.

*Work partially supported by FAPESP, FINEP and CNPq.
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Fig. 1 — Plasma (1) and helical coil (Iy) currents, horizontal position (Py)
and floating potential (Vi) for discharges with In = 0 (a) and Iy = 450 A (b).
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Introduction

Transport studies in tokamaks have shown that processes involving electrons are
anomalous (i.e., transport is faster that predicted by the neoclassical theory) [1]. One of the
key issues in fusion research is to understand the basic mechanisms causing the
experimentally observed anomalous transport. Much effort is being done to elucidate if it
can be explained by the presence of either electrostatic or magnetic fluctuations [2].

Electrostatic fluctuations have been studied in the edge region of many tokamaks.
Detailed experiments carried out in TEXT tokamak [3,4] have shown that electrostatic
fluctuations are large enough to explain anomalous transport in the plasma edge. It is now
generally accepted that energy and particle losses in the edge plasma region of tokamaks
are predominantly due to plasma turbulence.

Transport studies carried out in stellarators have shown that transport coefficients
evaluated in the core region are consistent with neoclassical predictions under some
conditions, whereas in the boundary the transport is anomalous [5].

Tokamak and stellarators share similar properties (nested magnetic -field lines with
rotational transform) but they also have important differences. In stellarators the magnetic
configuration is produced by external currents; this allows to access to a wide range of
magnetic configurations without requiring any driven plasma current. By comparing the
structure of edge turbulence in both tokamaks and stellarators one can expect to get
information about the dominant drive of the turbulence as well as about the role of the
magnetic configuration on edge turbulence.

The purpose of the present investigation is to characterize edge fluctuations in ECH
plasmas in the Advanced Toroidal Facility (ATF).
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Experimental

ATF is a 1=2, 12 field-period torsatron [6] with major radius RD
miner radius & = 0.30 m and with moderate shear (iota(a)=1.0, iota(0)=0.3). Ip the pregen;
investigation currentless plasmas have been achieved using a 53 GHz ECy system
Discharges with B = 1 T, Ppeyy =~ 200 kW, fi,=(3-6) x 102 cm™® and stored energy (1
kJ) have been studied.

Fast reciprocating Langmuir probe (ar square amay 2 x 2 mm of four Langmuyjy
probes), similar to the one in TEXT, is inserted into the plasma from the top of ATF ¢,
measure censity, potential and tsraperature using the wchnique describe elsewhere {7]. The
probe was located one field period away from the rail limiter, Measurements have beep
taken in steady state of the discharge, in the vicinity of the last close flux surface (the
normalized radial position, r/a, ranging from 1.2 to 0.9). Signals are digitized at 1 My,
using a 10-bit 16 kB/channel digitizer.

::2.10 m' average

Local mean and fluctuation levels

Edge density and temperature are in the range n, = (0.5-1.5) x 10"2cm3 ang T, =
(10-40) eV. The density scale length Ln=[(1,/n){cln/dr}]‘1 is about (2-4) cm, whereas the
temperature gradient is smaller (L> 4 cm).

Density fluctuation levels systematically decrease when moving inside the plasma and
they are in the range fi/n = (0.05-0.20). Inside the plasma the Boltzmann relationship is not
fulfilled \.:, F..u’uq.‘pﬂﬂ.’l'c). Gowever, i is imporiant o nolice that the fluctuaiing fioating
potential (§) is a good estimate of plasma porsiial fluctuations only when temperature
fluctuations are much smaller than the $n. An upper bound for temperature fluctuations
have been estimated in the proximity of the last closed flux surface (LCFS) using the triple

probe technique [8,9] (Fig. 1). Whereas

0487 I in the onter rtegion of the plasma
i @ @n | o . F
‘ b G ! © wimperature fluctuations  are  clearly
044 © TS e
) L) much smaller than density fluctuations,
2 g e inside the plasma electron temperature
> -
2 a3 : o fluctuations are comparable to density
.§ | ) B = fluctuations.
s 02 B8 o . . i
£ go o Using the two point correlation
5 | :
2 04 o g 8 s technique we have measured the wave
’ o number-frequency power spectra S(k,w)
1 ® : ;
¢ for potential fluctuations [10], at the
= " 48 44 fi d ber k (in th
0.9 1.0 1.1 1.2 requency @ and wave number k (in the
/a poloidal direction). The fluctuation

power spectra is predominantly below
Fig. 1. Radial profiles for density and temper- 300 kHz. Trend analysis of the wave
ature fluctuations number spectra  shows that inside the
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0 ATF LCFS the turbulent broadening o, decreases
+ TEXT with increasing local electron temperature.

+ The poloidal correlation length thus increases
++4@: with increasing temperature. As shown in

& figure 2, o =1 cm’! with o /k = 0.5 for Te >
%@3 o] 35 eV. It is remarkable that in the same
o, £ temperature range o, = 3 em’! with o/k=1
0% 00%| in TEXT tokamak, implying that the dominant
Co m numbers in TEXT are 3 times larger than
those in ATF. Taking into account that q(a) =
0 LT SN S T 1 in ATF and q(a) = 3 in TEXT, this result is
10 20 30 40 50 , PR 0% .

consistent with theoretical expectations. The

temperature (eV) . -
integrated spectra S(w) and S(k) decrease for

Fig- 2. T“ffblillefl“ b;'loadening asa large @ and k with a dependence given by

unction of the local temperature in = i

ATE(0) and TEXT (4), S(@) = @™ and SK) = kP, where of =3
and kr = 0.1.

Particle fluxes

From the correlation between density (ii) and floating potential (ﬁﬂ) fluctuations we
have estimated the particle fluxes induced by fluctuations, I' = <ii Vr:v, where Vr is the
fluctuating radial velocity. The frequency resolved particle flux is dominated by
frequencies below 200 kHz; with an integrated particle flux I' = (2-5) x 1055 em%s'L,
Under the assumption of toroidal and poloidal symmetry the total particle flux induced by
clectrostatic fluctuations is comparable to the particle flux deduced from global particle
balance.

Velocity shear layer

A change in the fluctuating phase velocity has been observed in the edge region of the
plasma. Here the velocity reverses from the electron diamagnetic drift direction for r/a <1
to the ion diamagnetic direction for r/a > 1. The existence of a velocity shear layer in the
edge region of the plasma has been already reported previously [11]. At the shear layer
position the plasma potential is positive and it has a maximum (i.e. the radial electric field
reverses direction). The phase angle between density and potential fluctuations and
between the floating probes change sign at the shear layer, resulting in an outwards particle
flux. As a consequence of the decreasing of the poloidal correlation length at the shear
layer, the broadening of the k-spectra peaks at Vig= 0 (Fig. 3). Inside the last closed flux
surface the temperature dependence of the phase velocity is well described by the electron
diamagnetic drift velocity (\.'ph =V Tc/eBLn).

The influence of the magnetic configuration and rail limiter position on the shear layer
has been investigated. Figure 4 shows the velocity shear layer as measured in two different
magnetic configurations with the vacuum magnetic axis located respectively at 2.08 m and
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2.05 m. When the vacuum magnetic axis is shifted inward (R,=2.05 m) the shear layer
position moves in the same direction, implying that the location of the shear layer is
coupled with the magnetic configuration. The shear layer location does not change when
the rail limiter is moved from r/a=1.0 to r/a=1.2; thus, the location of the velocity shear
layer is not related with the rail limiter position.
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Introduction

Throughout the operational history of the JET machine a variety of first-wall
components have been removed from the torus and analysed to build up a picture
of the state of the in-vessel surfaces and its evolution with time. The value of a
comprehensive survey of in-vessel conditions has been apparent from the very first
JET discharges in 1983, when molybdenum was quite unexpectedly observed in
the plasma and was soon traced to contamination of the graphite limiter tiles during
their final vacuum heat treatment [1]. The changes observed to the surfaces of in-
vessel components are, of course, the cumulative effect of hundreds of plasma
discharges under diverse operating conditions. However, this paper demonstrates
that useful lessons can be learned which are just as relevant as time resolved
measurements : discussion is limited here merely to analysis of belt limiters.
Analysis of Graphite limiters in use until mid-1989

JET used graphite limiters (0.4 x 0.8m) at the outer midplane as the primary
contact points in 1983 - 1986 (4 being used in 1983-5 and 8 in 1986). Limiter tile
analysis showed plasma ingress of nickel and other impurities originating from the
inconel walls of the vessel to be primarily a two-stage process. Firstly the limiter
tiles are contaminated by these elements as a result of processes like glow-
discharge cleaning and disruptions as well as sputtering (especially by neutrals)
during discharges, and then atoms are recycled from the limiters by sputtering
directly into the plasma from near the contact point and redeposition onto the
flanks [2]. In the earliest campaigns deposits of up to 1018 atoms cm-2 of nickel
accrued on parts of the limiters, together with appropriate amounts of the other
inconel constituents [3]. During this period there was a progressive increase in
the number of carbon tiles covering the vessel walls, in order to decrease
contamination of the plasmas by metals and to prevent damage to the inner wall.
As more of the vessel was protected with graphite tiles the amounts of inconel
found on central parts of the limiters (in contact with the plasma) decreased by
about an order of magnitude, in line with the improvement in plasma purity for
ohmically-heated discharges.

For the 1987-8 campaigns two continuous graphite belt limiters, one above
and one below the outer midplane, were installed to cope with plasmas of much
greater heating power (40 MW). The belt limiters each comprise ~850 tiles
mounted side-by-side with their largest faces vertical and radial to the machine
axis [4]. The plasma thus contacts one end face of each tile, and due to the shape




1358

of the tile (bottom of Figure 1) the maximum flux occurs to either side of th
tangency point. Regions of net erosion near the LCFS and deposition further frmﬁ
the LCFS occur on each tile and were clearly visible during the 1987-8 campai
(from the shinier appearance of eroded zones). Postmortem analysis of tileg in
1988 showed deposition near the ends of each tile, and eroded zones nearer thgq
centre, but around the contact point revealed net deposition of somewhat variap|e
extent (Figure 1(a)). The outer surface layers (to ~ 1um) of several tiles were
analysed, and the amounts deposited varied considerably. There were many tjlgg
with macroscopic areas of erosion (~mm in depth) on the edge near the tangenc
point, due to misalignment relative to the neighbouring tile. Material is probably
lost from these areas by sublimation and hence with low emitted atomic partjcja
velocity. The atoms would be ionised and swept along the field line with a high
probability of redeposition on nearby tiles, resulting in tha variable amounts of
deposition observed. Extreme heating of a number of tile edges is thought to ba
responsible for rapid increases in Zeff for some high-power limiter discharges
(carbon "blooming").

Limi rn T rations with Berylli

As a first stage, beryllium was evaporated on several occasions over the
interior of the JET vessel (including the graphite belt limiters) from four evaporator
heads spaced around the outer midplane. After each evaporation the subsequent
limiter discharge showed mostly beryllium as the major plasma impurity, but this
was replaced by carbon within one or two pulses, and after 5-10 pulses the Be
level settled down at ~7-10% of the initial concentration (which was 3-5%),
However the (carbon-dominated) impurity levels in plasmas throughout the Be-
evaporation phase remained at least as low as in the best-conditioned all-carbon
phases. This was due to the elimination of the oxygen by gettering by the
evaporated Be-layers to form beryllium oxide, as observed on various samples. |t
was assumed that the Be evaporated over the limiter tiles was eroded from the
contact area by the plasma almost immediately, but analysis shows this is not
generally the case. Examination of a tile from the lower belt reveals a layer
structure right around the end face of the tile with an average analysis of 40% Be,
50%C and 10%0 (excluding D), and the characteristic dips in the D profile which
indicate erosion zones are absent (Figure 1(b})). A pair of tiles from the upper belt
also showed both Be and D all over the tiles (Figures 1(c) and 1(d)), with some
additional deposition near the tangency point. The rapid disappearance of Be in
the plasma must mean erosion occurs only at isolated points, or the Be is
obscured by surface roughness effects.

The graphite belt limiter tiles were then changed to beryllium tiles for the Be-
phase. Maximum normal power loading was again to each side of the tangency
point, as could clearly be seen with CCD cameras. However, on occasions
heating occurred at the edge of a tile, often followed by melting of the Be, and
emission of a droplet. After operations, close inspection of the limiters showed
melting had occurred along sections of one edge of many tiles (usually the central
portion), and on several tiles the melted and re-solidified zone had spread over
the full width of the end face of the tile. Be and deuterium analyses have been
carried out on a number of Be limiter tiles, and the results for one are shown in
Figures 1(e) and (f). The decrease in the Be within the surface layer analysed
towards the end of the tile nearest the midplane clearly indicates the presence of
another element deposited in this region, but is in the deposition zone, and does
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not contribute to Zeff for limiter discharges. This is likely to be carbon, which
continued to be observed using probes near the midplane even for Be-limiter
discharges. Again, there is extra deuterium near the tangency point, but this
appears to be associated with redeposited Be which can be seen as dark deposits
on unmelted tiles in the shadow of melted regions, or within hollows on the melt
surfaces. As an average over many tiles, the maximum amounts of D seen are
less than for C tiles.
lysi - i rf

A comprehensive analysis of in-vessel components has shown the
deuterium inventory of the plasma-facing surfaces steadily increased during the
carbon-limiter phases [5]. A progressively greater percentage of the deuterium fed
into the torus to fuel the discharges was permanently retained in the vessel as the
amount of carbon present in the machine increased. For the 1987-8 campaign a
cross-check between the analyses and gas throughput measurements could be
made. The latter suggested about 40% of the gas input is trapped in the vessel,
which agrees quite well with the 25% accounted for in tile analysis, to which must
be added a total of ~10 - 15% for losses due to hydrogen isotope release each
time the vessel is vented [5]. The deuterium which is analysed is mostly present
co-deposited with carbon on all tiles facing the plasma (the thickest deposits being
on the sides of the limiters). Concentrations of up to 30% deuterium in carbon
(C:D of 1:0.4) are stable at temperatures below 400°C, and the observed content
of these deposits has been in the range 10 to 30%. Significant amounts of
hydrogen are always observed in addition to the deuterium, and one should note
that some deuterium is desorbed on venting (from less stable bonding states)
before the surface analysis was performed.

The large amount of deuterium found in the walls is equivalent to the
combined contents of hundreds of discharges. In the carbon phases this led to
uncontrolled particle release during discharges, and density control could only be
temporarily obviated by helium conditioning. There was also a hard density limit
above which disruptions became inevitable. As soon as Be was added to the
torus the situation changed. Much larger amounts of gas could be introduced to
the torus, producing much higher densities than previously possible, and when
excessive gas feed led to densities becoming unstable, marfes and softer landings
generally resulted. The fraction of gas input re-emitted within 1000 secs after a
discharge increased from ~20% to ~60% after Be was introduced, though the
greatly increased input meant that somewhat similar amounts of deuterium were
retained in the vessel per shot : despite this, no saturation effects such as
uncontrolled release were observed. The results suggest two necessary effects of
the Be. Firstly much larger inventories of gas can be retained at the walls during
the pulse and these are released at the end of the pulse. Secondly the gas
retained on a long-term basis is present in stable states. Analyses of graphite
limiters, X-point and inner wall tiles after the Be phases all reveal similar surface
concentrations of D to those after the carbon phases. However, the surface
deposits comprise both C and Be and it appears that the properties of this
composite matrix are more favourable than pure carbon with respect to deuterium
retention/release.




1360

The variability of belt limiter tile
analysis, observed edge heating effects
and shadowing, etc, prove that plasma
contact at the belts is very non-uniform,
and impurity release is dominated by
erosion at a number of small areas of
interaction on the belt edges.

Large quantities of D are present on
the Be belt limiters in areas shadowed by,
or within, melt zones which could be
released if the topology changes.

Amounts of deuterium present at
graphite tile surfaces in the vessel have not
significantly changed with the introduction
of Be, so the hydrogen-retention properties
of C + Be must differ from pure C to explain
plasma behaviour.
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Figure 1

Deuterium and Beryllium concentration on
various belt limiter tiles determined by
nuclear reaction analysis (see text).
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1) Imtroduction

In an effort to decrease impurity contamination, the JET 1989 programme
was primarily devoted to assessing the properties of beryllium as a limiting
material. In a first step berylilum was only evaporated onto the vessel
walls to evaluate its gettering and pumping effects. At the end of the
campaign the power handling capabilities of a pair of beryllium  belt
limiters were assessed. The dramatic improvements in target plasma purity
and performance of additionally heated discharges can mainly be attributed
to oxygen removal and improved density control resulting from the gettering
action. In many conditions however the performance of high power heated
discharges was limited by the appearance of hot spots on the limiting
surfaces, where sublimation or melting occurred, releasing large amounts of
impurities. Light impurities released into the discharge at the plasma
vessel interface were diagnosed by charge exchange spectroscopy [1,2].

2) Improvements in plasma purity and performance

An overview of improvements in central deuterium dilution nd/ne of
neutral beam heated discharges is shown in fig.1 for the different phases.
(ALl observations during the heating pulses are represented irrespective of
the discharge development). The dilution factor was obtained by adding the
contributions of carbon and beryllium, which were measured simultaneously at
the plasma centre. The improvement of the quality of target plasmas for

heating experiments was particularly dramatic, with Zerr(0) decreasing from
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typically 4 without beryllium fo about 1.5. The evaporation of berylliyy &
not lead to any appreciable Be contamination of the plasma, B
concentrations measured by CXS dropped from about 2% to below 0.5% Withie
the first four additionally heated discharges after evaporations. The carhon
concentrations of the target plasmas (=2%) remained virtually 11!1‘r1:ffect.e<;1
This behaviour is interpreted as being due to the local burning out, at {hg
hot spots, of the about 0.2um thick beryllium layer. This rapidly decreageq
the beryllium concentration in the plasma, but did not affect the getterip
capabilities of the vessel surfaces, which remained unchanged for at 19%%
50 discharges.

The improved target plasma purity, together with the better density
control due to the strong pumping, lead to a substantially enhancgg
performance, as in fig.2a, which shows an X-point plasma with up to 17 MW
NBI which attgined an ion temperature of 22 keV and and a fusion prodyct
nd Ti T of 9%x10" m "keV s in the plasma centre.

Following formation of the X-point configuration after t=8 s, e
central beryllium concentration dropped steadily from an initial 3.5% to
about 1%, while the central carbon concentration first increased from 0.3%
to 3% at 9.5 s, before being diluted down again to 1% at 11.4 s by NB
fuelling (fig.2d). Fig.2c shows that the central Zerr obtained by adding the
contributions of carbon and beryllium, are in good agreement with the line
averaged value from visible Bremsstrahlung. Also shown in fig.2d is the
carbon concentration at R=3.8m. Carbon concentration profiles rtemained
fairly flat until 0.5 s after application of the full NBI power, when 2
carbon influx was first detected at the outermost CXS viewing positions,
producing a hollow profile. The influx became catastrophic at 115 g
terminating the high fusion performance.

T (0) ,*m
/

ogl @) = Fig.2 Impurity behaviour in g
485 hot don mode plasme in  the
B o double null X—point
-4 E configuration. The discharge
was started on the Be belt
limiters. X point formation was
completed at 9.5 sec. An H—mode
was  established  between  10.8
and 11.5 sec. Br=2.8 T, L=4.1
MA (pulse # 20981).

a) Central ion temperelure and
fusion  product  from  charge
ezchange spectroscopy.

b) ILine electron density and
neutral beam power.

c) Line averaged Zess from
visible bremsstrahlung (VB) and
central Zete from charge
ezchange (CX).

d) Central Be (dots) and C
solid)  concentrations  (solid)
and  carbon  conceniration  al
8.8 m (broken,).
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3) Impurity blooms

Sudden influxes of carbon (’blooms’}-‘ have been observed when using the
inner wall or the d{oroidal belts as limiter surfaces and for plasmas in
X-point configurations. They result from hot spots on the surfaces where
substantial sublimation occurs. Although limiting the performance in many
cases such as in the previous example, recent experiments indicate that they
can be controlled by vigourously fuelling the plasma [5,6].

The time delay for the carbon bloom, as measured from the start of the
heating pulse, follows the inverse square law dependence with power
predicied on the basis of a 1-D heat diffusion equation [3]. Typically
carbon blooms on the inner-wall occur after 10 to 20 MJ of integrated
heating power. Only 2 to 3 protruding tiles appear to be responsible for
these blooms. These tiles show severe edge erosion and surface temperatures
of the order of 2000° C have been inferred from TR CCD camera measurements.
10 to 20 MJ on the target plates are also sufficient to produce carbon bloom
during X-point operation [4]. The energy required to produce a carbon bloom
on a graphite belt limiter varied between 15 and 70 MJ according to the
distance between the plasma and the RF antennae carbon protection tiles.
This observation is explained by neutral beam particles which™ are ionised in
the scrapeoff layer and deposit their power directly onto the antenna tiles
adjacent fo the injection ports. When running the plasma well away from the
RF antennae (> 3 cm) no carbon bloom was observed even after 90 MJ of
integrated energy. Beryllium blooms leading to central Be concentrations
exceeding 10% have also been observed with the beryllium belt limiters. Some
of these blooms originated from the beryllium protection tiles of one of the
RF antennae near a beam port. However even when the plasma was kept well
away from the antennae, beryllium blooms still occurred, which hence must
have originated from the beryllium belt limiters.

4) Impurity transport to the plasma core

The effect of an impurity influx into pure target plasmas such as
obtained in the beryllium phase is to create hollow impurity density and
concentration profiles. Sawteeth play an imporiant role in transporting the
impurities to the core, evident from the stepwise increase of impurity
concentrations inside the inversion radius. Fig.3a shows the line electron
density and electron temperature (at 3.4 m) of an H mode plasma. Also shown
is  the tomograghically reconstructed central soft X-ray emissivity, as
transmitied through 530pum thick Be windows to rteject line radiation. While
most of the influx is taking place, the latter exhibits inverted or very
small sawteeth, indicative of stepwise increases of core impurity densities.
Since most of the X-ray emission detected was due to recombination radiation
and Bremstrahlung from carbon and deuterium, we calculated Zertr from the
local emissivity, the electron temperature and density. The result agrees
remarkably with Zerr from CXS (fig.3b). In this pulse the influx appears to
have been halted by a strong gas puff applied from t=11s onwards [5].

At the bottom of fig.3a we show carbon ion denmsities at R=3.37 and at
R=3.49 m, just inside and outside the sawtooth inversion rtadius. Since they
are so close together, relative uncertainties between the two, due to the
geometry and beam attenuation calculations, are small. Between sawtooth
crashes a density gradient builds up accross the inversion radius, which is
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levelled at each crash. Density profiles before and after a crash are gy,

in fig 4a, and fig 4b shows the corresponding change in carbon density A\;’n
Also shown is a simple model profile for Anc with zero volume integfa_l ;'
demonstrate that the small decrease in nec outside the inversion ra.diuo
accounts for the increase observed inside. g

The soft X-ay and the CX measurements suggest that “density profie
inside the q=1 surface rtemain fairly flat (within £20%) between collapses
Since a regular increase in core denmsities is also observed between cragheg
we argue that particle transport within the inversion radius must 1,
considerably stronger than outside where densily gradients are seen to builg
up (fig.4). This contrasts with measurements of impurity transport using
laser ablation in ohmic and RF heated limiter discharges (7]. which show ,
strong reduction of particle transport in the central region. The present
observation may be specific to H-mode plasmas. Another clue to the
differences may come from the persistent n=1 MHD activity between the
crashes, suggesting that the nature of this transport could be convective.
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Introduction:

The exhaust efficiency of divertor configurations for recycling impurities,
in particular for the helium ash, is still one of the salient problems for
future devices. The He exhaust capability in such machines is mainly based
on two dimensional modeling of the scrape off layer. Experiments to
validate such models have been carried out so far in the closed divertor
configuration of ASDEX /1,2/. In these experiments Ar, Ne and He gas puffs
were used to determine the divertor containment time Ly which

characterizes the retention of recycling impurities. A pronounced
dependence on the mean electron density, as well as on additional heating
was observed, particularly for He.

In this paper we report on experiments undertaken to investigate the
capability of an open divertor configuration for retaining gaseous
recycling impurities.

Experimental findings :
Short Ar and He gas puffs are required to determine TD’ however the JET gas

injection system only allows a 300 ms pulse duration. In JET the gas is not
puffed directly into 5he vessel, but into a pumping chamber. This chamber
has a volume of 1.5 m~ and a conductance into the JET vessel of 35000 l/sec
for deuterium. The shape of the gas puff entering this pumping chamber is
measured by a pressure gauge. The rise time of the pressure in this chamber

is 150 ms for a combined DZ' Ar, He gas puff (50%x(5% Ar in Dz],SG% He),

which is used in the experiments. A good approximation of the measured gas
puff is given by an exponential fit formula with a characteristic rise time
T = 150ms.

puff

Inside the JET vessel no such pressure measurement is available. In
order to obtain the gas puff seen by the plasma the vacuum time constant of
the pumping chamber has to be taken into account for He and Ar
respectively. The calculation of these time constants yields 43 ms for
deuterium as well as for helium, and 136 ms for Ar. In case of He the
additional time constant of 43 ms is negligible compared to the rise time
of the applied gas puff, whereas in the case of Ar the vacuum time constant
of the pumping chamber is of the same order of magnitude. Using the above

mentioned formula and assuming T = 150 ms for He and T = 300 ms for
puff puff

Ar the shape of the gas puff entering the vessel can be estimated
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satisfactorily for both, Ar and He. The gas puff shapes so obtained are
applied in the transport code calculations described below.

The combined DZ’ He, Ar gas puff was injected into ohmic and moderatg
power neutral beam heated (8 MW from 10.0 to 14.0 sec) 3 MA double null JET
X-point discharges. In contrast to the ASDEX results none of the VUV Ar
line intensities (Ar VIII, Ar XV, Ar XVI) measured in the main plasma
displays a pronounced peak immediately after the gas puff (Fig. 1). Only
the Ar II signal obtained from a visible spectrometer shows a distinct
initial overshooting when the gas puff is applied (Fig 2). The line of
sight for this instrument is from the vessel mid plane to the outer
divertor strike zone. This Ar II signal therefore is a measure of the
injected neutral Ar flux and of the Ar flux, which recycles on several
different wall components, in particular on the divertor target plate,
However, this signal is not sensitive to the Ar recycling in the divertor
reservoir. The divertor reservoir is partly located toroidaly between the |
JET target plate ribs and partly in the area enclosed by the upper belt |
limiter, the outer X- point plasma boundary and the upper outer scrape off
of the main plasma. None of these regions is crossed by the above describeq ‘
line of sight. In a simplified picture, which is also used in our
simulations the equilibrium value of the signal represents the Ar flux |
diffusing out of the scrape off plasma and hitting the chamber walls (100%
recycling). For a given number of Ar particles in the whole vessel, the
magnitude of this flux is solely dependent on the ratio of the global
particle confinement time in the main plasma Tp and the residence time in
the divertor Ty The initial peak of the Ar II signal is determined by the
shape of the applied gas puff and to a lesser extent by the scrape off
plasma parameters, which defines the location of the ionisation source
function and thus the Ar ion flux hitting the walls.

For a guantitative analysis the time dependent one dimensional
impurity transport code ZEDIFF /3/, which uses measured n, and Te profiles |

is applied. The code incorporates a simple divertor model /1,3/, which acts 1
as a reservoir loosing particles into the scrape off plasma with a time

constant TD. With this code the time behavior of the measured Ar line

intensities as well as the various neutral Ar influxes (applied and
recycling Ar flux) are calculated for the ohmic X- point discharge (pulse
20993) described above. In Fig. 2 the pronounced dependence of the peak to
stationary level of the calculated neutral Ar influx (applied + recycling)
on T, is demonstrated. The comparison with the measured Ar II signal yields

a Ty of approximately 300 ms.

As menticned already, the fraction of the neutral Ar influx, which is
determined by the recycling Ar ion flux onto the wall, is to some extent
dependent on the plasma parameters in the scrape off layer. These
parameters are not known accurately enough to obtain T solely from the Ar

II signal. Therefore the T value given by the Ar Il signal has to be

D

compared to the T_ obtained from the VUV Ar intensities (Ar XV, Ar XVI, Ar

D
VIII). In our simulation the time behavior of all VUV Ar signals turns out
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to be rather independent of T (Fig. 1) for T < 300 ms. This behavior can

pe explained by the slow rise time of the applied gas puff ( 300 ms), which
is of the order of T Values of T substantially bigger than 300 ms cause

a pronounced initial overshooting of the calculated VUV Ar signals, which
starts to develop from = 300 ms (Fig. 1). However, even the Ar b A

intensity, which displays most sensitively this overshoot in the
cimulation, does not reveal such a behavior in the experiment (Fig.: 1).
Allowing for some inaccuracy in the simulation an upper threshold for ™ of

. 400 ms can thus be obtained, which supperts our findings.

In the case of helium puffing the VUV He II line intensity measured
during the same ohmic X- point discharge shows a small initial peaking.
This peaking can be explained by the shorter rise time (150 ms) of the He
gas puff in the vessel. In Fig. 3 the distinct dependence of the calculated
He II intensities on T is demonstrated. Again the comparison of the

measured He II signal with the simulation yields L 300 ms.

Besides the various line intensities and fluxes the transport code
also calculates the impurity particle content in the plasma and in the
divertor chamber. Fig. 4 displays the number of He particles in the whole
vessel (plasma + divertor chamber), as well as the He content in the plasma
volume and in the divertor reservoir, respectively. A distinct dependence
on T, can be observed. Assuming T = 300 ms the calculated ratio of the He

content in the divertor (accessible to pumping) to the He content in the
plasma volume is approximately four (Fig.4).

The Ar puff experiments performed in neutral beam heated discharges
reveal a similar upper threshold for L of ~ 400 ms, which is obtained from

the VUV Ar intensities using the above described procedure. However, the
determination of 2 from the behavior of the Ar II intensity can not be

applied in this case, because the Ar II signal is blended by strong carbon
radiation originating from the divertor target plates. In case of the He
gas puff into the same NI heated discharge, there 1s some evidence of a
deterioration of ) during the heating phase. However, with the

experimental material available so far no conclusive statement can be
given.

Discussion:

The L values of ~ 300 ms obtained from chmic X- point discharges in JET

compare very well to the values found on ASDEX /1/. However, to find
comparable TD's for ASDEX and JET does not mean that both machines have

similar exhaust capabilities for recycling impurities. Important for the
retention quality of a divertor in a given machine is the ratio of the

residence time T in the divertor and the global particle confinement time

in the main plasma Tp. This ratio determines the fraction of impurity

particles stored in the divertor area, which can be possibly pumped (Fig.
4)
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MODELLING IMPURITY CONTROL IN THE JET PUMPED DIVERTOR

R Simonini, M Keilhacker, A Taroni and M L Watkins

JET Joint Undertaking, Abingdon, 0X14 3E4 , UK.

Introduction

For the New Phase of JET, an axisymmetric pumped divertor is proposed (Fig.1) to
control the backflow of impurities from the target plates towards the main plasma. The
idea is to entrench the impurities in a forced flow of plasma directed along the open
magnetic field lines in the scape-off layer and thereby avoid contamination of the bulk
plasma. The creation of such a flow can be envisaged by the injection of deuterium gas
or pellets into the scrape-off layer; for steady-state operation, a corresponding fraction
of the flow has then to be pumped near the targets. Alternatively or concurrently, a
fraction of the gas recycled at the targets could be recirculated to the scrape-off layer
near the X-point.

Following earlier work [1,2] on modelling these two schemes, we report here on the
results obtained for magnetic configurations corresponding to currents up to 6 MA,
having improved the impurity model by developing a multistage model where radiation
is computed consistently.

We assess the level of flow which is required to entrench impurities near the target plates
and the fraction of the deuterium flow at the targets which needs to be recycled near the
X-point if this flow must be provided by recirculation. The flow is in the range of
5x 10%s, which for the conditions reached at the target plates corresponds to about
90% of the deuterium flow onto the plates. This estimate has been obtained for a
configuration where the connection length between the divertor throat and the plates is
about 3 m only. By changing the current pattern near the X-point (or by going to lower
plasma currents) the connection length could be near 10 m. In this case the flow
requirement is eased since it scales roughly inversely linearly with the connection length.
We show also that beryllium alone is unlikely to radiate the power required.

Model of the Divertor

For the numerical simulation, a 1-1/2D version of the 2D JET boundary code EDGE2D
[37] has been developed. The two-dimensional structure of EDGE2D has been retained
and used by the Monte Carlo package NIMBUS [4] which treats the neutral species
and computes the sources of deuterium and impurities. The metric coefficients needed
for the one-dimensional transport equations are computed from an orthogonal
two-dimensional mesh derived from the magnetic flux surfaces obtained from a MHD
equilibrium computation.

Fluid equations for the conservation of charged particle density, momentum end energy
are solved in the direction parallel to the magnetic field lines. Impurities are represented
by cither an average species or the full set of ionisation stages. In the former case, the
average impurity species is given the charge corresponding to the coronal equilibrium.
This is acceptable since, as seen from the momentum equations, to lowest order the ratio
of the forces relevant for the retention of .impurities is independent of the charge, and
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confirmed by calculations with the full model. Parallel transport coefficients, [rictiop
thermal forces and electric fields (not necessarily ambipolar) are classical, followiné
[5] and [6], and allow for arbitrary impurity levels. All ions are assumed to have the
same temperature. The electron density is evaluated [rom quasi-neutrality.

The required boundary conditions at the target plates are subject to a considerable
degree of uncertainty having to represent the transition from a fluid to a Kinetic
description of the flow. We have adopted the widely accepted Bohm conditions,
according to which main plasma ions and impurities reach their sound speed at the
plates. As for the electron and ion heat fluxes (convection plus conduction) q, and q
on the targets, it is assumed that q,= !:%crlevu"l“e and q,= B, n‘zvaTi for all ion species. We
consider the cocfficients B, and B, as parameters and examine the sensitivity of results
to their variations (B, > 5, f; > 5/2).

Transport transverse to the magnetic field is replaced by specified profiles for
temperature and density. These are assumed to decay exponentially outwards from the
separatrix with given decay lengths. The width of the scrape-off layer plasma is chosen
so that the residual perpendicular fluxes are negligible (usually, three times the scrape-off
thickness).

Deuterium particles are recycled at the target plates as neutrals. The Monte Carlo code
defines the spatial distribution of the ionisation sources in the vicinity of the targets. To
enhance the plasma flow in the divertor region, some of the recycled deuterium is
removed and recirculated into the scrape-off layer as plasma ions, with assigned spatial
distribution along the separatrix (usually, but not necessarily, in the vicinity of the
X-point). Those neutrals that escape to the bulk plasma are re-fed as plasma ions
uniformly along the separatrix, and this is consistent with maintaining constant the

deuterium content.

The Monte Carlo code defines also the spatial distribution of the impurity sources due
to erosion at the target plates. A consistent computation of impurity sources is therefore
possible. Towever, since the model for erosion is based, at present, on physical
sputtering alone, the absolute concentration of wall impurities in the scrape-off layer
turns out to be generally too low and a higher concentration is therefore prescribed.

Details of the model will be found in [7].

Impurity Retention in the Divertor

Of all the forces which act on the impurities, only the friction force with the main plasma
ians and the electric field are beneficial for their retention, having to compensate the
thermoclectric forces and the impurity pressure gradients which tend to drive impurities
out of the divertor into the scrape-ofl layer and eventually into the bulk plasma. This

implies that plasmas with high flow, low T; , low VT, are desirable.

The magnetic configuration proposed for the pumped divertor is produced by a plasma
current of 6 MA, while the divertor coil's current is 800 kA. This gives a connection
length in the divertor region just above 1 m We have assumed an input power of 40
MW into the scrape-off layer, shared equally between electrons and ions. The maximum
deuterium density n; that we have been able to achieve at this level of power is about
10%m- at the separatrix, with an impurity content (beryllium) n, =~ 3% n; . To enhance
the flow of deuterium in the divertor region, a certain fraction Ry of the gas produced
at the targets by recycling is removed and injected in the vicinity of the X-point
(recirculation) or can be pumped out and re-fed elsewhere in the scrape-ofT layer. The
performance of the divertor has been assessed in the first instance by considering only
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one average impurity species, with constant radiating efficiency La=10""Wn? . To
exemplify the results, we show here three cases corresponding to Ry = 95%, 80%, 20%,
respectively, and injected close to the X point. The resulting fluxes I'x injected at the X
point are [z = 4.6 x 10, 4.3 x 105 | 1.6 x 1025 , respectively. The effectiveness of
these fluxes in entrenching impurities is shown in Fig. 2, where n, [ n, is plotted as a
function of poloidal distance.

The flows required to entrench impurities could be reduced by increasing the connection
length. This can be achieved by either lower plasma and divertor coil currents, as shown
in [ 1] and [2]], where the magnetic configuration was produced by about 2.5 MA, or
by changing the pattern of the divertor coil currents near the X point. Some calculations
have been performed by ad-hoc variations of the poleidal field of the standard magnetic
configuration in the divertor region, leading to an increase in the connection length up
to about 10 m. The flux required for the retention of impurities falls below
Tr=2x 10251, as in the previous low-current case, and this is within the pumping
capabilities foreseen.

Impurities which stream out of the divertor region build up until their pressure balances
the thermoelectric force in a region, far from the divertor, where no deuterium flow is
present to flush them out. Some improvement in the 'z and Ry required for perfect
entrenchment can be obtained by flushing these impurities out provided a flow of
deuterium is present in the whole scrape-off layer. Fig.3 shows n, / n, along the
separatrix in the case Ry = 80% of Fig.2, for different {ractions I'X/(zl"x+ll“u) , where
Iy is the flux recirculated at the X point and I'y is the flux injected uniformly along the
separatrix (I'y=Ty+ T'p): the fraction required is between 70% and 50%, which could
be provided perhaps by injecting slow pellets into the scape-off layer. Such a flow in the
entire scrape-off region could also flush out the impurities which are likely to be
sputtered by the charge-exchange neutrals generated near the X-point by the injected
gas. However, a consistent treatment of this problem requires a complete
two-dimensional model.

The boundary conditions (the Bohm condition and energy transmission coeflicients B,
and f, ) and radiation determine the ion and electron temperatures near the targets.
and B, are subject to large uncertainties, for example f, depends strongly on the
emission of secondary electrons from the targets. We have tested the sensitivity of the
results to variations of B, (from 5 to to 20) and B, (from 5/2 to 5). The temperature
profile T, is sensitive to p_ only in a thin layer near the plates, and moreover the ion
temperature T; is insensitive to this choice since at the densities obtained in these
computations energy equipartition is ineffective in establishing equal ion and electron
temperatures (Fig.4). As a consequence, the recirculation flow requirements are
unchanged. T; decreases as PB; increases, thus enhancing friction; however, at the same
time the flow of plasma to the targets decreases, the temperature gradients increase and
no effective improvement in impurity retention has been observed.

The effect of radiation on T, in the vicinity of the targets is very similar to that obtained
by increasing B, , 5o that uncertainties in its evaluation are not expected to play an
important role in the range of densities considered.

It is unlikely that beryllium alone radiates sufficiently to keep T, down and reduce the
heat loading on the targets to acceptable levels. Computations performed with the full
multi-stage model have shown that with beryllium the radiated power P < 2M W, even
when T, at the targets becomes as low as 1 eV at high B, . On the other hand,
medium-Z impurities can provide the required Pr . As an example, multi-stage
calculations with 3% oxygen show that Pr~ 21 MW for an input power of 40 MW.
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SCRAPE-OIF LAYER PARAMETERS AT JET DURING DENSITY LIMIT DISCHARGES

S Clement*, D Campbell,*, S K Erents **, L. de Kock, G Saibene, R Sartori and J A Tagle .

JET Joint Undertaking, Abingdon, OXON, OX14 3EA, UK.
*CIEMAT-EURATOM Association, Av. Complutense 22, 28040 Madrid, SPAIN.
**Culham Laboratory, Abingdon, OXON, OX14 3EA, UK.

1.Introduction: During 1989, experiments were performed in JET to investigate the
effect of using beryllium as a plasma facing material. Initially, Be was evaporated to form a
thin coating (=~ 100 A) on the carbon tiles which formed the plasma facing surfaces (Be
gettered phase). Later, the carbon tiles of the upper and lower belt limiters were replaced by
Be tiles and Be was evaporated onto the remaining plasma facing surfaces. One of the
principal beneficial effects was found to be a substantial increase in the density limit and a
significant change in the nature of the limit /1/. The most noteworthy changes occured in the
Be limiter phase of operation, in which the density limit was increased by a factor of 1.6-2 over
the all-carbon phase. In addition, it was found that the limit manifested itself as a MARFE /2,3/,
which generally led to a reduction in the plasma density and a return to quiescent operating
conditions,rather than a hard disruption as was normal in discharges with carbon plasma
facing surfaces /4/.
We have studied the scrape-off layer {(SOL) parameters in high densily plasmas using
Langmuir probes which are located on the belt limiters and which sample the SOL joining the
two limiters along the inner wall (where the MARFE usually appears). The data reported here
were obtained in limiter discharges at various plasma currents (1 - 4 MA) and with different
forms of plasma heating {OH, ICRH, NBI) during the Be limiter phase of operation. An analysis
has been made of the edge parameters before and during the MARFE, and a relationship has
been found between the edge temperature and density which is valid for all the discharges
studied, as long as the power is being convected to the edge.

2.Experimental: Three pairs of Langmuir probes situated in the upper and lower belt
limiters have been used. The probes are at different radial positions and allow the
measurement of the decay lengths of the SOL parameters. All the edge parameters referred
to in the following section have been extrapolated to the last closed flux surface.

3.Results: All the shots studied have been gas fuelled from the edge . Due to the strong
D pumping by the beryllium, a high fuelling rate has to be maintained throughout the
discharge, (typically around 3 - 4 10? afoms s~' in an ohmic discharge). Too high a fuelling
rate creates hollow density profiles, and lower density limits are achieved /5/.
The time evolution of the edge parameters is presented for three density limit discharges,
which are good examples in the large dataset studied : an ohmic shot with a plasma current
l»=4 MA and a toroidal field By = 2.6 T which marfed early in the discharge, an ohmic shot (
I, =3MA, Br=2.3T) where the radiated power increased slowly, and an additionally heated
discharge ([, = 3MA, B; = 2.6T,and total input power P;,, = 9.5MW).

e  Ohmic, fast edge cooling (shot # 20845) .
Fig. 1 shows the time evolution of the edge parameters ion saturation current I, and
electron temperature T,, together with the radiated power P4 and the edge gas fuelling
rate F. In a first stage, from 7 to 9 seconds, the fuelling rate is increased and the total
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power convected to the edge (Pi, — Praa, not in the figure) is approximately constant, So the
increase in fluxes and the decrease of T, are mostly due to the gas introduction i the
edge; T. reaches a very low value around 10 eV . A first MARFE then occurg 2
decreases, but the sampling rate of the probe is too low to make a comparison with l‘r:;
time evolution of P,.s . A faster sampling rate has been used at the second MARFE . Ty,
maximum in /. (which had recovered after the first MARFE) occurs at least 0.15 seconds
before the maximum in Prag, When Prg is 2245% Pir ; L then decreases sharply (90 %) ag
P,.; increases, and recovers fast after the peak. The temperature has not recovered after
the first MARFE due the sustained fuelling rate into the edge; it decreases even more
during the MARFE.

e  Ohmic, slow edge cooling (shot # 20943) .

The previous shot is characterized by the early edge cooling and marfing. Generally 3
much steadier behaviour has been achieved in good density limit shots, where edge
cooling and radiated power increase are gradual. In shot 20843, the edge temperature
decreases slowly between 6 and 12.5 s, from ~40eVio ~10eV . The density e-folding
length 1. is constant until T, reaches a value around 20 eV, then decreases. The power
convected to the limiters Py, calculated with SOL parameters, does not vary very much
during the last phase of the discharge .

e  Additionally heated (shot # 20822)
Fig. 2 shows the time evolution of several SOL parameters together with some central
paramelers for comparison. Temperatures around 10 eV are reached again; as in the
previous shot, 4. is constant until T.~ 20 eV and Py, is constant during the last phase of
the discharge .

In fig.3, the edge temperature as a function of the edge density is shown for three discharges
(shots # 20843, 20822 and 20850, the latter being a 4 MA shot with 15 MW of additional heating).
The curves obtained do not constitute a proper scaling, because all the data points are taken
with dynamic conditions; however, they summarize the behaviour of the edge parameters
observed in a dataset of about 30 high fuelling rate discharges. The points corresponding to
additionally heated discharges are displaced towards higher edge densities with respect to
the ohmic data, but the shape remains the same. There is a change of slope when the
temperature is around 20 eV, where the decrease of T. with increasing n. is fasier. The
parameter which separates the ohmic and additionally heated curves is the average power
convected to the edge per particle,

P . Pin _Prad
part — Na v

where n. is the volume averaged density and V is the plasma volume. In these density limit
discharges, py.: varies within the same range of values for all the different input powers used
(data taken in discharges with 30 MW of additional heating are on the right hand curve) In
Fig.4, Ps. is represented together with the electron temperature versus lime for an ohmic and
an additionally heated discharge.

4.Discussion: The results obtained are consistent with a similar sequence of events
taking place in all the shots which develop a MARFE, independently on whether additional
heating is used or not. During a first phase, the total power convected to the edge remains
aproximately constant; as the edge fuelling rate is high, a cooling of the edge takes place (the
power convected to the edge per particle decreases). Then, when the edge temperature
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reaches a certain value (around 20 eV in the present case, where the main radiating impurities
are C, Be, and Cl), the radiated power in the edge starts to increase, and self enhanced
impurity radiation cooling takes place leading to a MARFE /3/.

Several findings are consistent with previous observations: the decrease in the density
scrape-off length around 20 eV agrees with the broadening of central density profiles and
hence steep density gradients found near a MARFE /5/; the fact that the first cooling phase
depends mainly on the fuelling rate explains why too high fuelling rates lead to lower global
density limits /5/. However it must be pointed out that our measurements are taken at the belt
limiter, far away from the place where the MARFE is localized, and hence provide no local
information, so no insight can be gained as to the mechanisms which quench the MARFE.

References
111/ C Lowry et al, these proceedings.
12/ E Stringer et al,12th EPS Conference on Controlled Fusion and Plasma Physics,
‘ Europhysical Conference Abstracts 9F, Part |, p86({1385).
‘ 13/ J Neuhauser, W Schneider and R Wunderlich, Nucl. Fus. 26, 1679(1986).
14/ J Wesson et al, Nucl. Fus. 29, 87(1989).
15/ D Campbell et al, ITER Workshop on Disruptions, Garching, FRG, 25-27 september
1989.
samana
E 6l #20845
I
= 4 !
8 2 et
o ol 1 _
| 15
I R =
T 2
<C
0.5 —
0o &
]
o
42 4
T B E
|1 2 0=
|1 . GC ®
I Fig. 1 Og
1 I I 1yl 1 0 o
6 7 8 9 10 11 e

time (s)

Figure 1. Total radiated power, ion saturation current, electron temperature, and gas fuelling
rate, for an ohmic discharge , l, =4 MA, B, =2.6 T. The arrows indicate the two first MARFEs.




Average power per particle [10- W]

e - : ] .
E 7 #2002 100F T j
2 o #20822
= i . #20845
AT - — —{10 =
CM ___/‘/"‘m.,/‘ § SU— -. EID% & a i
! 16 = et
§ #}- = “
a8 < ]
z i e ?2_ ") {tlnu D'I' %%I#.
4“ —_—
X —///\/ g " Ve, L3
S 2r : e
E = - & .
= 7] o] T~ L]
L '\_‘ ! 3.
12 E? l. %.
=7 |
11 8e 10 | 4
T :Ilii < Fig. 3 J
N4 - =
10k s E
> 5
‘_—__4—/'.{/\/71 2
o E
3 5o =
© 30F
= 10 _ _
115 E i
{10 =
P %
E100" =
E sop
Ty Z - TV WY 5
o AP 12 g 20f = |
o 5y =2 s,
Fig. 2 E L-:-._.__H... Additional Heating .5 |2
0 92 lo o o ST :

5 6 7 8 9 10 1 12 13
Time [s]

Figure 2. Volume averaged densily, total input power, total radiated power, average power
convected fo the edge per particle, Z effective, edge density, edge temperature, edge density
e-folding length, edge temperature e-folding length, and power convected to the limiters, for
shot 20822 (I, = 3MA, B, =2.6T).

Figure 3. Edge temperature versus edge density for shot 20943 (ohmic,
l, =3MA, B, =2.3T), shot 20822 ( [, =3MA, B, =267, and 9.5 MW additional healing),
and shot 20850 { [, =4 MA, B, =2.6 T, and 15 MW additional heating).

Figure 4. Edge temperature and average power convected to the edge per particle for the
shots 20943 and 20822.
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TEMPERATURES AND DENSITIES IN THE JET PLASMA BOUNDARY
DEDUCED FROM DEUTERIUM AND BERYLLIUM SPECTRA

M F Stamp and H P Summers

JET Joint Undertaking, Abingdon, Oxon 0X14 3EA, U.K.

1. Introduction

The plasma edge is one of the most important regions of a tokamak
plasma, since it is the edge parameters that determine the sputtering
yields, impurity source rates and ionisation lengths of impurity and fuel
species. Knowledge of these edge parameters is often limited; for instance,
the electron and ion temperatures are usually assumed to be equal, even
though they are clearly different in the plasma centre.

In this paper we describe measurements of edge ion temperature
derived from ion Doppler widths, and measurements of the edge electron
density from intensity ratios of suitable spectral lines.

2. Experimental Details and Data Analysis

Spectral lines of deuterium (Dgs Dg], carbon (CII 6578, 65824)
beryllium (Bel 4407A and BeIl 4361A), oxygen (OIL 4415, 4417A) and helium
(HeI 6678A) are routinely monitored with the visible wavelength JET survey
spectrometer. This is a 1-m Czerny-Turner instrument with an intensified
linear diode array detector at its focal plane[l]. Plasma light, emitted
from in front of the limiter, is collected by an achromatic lens and fed
into the spectrometer via a quartz optical fibre.

The spectral information from the diode array is analysed with a
multi-gaussian line fitting routine that deconvolves the instrument
function and the Doppler profiles of the spectral lines.

The data presented in this paper are from the last period of machine
operation, when JET had a beryllium belt limiter, and the limiter influxes
of carbon and oxygen were very low. Consequently, only the analysis of the
deuterium and beryllium spectra are presented here.

3. Ion Temperatures

The deuterium influx from the limiter consists of a molecular influx
at thermal energies, and a small amount (10-20%) of reflected deuterium
The molecular deuterium fragments into atoms and ions by a variety of
reactions [2], some of which produce an excited deuterium atom that
subsequently decays radiatively. As they travel into the plasma the
deuterium atoms will either emit photons when excited by electron impact,
or charge-exchange with plasma ions, or be ionised by electron impact
Since the charge exchange cross-section is similar to the ionisation cross-
section in the JET plasma boundary, many atoms will undergo charge-
exchange, resulting in a cold deuterium ion and an energetic neutral whose
energy is representative of the local ion temperature. The Dy line profile
is expected therefore to consist of a broad feature, due to charge-
exchange, and a narrow feature due to the slower atoms in the plasma edge.

Fig.1 shows the Doppler ion temperatures that have been measured in
ohmic, 3MA, beryllium belt limiter plasmas, as a function of line average
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electron density. The deuterium spectral feature requires a two'gaUSSian
fit; where one gaussian ("cold" compenent) always has a Doppler temperatyre
of ~5eV, and the other ("warm" component) a Doppler temperature of 40-
200eV. This "warm" component was emitted by deuterium ions that gaineq an
electron by charge-exchange from a cold neutral and it is therefore ,
measure of the edge ion temperature.

From fig.1 we can see that the edge ion temperature varies from ~2008y
at low density to ~40eV at high density. This is much higher than tpe
measured edge electron temperature, which varies from ~45eV to ~15eV [3],
However, the radial profile of the D, emission is not known, although ye
would expect the neutrals to penetrate further, and therefore appear
hotter, at lower electron densities. Spatially-resolved measurements ip 5
direction normal to the belt limiter would allow localisation of the p
emission, but are not possible with the presently-available viewing portg
on JET.

The neutral beryllium (Bel) Doppler temperature of 5-15eV indicateg
that physical sputtering is the dominant source mechanism. The average
energy of evaporated atoms would be ~0.leV, whereas the average energy of
atoms produced by physical sputtering is several eV, and is larger for
self-sputtering than for D' sputtering [4]. The Bell ion temperature ig
lower than the local ion temperature (from D) because the Bell lonisation
time is shorter than the energy equipartition time. These beryllium jion
temperatures are extremely useful data for the validation of complex
impurity sputtering codes [5].

4. Edge Electron Density

Line intensity ratios are sensitive to electron densities in tokamak
plasmas when the upper level of one of the transitions is close to the
collision limit, and the other not, and the lines share the same excitation
mechanism. A collisional-radiative population model 1is required for
interpretation of the line intensities (see for example [6]). For deuterium
the line intensity ratio of D, (n=2-3) to DW (n=2-5), and for Bel the line
intensity ratio of Bel (8254A)(2p-3s) to Bel (4407A)(2p-4s) satisfy the
above criteria for density sensitivity.

Experimentally, the 8254A 1line is observed with an interference
filter-photodiode combination, viewing the other belt limiter to the survey
spectrometer. By assuming that the beryllium sputtering yield is the same
on both belt limiters (ie normalising to D, emission) we calculate the
ratio of intensities of the 8254A and 4407A lines, fig.2. The survey
spectrometer also observes the Bell line at 4361A, so it is straight-
forward to take the intensity ratio of Bell (4361A) to Bel (4407A). This is
also a measure of the edge density since the Bell line is a measure of the
total Bel influx, but unfortunately the Bel influx is an uncertain mixture
of ground state atoms (which are measured from the 8254A line) and atoms in
the 2s2p 3P metastable state. The characterisation of the metastable
fraction with plasma conditions is in progress so we may be able to use
this Bell/Bel line ratio to measure density in the future.

The Da/D? intensity ratio is calculated directly from the calibrated
survey spectrometer data, and fig.2 shows the intensity ratios of "total
D" / "total Dy" , as well as "cold D," / "cold D?“. The "cold" components
of Dy and D, measure the electron density close to the plasma edge, while
the "warm" components (not plotted because the error bars are larger, ~30%,
and the data overlaps the "cold" data) would measure the density deeper in
the plasma. An accurate determination of the "warm" D,/D, intensity ratio,
combined with a knowledge of the edge density gradient (from Langmuir
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probes, for instance) would allow the radial position of the warm Dy and Dy
components to be calculated, and hence the radial position of the Dy
Doppler ion temperature.

In the data analysis we are exploiting a new extended collisional-
radiative model which handles both hydrogenic ions and non-hydrogenic ions
(such as Bel) and includes charge transfer processes. It gives a precise
treatment of low levels and levels in the vicinity of the collision limit.
Inclusion of up-to-date atomic cross-sections is an essential part of this
development which will be reported in detail shortly.

Fig.2 shows the edge electron density calculated from the experimental
deuterium line intensity ratios using first results from our
collisional-radiative modeling of hydrogen\deuterium. This 1is in good
agreement with the Langmuir probe edge density measurements [3],
considering that the probe analysis assumes equal ion and electron
temperatures. Our modeling of the Bel line intensities is still in progress
and will be completed shortly.

5. Strong Gas Fueling

One plasma shot plotted in fig.1 (#20573, plotted without error bars
for clarity) is interesting because the plasma density was raised with gas
puffing, then allowed to fall as the limiter and walls pumped, and then
raised again with gas puffing. The experimental data (figs.1 and 2)
indicate that the edge density is higher (and the ion temperature lower)
when the gas puff is raising the average density. This effect can be seen
more clearly in fig.3, where the density falls quickly when a string of
pellets ends, until it is raised again by a strong gas puff.

6. Conclusions

» Spectroscopic techniques have been used to measure the Doppler ion
temperatures of Bel, Bell and neutral deuterium in the plasma edge.

* The warm component in the D, spectrum gives a measure of the edge ion
temperature, although for our viewing geometry the exact radial
location of this measurement is not known.

* The Bel Doppler temperature indicates that physical sputtering, rather
than evaporation, is the dominant impurity source mechanism.

* The edge ion temperature in JET ohmic plasmas seems to be higher than
the edge electron temperature, especially at low electron densities.

* Intensity ratios of spectral lines such as Dy/D, or Bel (8254A) / Bel
(4407A) can be used to measure electron density.

% Electron density profiles can be modified with gas puffing. In
particular, with strong puffing, the edge density is raised relative
to the central density, resulting in a lower edge temperature. This
should have beneficial effects on plasma purity by reducing the
impurity sputtering yields.
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1. Introduction

Detachment is readily produced in chmically-heated plasmas by
operating near the density limit [1]. As increased additional heating
is applied it seems to get progressively more difficult to obtain
detachment [2]. Detachment has not previocusly been attained with
heating powers exceeding 9 MW. However, under some circumstances, with
very high additional heating power (= 20MW) in JET, it has been found
that the impurity influx is so large that detachment occurs
spontaneously [3]. Most of the power input to the plasma is radiated
and the power and particle flux to the limiters is reduced by a factor
of 5%10. We take this as our definition of detachment. A MARFE also
forms on the inside mid-plane. This mode of operation is potentially
interesting since it is similar in character to the 'cold plasma
mantle' [4] proposed for making the power deposition more uniform on
the walls of fusion devices.

2. Experimental Conditions

Two groups of discharges have been examined in detail, one in
1988 with a plasma current I_ = 5 MA, using the carbon belt limiters,
and the second in 1989 with % = 3MA using carbon limiters and
beryllium gettering. The dis%ance of the last closed flux surface from
the inner wall was typically 500100 mm., These specific discharges were
chosen because of the extensive edge diagnostics at and near the
limiters. 1In all cases the density is close to the density limit.
Both ICRF and NBI heating are used. Plasma detachment occurs when the
plasma is resting on the protection tiles of the ICRH antennas, if
there is sufficient power reaching the antennas for them to reach some
critical temperature. The global parameters, input power Py, volume-
averaged density n, and radiated power Pp are shown in figs la, 1b, lec.
The additional heating starts at 6s. A similar discharge in the same
series, but with lower input power (18MW), is shown in fig 2. No
evidence of detachment or MARFE formation is observed.

1 General features of detachment and MARFE formation
In general there are four phases in the discharges discussed. The
first phase (I) is the expected response to the additional heating




1382

power, namely an increase in density and temperature, with a consequent
increase in the impurity demsity and the absolute radiated power [5],

A new equilibrium between input power, radiated power and conducted
power can be established as observed in shot 19653, fig Z.

In the second phase (II) the temperature at r/a>0.5 decreases apg
the current profile begins to peak, as indicated by the second and
third Shafranov moments, fig 1d. The ion temperature and the neutron
production rate fall by large factors, figs 1 e and f. The most
striking change in this phase is the reduction of the interaction at
the limiter. The ion flux, measured by the Da radiation, fig lh, ang
the radiation from the low charge states of carbon and beryllium, Cf,
CII, CIII, BeI, Bell all fall by factors between 5 and 10. These
signals are observed both spectroscopically and with CCD cameras. The
BeIl radiation is shown in fig 1li. The flux reduction occurs at both
upper and lower belt limiters, measured spectroscopically, and at the
ICRH antennas measured by probes. The reduction of the power and
particle flux to the limiters is characteristic of detached plasmas,
although in many respects the present conditions are quite different to
those in ohmically heated detached plasmas [1]. In particular, the
change in temperature profile is much less.

At the beginning of the third phase (III) there is a sudden
transition and a MARFE forms on the midplane at the high field side of
the plasma. The tomographic reconstruction of the poloidal
distribution of the MARFE is shown in fig 3. It is seen to be Toughly
symmetric about the mid plane. Further evidence of detachment occurs
at the transition to the MARFE, The radiation from the outer belometer
channels, viewing the belt limiter region drops, fig 1j, and the
coupling resistance of all the 8 ICRF antennas drops indicating a
reduction in the local density, fig lm. While the outer channels of
the bolometer array show a fall, indicating detachment, the inner
channels viewing the MARFE show a marked rise, fig lk. During the
MARFE the electron density and the carbon density both fall slowly.
The near-edge temperature is slowly rising, fig In. After about ls
there is a sudden transition back to the attached state.

After the MARFE disappears, phase IV, the particle fluxes to and
from the limiters recover to near the pre-detachment values. In a few
cases where the additional heating is on for sufficient time, the
plasma heats up again and the neutron reaction rate increases, figs le,
1f, ln. This continues for about 0.3s and then the ion temperature and
the neutron flux decrease again. This time corresponds to the time
required for the impurities to diffuse back into the centre. In one
case the detachment and MARFE occurred a second time in the same
discharge.

4. Discussion and conclusions

When the power input is initially increased the observed impurity
increase and the resulting radiation are to be expected on simple power
balance considerations. In the present discharges with very high input
powers, there is evidence from the CCD camera observations that edges
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of the ICRH antenna tiles are exceeding 1000 K and there is also
evidence of the 'carbon bloom' [6]. The heating of the tiles is
probably caused by neutral beam particles which are charge-exchanged in
the plasma boundary at high ﬁe' A qualitative explanation of the
behaviour is that, despite the additional heating, the impurity influx
is sufficient to cocl the edge plasma, the current channel shrinks and
detachment ensues. The measured electron temperature at the limiter
surface is typically » 15 eV. The drop in particle and energy flux to
the limiters and the corresponding drop in impurity influx is very
striking. However, it is possible that the particle flux arrives at
some other surface which is not directly viewed by the diagnostics.
The detachment is quite unlike that seen in other ohmically-heated
tokamaks [1]. The electron temperature profile changes only very
slightly over most of the plasma radius. It should also be made clear
that the series of discharges described are not typical of all carbon
bloom discharges. If the starting density is lower, at the start of
the carbon influx the density and the total radiation simply rise
steeply [6]. Only when the density is already near the density limit
do the detachment and MARFE formation occur.

During the detached MARFE, phase III, the electron density and the
central impurity density decrease slowly. This is a result of the low
recycling and low impurity influx. The reduction in density and
impurity content eventually leads to the MARFE collapsing and the
plasma reattaching. It is to be expected that this cyecle would keep on
repeating itself if the input power remained high. There is evidence
from a series of discharges of increasing power that the length of the
detached phase increases as the input power increases.

It is clear that high performance, eg high neutron yield, is
limited by a number of factors, of which impurity influx is only one.
The neutron flux has reached its maximum well before detachment starts.
The detachment and MARFE formation reduce the neutron yield further,
but this decrease occurs late in the sequence of events. However, the
present discharges are of considerable interest because they exhibit
many of the features of the 'cold plasma mantle'. It would clearly be
advantageous to produce detachment first and then heat the plasma so
that the high impurity flux and damage to the limiters are avoided.
This could be done by impurity injection eg with low-z gaseous
impurities. The problem of plasma dilution by the impurities is still
however unresolved.
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Fig 2a - 2g. As fig 1, but for discharge 19653
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1. Introduction

It is generally found in Tokamaks that the power to the edge,
calculated from langmuir probe data by assuming equal ion and electron
temperatures, is less than that measured by thermoccuples. This has
been found to be true for JET in all phases of operation, and is
particularly apparent from recent data taken over a wide range of
densities using beryllium limiters. The power to the edge obtained
from probes is between 4-5 times too low at low densities, and 1-2
times too low at high densities compared with limiter thermocouple
data.

Various reasons for this discrepancy in power can be suggested,
but in this paper we investigate the possibility that ion temperature
T; >> Ty in the edge.
2y Experiment

Evidence for high T; comes from two independent probe
measurements. The first uses measured values of T, and flux density
I ¢ from fixed probes (LIM) in the beryllium belt limiter to calculate
tﬁe power to the edge, which is then compared with edge power
calculated from thermccouples in the limiters. The value of T; which
is required to obtain agreement between the two measurements is then
calculated, The second method uses the floating potential Vc(r)
measured by a reciprocating probe which moves a distance of up to 20 mm
(r) inside the last closed flux surface (LCFS). From Vg(r) and T (r)
the radial electric field just in front of the limiters is calculated,
and the force due to this field on the ions is equated to the ion
pressure gradient.

Measurements were made in the plasma current flat top phase of
3MA, 2.2 Tesla ohmic plasmas, when the plasma internal energy was
essentially constant, but the volume average density <n.> was
unfortunately still changing with time. This varying density gives
rise to a scatter in the data for T,(a) and ng,(a) when plotted as a
function of <ng», fig 1. The magnitude of the effect is the subject of
a separate paper, (1). A second source of error could be the effective
area of the probes in the limiter, which is difficult to calculate
because of the glancing angle of field lines., The likely direction of
this error would be to raise T; further.
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3. Density and Temperature
Scaling

For <ng> > 2.10'° m~3 the
To(a) scaling is similar to that
observed for carbon belt and
discrete limiters, (2), namely
T.(a) v <ng>~*. For <ng» ¢
2.1012 m~3, Te(a) becomes almost
independent of density at v
40eV, This figure is not a limit
for the probes - Te(a) rises with
additional heating power to
temperatures > 60eV. The edge
density rises with a greater
than square law dependence on
<ng> at high density, (fig 1)
primarily as a result of heavy
gas puffing into the edge (1).

4, Power Balance

The power to the edge
measured using thermocouples 1s
systematically a factor 1.5 less
than the difference between input
and radiated powers. The error is
probably attributable to the
toroidal variation of power to the
limiters.
the edge as estimated by the probe
data is given by:

P, = 1 Iggp(a) Tola) Wom™? (1

c

where the power transmission
factor y is usually written as
the sum of ion, electron and
sheath potential terms

T =2 T/Ty + 2/(1 = 8) + Vg (2)
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& is the secondary electron yield and V. the sheath potential.
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Values of 8(T,) measured for a JET carbon sample can be described

empirically by:

& = (1 - exp(-0.017 T.))

10 ¢ T, < 120 eV

(4)
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The glancing angle (15°) between field lines and limiter may mean that
secondaries do not escape, however, (& = 0). This would imply even
higher values for T;. A good empirical fit to y from egns. 2 to 4 for
deuterium is: N

Yy = 1.88 Ti/Te 4 T 1078 T, & it 10 < Tg < 120 eV (5)

Using egn. 5 and initially assuming T; = T, a value for P,y is obtained
by integrating eq 1 across the SOL ané around the torus, Pq = PA L
where A, is the power e-folding length obtained from the probe radial
profiles just outside the LCFS, and L is the total radial length of
both limiters in both ion and electron drift directions, (ie B"Rlim)'
Then from eq. 5:

Ty 5 (T (Pop/Ppy) (6.88 + 7.4 1074 T;) - 7.4 10-*% T; -5)/1.88 (7)
where Pm is the power to the edge estimated from (P;, - Baghe

The resm'llvlilts of this calcul-

ation are plotted in fig 2. 10000
Here T;(a) is seen to rise

to values in excess of

400 eV at low <ng>, 800.0F O 3
(< 10**m~32) and ng,(a)
(corrected for high T;) is
< 3,101"m~? At these very
low edge densities the
collisionality will be

low and we might expect
that ions diffusing from
the core regions will still
be hot at the edge.
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Vp = Vg + Vg (8)

and the field: E, = dVP/dr (9)

which is usually constant over the first 20 mm inside the LCFS.
In this region, the ion pressure gradient dp;/dr is balanced by E_, in
the absence of rotation. Then

dp;/dr = d(ng (x)kT;(r))/dr = n (r)E, (10)
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Differentiating across the exponential density and temperature profiles
in the edge, since Apq 2 Mg Ve obtain:

Ty = By Ppe (11)
Using the above equations, Ti is calculated by an iterative process,
choosing a value to calculate Vg (eq 3) and then calculating a new
value for eq 1l until a consistent Ti is obtained. The results of this
calculation are plotted in fig 2 together with the power balance Ty
data., Both methods show that Ti > Te at low densities, although there

is a larger scatter in the electric field data.

6. Further evidence for high T; near the edge

Active ion temperature measurements obtained from charge
exchanging of Be IV with a diagnostic beam in the main plasma show
radial profiles T;(r) to be very flat, often close ta 1keV at the
measurement chord which is some 200mm inside the LCFS, in limiter
plasmas. Passive charge exchange data, coming from within 200m of the
limiter, is plotted as a function of <ng»> in fig 2 together with the
probe data.

Doppler broadening of the D, light coming from recycled deuterium
(3) is also plotted. This is colder than the Be IV, which is to be
expected since it is ionized closer to the limiter. Both measurements
ghow a fall in T; with increasing <ng?. and could marginally
overestimate T, (a) as measured by the probes because light is coming
from an undetermined distance just in front of the limiter. The flat
radial profiles suggest that this overestimation should not be large,
however.

7 Conclusion

Evidence to support the fact that ion temperatures in the range
200-500eV exist in the edge of JET ohmic plasmas at densities
¢ 2.101°m-? has been obtained from four independent diagnostics.
Furthermore, the ion temperature has been observed to fall with
increasing density, as would be expected from both power balance and
increased collisionality. Due to uncertainties in absolute values of
flux density, probe data alone could not substantiate these high values
of T.. However, taken together with the evidence from the other
diagnostics, there is a strong case for T; >> Tg at and near to the
edge.
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With FT tokamak it is possible to study the scrape-off layer (SOL) plasma with
densities and power flux densities which are higher, and therefore more reactor
relevant, than in other tokamaks. That is of special importance due to the well
established link between the SOL and the main plasma and for other key questions as
the wall or limiter power loading and the impurity influx in a reactor. The present
study wants to give scaling laws for the principal SOL parameters, density nel and
temperature Tel, at the limiter radius, of their e-folding lengths ApAT and to
describe the response of the SOL plasma to lower hybrid (LH) power injection.

EXPERIMENT

The SOL plasma has been sampled with two 4 probes arrays at two different
positions: @ = 90°, 6 = 45° and ® = 180° 60 = 135° where @ is the toroidal angle
starting from the limiter and 6 is the poloidal angle. A new assembly of the
electrodes in the array allows to test easily their integrity, and avoid
misinterpretations of the measurements [1]. The local values of ng, Te and the
potential ¢ are derived following Stangeby's model [2] through a full non-linear fit
of the current-voltage characteristic. Radial plots of these quantities are then
obtained gathering data from several similar shots to infer their values at the limiter
radius and the e-folding lengths. The space parameter covered in this paper is, for
line averaged plasma density 2.5x1013 < fip = 2.7%x1014 cm-3, for plasma current 220
= Ip =< 450 kA, the magnetic field BT is6 and 8 T, the LH frequencies 2.45 and 8
GHz and LH powers P, =< 350 kW.

The FT SOL plasma looks very similar within the experimental errors in both
locations where it is sampled . Differencies, especially for ng, are found for non
centered plasmas but they can be satisfactorily explained following a code described
in [1]. Then in the limit of this spatial sampling the FT SOL plasma is treated as
homogeneous. The main results concerning the average properties of the SOL are:

a) the value of the density at the limiter radius cannot be accounted for, over all
its variability range 1013 = ng1, =1014 cm-3, taking fie as the unique free
parameter, at least if a simple power law is desired, see Fig. la.

b) The temperature Te], shows a clear trend to decrease slowly with fig, Fig. 1b.

Standard regression analysis gives,the following laws, being q), the safety factor

sy -2 — 129 09
n =354X107" n " Xq

109 em=3 (1)
T, =87x10% 0 7% x ¢~ [eV,10%em™?) (@)
Law (2) is satisfactory followed only if fie = 1014 cm-3.

c) the density e-folding length A decreases with fie see Fig. 2 according to

A, =105 n " fem, 10" em ™) 3)

The values obtained for AT show much more scattering and no clear trend with
fie but they always range between 2.5 and 4 times \p values.
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Ne (cm-3) best fit with a law Ap = fie ©

When RF is applied the plasma density drops on every probe location inside the
vessel if fie < 4x1013¢m-3, for both LH frequencies, 2.45 and 8 GHz, though by
different amounts, and a hollow density profile develops in the SOL as
previously noted [3] . Figure 4 shows the reduction in density measured at r =
20.8 cm as a function of the 2.45 GHz coupled power, and compares it with
calculations described below. Temperature is not strongly affected by LH
power. D, brightness always decreases as well, together with ng in the SOL, and
a clear increase in the particle confinement time is observed [4].This effect
disappears very rapidely at higher densities, independently of the frequency
used. In general, the influence of the LH power on the FT SOL is rather poor for
fie = 5x1013 cm=3, except a slight increase of the density [3] in presence of
strong PDI instabilities.

DISCUSSION
A simple diffusion model [5] can explain satisfactorily the power dependence of
on fie given in Eq. (1), while it can only provide suggestions for the role played by

or the safety factor qp . The balance of particle and energy fluxes, gives the laws
r ngl, and Tel
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for the power laws ﬁel‘38 and ﬁe'0'75 respectively (see text)
n, = rlln <ov, > Ez (4
_ %3 5)
TeL - K(II’/AnneL) {

where n and K can be approximately 3)'_ constants [5,1]. Considering Eq. (3) and that
the mean ionization rate <oviz> is * VTg in the 10-100 €V range, one has

n, =ALY n}® (6)

e

— = (7)
—05

TeL. =BV IP n,
A and B are constants. The exponents of fie predicted by the model are satisfactorily
near to those from regression analysis, Eq. (1), (2). On the contrary, the exponents of
Ip, or qp in (6), (7), do not reproduce the experimental data, specially for neL. That
can be due to an influence of Ip on the particle inward pinch velocity which is totally
neglected by holding n constant in (4). Present data however do not allow to
investigate further this point.

Assuming as correct the exponent 1.38 of fig in (6), the best law fitting the np,
data, shown in Fig. 3a, and from this one plus Egs. (5) and (3) the law for TeL are

n, =3.96x10"%q H;—‘"’[m‘am—"] )

T, =K{ya )"0 "™ [eV,kA, 10" an—9] 9

The fit of the experimental data gives K = 6.5, see Fig. 3b. The law (9) is
followed by the experiment more satisfactorily than law (7) even though it proves
valid only for fie =1.3x1014 cm3. It is an open point whether the higher
temperatures are due to the occurrence of gradients along the field lines.

Turbulence in FT SOL can explain qualitatively the scaling of Ap, Eq. (3). For
Boltzmann like fluctuations the perpendicular particle diffusion coefficient is [1]
D,aTe <(6ne/ne)2>1/2. In FT SOL is [1] < (5ne/ne)2>1/2 wng~2/3 under a wide range
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of plasma parameters. Thus the usual relationship An = \/]_DiL"/cs, Wherf Jdn is t}}e
field line connection length and cs the ion sound speed gives MAn=Te / l'le_l .
Experimentally no clear dependence is observed on local Te values. So ,neglecting Te,
assuming ne = nel, and using (8) one has Ap= fie 0-46 , compare with (3). It must be
noted that essentially non Boltzmann fluctuations, as observed in Text and Pretext
tokamaks, would instead predict an increase of An with fie even though slight [1].

The effect of LH power on the SOL plasma density is tentatively described as
the result of the oscillatory energy e, acquired by the edge electrons in the LH field.
Indeed, after living the LH resonance cones the electrons maintain, on average, their
£4, as for an ensemble of oscillators if the driving force is suddenly switched-off, for
approximately a mean free path Ac. In the LH phase then, the equilibrium in the SOL
is assured by the gradient of the pressure plus the kinetic term. Asssuming the ohmic
profile as the equilibrium one, and considering that the relative weight of e, is
vanishing at less than 2 cm inside the limiter radius the following equation holds

P =P 0 +n @ ¢ 0 (10)

The numerical solution of (10) for an assigned ohmic density profile gives a hollow LH
density profile very similar to the observed one and the scaling with LH power, shown
in Fig. 4. The model is satisfactory also for the 8 GHz case.

Density reduction spreads over the whole plasma surface if Ac is longer than
half the torus circumference and half the minor circumference. That is satisfied in
FT only for fie = 4x1013 cm=3, and if the total energy thermal + kinetic of an
electron is considered in the calculation of Ac. In addition, the only poloidal velocity,
whose magnitude can meet the above requirement for Ag, is that due to the EpxB
drift, being Ep the radial component of the limiter sheath electric field [6].
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Scrape-off Layer Based Model for the Disruptive Tokamak Density Limit

and Implications for Next-generation Tokamaks

K. Borrass

The NET Team, ¢/o Max-Planck-Institut fiir Plasmaphysik, Boltzmannstr. 2, D-8046
Garching b. Miinchen

A model based on analysis of the scrape-off layer and divertor regions has been proposed
for the disruptive density limit in divertor tokamaks [ 1]. A threshold condition for the
onset of the processes leading to density limit disruptions is derived which is essentially the
condition for the existence of a stable thermal equilibrium in front of the divertor plates.
The model has been extensively validated against ASDEX results. In this study the impact
of the model on nexi-generation tokamaks, such as NET/ITER, is investigated. The basic
features of the model are outlined and the main differences between a medium-size device
like ASDEX and NET/ITER are discussed.

Description of Model

A one-dimensional model according to Fig. 1 is used to describe the scrape-off layer
and divertor zones. The basic equations are the equations of momentum, energy and particle
conservation (T, = T; = T and n, = n; = n are always assumed):

%(man +2nT) =0, (1)
9
2 0=9, (2)
a
S(aV)="5. (3)

Here z is the coordinate along a flux tube and @ and S are source terms for power and
particles, respectively. With some additional assumptions a two-temperature global model
is obtained from eq.(1) to eq.(3) which contains only the sheath edge temperature Tp and
scrape-off layer temperature Ts(~ T(z = 0)) [2] [3]. The main assumptions are:
except in the recycling region Spitzer conductivity is the main parallel transport mechanism;
perpendicular transport is dominated by Bohm diffusion; the Mach number is ~ 1 at the
sheath edge and << 1 at the stagnation point. The model provides a relation between
the scrape-off layer density ng and the divertor temperature Tp which is the basis for the
derivation of a density limit (cgs units being used except where otherwise stated):

T11/32
D
(€B +1/co(Tp) Ji dzQraa +¥Tp)11/18

Here « is the sheath energy transfer coefficient [ 4], £ is the average ionization energy of
a neutral (£ ~ 17.5+(5+%:2) logio(X2); €, TpineV;ninem™ [4]), B is the fraction

np =
of neutrals that are ionized in the flux tube under consideration and Q.4 is the impurity
radiation loss term in eq.(2) . The factor of proportionality depends on the device parameters

(a, R, By, k,divertor geometry) and discharge parameters (g, Pin, mass number, profile

s ~ (1= (2 @
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layer. The divertor plate is located at z = L. of eq.(4) .

parameters,..). A density limit is established by the fact that ng, considered as a function
of Tp, may have a maximum, which is interpreted as the critical density. Close to the
density limit typically Tp << T's holds and the Tp-dependence in the first term of eq.(4)
can be ignored. Possible shapes of the second term in eq.(4) are indicated in Fig. 2, where
type b) would be associated with a density limit. Which of the cases prevails depends on
the behaviour of A, £ and Qqa. ASDEX and NET/ITER are considered as typical examples
of medium-size and next-generation tokamaks. Bohm diffusion is adopted for perpendicular
transport in order to reproduce the experimentally observed B;-dependence of the density
limit.

ASDEX

ASDEX has a box-type divertor as shown in Fig. 3. A sizable fraction of neutrals
which escape from the divertor plasma are pumped [5]. A recycling model, including
outward diffusion of neutrals near the plate, inward diffusion into the fan and pumping, has
been proposed [ 1] which predicts that / decreases as Tpp. £, on the other hand, is nearly
constant for typical ASDEX discharges. In the absence of impurity radiation one therefore
obtains behaviour according to Fig. 2a (no density limit). If a recycling low-Z impurity is
assumed to be the dominant radiator in the divertor, a model according to

L
f Qrat = Cradl Fimph » 5)
0

(Crgg = 1-10718 erg em® s~ corresponding to, for instance, oxygen; fimp the impurity
concentration) is appropriate [ 6 ].  Note that for given ng one has approximately np ~
1/Tp [1]. Hence

L
/ d2Qsa ~ Tp? (6)
0

holds and impurity radiation losses rapidly increase with decreasing Tp, leading to a be-
haviour as shown in Fig. 2b. A radiating layer thickness comparable to the scrape-off
layer width Ap in the divertor (£ ~ ApB,/B,) together with impurity concentrations of
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Ffimp 7 0.01 is found to give best fits of ASDEX data [7] (see Fig. 4).
NET/ITER

In ITER, since the divertor plasma in an open configuration is wider [ 8] and the divertor
temperature higher (see below), the escape probability of neutrals is very low (= 107%) and
therefore § ~ 1 holds. On the other hand, for ITER-like parameters { decreases more
strongly with Tp. As a consequence, behaviour as in Fig. 2a is again observed in the
absence of impurity radiation even though the reason is quite different from the previously
discussed ASDEX case. With impurity radiation, behaviour as in Fig. 2b is again obtained.

General Features

As a consequence of the flat shape of ng(Tp) according to Fig. 2a of eq.(4) and eq.(6)
the following general features of the model are obvious:

i) Impurity radiation is an essential ingredient for the existence of a critical density, but
at the limit it provides only a small fraction of the power losses in the divertor.

ii) Tp takes a minimum value Tf when the limit is approached.
iii) 7' increases with the impurity content.
iv) The critical density depends only weakly on fimp.

v) The power flux on the divertor plates does not vanish when the density limit is ap-
proached.

Scalings

For typical ASDEX parameters the model predictions are approximately described by

the scaling
043 go.31

crit ., ar
ni™ ~ 154 (GRp (7)

(ne in 1071%m=3; By in T; g1 in MW/m?, R in m), where n.(a) is the electron density at
the separatrix and q__is the net power flux across the separatrix. Note that eq.(7) applies to
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double-null hydrogen discharges in the “old” [ 9] ASDEX divertor configuration. Slightly
different coefficients are obtained for single-null or deuterium discharges. Detailed analysis
of experimental data with regard to these aspects remains to be done. The scaling is also
affected by the divertor geometry. After reconstruction of the ADEX divertor [ 9] | for
instance, different regimes are found which are no longer described by a single scaling law
[1].

For an ITER-like configuration the critical density behaviour can be approximated by
the scaling ( fimp = 0.01, double-null)

0.57 0.31
it e 4 B
ngt = 5.0 (qR)0-0® (8)

(ne in 107m~%; By in T; qu in MW/m?, R in m).
Implications on Divertor Design

Critical issues for the divertor design in NET/ITER-like devices are the peak heat loads
and erosion [ 8 ] . Erosion is largely determined by the sheath edge temperature Tp.
Values of up to about 30 eV would be marginally acceptable for graphite or tungsten first
walls, considered as candidate materials for the so-called physics and technology phases,
respectively, of ITER [8] . From the preceding discussion it follows that T in NET/ITER
should essentially be determined by the impurity content in the divertor region. This is
confirmed by numerical studies. Values of T'p = 20—40 eV are obtained for fimp =~ 0.005—
0.05 indicating that temperatures lower than about 20 €}/ may not be possible. Taking into
account safety margins for the proximity to the density limit, the divertor temperature
therefore might be a matter of concern. In present 2-D modelling of NET/ITER edge
conditions impurity radiation is ignored and consequently solutions according to Fig. 2a are
obtained, suggesting that arbitrarily low Tp-values can be obtained by increasing the edge
density [ 10 ]. Improved 2-D modelling is needed for further clarification of this point.
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1. INTRODUCTION

Conditions in the scrape-off layer (SOL) and divertor plasma determine divertor plate
power loads and erosion rates and hence are critical issues in the conceptual design of
NET/ITER. They strongly influence the selection of materials and engineering design of
plasma facing components and they constrain the operational scenario of the main plasma. In
particular they conflict with the plasma requirements for efficient current drive, e.g. low
<ng> and high <T>. Systems code explorations [1] of the acceptable envelope of
operational space has led to four typical scenarios:

TABLE 1. Typical Iter Operating Scenarios

Physics Technolo
(ignited) , (steady state) (hybrid)
PI PS1 Ps2
Fusion power [MW] 1080 825 1010 870
Current drive power [MW] 0 150 150 76
Pulse length [s] 400 58 55 1900
Zgi{core plasma) 1.7 38 2.0 1.6
Power entering SOL [MW] 113 84 275 150
<ng> [10%¥/m 12 0.75 0.7 145
*Seeded with iron impurities, **15% of L is non-inductively driven.

This paper describes the simulation of divertor performance based on
two-dimensional fluid modelling of edge plasma.

2.APPLICATION OF TWO-DIMENSIONAL MODELS

The Braams code in its original "along field", two-fluid version [2] is employed for the
D/T plasma. Transport of neutral D/T within the divertor chamber is simulated numerically
using an analytical model comparable to that outlined in [3,4]. Release of neutral D/T
particles at the first-wall is not included but the exhaust of D/T gas is accounted for by
assigning to each divertor plate a spatially invariant albedo (>0.995) which is adjusted so that
the D/T exhaust rate is about 20 times the rate at which helium is produced by fusion
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reactions in the core. Transport of impurity ions (e.g. He?* and sputtered plate material) is
not yet included but power losses due to D/T ionisation and radiation are self-consistently
determined.

The curvilinear, orthogonal mesh used for the Braams code is derived by the LINDA
mesh generating code [5]. Both the inner and outer divertor and SOL plasmas are modelled
but only for the bottom half of ITER. Symmetry in the up/down direction is assumed by
imposing reflecting boundary conditions at the mid-plane. The null-to-strike-point distance is
1.5m for the outer plates and 0.6m for the inner plates. The plasma transport equations are
solved for orthogonal divertor plate surfaces but allowance is made for the effect of plate to
separatrix inclination (15° at the outer and 45° at the inner plate) upon the distribution of
neutral particle source terms by appropriate increase in the neutral ranges along B. The
core/edge interface (which forms the inner boundary of the edge model) is assumed to be
the flux surface which lies 2.5 cm inboard of the separatrix at the outer mid-plane. The input
power per unit area is uniform over this surface but distributed in the ratio 4/1 to the inner
and outer regions respectively. The ratio of electron to ion input power is taken to be
P¢ /P! = 3/1. The plasma density at the interface is assumed to be uniform and its
magnitude adjusted to give about <n_> /3.5 at the separatrix intercept at the outer
mid-plane. Zero radial fluxes of particles and energy are assumed for the boundary
conditions at the first-wall. There is no linking of plasma transport between the inner and
outer SOL and divertor regions which, in the mesh, are separated by insulating (and
reflecting) cells. Transport of electron and ion energy through the sheaths at the divertor
targets is treated as described in [4] and the reflection coetficients used to describe the return
to the plasma of neutral particles and energy are based upon data given in [6]. Zg in the
SOL and divertor plasmas is based upon the specification given in [7], namely

Zogp = 1+08[Zgr{core)-1].

It is implicit in the "along field" version of the Braams code that n.=n; and so in the present
caleulations Z_g; acts only on those plasma parameters which involve collisionality, e.g.
parallel electron and ion conductivity, parallel viscosity and electron-ion equipartition
frequency.

Cross field anomalous transport is taken as specified in [7], namely:

X, = 2m?/s; xiJ_ =D, =2/3 m?/s and Vpinch = 0

These values of x° ‘o x » D, are a factor of 2 larger than those derived from
present-day H-mode experiments to account for the effect of Edge Localized Modes (ELM’s)
on transport. Parallel transport is classical [2] and no parallel thermal flux limiter is available
in this version of the code. This omission is likely to be relatively unimportant since Zg> 1.

The caleulations are performed for graphite divertor plates. Erosion and redepositon
are determined using a simple model [8] in which the effective sputtering yield Y ¢ of the
surface intercepted by a divertor plasma channel of radial width &r is expressed as

e 0D
a Ty =
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where n = r/A cosa. Here A is the range (perpendicular to the surface) of released atoms
(or hydrocarbon molecules), a is the angle of inclination relative to the magnetic surface)
and Y the sum of carbon self-sputtering yields, i.e. physical plus radiation enhanced
sublimation. The model includes both physical sputtering and radiation enhanced sublimation
due to D/T ions as well as chemical erosion. The profile of plate surface temperature is
taken to be proportional to the power deposition profile, but with a baseline temperature of
100°C and a peak temperature of 1000°C.
TABLE 2. Performance of the ITER options
(Data in brackets refer to inner SOL and divertor)

Physics Technolo

(ignited) . (steady state) (hybrid)
PI PS1 Ps2 T
Power to divertor [MW] 453 33.7 110 60
(11.3) (85) (27.5) (15.0)
<ng> /3.5 [10Y/m’] 34 23 22 40
(3.2) (19) 2D (3.8)
Peak load on plate?® [MW/m?] 5.0 33 47 7.0
@7 (18) (29) (3.8)
Peak T, at plate [eV] 15 59 234 9.1
(23) (13) (170) (33)
D/T radiation in divertor [MW] 3.9 3.5 33 42
(17 (1.9) (12) (18)
Peak net erosion®[10°m/a] 40 5 (b) 40
@) @) (®) (>1)
Rate of C release[102/s] 67 56 (b) 95
at 1000°C peak (18) (13) (b) (24)

2 Includes 13.6 eV DT /T ¥ recombination energy

Runaway erosion (Y,>1) occurs even at assumed plate temperatures
€ Per integrated burn year - at net erosion peak near strike point; values are very sensitive to
temperature

3. RESULTS
Data for the four examples of ITER are given in Table 2 and the profiles of power

loads on the plates in Fig.1.The reduction in T, relative to previous calculations (e.g. Ref. 8,
Appendix 4) appears to be due to a combination of improved representation of the magnetic
geometry (longer connection length near the separatrix) and the assumption of Z g>1 in the
present analyses. Furthermore, both T, and the peak power loads decrease with decreasing
P: L’//P: , but at present there are no experimental data which can fix the appropriate value of
il

B J.The loads for the ignited case appear reasonable, not greater than 15 MW,"rn2 when
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allowance is made for a) toroidal peaking and b) modelling uncertainties. The hybrid
technology case loads are rather high but could be reduced somewhat by seeding with
impurities as has been invoked for the steady state option "PS1". Net erosion in these three
cases is relatively modest due to the small values of T, at the plate. However, steady state
case "PS2" leads to very large power loads and plasma temperatures (the calculation is in fact
not complete because runaway erosion would occur even at the assumed plate temperatures),
Tt is concluded that power load and temperature scenarios within the presently envisaged
range of divertor operating conditions are possible for the physics ignited, impurity-seeded
steady state, and long-pulse hybrid (15 % current drive) scenarios, but that a pure steady
state scenario (low density, no impurity seeding) is not possible within present constraints,
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Fig. 1 Profiles of power loads on the inner and outer divertor plates inclined at 45° and 15°
to the separatrix.
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1. INTRODUCTION

Tokamak discharges cause erosion of plasma facing surfaces due to physical and chem-
ical processes which result in a contamination of the plasma by impurity atoms (C,
O, metals). This contribution brings a report on an experiment which was carried
out in order to study: a) the influence of the limiter composition on the impurity
production and transport; b) erosion of carbonization layers deposited on metallic
surface. The studies were performed at TEXTOR and part of the measurements
was done using a collector probe: Stockholm - TEXTOR probe system which was
described in literature earlier /1/. The graphite probe (a rotatable cylinder shielded
by a titanium housing with a 2 mm slit which allows plasma ions to reach the col-
lecting surface) was exposed, in a time resolved mode, to the scrape-off layer of the
deuterium plasma. Ions drifting in the tokamak current direction (the "ion drift”
direction) were collected during four plasma discharges. Three exposures (# 25812,
25815, 25816, time resolution 255 ms) were made in the presence of the carbonized
(150 - 180 nm layer) molybdenum limiter at minor radius » = 44 cm, whereas the
last one (# 25817, time resolution 510 ms) was performed when the molybdenum
piece was retracted to r = 50 cm and graphite poloidal limiters (C-limiter) were used
at r = 46 cm. Basic plasma parameters during all shots were similar: maximum
plasma current J, = 348 kA, magnetic field By = 2 T, central electron density n.(0)
= (3.38 - 3.47) x 10'® cm™®, shot duration 3.2 - 3.5 s. The probe was placed al-
ways 30 mm deep in the scrape-off. The night preceding the experiment with the
Mo limiter TEXTOR was carbonized. The operation schedule with the Mo-limiter
was: a) 54 shots behind the liner at r = 59 cm; b) 6 shots (~ 17.1 s) at r = 50
cm when the C-limiter was at r = 46 cm; ¢) 5 (~ 17.7 s) shots at r = 46 and §
shots (~ 19.1 s) at r = 44 cm when the C-limiter was at 50 c¢m; d) the last shot at
r = 50 cm and the C-limiter at 46 cm. The probe exposures started 68 shots after
the carbonization, and 4 shots after the location of the Mo-limiter at 44 ¢m. The
exposed probe was analysed at the surface analysis station (Stockholm) by means
of high energy ion beam techniques: Rutherford backscattering spectroscopy for the
analyses of metals (molybdenum and wall material components :Cr, Ni, Fe) and
oxygen impurity atoms, and nuclear reaction analysis to determine the cencentration
of deuterium within the near surface region.

*permanent address: Space Research Centre, Ordona 21, Pl-01 287 Warsaw, Poland
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The main goal of the study was to recognize temporal and spatial behaviour of molyb-
denum impurity fluxes in the scrape-off layer during consecutive plasma discharges,

RESULTS AND DISCUSSION

Figure 1 shows an evolution of molybdenum and other metallic impurity deposition
rates during four exposures of the probe to the plasma. There are also plotted
results for deuterium collected on the probe. It is necessary to stress the fact that
for deuterium, the deposition rates (collected fluxes) are not identical to the incident
fluxes because re-emission of deuterium and chemical D — C reactions (which lead to
the formation of gaseous products) reduce the collection efficiency, whereas metals
are known to stick (s = 1) well to carbon surfaces /2/.

Mo—limiter a=44cm

2 5E |
=400rD §¥
n L = o
Ezoo-/\\ "
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Fig. 1. DEPOSITION RATES OF DEUTERIUM, INCONEL COMPONENTS
AND MOLYBDENUM AS A FUNCTION OF THE DISCHARGE TIME.

The shape of the time-resolved plots is similar for all the species analysed, but the
amplitudes differ distinctly. Similar measurements were also performed at other
radial positions on the probe, showing the same general features. The concentrations
increase sharply to some maximum value, at the beginning of the discharge, and later
they decay more or less smoothly during following stages of the shot.
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Radial distributions of deposition rates for molybdenum and Inconel components
have also been investigated showing that they decay exponentially. Characteristic
e-folding lengths inferred from these measurements are as follows: Apro(rimiter) = 26
- 31 mm; Ac(limiter) = 43 mm. These values are dependent on the limiter in use since
the position of the test and the main limiter in the torus is different. However, for a
given limiter, the e-folding lengths are the same for all kinds of atoms deposited on
the probe.

Time- and space-resolved measurements indicate that in the presence of the Mo
limiter, the molybdenum deposition rates and hence the fluxes to the probe increase
from shot to shot, whereas the collected fluxes of other species remain on the same
level. The molybdenum flux (®a,) increases from 0.9 -10' em™2 57! for # 25812 to
3.7 10" cm™?% 57! for # 25816 (flat top values), which may indicate a linear increase
of the molybdenum influx of 0.7 -10'* cm™2 s~! per shot, or exponential increase of
40 % per shot. Typical fluxes of other metals (®y.) sputtered from walls (Fe, Ni,
Cr) are approx. (15 - 17) -10' em™2 577, and for deuterium 3 -10'7 em™? s~1,
Another important observation is that the withdrawal (after # 25816) of the Mo
limiter to the wall position and the operation with the main poloidal limiters resulted
in a significant decrease of all the fluxes collected on the probe surface. This may
partly be explained by connection lengths effects which influence the transport of
ions to the probe: 50.8 m for the Mo-limiter at 44 cm and the probe at 47 em, and
25.0 m for the C-limiter at 46 cm and the probe at 49 cm. However, one perceives
stronger decrease of the molybdenum fluxes than those measured for other metals
and deuterium.

The comparison between fluxes of respective species can be done when the ratio of
fluxes (P pr0/@ne and @ p/®ps.) is considered. Relative variations of the fluxes can
be recognized since values of the ®ps,/®p. ratio should mostly be affected by the
limiter composition but not by the limiter configuration and relative variations of
the fluxes can be recognized. The ratios determined for respective shots, from time-
resolved (average for flat top values at r = 47.5 cm for the Mo-limiter and r = 49.5

cm for the C-limiter) and radial (average for 1.3 s) measurements, are shown in Table
1.

Table 1. RATIOS OF FLUXES DEPOSITED ON THE PROBE

SHOT TIME AVERAGE RADIAL AVERAGE REMARK "
Qpmo/PMme  ®D/PM. Opo/Pme  ©D/PMe

25812 0.032 165 Mo-limiter

25815 0.102 176 0.085 170 Mo-limiter

25816 0.150 175 0.150 179 Mo-limiter

25817 0.059 171 0.058 167 C-limiter

Once again, the results collected in Table 1 confirm the increase of the molybdenum
fluxes when the Mo - limiter is in operation, and immediate decrease (by a factor of
~ 3) of these fluxes when the graphite limiter is inserted. Simultaneously, the ratio
of @p/® . remains almost constant for all the discharges.
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The results allow to formulate the following conclusions: a) the carbonization layer
on the Mo-limiter is gradually eroded from shot. to shot and molybdenum is sputtered
by the plasma; b) atoms once removed from the limiter are transported by the plasma
along the torus, later deposited on the surrounding surfaces, and they are removed
again from the plasma facing surfaces during following discharges.

One may expect that the production of the molydbenum impurity by the plasma
sputtering at the limiter had to be preceded by removal of the carbonization (150
- 180 nm thick = 1.6 -10'® C at cm™?) layer deposited on the limiter during the
carbonization of TEXTOR. Taking into account: a) exposure time of the Mo-limiter
at different radial positions (see Introduction ), b) characteristic e-folding lengths in
the presence of the C and Mo limiters, c) possible fluxes of deuterium (5 -10'® cm—2
s~1 /3/) , carbon ( ~ 1.25 -10'" cm™? 57! /4/) and metals (5 -10"® em™? 577, these
paper) at the limiter , and assuming the electron temperature 20 eV at the limiter
one expects (from /5/) following physical sputtering yields: of carbon by deuterium
(for 60 €V D¥ Yp;c = 6-107%), carbon (for 200 eV CBH) Yg o = 0.2), nickel (for 300
eV Nil®t) Yy;/c = 0.05). These values allow to infer that ~ 0.35 -10'® C at cm™2
was removed when the Mo-limiter was at # = 50 cm. Later, when the Mo- limiter was
acting as the main limiter at r = 46 or 44 cm, the recession rate of carbon from the
carbonization layer was ~ 5.5 -10'® cm™2 =1 and rest of the carbon layer (1.25 -108
cm™? could be fully removed after 23 s of the TEXTOR operation. It means that
during the last shots (25812 - 25816, when probe exposures were made) performed in
the presence of the Mo - limiter bare molybdenum on the limiter surface was exposed
to the plasma. Again, taking into account respective fluxes of plasma species (D and
impurities) and sputtering yields for D, C, Ni and Mo on molybdenum /5/one may
expect that the recession rate of molybdenum was ~ 1.25 -10’® Mo at cm™ 57,

The measurements presented and discussed here are also in agreement with previous
observations concerning impurity production in tokamaks /6 /. Moreover, the results
obtained by means of the collector probe technique can be considered as complemen-
tary ones to spectroscopical data collected during the same experiment /7/.
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ELECTRON EXCITATION COEFFICIENTS FOR THE CONTINUOUS
SPECTRUM OF DEUTERIUM

5 z i 5 i
J.Bo%in , Z.Stoki¢, V.Stojanovid, Z.Petrovi¢ and B.Jelenkovié

Institute of Physics, POBox 57, 11000 Belgrade VYugoslavia
¥
Faculty of Physics, Univ. of Belgrade, POBox 550,Yugoslavia

INTRODUCTION

Breakdown of gas in the Tokamak reactor is established at
very high values of electric field to gas density ratio (E/N).
At moderate values of E/N which are characteristic of most
discharges, charge particles are not in thermal equilibrium but
there is an equilibrium between the energy gained from the
electric field and dissipated in collisions. At high values of
E/N such equilibrium can not be established, and nonequilibrium
phenomena such as runaway electrons occur. Comparison of
experiment and theory under conditions of high E/N can be used
to test calculation procedures and cross sections used to model
the behavior of electrons in such discharges. Recent
measurements have shown the importance of heavy particles (ions
and fast neutrals) in such discharsges.

In this work the absolute values of electron excitation
coefficients of aaﬂg state of deuterium as a function of
electriec field to gas density ratio E/N,have been measured. As
it is known the radiation from aSZg state to the repulsive
bsiu+ state results in the well known UV continuum. Therefore
the total light emitted between 200 - 400 nm from a low current
(=« 1 pa ) D2 discharge at distance of 5 mm from the anode was

detected using the monochromator and photon counting chain.

EXPERIMENT AND EXPERIMENTAL PROCEDURE
The electron drift tube for low pressure and low current
discharges is shown on Fig.1l. The discharge was operated

between parallel plane electrodes 80 mm in diameter, and
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Fig.l. Electron drift tube for high voltage and low pressure

gas discharges.

separated by 40 mm. The anode was made from graphite in order
to minimize the yield of backscattered and secondary electrons,
The electrodes are enclosed in a tightly fitting quartz tube to
prevent long path breakdown. Shown on Fig.2 is Paschen curve
for deuterium, with points representing the N¥d values at which
the measurements were taken. After determining the guantum
efficiency of the detection system, using the irradiance
standard deuterium lamp, Osram Model UV-40, the excitation
coefficients were placed on the absolute scale for E/N between
250 Td and 6 kTd using the following equation
) 5 BUAY (1wt
/N = £ (a/N) = o Kk = T (1)
e Uk

where v corresponds to different vibrational levels of the
upper state, N is the gas density, R is the measured signal for
transition v-k, @ is the factor which includes the gquantum
efficiency and geometry of detection system, jE is the loecal
electron current density , e is the electron charge, Nu is the
quenching density, and Au and Auk are transition probabilities
for level v and it's vk branch, respectively. As for the aBEg
state the measured radiation is the sum of a continuous
emission from different vibrational levels. Since the
populations of the individual vibrational levels are not ltnown,
excitation coefficients for these levels can not be evaluated
from the measured signal. But, for the transition from bound

upper state to the repulsive state, the relation AU=AVk holds.
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From the comparison of our experimental (shown on Fig.3.)to the
calculated spectral dependence of continuous radiation, one can
conclude that only first two vibrational levels are dominantly
populated. The relation (1) has been wused to obtain the

excitation coefficients for the 338 * gtate taking in to

accountthe wvalue of8.2 10_24 m’ f;; the product of the
collisional quenching rate coefficient and the radiative
lifetime', e.g. 1/N_.

The results for the excitation coefficients of aBQ;
state were compared with the theoretical ecalculations for
hydrogen2 and are presented in Fig.4. The total uncertainty of
the determination of the excitation coefficients, which
includes uncertainties of the calibration procedure,
measurements of gas pressure, electric fields and discharge

currents, was less then 15%.

CONCLUSIONS

Our measurements of the excitation coefficients for UV
continuum in D2 are first absolute measurements at very high
E/N. The experimental results were compared with the Boltzmann
calculations2 at moderate E/N and with the beam model? at very
high E/N. Both spectral and spatial scans of UV continuum shall
be presented at the conference. Spatially dependent 1light

emission at high E/N is important for determining the spatial

growth of electron density in the anode vicinity.
1800 T T T T T T 71T T T T

1600

400 ¥ L. a0
200 1 L -.n 1 1 1 !
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Nd (n?)
Fig.2. Paschen curve for D2 for graphite anode and stainless

steel cathode.
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3D-MONTE CARLO MODELLING OF THE NEUTRAL GAS TRANSPORT IN PUMP LIMITERS

A. Nicolai

Institut fiir Plasmaphysik, Forschungszentrum Jiilich GmbH,
Association EURATOM-KFA, P.0. Box 1913, D-5170 Jiilich, FRG

1. Introduction

Descriptions of the neutral gas transport in poloidal divertors,
limiter scrape off regions and in pump limiters were attempted already by
means of Monte Carlo methods. In these approaches the confining walls were
described by quadratic surfaces /1/ and as estimators the pseudo collision
/2/ and the tracklength estimator /3/ combined with nonanalogue methods as
generalized splitting and russian roulette (importance sampling) were
employed.

In the following a procedure is envisioned which is inherent to gene—
ral pipe configurations with arbitrary torsion and curvature and resorts
to a decomposition into finite plane geometrical elements. For the plasma
domain a generalized pseudo collision or "pseudo tracklength'" estimator
both allowing to score the decisive ionization rate directly, are used,
and in the vacuum regions the standard tracklength estimator is employed

14/,

2. Decomposition of the walls maintaining the vacuum and defining
the plasma geometry.

As has been demonstrated in case of ALT II /4/ the main parts of the
pump limiter assembly may be represented by pipes with circular or rectan—
gular cross—section. General pipes with circular cross—section can be
generated by moving a sphere along a threedimensional curve and envisio—
ning the generated enveloping surface. This surface can be approximated by
a sequence of prisms with regular polygons determining the respective
cross—section. A similar procedure is possible in case of rectangular
pipes, which are decomposed into parallelepipeds. The centerline of the
pipe surface is approximated by a sequence of straight lines; the inclina—
tion and rotation angles of these straight lines with respect to each
other stand for the curvature and torsion of the original centerline. Due
to the just mentioned approximations of the pipe surfaces natural volume
elements ocecur: prisms, parallelepipeds and frusta of pyramids; by the
latter the prisms belonging to circular pipes of different radii may be
connected.

3. Neutral plasma interaction, backscattering and estimators |

The random walk of the neutral particles is mainly determined by the
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density function for the likelihood of absorption given by /4]

]
a(X) = 2, (%) exp (- [ ds” T (X (s7)))
Q

s is the length of the particle path, ¥ the radius vector of the particle
position, and =, (x) the total macroscopic attenuation coefficient for
neutral particles. In case of the atoms this coefficient is computed from
the rates for ionization of H0 (n = 1,2,3), charge exchange and multi-
step excitation including the rates for the transitions 1s-2s, ls-2p, 2s-
2p, n=1 - n=2 (total), and n=2 - n=3 (total). The (dominant) molecular
reactions are described by the rates for dissociation, molecular dissocia-
tive ionization, molecular ionization, dissociative recombination, disso—
ciative excitation and molecular ion dissociative ionization.

The backscattering model is that of ref. /5/ which resorts to a three
dimensional distribution in the velocity space of the backscattered par—
ticles and is aligned with MARLOWE data. The number backscattering coeffi-
cient at low energies is = 0.6. The scoop walls consist of carbon, all
the other walls of iron. o

The scoring of the macroscopic quantities is equivalent to the solu-
tion of the Boltzmann equation /[1,3/. Here the pseudo collision and the
tracklength estimator for the plasma and vacuum region respectively are
employed. In case of the pseudo collision estimator the attenuation of the
medium is artificially enhanced beyond the maximum attenuation. A suffi-
cient number of events per mesh cell is obtainable only if the mean free
pseudo-pathlength is of the order of the extension of the smallest mesh
cell. This necessary condition must be supplemented by the requirement
that the pseudo collision technique is combined with importance sampling
/2,4/. The quantities to be computed by means of the estimators are [4/

-+ = - = - -
Ei— f gi(xav) (/] (x,v) dx dv
In this expression
v 3,9 =131 £ (x,¥)

is the angular neutral flux density and g_(§,3)1131 is the physical quan-—
tity the average of which is to be computed by means of the distribution
function f (%,v). The unbiased estimators of the ionization losses, den—
sity and scalar pressure are summarized in /4] for the pseudo collision
and tracklength estimator. In case of the pseudo tracklength estimator the
contributions of the track between two successive pseudo collisions are
scored. Thus the sampling of the collision points is alleviated conside-
rably.

4. Results and conclusions
The computations had been based on the ALT II geometrical data /6/

and on parameters belonging to ohmically heated TEXTOR plasmas. The pum—
ping speed of the turbopump is 3000 1/sec.
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a) Conductance calculations [4/
The conductance L(DP =+ TP) of the pipe structure between the deflector
plates (DP) and the entrance to the turbopump (TP) and the analogous con—
ductance L(DP - TEi‘ TE ) between the deflectorplates and the scoop en—
trances TE;, TE, are important for the ALT II performance, since the los—
ses via the scoop entrances compete with the pumping if the neutral-plasma
interaction can be neglected. The results L(DP - TP) = 739 1/s and
L(DP » TE., TE ) = 546 1/s yield the effective pumping speed of the tur-
bopump VEEE(TP) = 594 1/sec and that of the scoop entrances (simulated
with a sticking coefficient st = 1) V, gp(TE; ) = 468 1/sec [4/. Vegg(TP)
! )
is around 25 % larger than Veff(TEi,e) in spite of the long vacuum duc-—
ting* Vof (TP) agrees reasonably well with the experimental wvalue
Vogg (TP) = 650 1/sec [/7/. The deviation might be due to neutral-neutral
collisions enhancing the conductance.

b) Trend calculations /[4/
The dependence of the pumped fraction (identical with the removal effici-
ency) the absorbed and escaping fractions on the total plasma current
entering the scoops, ¢, was investigated. The parameter range of the
throat plasma is 1A < ¢ <X 10A and T = 10 eV; it corresponds to ohmi—
cally heated plasmas. Because a direct comparison with experimental data
points is not intended, some simplifying assumptions concerning the
profile parameters are introduced. The radial decay length of the plasma
density din the dion side scoop and in the electron side scoop are
Ri= 1.5 cm and Ae= 2 cm respectively /7/. The temperature was assumed to
be constant. Fig. 1 shows the dependence of the pumped (£f_) the ionized
(f;) and escaping (f;) fraction on the total current intercepted by the
scoop entrances. With increasing current, and therefore with increasing
plasma density, the ionized fraction increases and the escaping fraction
decreases. The pumped fraction decreases somewhat with increasing current.
Experimentally, the opposite trend was observed in particular if the high
recycling regime is entered by means of additional heating /7/. This trend
may be explained by introducing the ad hoc assumption of a constant back-
streaming ratio b = 0.8 (Fig. 1) /[4/. The thus effected flux enhancement
e” in the region between deflector plates and the flux probes in the
scoops has the same tendency as the enhancement e (used in Fig. 1) between
the scoop entrances and the deflector plate /4/. The enhancement e” which
might be in spite of the small distance between the deflector plate and
the probes important, is much smaller than e. e’ is to be used if f_ is
defined by means of the current ¢7(¢ > ¢ for b # 0) at the flux proges.
In this case f_ is smaller than f_ shown in Fig. 1, the purpose of which
is to show the right trend only. d% note that with decreasing density the
aforementioned wvacuum case is approached and therefore f_ has to increase
with decreasing current (Fig. 1). Furthermore a density %ependent b might
be more realistic than a constant b.

c¢) Concluding remarks

Although a plasma—dynamics—code (as TORUS IV /4/) was not coupled to the
Monte—Carlo code E0S II the results show that the modelling with respect
to the prescribed plasma background reproduces the observed trend already
if a backstreaming model /4/ is included. The expediency of geometrical
part of EOS II is demonstrated by the conductance calculations yielding
reasonable results although neutral-neutral collisions are not included.
The decisive question concerning the reduction of the Mach number at the
scoop entrances because of recycling is not addressed here. Since this
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reduction influences the collection efficiency directly, a combination of

EOS

II with TORUS IV is needed. In this way the flux at the scoop entrance

could be computed consistently.
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ABSTRACT
The VUV and XUV emission from JET allows the total radiated power to be analysed in
terms of the contributions from individual impurity elements. This division of the radiated
power into its elemental components and the analysis of the emission from the separate ion
species are valuable diagnostic indicators of the plasma behaviour under different operating
conditions.

INTRODUCTION

A technique has been developed to enable the bolometric measurement of the total power
radiated from the JET plasma to be divided into components due to the individual impurity
elements (Be,C,0,Cl and Ni) found in the plasma. The components are determined by
normalising VUV and XUV line intensities to the bolometric data under conditions where a
single element happens to dominate the radiation loss. The technique is useful in that it allows
the processing of large numbers of JET pulses under a variety of operating conditions. Scaling
laws [1] to take into account changes in the ne and Te profiles are being evaluated, but for the
most part do not appear to result in a significant modification of the present description for
determining the radiated power components. Figure 1 illustrates the components calculated for
a 3MA discharge. It can be seen that the sum of the calculated components is in satisfactory
agreement with the radiated power measured by bolometry.

Be EVAPORATION OPERATIONS

Knowledge of the contributions to the radiated power from individual elements is of
especial use when assessing the results of introducing Be into the torus. This was first done by
evaporating Be so as to getter O, the C limiters being retained from pre-Be operations.
Subsequently, Be limiters have been used. The O content of the plasma is reduced from 0.2-
2% of ne to ~0.1-0.4% of ne [2] and the low contribution of O to the radiated power can be
seen in figure 1, this pulse occurring during the Be evaporation phase.

The introduction of Be into the torus has led to the radiated power becoming a smaller
fraction of the total input power, falling from ~50% during the C limiter operations to ~20%
with Be limiters. This fraction measured during the ohmic phase is shown in figure 2a for a
sequence of pulses during the Be evaporation operations. The low fraction radiated
immediately afier a Be evaporation rises as the Be layer covering the limiter is eroded over a
number of discharges. Be with an initial concentration of up to 0.05ne is replaced by C as the
dominant impurity, the C concentration being typically 0.03-0.10ne. Figures 2b and 2c
illustrate the powers radiated by C and Be as a fraction of the total input power. The correlation
of the C component with the total radiated power fraction is clearly seen, as is the
anticorrelation with the Be radiated power component. This is because the Be fractional power
peaks between 0.1-0.15, whereas the C fraction is higher lying between 0.15 and 0.3 of the
total input power.
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Ni RELEASE DURING ICRH

The value of the technique of the VUV and XUV line analysis can be further illustrated by a
study of the Ni release during ion cyclotron resonance heating (ICRH) and by a demonstration
of the importance of Cl in the 1989 JET discharges. The main source of Ni in JET has been the
ICRH antennae screens. Its release into the bulk plasma depends on a number of parameters,
the investigation of which requires a series of similar discharges. The sequence of 3MA
discharges, pulse numbers 19588-19737 have initial average ne of ~2.0x1019m3 and average
Te of ~1.0keV. The ratio of a radiated power component to ne gives a measure of the ion
density. The increase in the Ni ion density during the first 2s of ICRH is shown to be linearly
dependent on the heating power in figure 3a. The larger increase in the Ni impurity levels with
monopole phasing of the antennae [3], which is due to the difference in the electric field
structure, is also confirmed for these pulses. Figure 3b shows the corresponding increase in
the C ion density. Again the dependence is linear with power, but no distinction can be made
between the monopole and dipole phasing, the release of C being dependent chiefly on the heat
flux to the C limiters.

In this sequence of pulses, Ni accounts for up to 10% of the total input power, whereas the
proportion due to C is larger being typically 15-30%.

Cl IN 1989 JET DISCHARGES
Cl was found to be present in the majority of 1989 JET discharges, but became particularly
important during the Be limiter operations. The fraction of the radiated power due to Clis
found to increase with density, from ~0.03 at an average density of ~1-1.5x101%m3
up to 0.9 as the density limit [4] is approached. Figure 4 illustrates a 4MA density limit
discharge to which 11MW of neutral beam heating and 6MW of ICRH are applied. An axial
density of 1.1x1029m"3 is reached in this pulse just before the plasma disrupts.

PLASMA DISRUPTIONS

A final example of the insight derived from an analysis of the VUV emission is illustrated
in figure 5 by a comparison of the spectra observed before and during a plasma disruption [5].
At 10.87s, before the disruption, the plasma current is 1.9MA. The second spectrum, with a
later time frame of duration 16ms, is recorded at 10.96s during the current run down and
corresponds to a current of between 1.3MA and 0.05SMA. Immediately prior to the disruption,
0 and Cl dominate the spectrum. The intense C II lines relative to C IIT at 10.96s, together with
an absence of O II and Cl 11, indicates that the disruption terminates with an influx of C, with
an associated non-stationary ionisation temperature, Te, that is probably less than 10eV.

CONCLUSIONS
The analysis of the VUV and XUV line intensities in conjunction with bolometry can
provide a measure of the contribution of the different impurity elements to the radiation from
the JET plasma. As such, the analysis has wide applications, being crucial whenever radiation
plays a part in determining plasma behaviour.
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MODELLING OF CARBON IN THE TFTR EDGE PLASMA

B. J. Braams”, D. P. Coster, A. B. Ehrhardt, C. F. F. Karney,
D. M. Manos, M. Petravic, C. S. Pitcher, A. T. Ramsey,
D. P. Stotler, M. Ulrickson

Princeton Plasma Physics Laboratory, Princeton, NJ 08543-0451
"Courant Institute, 251 Mercer Street, New York, NY 10012

The performance of high power discharges in TFTR is often degraded
by a sudden large influx of carbon from the limiter, called a “carbon bloom?”.
We have recently begun an effort to model the TFTR edge plasma and the
pla.érna—wall interaction, with use of the B2 fluid code (Braams, 1986) and
the DEGAS neutral gas transport code (Heifetz, 1882). Our aim is to learn
about transport properties of the edge plasma, and to understand better the
release of carbon from the limiter and its penetration into the main plasma.

The edge plasma.diagnost.ics on TFTR are: (1) A fast probe on the
outside midplane, measuring electron density and temperature, floating po-
tential, and parallel power flow, as function of radius. The probe can obtain
data up to 2 cm inside the last closed flux surface (Icfs) in OH discharges, and
to 5 cm outside lcfs for high power neutral beam discharges. A second, slower
moving probe is on the bottom of the device. (2) A visible survey spectrom-
eter, tunable from the near ultraviolet to the red. It has a midplane radial
view, and mcasures H-alpha and lines of C(0+)-C(2+4). (3) The H-alpha in-
terference filter array (HAIFA) has five channels viewing a 70° segment of
the inner limiter. The channels are fitted with filters to measure H-alpha and
C(1+4) emission; the detectors are absolutely calibrated. (4) Two periscopes
fitted with visible or infrared cameras. The visible light. camera has a 60° field
of view, from tangential to the inner limiter to almost normal to the limiter,
and is filtered to observe H-alpha or ('(2+) light. It is relatively calibrated.
The IR camera is a single color pyrometer (1.0 to 1.8 um wavelength band),
and measures detailed temperature profiles of the limiter. (5) Thermocouples
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attached to the back of the bumper limiter measure the total power deposi-
tion. (6) The core plasma profiles of electron temperature and density extend
to 5-10 cm inside the lcfs, and Thomson scattering extends to about 1 cm
inside lefs, both with large error bars at the edge.

The B2 code solves a system of fluid equations describing a multispecies
plasma in an axisymmetric geometry. The DEGAS code calculates transport
of neutral particles (hydrogen and impurities) in the plasma. As part of this
work we have developed an interface between the two codes, so that DEGAS
provides an ionization source for B2 and B2 provides the plasma background
in which DEGAS tracks neutrals. Both codes were used in previous studies
mainly to simulate purely hydrogenic plasma. DEGAS has now been up-
graded to follow carbon and the breakdown of methane in the edge plasma.
We have had difficulty, however, with the B2 calculations when the carbon
concentration exceeds the trace impurity level, and are working to improve
the ability of B2 to simulate plasmas with high concentrations of carbon.

At present we are using the combination of B2 and DEGAS to model
the TFTR plasma without the carbon impurity. By fitting the experimen-
tally determined power flux, edge profiles, and H-alpha signals we can obtain
estimates for the electron heat conductivity and the particle diffusivity. The
inclusion of carbon in the calculations will allow a detailed comparison to be
made with the experiment and will enable us to understand the mechanism
by which carbon blooms terminate some TFTR discharges.

This work is supported by DoE contracts DE-AC02-76-CHO-3073 and
DE-FG02-86ER53223.

Braams B. J. (1986) *“Computational Studies in Tokamak Equilibrium and
Transport” (thesis, University of Utrecht, the Netherlands).

Heifetz D., Post D. E., Petravic M., Weisheit J., and Bateman G. (1982) J.
Comput. Phys 46, 309.




Fr 69 1419

FIRST-WALL BEHAVIOR IN TFTR*

C. 8. Pitcher,! H. F. Dylla, M. G. Bell, R. V. Budny, R. J. Hawryluk, K. W. Hill,
S. J. Kilpatrick, P. H. LaMarche, M. Leonard, D. M. Manos, D. Mueller,
D. K. Owens, A. T. Ramsey, G. Schmidt, S. D. Scott, M. Ulrickson,
and M. C. Zarnstorff

Plasma Physics Laboratory, Princeton University
P.O. Box 451, Princeton, New Jersey 08543

1. Introduction

First-wall experiments in the last operating campaign of TFTR (August 1989 -
February 1990) have concentrated on "carbon blooms" [1] and boronization [2]. The purpose
of the present paper is to summarize the experiments performed in these two areas.

2. Carbon Blooms

It has been observed on both TFTR and JET that when excessive localized heating occurs
on the graphite limiter, enhanced impurity release results, i.e. above the level associated with
physical sputtering by deuterons and carbon ions. This phenomenon has been called the
"carbon bloom" and is thought to be due to a thermally activated process (i.e. sublimation)
which may be further enhanced by radiation damage associated with the energetic particles
striking the limiter [3]. Camera observations on TFTR with CI, CII and CIII filters indicate
that the enhancement above the physical sputtering level is detectable at ~1600 C and rapidly
increases as the hot spot temperature rises [1]. The hot spots occur at carbon tile edges, where
the incident power density from the plasma is large, or at damage sites, where the carbon
surface is thermally decoupled from the bulk.

2.1 Results

Figure 1 gives the time traces for a TFTR discharge which had a strong carbon bloom.
In this discharge the neutral beam power was Pyg =22.5 MW starting at t = 3.0 s, the plasma
current was Ip = 1.6 MA, the toroidal magnetic field Bt = 5T, the major and minor
radii R/a =245 m/0.8 m. Shown in the figure are the Z.gf, the poloidally-averaged CII
emission from the bumper limiter, the D-D neutron rate Spp, the radiated power Pr,q and the
temperature of a hot spot as determined by infrared thermography. This hot spot, which was
observed to persist during the entire experimental run, consisted of an area of approximately
3 cm? located at the mid-plane of the inner wall bumper limiter [1]. The hot spot location is
approximately 125° toroidally away from the CII measurement. Thus, the CII measurement is
a global measurement of carbon influx rather than a local measurement of influx from this hot
spot.

Before the start of neutral beam injection the Zggr of the ohmic target discharge is
high, ~4. This decreases to a value of ~2 by t = 3.4 s due primarily to the diluting effect of the
beam ions. Also on the application of power, the CII emission, the neutron rate Spp, and the
radiated power Pr,g all increase and by t = 3.4 s these parameters have all reached
approximately stcada -state conditions, which in the absence of a carbon bloom would be
maintained until the beam power is reduced. This behavior, i.e. increasing carbon influx,
radiated power, etc., with increasing beam power, can all be explained using simple power
and particle balance considerations assuming only physical sputtering of the graphite limiter by
deuterons and carbon ions [4,5]. However, after t = 3.4 s the carbon influx starts to rise
again resulting in an increase in the Zefrand the radiated power, and a decrease in the

fCanadian Fusion Fuels Technology Project, Toronto, Canada




1420

neutron rate. The temperature at which this enhanced impurity production occurs is
approximately 1600 C, well below the temperature at which regular thermal sublimation is
significant. By t=3.73 s, the temperature of the hot spot has reached ~2500 C and the carbon
influx, which had been rising, starts to increase at a faster rate. This increased rate of rise is
also noticeable on the radiated power and apparent in the rate of decrease of the neutron rate.
By t=13.9 s, the CII signal and radiated power have peaked. At this time the temperature of
the hot spot has also peaked at a value of ~3100 C despite the continued application of beam
power. This is probably due to significant edge radiation and normal thermal sublimation.

2.2 Discussion

The enhancement in the carbon influx above the physical sputtering level at a temperature
of ~1600 C is not consistent with normal thermal sublimation but may be explained by a
radiation damage enhanced process which effectively reduces the sublimation energy of surface
carbon atoms. This effect starts to become appreciable in ion beam simulations for incident
deuteron and carbon ions at ~1200 C [3]. At a temperature of 1600 C the effective sputtering
yields are increased by a factor of ~6 over the room temperature physical sputtering values. In
the case of carbon, the self-sputtering yield, Y, is enhanced to a level of Y ~2 [6]. Although
this enhancement at the hot spot is significant, the area of this particular hot spot is small
compared to the total area of the limiter and thus a local factor of six increase cannot explain the
global effect on the discharge. It may be that numerous other hot spots on the limiter, although
not reaching as high a temperature, may combine to significantly contribute to the global
influx. Another possibility is that with the local self-sputtering yield being above unity, a
moderated runaway effect is generated.

‘When the surface temperature reaches ~2500 C the influx due to normal sublimation is
expected to be of order ~1019 C cm2 571 [7]. This is to be compared with the total carbon
influx which is of order ~6 x 1021 C s°1, obtained from the CII intensity and the theoretical
photon efficiency [8]. Again a single hot spot cannot explain the enhancement in the global
carbon influx and thus, either numerous hot spots or some local feedback mechanism is
responsible.

It is clear from Fig. 1 that the carbon bloom suppresses the neutron rate which would
have otherwise remained constant over the period 3.4 to 4.0 s. The bloom starts after the peak
neutron rate, however, and thus does not play a limiting role in the maximum neutron rate in
this particular discharge. The importance of blooms in determining the maximum neutron rate
is demonstrated in Fig. 2, where the time (from the start of the beams) to reach the peak in the
neutron signal and the start of the bloom is plotted versus beam power. Typically the neutron
rate peaks ~0.35 s after the start of neutral beam injection and as expected, the time for a bloom
to occur deceases as the beam power is increased. The two curves cross at ~25 MW and it is at
powers above this level that blooms occur early enough to suppress the peak neutron rate.
These results vary depending on the plasma shaping and on the history of damage sites on the
bumper limiter.

3. Boronization

Boronization has been carried out twice in the last campaign [2] following the technique
developed on TEXTOR [9] and ASDEX [10]. This involved the deposition of a thin
(40 - 100 nm) amorphous, carbon/boron film onto first-wall structures using a glow discharge.
The boronization had a number of beneficial effects on subsequent tokamak discharges.
Comparing reference discharges before and after boronization, the oxygen content dropped by
a factor of ~2, the metal concentration decreased by a factor of two to five so that their
contribution to Zegf was <0.2 and the carbon influx from the bumper limiter decreased by 1.6
to 3.0. The carbon decrease is consistent with the C/B stoichiometry obtained with SIMS
analysis of surface collector probes exposed to the boronization. Figure 3 shows the BII and
CII spectroscopic signals from the bumper limiter as a function of discharge number following
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a 100 nm boronization. The suppression of the carbon influx was temporary, lastin g
approximately 10 to 20 discharges with the boron influx being anti-correlated with the carbon.
The BII measurement is taken at a different toroidal location than the CII, which was measured
at a low point on the bumper limiter (reduced particle flux) and thus, the BII and CII signals do
not show perfect anti-correlation. The hydrogen recycling behavior of the carbon/boron film
was found to be similar to pure carbon and thus, supershot performance, which is connected to
hydrogen recycling, was not enhanced as a result of boronization.

The main benefit of the boronization was in the control of oxygen. This was manifested
in two ways. First, in high density discharges the radiated power fraction was reduced
significantly resulting in a higher density limit. This is demonstrated in Fig. 4, which
compares the radiated power as a function of density for reference discharges (I, = 1.4 MA,
R/a = 2.45 m/0.80 m, BT = 4T, ohmic heating ~1 MW) before boronization and after.
Typically, the radiated power is reduced by 150 kW at moderate density and the density limit
extended by 25%. Atlow density, boronization had little effect, which is to be expected since
the dominant impurity in TFTR at low density is carbon rather than oxygen [11]. The second
advantage of the boronization was an improvement in the ability to recover from plasma
disruptions and loss-of-vacuum incidents. Typically, before boronization, 10 to 20 helium
conditioning discharges were required to reduce oxygen levels and re-establish low recycling
conditions following a high power disruption. Following boronization, low oxygen levels
were re-established in two to three discharges.

4, Conclusions

Carbon blooms have serious consequences for plasma performance on TFTR. At
powers as low as 15 MW the discharge can be severely perturbed, the large carbon influx
increases the radiated power, the Zeff, and suppresses the neutron rate. However, only at high
power (~25 MW) does the bloom occur early enough that the peak neutron rate is affected.
Since TFTR can run at significantly higher power (>30 MW) carbon blooms must be
controlled before this extended performance can be fully realized. Two steps have recently
been taken to reduce carbon blooms. Limiter tile alignment has been improved and critical
graphite tiles have been replaced with carbon fiber reinforced graphite [1].

Boronization has reduced the oxygen radiation in TFTR discharges at moderate to high
density, resulting in an extension of the density limit. At low density the effect of boronization
on reducing carbon impurity levels is transient. Boronization also significantly improves the
ability to recover from oxygen incursions from disruptions and loss-of-vacuum incidents.

*This work supported by U.S. Department of Energy Contract No. DE-AC02-76-CHO3073.
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Fig. 1. Zggy, the CII emission, the D-D neutron rate Spp, the radiated power Pryq and the
temperature of a hot spot for a discharge with a strong carbon bloom.

Fig. 2. The time delay to reach the peak neutron rate and the onset of carbon blooms.

Fig. 3. Bl and CII intensities from the limiter following boronization.

Fig. 4. Radiated power versus density in reference discharges before and after boronization.
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1. Introduction

Accumulation of metallic impurities has been observed in ASDEX in numerous discharges
where an improvement of the confinement had been achieved [1]. On the other hand, low-Z -
impurities like carbon did not exhibit such a clear tendency of accumulation. In particular, the
profiles of Zeff showed only a slight peaking towards the plasma centre. Such observations
were made under carbonized as well as non-carbonized wall conditions. More recently we
investigated the accumulation processes under boronized conditions during counter NI-heating.
This time, markedly peaked Zeff profiles were found and the accumulation of C could be
confirmed also by CX-spectroscopy. In addition, gas puffing experiments with Kr, Ar, Ne,
N>, and He showed clear evidence of accumulation for all elements apart from He, the
behaviour of which is still uncertain because of difficulties in the interpretation of the CX-
spectroscopy data.

When trying to understand the obvious differences between carbonization and boronization one
has to realize that, in the case of boronization, O is suppressed and partially replaced by B.
Furthermore, copper, the main metallic impurity, has also been reduced. These changes
suggested an interpretation in terms of multi-species interaction in such a manner that the
heavier elements tend to expel the lighter ones out of the central region. In addition, changes in
profiles of density and temperature are also to be considered.

In this paper we concentrate on the question of whether the different behaviour with respect to
accumulation can be explained by neoclassical multi-species theory. More experimental
observations are reported in another contribution to this conference [2] .

2. Neoclassical Multi-lon Transport

The general concept of neoclassical theory of more than one impurity species has been worked
out in Ref.[3]. More specifically, in [4] the case of one light and one heavy impurity has been
treated in the trace approximation for the conditions of Alcator-C and TEXT where the two ions
were in different collisional regimes. Such calculations are already rather envolved because of
the difficulties that arise if the low-Z particles are in the platean or banana regime. It is therefore
most important to address the question of collisionalities first. For this purpose we discuss the
collision-frequency matrix shown below for three ions (assuming m] < m2 < m3).

2 2
1 vz Zina 2 4n
a
: 1 ,_ff“l
2 2.2
Vab = Vi Bam N T £ 4
a z3™ m o 4n m 4 M
2 2 4
EB™ o BAm [ hn
z%"” mjz?“l m3 z‘{ n

with
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The first row of the above matrix describes the interaction of the background ions (here
deuterons) with themselves and with the two impurity ions. Similarly, the second row yields
the collision-frequencies of the lighter impurity ions with deuterons, themselves, and the
heavier ions, respectively. The meaning of the third row and the extension to more than three
species is obvious. Analogously, the collisionality-matrix V#,p, , and the collisionalities of the
various ions Vi, = I v,y are obtained from v =vap Roqe 32 vyl where v, =
(2T; /ma)V2, e =1 /Ry, and q is the safety factor (assuming all ions at temperature Tj).

For a typical accumulation phase during NI counter heating we have neg = 51013 cm™3, Tjg= 1
KeV, and the following concentrations on axis : B (1%), C (1.5%), O (1.5%), and Cu
(0.2%). The normalized collision matrix under these conditions (in units of 800 s~1) is shown
below.

D+ B+S c+6 o+8 Cut+20 & vk e 32
D+ 1 0.4 0.8 1.4 1.1 1 0.06
BS 7.1 2.8 8.5 15 13 0.25 13
C+6 8.5 4.7 7.9 20 17 0.54 1.8
ot+8 11 6.3 15 22 26 0.96 2.9
Cut+20 19 11 25 51 58 0.80 11.4

The frequencies for Cu - Cu collisions are seen to be most effective, but the interaction of Cu
with O is nearly as strong. Also given in the table are the collision strengths o. = 72 ng np for
the four impurities, which with & =1 again corroborate the importance of impurity-impurity
interactions. Finally, in the last column we have added the quantity v+ & 3/2 for all 5 ions
which, in case of being larger than unity, indicates that those species are in high collisional
Pfirsch- Schliiter regime (PS). Hence, all above impurities are in the PS regime on axis, and
moreover, because of v# o< Tj2, over the whole plasma cross-section.

A rigourous theoretical treatment of the above situation of several impurities with relatively
large collision strengths does not seem available at present. Our analysis is therefore to some
degree of an exploratory character and, as a first approach, we do not consider additional
effects such as toroidal and poloidal rotation .

Before discussing the neoclassical fluxes it appears reasonable to have a look on the classical
ones being derived for a straight cylinder. Ignoring the thermal forces these are

e, T.=B=2 Z my N,y Vab :;.-%

b

where pa = dpa /dr. Toroidal effects lead to the well known enhancement factor 2 q2.
Furthermore, the thermal forces can be included - as shown in [5], for impurities in the PS
regime and background ions in the banana or plateau regime - by making the following
replacements

(B ) (B( - ) %(i'é)}

The coefficients H and K are, in general, functions of the impurity collision strengths otz and
the collisionality of the background ions. For H=K=1 the classical result is reproduced. Under
the cited conditions with vpp#* € 3/2 << 1, however, we have H =~ -1/2 and K= 1 for all
impurities. The negative temperature gradient coefficient, H, is of particular importance since it
will lead to impurity screening.

In contrast to [3,4] we have fully retained the last bracket (1/e, - 1/ep) with charges e, ep in
the replacement above. This factor is found necessary to attain stationary conditions pertaining
the principle of detailed balance. This principle can be expressed in the following way : if one
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ion is in equilibrium with a second one, then all ions are in equilibrium with each other.
Accordingly, each of the above curly brackets must vanish separately. For the same reason the

ratio f = H/K must be postulated to be independent of the charges too. The stationary solutions
are then obtained as ; Na o Mp%/® TP -eb). Again, owing to the detailed balance, we can
express this result in terms of the deuteron density

Nz= Nzg (HD/ I'IDQ) z (T / TD) B (Z-1)

3. Comparison with Experiments

The neoclassical formalism was applied to compare especially with Zegr and CX-spectroscopy
profiles of O and C during : 1) A counter NI-phase showing pronounced impurity
accumulation, and 2) a quiescent H*-phase (co NI) with practically flat Zeg profiles. Results are
presented in Figs. 1a to 3b.

In the Figs. la,b we show the normalized profiles of electron density and temperature which
differ considerably in shape for the two cases. Also the central values of temperature are quite
different (counter NI : Teg = 0.74 keV, ngg = 6.3 -1013 em-3, H* : Teg = 2.50 keV, neg = 5.0
1013¢m-3). In the counter NI accumulation case the profile is seen to become hollow because of
the high central radiation losses. We have calculated the stationary neoclassical density profiles
of all ions (without any anomalous contributions) resulting from the measured ne-profile and
the equation of quasi-neutrality ne= np + Zp ng + Z¢ nc + Zp np + Zcy toy by specifying the
concentrations on axis, and using the last formula of Sec.2 with B = — 0.5. The deuteron
density is thus obtained from the zeros of a polynomial at each radius. The central
concentrations n,( / neg were mainly determined from CX and bolometric (Cu) measurements
(H* : B (1%), C (2%), O (1%), Cu (0.005%), for counter NI see Sec.2). A pronounced
dilution of deuterium is to be seen from Figs.2 in both cases.

Finally, we present in Figs. 3 the comparison between calculated and measured Zef -profiles.
In the counter NI case the peaking of the profile is well reproduced. It is essentially produced
by Cu and O, whereas the contributions from C and B vary much less over the cross-section.
This reduced peaking of the light elements is enhanced by the expelling effect of the heavier
ions. The calculations are also in good agreement with the measured profiles of O and C by
CX spectroscopy which cannot be shown here because of lack of space. Due to the slight
hollowness of the Te profile the temperature screening term is enhancing the central peaking of
the high-Z elements. On the other hand, the peaking towards the boundary is not reproduced in
the calculations shown in Fig.3a. It is to be noted, however, that no sources are considered in
these simulations.

The agreement between measurement and calculation in the non- accumulating case shown in
Fig.3b is poorer but still satisfactory. Here the theoretical Zegf -profiles are even slightly hollow
as a result of impurity screening caused by the strong T, gradients in the boundary region. A
more refined fitting of the radial Z- dependence of Cu and O would to some extent reduce this
effect.

4. Conclusions

We find a surprising well agreement between measurements and neoclassical predictions in
accumulation and non-accumulation phases. During accumulation the central peaking of the
light impurity ions can be reduced on account of interaction with the heavier ions. Most
important are the profile shapes of both density and temperature. Under high collisional
impurity conditions the accumulation can become unstable due to radiation losses causing a
central flattening (or indentation) of the Tj-profile.
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POWER FLOW AND ELECTRIC CURRENT ASYMMETRIES IN THE ASDEX SOL

* *

*
N.Tsois,G.Kyriakakis,E.Xakoulidis,A.Carlsen,J.Neuhauser,W.Feneberg

and the ASDEX team.

Max-Planck Institut fuer Plasmaphysik,EURATOM-Association

Garching b.Muenchen ,F.R.G

I. Introduction :

The fast reciprocating Langmuir probe in the ASDEX

divertor (fig.l) was used to study the existence of currents in the

scrape-off layer.The multiple tip configuration comsisted of three tips

in triple-probe arrangement [1/ and a fourth tip grounded to measure net

currents. The 'probe sweeping mode of operation allows the acquisition

of up to four radial profiles of the electron temperature,plasma density,

floating potential and net current of the grounded tip.

Fig.l :-Langmuir probe

arrangement in ASDEX SOL.

Measurements on JET have shown the existence

of a current flowing at the divertor target

plate /2/ believed to originate from power
flow asymmetries (3,4/. The probe in ASDEX
is in close proximity to the outer target
plate,hence the grounded tip should collect
any current flowing to the target.Divertor
regions not accessible by the probe were
analysed by use of other edge diagnostics,
namely microwave interferometry,target

plate calorimetry,and bolometry /5/.

II. Experimental results : Radial profiles
were acquired for a series of shots with
different characteristics; ohmic,neutral

injection and lower hybrid heated discharges
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with nermal and reversed toroidal field polarities. A set of typical
profiles during ohmic heating phases ,are shown in fig. 2 for three
values of the main plasma density.

It is clearly seen that the radial profiles of the grounded
tip current change with plasma density and operating mode ( single-null,
double-null,auxilliary heating ). At low densities the probe tip ,and
consequently the target plate,always collects an ion current. This
suggests a non-ambipolar enhanced electron transport across the
magnetic field. At medium and high densities the radial pattern of
the current depends on the operating mode and to some extent on the
magnetic field polarity. High currents ,with absolute values reaching
70 - 80% of the ion saturation current ( 1 - 10 Afcm2 ) ,have been
observed to flow close to the separatrix ,parallel and antiparallel
to the main plasma current . During lower hybrid and neutral injection
discharges,the known effects on the divertor plasma profiles /5,6/,i.e
enhanced power flow,increased Jsat,Te and modulation by ELMs , are also
manifested on the current profiles but no obvious qualitative discrepancies

with the depicted behaviour were observed.

III. Interpretation - Discussion : The measured current will be
interpreE;a_éigﬁiﬁ-Eﬁ;_ESHE;;E_BE_;-;arallel current flowing in the
scrape-off layer due to the differential power flow on the outer and
inner target plates. When the probe collects electrons the direction
of current flow is away from the UO target along field lines (fig. 1).

In single-null configurations the ratio of the line densities
N(UQ)/N(UIL) ~ 1 and the power flux ratio P(UQ)/P(UI) ~ 3 as deduced
from target calorimetry. With the assumption that the location of the
separatrix Rs is accurate to within 1 - 2 mm ( fig. 2-b ),for R < Rs +lcm
the U0 plasma is connected via a flux channel with the UI target,whereas
for the profile wing the connection is with the LO target. Assuming uniform
density in each connection channel and pressure constancy along field lines
we obtain T(UO)/T(UIL) ~ 2. For these values of temperature and power ratio
theory /3,4/ predicts J, [/ Jsat ~ 0.50 which is in agreement with measured
values. The same arguments applied for R > Rs +lcm and for fig. 2-c ,yield

the correct direction and magnitudes comparable to theory.
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In additionally heated discharges a localised current close to the
separatrix ,parallel to the main current is observed during the onset of the
H-mode (fig. 3). Its highly localised nature,although compatible with H-mode

characteristics near the separatrix,makes quantitative comparisons difficult.

aui L, H
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i |
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14,
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i A
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t(sec)
Fig. 3. Ton saturation and grounded tip currents vs time (Shot# 29664).

IV. Conclusions : Evidence seems to suggest that the current flowing
in the Aéﬁéi'ééE;;;:off is consistent with the thermoelectric current
scenario. Its magnitude is comparable to values predicted by theory and
its direction of flow agrees with observed power flux asymmetries. The
discrepancy observed at low densities may be explanable in terms of other
effects, such as positive charging of the edge plasma [2/,or recycling
asymmetries. At low densities,however,the electron m.f.p is long and a
kinetic description is required /7/.The magnitude of this current renders

it significant in edge transport studies.
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DETERMINATION OF IMPURITY TRANSPORT COEFFICIENTS BY
SINUSOIDAL MODULATED GAS PUFFING

K. Krieger, G. Fussmann and the ASDEX team

Max-Planck-Institut fiir Plasmaphysik,
EURATOM-IPP Association D-8046 Garching, FRG

1. Introduction

Impurity transport in tokamaks has been investigated for several reasons. On the one hand,
there is the possibility of attaining intolerably large radiation losses and deuterium/tritium
dilution in the plasma core region caused by impurities. On the other hand, the behaviour of
impurity ions can give valuable information on the physical nature of the underlying transport
mechanisms, which is of great interest from a theoretical point of view. Therefore it is desirable
to measure as accurately as possible the impurity transport coefficients for various ions under
different plasma conditions. In the following we describe a new experimental method — hitherto
used to analyze the transport of the background plasma [1,2] — that was recently applied to
impurities on ASDEX [3]. The principles of the method are outlined with particular emphasis
on the differences that occur in applying the technique to impurity ions instead of the bulk
plasma. Experimental results are shown from ASDEX discharges with pure ohmic and with
additional NI-heating derived from analysis with a simplified transport model mainly used for
less detailed study of the transport quantities as a function of plasma parameters.

2. Experiment

Impurity compounds in gas form are released into the plasma vessel through a piezo-electric
valve which allows sinusoidally modulation of the gas flux in time. The amount of gas can be
controlled by the valve voltage and the gas pressure at the valve. The impurity radiation is
observed in several spectral ranges. The visible light emitted from neutrals or singly ionized
atoms at the plasma edge reflects the particle influx, whereas the VUV and X-radiation reflect
mainly the impurity density. Because of their strong recycling, rare gases are less useful for
sinusoidally modulated gas puffing. Instead we used SiH4, H3S and HDBr.

Harmonic analysis of the measured signals allows determination of phase relations and Fourier
amplitudes at the modulation frequency. Phase shift differences are determined by measuring
line intensities from neutrals or low ionization stages, representing the particle source, and
signals from higher ionized states emitted from the central plasma region. With absolutely
calibrated spectrometers it is also possible to determine the ratio of Fourier amplitudes for
the densities of different ionization states which is necessary for measurement of streaming
velocities.

Impurity transport in the plasma is described (poloidal and toroidal asymmetries beeing ne-
glected) by the continuity equation

an+3(:’tl = _%%TI';(?: t) + Q,(T, t)' (1)

where n; is the density, T; is the radial flux and @, is the effective source of impurity ions in
ionization state Z. The latter consists of a sink term from particle losses in the scrape-off layer,
a source term from the ionization of neutral atoms and terms from ionization and recombination
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between adjacent ionization states. The flux is assumed to consist of diffusive and streaming
terms: I'; = =D, 9n,/8r + v.n,. Considerable simplification is achieved by summing T'; over
all charge states, which leads to an equation for the total impurity density n; with the effective
source now consisting only of ionization of neutral particles and losses in the scrape-off layer
and with D and » depending virtually only on the radius [4]. As a useful approximation of the
real transport, we assume a simple model with constant diffusion coefficient D and a linearly
increasing inward drift v = —v,7/a. Furthermore, we can neglect the sources by concentrating
on the plasma interior r < a since, in contrast to the analysis of the background plasma, the
impurity sources and sinks are essentially located within the scrape-off region. We therefore
need only solve the corresponding homogeneous equation. The sinusoidal modulation of the
particle source leads to a purely sinusoidal time dependence of the particle density. With the
ansatz ny(r, ) = ny(r,w)e™! we arrive at the equation

%gjr (D%+uﬂ£m) —idwny =10 (2)
with the edge condition n(a, ) = ns(a,w)sin(wt). The solution can be expressed as a confluent
hypergeometric function with imaginary first parameter:

2

e g 2T B2 e
ny(r,w) = _iﬂl(a,w)lFl(’_z?n Lisgle 2a hFi(i—,1, 3 2. (3)
In the case of v, — 0 the solution is given in terms of Kelvin functions:
ni(r,w) = ny(e,w)(beig(kr) — iberg(kr))/(beio(ka) + iberg(ka)). (4)

For abbreviation we introduced k = +/&/D and the drift parameter & = av,/D (defined as
positive for inward drifts). From the solution one can calculate the phase shift and Fourier
amplitude at a given frequency. Such an evaluation is shown in Fig. 1 for a frequency of
w/2r =551 and the ASDEX minor radius a = 0.4 m. The figure shows the contour lines for
constant central amplitude A(0) and constant central phase shift (0) — (a) of the impurity
density. Measuring both quantities in an experiment allows — within the scope of this simplified
model — determination of the drift parameter and the diffusion coefficient from the intersection
of two levels. One important feature of Fig. 1 is the small dependence of the phase shift on
the drift parameter, particularly in the left part of the figure. Owing to this peculiarity the
diffusion coefficient can be approximately determined from a measurement of the phase shift
alone as mentioned above.

3. Results from ASDEX

Because of the lack of absolute calibration of the available spectrometers we concentrated so far
on the analysis of the diffusion coefficient which is mainly determined by the phase shift.The
interpretation was based on the simple transport model (D = const., v ~ r) described in the
previous section, The consistency of this model was checked by comparing the phases of all
measured line intensities with those predicted by detailed code calculations using the full system
of equations with the measured transport parameters. In the table below, we present results
from two discharges with H3S gas puffing at different electron densities. It turns out, that
— within the accuracy achieved — the agreement between the numerical simulation and the
measurement is quite satisfactory, showing the usefulness of the transport model for evaluation
of experimental results.
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7ie(10°m~2) D(m?*fs) | a | Ion MA) Measured - | Calc. Phase
2.72 0.45 2 S XIV 417.61 1.04 1.09
S XVI 4.73 2.24 2.28
3.64 0.36 2 S XIV 417.61 1.17 0.88
S XV 5.04 2.04 2.11
S XVI 4.73 2.49 2.49

Impurity diffusion coefficients were determined by means of the described analysis in deuterium
discharges for a number of varying plasma parameters. Figure 2a shows results measured as a
function of the electron density 7, for various impurity species with ion charges of Z = 13, 15
and 25. The dependence on the toroidal magnetic field B; and the plasma current I, is depicted
in Fig. 2b. The error bars denote the uncertainty in the drift parameter a = av,/D, which
was assumed to be in the range from 1 to 3 in the data analysis. In that range the resulting
peaking of the impurity equilibrium profiles is approximately of the same magnitude as for the
background plasma. Tt is seen that the diffusion shows no obvious dependence on charge (and
mass) of the ions. In this context it is to be noted that there is also no Z-dependence for the
diffusion coefficients according to neoclassical theory. In this theory the dependence occurs
solely in the drift terms, showing a linear increase with Z [6]. On the other hand, we find the
diffusion coefficients to decrease with increasing electron density. Furthermore, at fixed density
the diffusion coefficient seems to increase nearly linearly with B; and to increase also with I,.
It should be noted however, that these results were obtained from experiments with HBr gas
oscillations, where a detailed analysis with numerical simulations was not possible due to the
lack of atomic data for bromine. Therefore it will be necessary to check these results using
other impurity gases to exclude effects arising from different temperatures or profile shapes.
For discharges with additional NI-heating, only data from H,S experiments have been evaluated
so far. In a plasma with electron density fi. = 3.63 - 10®m~2 we obtained D = 0.8 £ 0.1 m?/s.
Summarizing, the presented results are in obvious contradiction to the neoclassical theory of
impurity transport, which predicts a functional dependence according to D ~ n.(1+ 2¢%)B; 2
i.e. in the plasma centre where ¢ =~ 1, D ~ n.B;? and in the boundary region where g > 1,
D~ n I 2, Thus, the results obtained can only be explained by additional anomalous diffusion
dominating the transport processes. This behaviour is in striking contrast to the non-stationary
accumulation phases found under conditions of improved plasma confinement [6].

As a final remark, we note that the diffusion coefficients presented accord well with earlier
results obtained by the laser blow off method [4] and injection of impurity-doped pellets [5].
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IMPURITY TRANSPORT AND PRODUCTION IN LOWER HYBRID
DISCHARGES IN ASDEX
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INTRODUCTION

During lower hybrid (LH) heating and current drive (CD) operation in ASDEX we
have examined experimentally how the wave injection affected impurity production in
different base plasmas and coupling regimes. In particular we studied the scaling with
power and with the wave spectrum, the comparison with other heating methods used
on ASDEX and the possibility that the large number of fast electrons involved in LH
operation could have some influence on the impurity release from the wall.

EXPERIMENTAL OBSERVATIONS

The LH power injected ranged from 0 to 1.2 MW, thus providing substantial
changes of the power input to the plasma; moreover in the current drive regime full
current drive operation was achieved with vanishing and negative loop voltage. Large
modifications of the ohmic input power and the profiles of current, temperature and
density and sawtooth suppression have been documented [1].

Experimental determinations of Zeff (deduced by infrared bremsstrahlung) show
that it could change,at low density, from a base value of 3 to 5-6 for an injected 1 MW
power.

The line emissions were observed in the soft x-rays, ultraviolet and visible
regions of the spectrum on the main impurities present in ASDEX. Observations
include O, C, Fe and Cr originating from the vacuum vessel and Cu which is the
constituent of the divertor plates.

Cu was generally the dominating impurity with respect to radiation and Zeff
during LH at low density, appreciable variations of the oxygen content were
detectable only at the highest densities.

In this paper the lines of CuXX (1=12.57 ), and of OVII (1=18.98 &) (ions located
around 0.75 of the minor radius) were considered as representatives of the impurity
fluxes; they show a qualitative agreement with lower ionization lines seen in the
visible range.

A comparison of the line intensities with the Zeff measurements revealed that
the power dependence of Zeff was similar to that of the Cu signals at low densities.
At high density Zeff increased only slightly with power in accordance with a reduced
Cu contribution and a weaker dependence of O on power.

IMPURITY PRODUCTION AS FUNCTION OF LH POWER AND SPECTRUM

The lower hybrid wave was usually launched in two steps of power of typically
500 ms duration; the observed fluxes , in the majority of cases after a few tens of ms,
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reached a new stationary level from which the increment over the ohmic phase could
be estimated. Under similar conditions the new flux value depends only on the final
LH power reached and not on the previous power step.

In the following the results will be mainly expressed as Cu XX percentage
variations AI/I over the initial Ohmic value.

At high density (ne = 3x1013 cm=3), AI/I increases roughly linearly with the
total power {(ohmic + LH) injected into the plasma (Fig. 1). This result was also found
(Fig. 2) in discharges where LH and neutral beams were injected simultaneously or
alone. This suggests the conclusion that impurity production is tied only to the power
given to the plasma by any of the sources used.

At lower density (ng = 2x1013 cm=3), we found a number of new features which
required some more detailed investigation.

First, when the LH power was below a threshold value, dependent on the grill
phasing, the impurity flux was reduced to values well below those of the ohmic phase;
this is reasonable because the reduction in the loop voltage and consequently in the
ohmic input to the plasma will also result in a reduction of the total energy input to
the plasma when not balanced by a sufficiently high LH power (Fig. 3).
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Fig. 1 - Relative CuXX variations vs Pt in LH operation ng = 5.4x1013 cm-3
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Unexpectedly nevertheless, the AI/I = 0 value (i.e. same flux as in the ohmic
phase) corresponds now to a value of the total input power greater than the initial
ohmic value.

This is found to be accompanied by a reduction of the floating potential near the
divertor plates, (the main source for the Cu production in ASDEX) (Fig. 4); similar
observations have been reported in [2].

However, absolute measurements of the Cu flux sputtered in the divertor (Fig.
4) do not show deviations from the ohmic value and from a simple linear dependence
on Piot. The decrease of the Cu content in the discharge appears so as due to a
different screening of the impurities by the plasma .

The absolute sputtered fluxes are about a factor 4 lower than in a deuterium
beam heated discharge with similar characteristics ([3]).
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Fig. 3 - Relative CuXX variations vs Ptot in LH operation ng = 1.35x1013 cm™3
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Fig. 4 - Sputtered Cu flux and floating potential in the divertor region.
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IMPURITY CONFINEMENT TIME

In order to clarify to what extent the variations of the impurity content were
due to changes in their production rate or of their transport, some measurements of
their confinement time have been made by the laser blow off method.

The confinement of impurities was estimated, for a current driven discharge at
1.2 MW input LH power, by measuring the exponential decay time of the injected
titanium, via observation of lines of ions from the inner half radius of the discharge
(TiXIX, TiXX, TiXXI, TiXXII).

From these a doubling of the confinement time (e.g. from 49 ms in the ohmic
discharge to 95 ms for LHCD) is inferrred.

By comparing with numerical model calculations a reduction of the diffusion
coefficient from 7500 cm2/s (ohmic) to 5000 cm2/s is inferred.

The injected impurity atoms which penetrate into the plasma induced also
marked density perturbation. These perturbations were by a factor 2.5 smaller in LH
operation than in ohmic discharges, thus confirming the improved screening of the
impurities.

CONCLUSIONS

The impurity content during LH operation has an almost linear dependence on
the total power given to the plasma. In the case of low density, current drive
operation the impurity signals resulted smaller than in chmic discharges with equal
input power.

In this regime also an improvement of the particle confinement times was
observed both for impurity and background species and was accompanied by increased
electron density and broader density profiles [4].

This appears consistent with variations of the time averaged central diffusion
coefficient associated with increased sawtooth periods (or sawtooth suppression) due
to the modifications of the current density profiles.

A similar influence of sawteeth on impurity confinement time was also reported
in FT ([5, 6, 7]).

The higher impurity confinement time with the same measured sputtering fluxes
would imply an enhanced impurity content in LH discharges, this not observed because
of a smaller penetration of the incoming impurities.

Finally the large slideaway production observed in current driven plasmas at low
LH power, was not accompanied by an increase of impurity signals. From this
observations we concluded that there is no significant impurity production
concomitant with slideaway electron bombardment of the neutralizer plate or wall
material.
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PLASMA EDGE BEHAVIOR ON THE WAY TO AND AT THE DENSITY LIMIT
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1. Introduction: Previous studies of the density limit (DL) on ASDEX have indicated that the
DL is associated with an edge density limit/1/. An extensive density limit campaign in deuterium
plasmas with both OH- and NI-heating (Py;=1.15 MW, HO) has been used to systematically
document plasma edge properties over the entire density ramp leading up to the density limit.

The temperature Teg near the plasma separatrix was measured by the YAG Thomson scattering
system. Densities at the separatrix neg from Thomson scattering are corroborated by the lithium
beam diagnostic. Langmuir probes in the divertor deliver ngg- and Teg-values. These results are
examined within the overall context of ASDEX plasma edge physics. For doubly-null diverted
discharges, and boronized wall conditions, I, and By were varied simultaneously (230 < I
<460 kA; 1.8 < By < 2.8 T) in the relationship By = 1,-0-64 yielding g,(cylindrical) =
0.52x1,-1635 (MA). A companion paper /2/ juxtaposes glo%al results for these discharge series
agains?earlier findings for other divertor configurations and wall conditions.

2.1 Experimental Results and Discussion - OH: Figure 1 summarizes experimental
observations made before and at the density limit. Three distinct operational regimes may be
discerned: (1) I, <310 kA ( gy ~3.8-5.9), where Marfes are formed and the ratio (neg / fle)p1,
at the DL is small (Fig.1le), (2) 320 <I, <390 kA (g, 3.8 - 2.4), where (1'1'3)]3]_ continues to
rise smoothly with Ip, and (3) Ip > 3&0 (qq ~2.3 -1.9), where (f )py. initially suffers a

gradual decrease as q, = 2 is approached, and increases again for qa < 2. The latter regime is
also characterized by higher Teg at the DL (Fig.1c), but otherwise the electron pressure at the
separatrix Peg = nggTeg (Fig.1f) roughly follows the trend established for lower L,.

The power flow Pgq) to the scrape-off-layer (SOL) is an important parameter in determining the
plasma edge pressure /3/. Figure 1b illustrates that Poy at the DL generally increases with I,. A
regression analysis including values leading up to the DL reveals Poy = 049 x 1 113
(Regression coefficient R = 0.99. By is not included since it is has a fixed relationship to I,. )
This is in accordance with a generalized scaling law Poy =~ HCO-ZGxB(O-35xIp1-l3 (R=0.995) far
from the DL, gained from an extensive OH campaign under steady-state, boronized wall
conditions. Agreement is also found for Pgo): Pyol = Pon - PRAD main iS approximately
proportional to Py for steady-state conditions, and increases somewhat faster than Pog during
the density ramp. The exception to this Pgq) scaling seen in the region I, = 400-440kA is
correlated with the density dependence of PAp main O Tl near the DL: (PRAD,main)DL= el
Thus, the lower DL leads to a dramatically lower P o main, thereby causing Pgol to continue
increasing with I,. For the power flow to the target plate Pgiy = Pgo] - PRAD div, the
steady-state scaling is Pgjy = fg-0-31xPg01137 (R=0.96). For the density ramp, one finds Pgjy =
Pop?94, with a much weaker dependence near the DL as evident in Fig.1b. This is due to the
rapid increase in P ap giy With Ip,.

About 60% of the input power is radiated irrespective of the proximity to the DL. During a
Marfe most of the radiative loss occurs in the main chamber. Otherwise, the divertor radiation
becomes dominant at high L. The direct values of PRAD main 20 PRAD giv may be read from

Fig. 1b using PRAp main = PoH - Psol: and PRap giv = Fsol - Pdiv-
*NRS Demokritos, Attiki, Greece **GA Technologies, San Diego, USA
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Neg / e far away from the DL (Fig.le) increases gradually (ngg / T = 0.2-0.24) with Ip, in
keeping with the normally observed broading of the density profile as q, becomes smaller.
Excluding the Marfe region, neg / e remains constant up to the density limit at the highest
currents, and for I, ~ 320 kA decreases about 10% during the Tig-ramp.

For non-Marfing cases, the SOL density falloff length A, increases only very moderately with
density. Certainly within the last 50mS before a disruption there is no change in Ap. The DL
itself is accompanied by a very appreciable flattening of the SOL density profile.

2.1.1 The Edge Density Limit Regime (32()Slp£390 kA, 3.8=qy<2.4): For these
parameters the DL can be quite convincingly correlated with an edge - (divertor -) temperature
limit. Fig.1c illustrates that (Teg)py, lies between 30-40 V. The development of Teg during the
density ramp for IP=350’ 370 and 390 kA is depicted in Fig.2. Teg becomes smaller with larger
ngg. The non-hyperbolic shape of the Tgg-ngg characteristic arises as Pog decreases somewhat
during the density ramp at the lower currents (Fig.1f). The shift of the curves to the right for
each successive Ip simply reflects the scaling of Peg with Pggy discussed below.

As mentioned, ngg is related linearly to fi, with a maximum deviation of 10% to the lower side
for all ng. Langmuir probe measurements in the divertor near the separatrix find ngq to be
proportional to ngg within a particular shot. However, the constant of proportionality and the
offset change from shot-to-shot. This is probably due to the probe sampling a different plasma
region with respect to the separatrix. In any case, ngq tracks with ngg, thereby leading to a
decrease in Tgq - typically from 9 down to 4 eV. The Teq vs. ngq characteristic mirrors the
midplane behavior, i.e. the 370 kA case exhibits a sharp linear drop in Teq with neq, whereas
for 390 kA the change is more hyperbolic.

2.1.2 The Density Limit Regime for Ip>390kA (qy < 2.3): A DL mechanism other
than a global edge temperture limit is functional. The lower density limits are accompanied by a
lower edge density (Fig.1d). Since P.g continues to increase with Ip(Fig.lf), Teg is
automatically larger at the disruption (Fig.1c).

Figure 3 examines Pgg as a function of Py (no Marfes) with T, as a parameter. At low Pgq)
(low I5) , the edge pressure augments weakly with Pgql. Above Pggl = 0.35 MW, the
operational curve steepens. The important aspect is that all density limit points lie roughly on the
same curve, indicating no abrupt change in plasma edge phenomena throughout the region.

Below q, = 2.4 strong toroidal asymmetries are observed in the divertor target plate loading.
One can speculate whether or not the divertor temperature might locally fall to a critical level
sufficient to provoke a disruption. Refer to /2/ for more discussion on this topic.

2.1.3 The Marfe Density Limit Regime: The appearance of a Marfe is signaled by an
increase in Ppap main by 2 least a factor of two, a similar reduction in Pgap giy, and virtually
no change in Teq (~5-6eV). neq and neg drop around 40% and 25% respectively, and remain
approximately constant while n is ramped up. Hence, at the DL the density profile exhibits
strong peaking (Fig.le). Ay in the midplane typically goes from 3.5 cm (pre-Marfe) to 7.5 cm.
No Tgg values are available.

The Pgq) and Pgjy, values of Fig.1b for this region are questionable. Py oy main i gained under
the assumption of poloidal symmetry. A Marfe radically violates this premise. Since Py Ap 4iy is
normally proportional to Py, the decrease in Pp ap 4y, during the Marfe by a factor of two
implies a similar reduction in Pgq). This is not seen using the formalism of Py =
PoH-PRAD main; 1ather, Pgq is found to remain constant. As a consequence, the total amount
of power radiated during the Marfe phase is quite likely higher than the indicated 60%.
Nevertheless, 100% radiation levels do not exist: Enough power flow into the SOL exists to
maintain the divertor plasma parameters quoted above, with Ppap, gi, = 50 kW.
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2.2 NI-Heating: Figure 4 summarizes density-limit, edge-related quantities. The general OH
phenomenology - Marfes for g, > 3.6, a (now only slight) dip inTg at the DL for g < 2.4 - is
also present with NI. On the average, Py is a factor of 2.3 higher than for OH alone (Fig.4b).
This leads to an approximate 20% increase in the DL (Fig.4a), and as well, increases the ratio
neg/e by 25-50%, dependent on 1, but independent of the temporal position within the

density ramp. Teg at the DL lies around 50-60eV. Tgq values at the DL are not available.

The rather modest increase in T with Pgq) may be qualitatively understood within the
framework of the scaling law /3/: Teg = 92nes70.77xPg10-6 (eV, 10 3/cm3, MW) (R=0.94),
under the suppositions that (a) the DL occurs at the same divertor temperature Teq and (b) Teg is
related to Teg by classical heat conductivity along field lines in the SOL. To conduct a factor of
9.3 more heat into the divertor requires an increase in Teg of about 25% over OH conditions,
accounting in a first approximation for the observed Teg. Using the experimental values of Pgp)
from Fig.4b, and neg from Figures dc,a the scaling law predicts values for Teg close to those
measured. Nonetheless, the universality of such simple considerations for predicting the DL
remains to be demonstrated.

3. Summary and Conclusions: For both Ohmic- and NI-heated density limit discharges,
three distinct operational regimes have been identified: (1) At high q,, where Marfes appear, (2)
2.4 < gy <3.8, where the DL can be correlated with a low edge (divertor) temperature, and (3)
qa < 2.3, where the DL is not related to a low global edge temperature. For the latter two
regimes no signifigant change in the SOL density falloff length is observed up to the DL. Within
10%, nggffle remains constant throughout the ramp up to the density limit for both OH and NI
(excluding Marfes). However, neg/fle ranges over 0.2-0.25 (OH) and 0.27-0.32 (NI) as a
function of q. This OH-NI difference may be understood by considering the fact that Peg is
generally observed fo increase with Pgq1. Hence, higher heating powers imply a higher Pgg] and
concommittantly higher edge densities and temperatures. The small increase observed in the line
dcnsigl); limit with NI-heating is consistent with the edge parameter scaling Teg =
neg0-77xPgo) 65 under the stipulations that (a) the disruption occurs at approximately the same
divertor temperature, and (b) Teq and Teg are interdependent via something like classical heat
conductivity. Thus, a sizeable fraction of the additional heating is used to simply support the
higher edge densities and temperatures for the same line density. From these considerations it is
clear that discharges which do not exhibit a global density profile broadening upon application
of NI (ctr-NI, pellet injection /1/) will yield a higher line density limit.

/1] A. Stibler et al., Proc. 16th EPS Conf. Contr. Fus. and Plasma Phys. I(Venice 1989)23
/2/ A. Stibler et al., this conference

/3] M. Bessenrodt-Weberpals, K McCormick, F.X.S6ldner, F.Wagner et al., submitted to
Nuclear Fusion for publication.
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THERMOELECTRIC CURRENTS IN THE SCRAPE-OFF LAYER

R. Chodura

Max-Planck-Institut fiir Plasmaphysik, EURATOM Association
D-8046 Garching, Fed. Rep. Germany

Abstract

Poloidal asymmetry of the energy flux across the separatrix into the scrape-off layer
of a divertor tokamak leads to different temperatures at the target plates. This tempe-
rature difference drives an electric current along field lines through the scrape-off layer
which may change the equilibrium and transport properties of the configuration. A
particle code in a simplified 1D geometry is used to simulate the thermoelectric cur-
rent generation. The code includes the electrostatic sheath formation and recycling
at the plates as well as electrical and heat conduction along field lines for arbitrary
collisionality. Results of model calculations are shown for varying energy input.

1. Introduction

Particle flow in the scrape-off layer (SOL) along magnetic field lines is ambipolar
only if the particle and energy input is completely symmetric. Obviously, this is not the
case in many toroidal devices [1, 2]. Radial energy fluxes from the core are larger at the
outer part of the poloidal cross-section than at the inner one, possibly caused by a higher
level of fluctuations at regions of bad curvature. In a single-null divertor configuration
this poloidal asymmetry leads to different temperatures of the two limiting target plates
and thus to different sheath potentials at these plates. The different sheath potentials
in turn drive a thermo-electric current along the magnetic field through the layer (3, 4,
5]. Field-parallel currents in the SOL change the equilibrium field configuration at the
separatrix and the radial transport [6].

It is the purpose of this paper to study the generation of the thermo-electric current in
a more realistic model than [4, 5], i.e. including finite pressure gradients, magnetic field,
recycling at the plates and long mean-free-path lengths up to the collisionless limit.

2. Model

Figure la shows a schematic view of the poloidal cross-section of an axisymmetric
single-null divertor configuration. Field lines external to the separatrix end on two
target plates. In the model these field lines are straightened and hit the plates under a
fixed angle 1 to the normal. The SOL plasma is assumed to be 1D in the coordinate
z perpendicular to the plates. Figure 1b shows a cross-section along the (z,B) plane
through this simplified geometry.

The plasma within the two target plates is represented by a number of discrete si-
mulation jons and electrons. The electric field is calculated self-consistently from their
density distribution. Thus, the electrostatic sheaths in front of the target plates are
resolved in the model but their widths relative to the connection length Ly is artificially
enlarged. Coulomb collisions between plasma particles, on the other hand, are included
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in the model with realistic mean free path lengths [7]. They represent classical trans-
port properties such as current and heat conductivity for arbitrary large mean-free-path
lengths as compared to gradient lengths.

The two limiting target plates at z = 0 and =z = L are assumed to neutralise the
incoming plasma ions and to absorb the incoming electrons. The neutralised ions are
recycled into the plasma as neutrals with a recycling coefficient R and are assumed to
be jonized within an e-folding length d ahead of the plates consuming an energy W per
reionized particle.

The particle losses at the target plates are replenished by particles diffusing into the
SOL across the separatrix from the bulk plasma. In the 1D model these particles are
described by an ambipolar particle source S"(z). Energy is fed into the SOL plasma
partly by convection

8 o=28"T;

and partly by heat conduction from the bulk

Sgond = l/ﬂ,(Tb - T)

where T}, represents the bulk temperature, n and T the local density and temperature
in the SOL and v(z) an z-dependent transfer rate.

3. Results

Calculations were done for the following set of parameters: L) = 42m, ¢ = 0, reference
density and temperature n, = 1-10'®m~2 and T, = 70 eV, mean free path length for
electron-electron collsions A, = tc.(n,,To)v, = 4.9m, where t.. is the electron self-
collision time and v, = (To/m,)l"z, complete recycling, i.e. B = 1,8™ = 0, effective
ionization energy W = 28 eV, transfer rate v o sin(rz/L)ezp(2rz/L). The target
plates were kept at equal potential.

In Fig. 2 =z profiles of density n, electron temperature 7., particle and energy flux I’
and @ are plotted for T, = T, and 1 = 0. @(z) shows the asymmetric energy input into
the SOL resulting in a higher electron temperature at the sheath edge in front of the
r.h.s. target plate. Keeping both target plates at equal potential electrons preferentially
flow to the hot plate and ions to the cold plate, i.e. a current through the plasma arises
from the right to the left plate. Density adjusts to the temperature profiles in order to
satisfy pressure balance.

Figure 3 shows the dependence of the thermoelectric current J on the bulk tempe-
rature T}, i.e. on the energy input. For decreasing T}, the SOL temperature decreases
as well and the electric resistivity increases. But at the same time, also parallel heat
conduction in the SOL is reduced and thus the temperature difference in front of the
plates increases so that, altogether, a higher thermoelectric current results.
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Figure Captions
Fig.1: Scrape-off layer and model geometry.

Fig.2: Density n, electron temperature T,, particle and energy fluxes T’ and @ along
the scrape-off layer for ¢ = 0.

Fig.3: Thermoelectric current J, normalized by Js = 2enq(Th/m) /2 for different bulk
temperatures T.
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INFLUENCE OF PLASMA-NEUTRAL INTERACTIONS ON ALT-II PUMP LIMITER
PERFORMANCE DURING NI HEATING AT TEXTOR

R.A.Moyer!, K.H. Finken2, D. Reiter2, C.C. Klepper3, R.W. Connl, K.H. Dippel2, D.
Grayl, D.L. Hillis3, A. Pospieszczyk?, G.H. Wolf2, the TEXTOR Team2, and the NI Team?

1Institute of Plasma and Fusion Research and Mechanical, Acrospace, and Nuclear Engineering Department,
University of California, Los Angeles, CA 90024, U.S.A.T

2Institut fir Plasmaphysik, Forschungszentrum Jillich, Association Euratom-KFA, FRG

30ak Ridge National Laboratory, Oak Ridge, Tennessee, 37831 U.S.A.*

Measurements of the particle exhaust by the ALT-II toroidal belt pump limiter during
neutral beam injection (NI) on the TEXTOR tokamak have demonstrated the influence of
plasma-neutral interactions on the particle exhaust efficiency of the pump limiter. During NI,
the plasma flow into the pump limiter throat increases 3-5 times. This increase is due nearly
entirely to an increase in the plasma density, while the electron temperature remains nearly
constant, Localized recycling at the neutralizer plates has been seen with both Langmuir probes
and a fiber optic for viewing Hy, light from the neutralizer plate. This Hy, light increases a
factor 3 over OH levels for 1.5 MW of NI heating, while Langmuir probe measurements show
a buildup of plasma flux and density at the neutralizer plate. The buildup factor is well modeled
with the Monte Carlo neutral particle code EIRENE,

The experimentally measured removal efficiency, defined here as the particle flux removed
by the pumps normalized to the ion flux at the neutralizer plate, increases from 20-25% in OH
discharges to as high as 45% in NI heated discharges as the incident ion flux increases from
0.1A/cm?2 to 1.0 A/cm?. The corresponding exhaust efficiencies, defined as the fraction of the
core efflux pumped by the limiter, reach 10%. Such large exhaust efficiencies are favorable for
density control during NI and helium “ash” removal. To study the influence of plasma-neutral
interactions on the removal efficiency, changes in the backconductance for neutral gas in the
pump limiter throat as a function of the incoming plasma conditions have been studied by
injecting helium gas into the plenum and monitoring the partial pressure in the plenum with an
absolutely calibrated Penning discharge. The results are compared with similar experiments on
the ALT-I modular pump limiter and with simulations using the EIRENE code. Plasma-neutral
interactions significantly influence the removal and exhaust efficiencies of the pump limiter for
the range of throat plasma parameters encountered during NI, and affect the ability of pump

limiters to meet particle and helium exhaust requirements in larger devices.
T research supported by U.S.D.O.E. Contract #DE-FG03-85 ER 51069
* reseach supported by U.S.D.O.E. Contract #DE-AC05-840R21400
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AN ANALYTICAL MODEL FOR NEUTRAL AND CHARCHED PARTICLES IN
CLOSED PUMP LIMITER

MeZ.Tokar!'

Ingtitute for High Temperatures of the USSR Academy of
Scilences, Moscow, USSR

Introduction. In number of modern tokamaks pump limiters
are uded for control of the edge plasme parameters /1-3/. In
thermonuclear reactor projects /4/ pump limiters are conside-
red as a possible alternative or additional for divertor con-
figuration of magnetic field method for unburnt fuel, helium
ash and other impurity exheust. From the point of view of
limiter operation efficiency the dependence of neutral partic-
le pressure P, in pumping system on the plasma parameters in
the scrape—of% layer (SOL) im of importance since an increase
of Pg will permit to decrease needed pump rate and facilitate
golution of reactor technological problems. In connection with
this the experimentally observed /3/ mode of closed pump limi-
ter operation with strong neutral compression ig of great in-
terest. In such a mode Pg sharply grows up when the SOL plasme
density ng exceeds some éritical level. ;

Modelling of neutral behaviour in the limiter channel
(Fig.1) carried out in Ref./3/ on the base of Monte-Carlo
method has given a good agreement with experimental data., But
for analysis of reagons snd conditions of the transition to
the compression mode an elaboration of relatively simple ana-
lyticael models of charged and neutral particles is reasonable,
One of such approaches hag been proposed in Ref./5/, where the
hydrogen neutrals are described in hydrodynamic approximation,
It is correct if the atom path length between charge-exchanges
with ions sg=vi/(ken), where vi is the thermal velocity of
iona, ke ig the constant of charge-exchange and n is the plag-
ma density in the channel, 1s smeller than the channel width
d. This is equivalent to condition nd > 1014em-2, which
doesn't hold for experiments described in Ref./3/. In such a
situation & kinetic description of neutrals in the pump limi-
ter channel is needed. In the given paper a model including
kinetic description of neutrals is pregented.

Model and basic equetions. In a closed pump limiter case
(Fig.7) the surface mainly perceiving the heat flux from the
discharge and the neutralizing surface creating the flux of
neutrals into pumped volume are separated. The processes in
the limiter channel weakly influence on the SOL plasma para-
meters and their values at the channel entrance - ng, Tg - are
determined by recycling on the surface faced to the discherge,
The neutrals coming from the neutralizing plate, about which
we aggume that they are atoms with the wall temperature Ty,
are ionized by electrons and charge-exchanged with ions in the
channel. As a result the hot atoms with Ti » Ty are appearing
for which the plasme in the channel is transparent. Cold and
hot atoms are reflected diffusively from the channel walls
with igotropic distribution function over the velocity along




1449

the magnetic field’direotion 1, go. Such & behaviour can be
described by the kinetic equation:

vy 9£,/01 + vy D£,/2 x = - (k; + kInf, (1)

where f (1,x,v,,vx) 18 the cold atom distribution function,
ki is tfe constant of ionizetion.
Eq.(1) let's integrate over vy and the channel width
agsuming that n weakly dependa/oﬁfﬁ. As_g result one obtains
d d
o

the equetion for function F0=1 xlé,fodvx=
W
vy 2 Fo/ﬁ l= -(ki + kc)nFo ~ S /d S (2)
The cold atom flux at the channel walls = v.f
i cf [ -{: X o

dvx/ =0 congists of two parts:

w
Fo =Tole " (Wovy + myv; g,

The first part corresponds to the cold atoms leaving the
plasma, the second one is entering of atoms diffusively ref-
lected from the wz}l with distribution function g (v1) =
=[6 (v1 = vo)+ & (vi+vgy)] /2, vo = 7 2Ty/ma, Ng and nx are
the densities of cold and charge-exchanged atoms, respectively,
in the channel.

During charge-exchange the atoms acquire the plasma flow
velocity along the magnetic field V7 and consequently nx satis-
fies the following continuity equation:

d(nyV;)/dl = k oN_ - nyv,/d (33

We also take into account that these atoms appearing at the
point with co-ordinate 1 hit the wall at an average closer to
the neutralizing plate at 1'=1+d V1/(2vi) (V1< 0). Using
Eq.(3) and assuming that the characteristic dimension of the
perameter changes along 1 is large in comparison with d one
can obtain from Eq.(2) the equations for N, and the cold atom

flux density along the channelJ‘o = [ Fovldvl:
~o

dj/dl = -k;nW , J =-D dN /dl + V N, (4)

Here Dg = dvy/(1+dg/lg) is the diffusivity due to the atom
velocity chaotization during colligions with the channel walls;
Vg=dkenVy /vy 1s the effective velocity of the cold atom con-
vection due to that the charge-exch&gged neutrals have a velo-
city along the magnetic field; 1" = 171 + 1=1, 1 =v_/(ken),
1,=v /(). . ¢ oy

As 8 first approximation we use one-fluid hydrodynemic
equations for description of the plasma in the pump limiter
channel. With neglect of charged particle transport across the
magnetic field the equations of continuity end motion along
the 1lines of forces are following /6/:

2
d(nvl)/dl=kinNo, d(minV1+2nT)/d1=—kanomiV1 (5)
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The plasma temperature is leveled along the channel by
the electron heat conduction.

Very rough but qualitatively reflected substance of the
matter solution of Eq-s (4),(5) one can obtain if esssume that
with the distance from the plate N, and particle fluxes dec-
rease with some characteristic length L., Under boundary condi-
tion V1(0)=—V$=— Y2T/mi’ and with taking into account that
ki< ke this gives:

N (0) = 's 1~ d‘ﬁli (‘l/ 1 12 1) (6)
- ) = + -
o L]/kikc oy T, I (T D)

These relationships are correct if I doesn't exceed +he chan-
nel length.

From Ex.(6) it follows that with ng= ng = vo/(kcd) the
character of the neutral density dependence on the SOL plasma
parameters is changed:

v, Yn
N (0) = —B 3 with n_ ¢ n® (7a)
9 id vk, 5 8

2
_ 2dch5n . c
NO(O) = _—'H with ng % ng (7b)

v
o

It's clear from n° view that the reason of this trensi-
tion into the state wifh neutral compression is an increage
of the charge-exchange influence.

Comparison with experiment. In experiments with closed
pump Iimifer on T-10 foE&mﬁE /37 the dependence of the gas
pressure in the pumped volume (without pumping) on saturated
ion current density, jg = ngvg, on probes located near the
channel entrance has been measured. This dependence is shown
on Fig.2 by points. Here the resulis of neutral component
modelling by Monte-Carlo method are also presented by curve 1.
The results of celculations on the base of the model presented
in this paper are shown by curve 2. It's agsumed that Pg =
=No(0)Tw. Since without pumping the neutral flux into voiume
is balanced by the return flux and hence their density in the
volume is closed to No(0). For calculations it was taken
Ty = 500°K; the heat balance of the SOL plasma isn't exactly
congided and according to the current notions it's asgsumed
Tg~Jg! and Tg = 25 ev with jg = 1019 cm-2g-1,

Ehe transitign to the compression state is obaerged with
Jg = J§ = 1079em~2s~1 which corresponds to ng = 2.1012 cm-3,
This value is closed to n§ if one takes v =1,6-1056m/s, d=2cm,
ke=3+10-8cpdfo; ng = 2,7-10-12em=3, It follows from Ex.(7)
that Pg~Jd/" ‘with ng< ng§ end Pg~ Jg/? with n %05

Conclusion, Thus the model proposed explaines the reas-
ons and conditions of the transition to the closed pump limi-
ter mode operation with the neutral compression: the transit-
ion 1s stipulated by the increase of the cold atom charge-
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exchange on the ions, which prevents the neutral spreading
along the channel and results in their accumulation near the
1imiter neutralizing plate; the transition takes place when
the cold neutral path length before charge-exchange becomes
gmeller than the channel width., The model gives satisfactory
agreement with experimental results and it's relative simpli-
city is attractive from the point of view of introduction of
helium and other impurities description.
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Figure captions

Fig.1. Closed pump limiter: 1 - neutralizing plate, 2 - chan-
nel, 3 - pumped volume.

Fig.2. The dependence of the neutral pressure on Jjg: points -
experimental date of Ref,/3/, curve 1 - results of
calculation by Monte-Carlo method in Ref./3/, curve 2 -
results of the present paper.
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ABSTRACT The effects of the ergodic magnetic structure (ge-
nerated by a localized EML coil system) on the ohmic and the H
-mode plasma in JFT-2M limiter and single-null open divertor
configurations have been investigated. It is observed that the
maximum density (stored energy) of the limiter ohmic plasma is
improved by about 25% and the steady state H-mode of NB-heated
divertor plasma is realized by application of EML fields.

1. INTRODUCTION

Recently, externally applied magnetic fields, resonant
with the normally occurring equilibrium fields, have been inv-
estigated as means of controlling the particle and heat fluxes
at the edge of tokamaks in TEXT [1] and others. The character-
istics of our EML experiments in JFT-2M [2] are to investigate
the effects on (1) non-circular limiter/divertor plasma, (2) L
-/H-modes with additional heating, (3) due to EML fields with
broad mode spectrum. Especially, our efforts are devoted to
control the particle transport in H-mode. The co- and counter-
injections of hydrogen neutral beam with each maximum power of
0.8MW are used, estimated net input powers are 90% of torus
input for co-injection and 70% for counter-injection.

2. EML COIL AND CALCULATION OF MAGNETIC FIELD STRUCTURE

The resonant helical fields are produced by two local coil
sets installed outside the vacuum vessel (Fig.1). Selection of
high m/low m and even nfodd n modes can be done by the change
of coil current direction. The magnetic field structures were
studied by the Fourier analysis and the field line tracing.
The poloidal mode spectrum is broad due to the locality of EML
coils and has ils peak at m=5 and 11 near the plasma surface
(r=30cm) for low m and high m cases, respectively (Fig.2). By
the island width calculations, it is found that many high-m
small islands are involved in the ergodized region in "high m"
mode, while a few, low-m large islands are dominant in "low m"
mode, in which the overlapping of islands reaches g=2 surface
at relatively small current (2kA). The maximum current of EML
coil is 5kA (40KkAT) and the transport coefficient estimated by
the calculation of stochastic magnetic diffusion (Dm=<dr?/21>
~9x10"m, [3]) is about 3m*/s for high m/odd n case.

3. EXPERIMENTAL RESULTS
(1) Improvement of maximum density (Limiter/Ohmic)
As EML fields (Low m/even n, 1.7kA) are applied to the D-




1453

shaped limiter ohmic plasma (235kA, 1.2T), it is observed that
the growth of magnetic fluctuation (m/n=2/1 mode) is suppresed
(Fig.1) and the maximum density is improved about 25% (Fig.5).
The Energy confinement time increases with density without sa-
turation. Also, the radiation loss and impurity line intensity
decrease, especially, the radiation from inner side part, at
which plasma contacts to limiter, becomes small substancially
(Fig.4), which means the relaxation of the plasma-wall intera-
ction. As EML current is risen up to 2kA, plasma is disrupted
in accordance with the calculaion of islands width.

(2) Steady state H-mode by EML (Divertor/NB-heating)

For the divertor H-mode cases(Ip=225kA,Bt=1.27T(CCW)) with
NB-heating, the increases of density and radiation loss are
suppressed by EML (high m/odd n, 3.9kA) and the steady state H
-mode can be realized with Dax burst (Fig.6). As seen in Fig.7,
the edge electron density is suppressed at the lower level and
goes to the steady state point without the transition to L-
mode. And also the relaxation of the edge electron temperature
gradient (from 90eV/cm to 68eV/cm), measured by the electron
cyclotron emission, is observed (Fig.8). The dependece of sto-
red energy on electron density for EML-on case is almost the
same with EML-off case (for the higher NB-power case, the imp-
rovements of stored energy is obseraved). The profiles of main
plasma density and temperature are also almost the same for
both cases with the same mean density. But the profile of the
toroidal rotation measured by charge exchange recombination
spectroscopy is shifted about the order of 10-15km/s to the
electron drift direction, which corresponds to the direction
of L-mode profile, holding the edge pedestals of ion temperat-
ure and toroidal rotation (Fig.9). The property of D«-burst
depends on the direction of toroidal field and for the case of
CW-Bt, it does not appear, but the magnetic fluctuation, which
maybe has effects on particle flux, increases by EML.

The asymmetry of particle flux (measured by ion saturation
current of Langmuir probe) to inner (ion side) and outer (ele-
ctron side) divertor plates during H-mode [4] 1is decreased at
higher electron density due to application of EML fields (Fig.
10), but is not changed at lower electrondensity. The electron
temperature is hardly changed and therefore the reduction of
particle flux by EML with the high heating power leads to the
reduction of heat flux. It seems that the particle and heat
fluxes corresponding to this reduction must flow onto the wall
or onto the unmeasured part of divertor plates.
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Edge turbulence and its possible suppression by
velocity shear in TEXT

Ch.P. Ritz, H. Lin, Roger D. Bengtson,
S.C. McCool, T.L. Rhodes, A.J.Wootton

Fusion Research Center, The University of Texas,

Austin, Texas 78712, USA

Electrostatic turbulence is known to account for much of the particle and heat
transport in the edge of TEXT ohmically heated plasmas.’? Recently it has been
proposed that this turbulence should be stabilized by velocity shear, which fis-
sures the fluid elements.®** This stabilization mechanism has been suggested to
explain the confinement improvement during H mode. In the plasma edge there
is a naturally occuring velocity shear region in the neighborhood of the last closed
flux surface, and this can be used to investigate shear effects. Here we present
an experimental study of this effect and how the shear layer can be affected by
stochastic magnetic field lines.

The mean velocity of the fluctuations, v,, perpendicular to B is dominated by
vg = E, /B effects, as shown in Fig. 1(a). The contribution to v from the pressure
gradient, v, is small and varies slowly with radius. The density profile is slightly
steepened in the region of maximal velocity shear, as shown in Fig. 3. The density
and potential fluctuations, 7 and ¢, are suppressed in a region slightly shifted to
larger r/a, Fig. 2(a). The correlation time 7/* is reduced in the shear layer with
respect to either side, as shown by the cross hatched rectangles in Fig. 4. This is
theoretically predicted due to a fissuring of fluid elements in the velocity shear: a
nonuniform radial electric field E! = §E,/dr # 0 causes in cylindrical geometry a
velocity difference Avg over a radially correlated structure of correlation length o,

of

A shear decorrelation time 75 can now be defined as the time, in which the corre-
lation volume is stretched apart by vg by a correlation length oy = o)}y,

)_ W)

a’UE Vg

Jar T

gl gl
T = ———— =
"7 Avg| o,
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Note, the turbulence is also suppressed by 7z = (oL/0,)|r/vg| in the absence of
the velocity shear in a cylindrical or toroidal plasma.

To compute the correlation times 7g and 7 we assume that the ambient turbu-
lence has the same characteristics in the region of high velocity shear as on either
side (i.e. no Kelvin-Helmholtz instability effects). We thus use the correlation
length of the turbulence measured at a location in the bulk plasma past the shear
layer (o, =~ 0.5 cm, oy =~ og =~ 1 cm). The predictions for the decorrelation by
a velocity shear, 7g/, and by a constant velocity, 7g, are shown in Fig. 4. For a
comparison with the predicted shear decorrelation times due to electric field effects
we need the correlation time 7. in the frame of reference of the bulk rotation, and
not in the laboratory frame 7/%¢. No correction is necessary in the shear layer where
vg =~ 0. Outside of the shear region 7, = o, /vgiss can be much larger than 'rc"‘i’, as
the measured total phase velocity vy, is similar to vy within experimental errors
(vg is obtained from the derivative of the measured radial profile and thus can
contain large, but unknown errors). The transform from 7.** to 7, is indicated in
Fig. 4 by arrows. We find that the experimental correlation time is predicted by the
theoretical shear decorrelation time in the velocity shear region. Furthermore the
correlation lengths in the shear region are decreased as well and become the same
in the radial and poloidal directions. Outside of the shear region the correlation
time of the turbulence is not well known due to the uncertainty in the diamagnetic
drift velocity of the turbulence and electric field effects on the saturation level of
the edge turbulence can not be excluded with certainty. In the naturally occuring
shear layer in the edge of tokamaks, however, shear decorrelation and resulting
turbulence stabilization are probably an important mechanism .

When a stochastic magnetic field is present in the edge then the radial electric
field is substantially modified,® and can change from E, < 0 to E, > 0. We
have varied the field line stochasticity with an ergodic magnetic limiter” (EML)
and studied its effects on the velocity shear. We find that the naturally occurring
positive peak® in the potential profile does not move its position with respect to
the outermost closed flux surface. It appears that the stochastic field causes an
additional DC-potential perturbation which is superimposed on the unperturbed
profile. For sufficiently stochastic magnetic fields the perturbation produced by the
EML has® E, ~ T,[A;! + 0.5A7'], and this can dominate the naturally occuring
E, profile, as shown in Fig. 1(b). This result connects with the potential profile
measurements with the heavy ion beam probe,® which show a gradually increasing
broad positive shoulder with maximum around r/a ~ 0.8 for large applied magnetic
field perturbations. The basic results found for the naturally occurring velocity
shear layer are confirmed with the applied stochastic magnetic fields: the £, x B
velocity dominates the total velocity v,y in the laboratory frame of reference, as
shown in Fig. 1(b). No suppressed fluctuation level is observed anymore, when the
stochastic field is applied, as shown in Fig. 2(b). The suppression of the fluctuation
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levels observed slightly outside of the velocity shear is thus related to the velocity
shear,

In conclusion we find that electrostatic fluctuations can be suppressed by a
naturally occuring velocity shear close to the outermost closed flux surface. The
density profile is slightly steepened in the region of maximal shear. This effect is
consistent with shear stabilization models and could be relevant to describe the
improved confinement in H-mode discharges. The velocity shear can be modified
by stochastic magnetic fields.
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FIG. 1. Radial profiles of the poloidal velocities (a) without, and (b) with applied
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FIG. 2. Fluctuation levels for the same data as in Fig. 1. (a) without and (b) with
applied stochastic magnetic field.
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FIG. 4. Turbulent decorrelation times due to a constant radial electric field 7z and
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of the fluctuations 7/%® (same data’'as used in Fig. 3(a,b)). Arrows indicate the
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A COMPARISON OF FLUCTUATIONS AND TRANSPORT IN THE
SCRAPE-OFF LAYER OF A LIMITER [TEXT]
AND DIVERTOR TOKAMAK [ASDEX]
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Introduction

In the scrape off layer (SOL) of some tokamaks, the detailed measurements
of the many quantities necessary to directly determine the fluctuation driven
transport are available. We compare the edge fluctuations and transport on two
tokamaks, ASDEX, and TEXT, with the objectives of finding any differences which
might lead to further understanding of the nature of edge turbulence for ohmically
heated tokamaks.

ASDEX [R=1.65 m, a = 0.4 m] is a tokamak operating with a poloidal divertor
and copper target plates while TEXT [R = 1.0 m, a = 0.26 m] has a circular poloidal
titanium carbide coated carbon limiter. From the point of view of edge transport, the
primary differences in ASDEX and TEXT are 1) a separatrix in ASDEX where q
becomes large, 2) a factor of 2-3 longer distance to reach a material wall in ASDEX,
either through parallel transport to the divertor or perpendicular transport to a wall,
and 3) generally a lower level of impurities in ASDEX as compared to TEXT,
Fluctuations and Transport

In Fig. 1 we compare edge conditions, fluctuations and transport under
similar ohmic plasma conditions on TEXT [BT=2 T, | = 200 kA, ng =4 x 1013 cm-3]
and ASDEX [2.2 T, 460 kA, 4 x 1013 cm-3]. For these conditions, the Langmuir probe
data was interpreted with the assumption of no temperature fluctuations. The most
apparent difference in the two conditions is a higher edge temperature, primarily
because of the higher current or lower g-value for the ASDEX discharge. The
fluctuations in plasma potential have the opposite scaling with radius which is
probably due to differences in the local level of impurities. Experiments in TEXT?
have shown that the level of potential fluctuations can be changed by the injection
of impurities. Scale lengths and plasma conditions are quite similar even though
the two tokamaks are different in size, and in the distance to a material wall. In both
tokamaks, the phase velocity of the turbulence is in the ion diamagnetic direction in
the scrape off layer and makes a transition to propagation in the electron dia-
magnetic direction in a distance of order one cm at the last closed flux surface. The
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phase angle between density and potential fluctuations changes sign at the shear
layer and the fluctuation driven particle flux is always outwards. The power spectra
of density and potential fluctuations are nearly identical. There was no apparent
change in the fluctuation spectra at the innermost point on the ASDEX data,
indicating that free energy sources involving the derivative of q are not dominant. In
both experiments the level of magnetic fluctuations is low and does not contribute to
the global energy balance in the edge.

ASDEX TEXT
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Figure 1. Edge conditions, fluctuations, and fluctuation induced
transport in ASDEX and TEXT.

Temperature Fluctuations

We have measured temperature fluctuations in the two experiments using a
curve fitting technique23 which assumes an ideal double probe characteristic and
fits a curve with six functions and six adjustable parameters to give a best fit to the
amplitude of current fluctuations as a function of bias voltage. The fitting parameters

are the fluctuation levels, fi/n, T, a$ik‘l’. and their correlations <i’|E>, <f :I">, and
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<TE>. A convenient form for understanding the correlation terms is the normalized

coherence, for example, YT = <AiT >/<fi><T >. The double probes on TEXT were
located at the top of the tokamak and had a probe separation of 2 mm. On ASDEX
the double probes were mounted radially with a poloidal probe to probe separation
of 3 mm. Figure 2 shows typical current fluctuation data and the associated best fit
data for the two machines. There is a significant difference in the data and the best
fit even though the plasma conditions are nearly identical [Tg ~ 15 &V, Ng ~2x
10'3cm-3] . The primary difference is in the level of temperature fluctuations where

ASDEX has approximately a factor of two higher fluctuations. In TEXT we find T /T ~

0.4 fi/n as compared to T /T ~ 1.0f/n in ASDEX. The higher level of temperature
fluctuations can be important in the interpretation of Langmuir probe data, and in

estimates of heat flux. The correlation factors, <AE>, <ii T>, and <T E>, were
generally smaller in the ASDEX data.

120 oy oy } I e e e ke R R ST St et e mt T
SHOT - 29248 SHOT - 168598
: 4
o0 12=|-”9x 104 = ]‘,z=3.47x 10
"
™ A0 - . .
| N
N 4
an Y L - =
% iles _ A i
o G021 dle 0024 | di_g g iler~0.021
T 40 - 3 ~ =
[ Ter g iEgr _ A der_gq1 dE@ _
5 Te 0.25 nTe 0.13cm Te e 0.28cm
wol . ai v 1 = ] o
Eorops7em! T 0. 05cm’ =1 65em’ TeBo -0, 19cm
Q_J_EL;. { RS SN EOYPTaY | |Tel PR ral N T L L L T [
8 & 4 2 2 4 8 a8 -8 -4 -2 2 4 L] a

o
V/Te

Figure 2. Current fluctuations as a function of bias voltage. The
solid line is the best fit to the experimental data.

2 o
V/Te

To substantiate the measurements of a non zero level of temperature fluctuations,
we note that the fluctuations are necessary to explain some of the observed scale

lengths in the scrape off layer. The fluctuation driven particle flux is T | =<f E>/B

and the fluctuation driven energy flux is Q 1= 3/2(nk<E T >/B) + 3/2(kT<f E:»/B). With

the assumption that most of the energy loss is due to fluctuation driven turbulent
processes, we can write

Qe _
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¥Z T\ /(i
where 7. J_=1A5[1+( % J(‘—f) / (;]jl The quantities in parenthesis are experi-
En 2

mentally measured quantities from temperature fluctuation measurements.

aQ!‘:& )
ar L“

Q
Differentiating Eqn. 1 with respect to r, and substituting —I.“-=‘J’ukT,
]

T T
%—f =f:T we find the ratio of scale lengths to be given by

ATe __ Y1 )
AT NKTL

In the limit where T/T = 0 and taking® ¥ in the range 4.5-6.0 , the ratio AT/Ar ~ 0.33-

0.5. Experimentally we observe AT/AT in range .8-1.2'in TEXT and AT/AT inthe
range 0.8-1.0 on ASDEX. Under no conditions in either tokamak have we observed
the ratio of scale lengths to approach the zero temperature fluctuation limit. The
comparison of scale lengths is valid only when fluctuation driven energy flux is the
primary energy loss in the edge. Under most operating conditions this comparison
is valid.

Using the definitions of Ross® et al the fluctuation driven convected energy

flux q ggny = 5/2KTL and the conducted energy flux is given by Qegnd = 3/2k<TE>/B

-KTL. In the TEXT scrape off layer we find qegny/Acond = 6:013 and in ASDEX
Aconv/9cond ~ 6 In both experiments, the fluctuation driven energy flux is
consistent6.7 with power balance measurements. The higher level of temperature

fluctuations on ASDEX is compensated by lower correlations between f, T, and T.

A comparison of edge conditions of two ohmically heated tokamaks cannot
be done to high accuracy, but to the level of comparison possible, the edge
turbulence and transport in TEXT and ASDEX are quite similar and seem to be
independent of magnetic configuration.
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Structure of Density Fluctuations in the Edge Plasma of ASDEX

A.Rudyj, A.Carlson, M.Endler, L.Giannone, H.Niedermeyer, G.Theimer
and the ASDEX-Team

Max-Planck-Institut fiir Plasmaphysik, EURATOM Association,
D-8046 Garching, Fed. Rep. of Germany

Introduction

It is now generally believed that the anomalous particle and energy transport in tokamaks is
caused by turbulent fluctuations. The physical nature of these fluctuations (mode type, the
driving mechanism) have still to be identified experimentally before a self consistent transport
theory can be developed. In contrast to the confinement region the plasma edge can be well
diagnosed. Hg-light , which is emitted at the edge, reacts to density and to some extent to
temperature fluctuations. It delivers information about radially integrated spectra and
correlations. Langmuir probes measure density and potential fluctuations with good spatial
resolution. The edge transport governs the physics in the scrape-off layer and in the divertor
which is extremely important for a reactor and therefore deserves a major experimental effort,
In this paper we report on an attempt to gain detailed information about the spatial and temporal
structure of the edge turbulence hoping to reduce the degrees of freedom for theoretical models
to a manageable number.

General properties of edge fluctuations

Previous results from ASDEX and a reference to work done elsewhere can be found in / 1/ and

/2/. The most important features found on ASDEX are;

= Density and potential fluctuations are observed.

* The mean particle flux calculated from the fluctuation measurements can account for the
estimated particle confinement time.

* Frequency spectra are smooth and decay monotonically to higher frequencies.

* The main contribution to fi comes from the frequency range below 50 kHz.

» Typical correlation lengths perpendicular and parallel to B are in the order of 1 cm or 10 m
respectively.

¢ The fluctuations propagate in the ion diamagnetic drift direction outside, in the opposite
direction inside the separatrix.

* In double-null discharges the fluctuations appear only on the outer (low-field side) edge of
the plasma.

Correlations along B

In an earlier measurement a high correlation was found along a magnetic field line over a
distance of about 10 m between a probe in the midplane and in the divertor. Because calculated
magnetic fields are not accurate enough, the probe position for maximum correlation had to be
found experimentally in a two-dimensional scan. As in the earlier measurement the probe in the
divertor was fixed slightly outside the calculated separatrix. The probe in the midplane was now
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moved slowly in the radial direction during the plateau phase of Ohmic discharges. By
changing qa from shot to shot in very small steps the poloidal scan was performed. Fig. 1
shows a contour plot of the maximum of the cross-correlation functions and the corresponding
time delay between the ion saturation currents of the two probes. We observe a maximum
correlation of 82 % with zero time delay. The corresponding coherence spectrum decays from
90 % around frequency zero to half of this value at 40 kHz and to the insignificant level of 20
% at 55 kHz. The phase shift is zero within the range of significant coherence. The power
spectrum decays from zero to 40 kHz by one order of magnitude.

The results indicate that at least the major part of the fluctuations outside the separatrix is
strongly coherent and in phase along the magnetic field. It is not possible to determine the exact
angle between the direction of maximum correlation and the magnetic field. Because there is no
argument for any non-zero angle we have to assume that the fluctuations are correlated along
the magnetic field.

Poloidal structure

To determine the spatial structure of the fluctuations we extended both the H-diagnostics and
the Langmuir probes to poloidal arrays with 16 observation points. The width of the arrays,
which determines the smallest detectable k, is 10 ¢cm for the Hy, diagnostics and 3 cm for the
probe array. From the signals one calculates wavenumber-frequency-spectra

S(k, ) = {Fs (k,0)Fs(k,0))

(Fg is the complex Fourier transform in time and space) and space-time-cross-correlation
functions.

od) = f s(x=0,t) s(d,t+1) dt / j s(x=0,1)2 dt

Fig. 2 shows k-w-spectra for the Ohmic phase, the L-mode phase and the H-mode phase of a
discharge, Fig. 3 shows the corresponding correlation functions.

From the area of high correlation we can read average correlation length and time of the
fluctuations, from its slope their poloidal propagation velocity. It is evident from Fig. 3 that in
the H-phase there exist structures correlated over a longer time than in Ohmic or L phase. The
observed poloidal projection of the propagation velocity is (570 + 40) m/s in the ohmic phase,
(625 £ 25) m/s in the L and (850 £ 25) m/s in the H phase in the ion diamagnetic drift direction
for the ASDEX shot #30437 presented here. Since the correlation along the magnetic field lines
is very high (see above) and the lines are tilted against the horizontal plane by an angle o, the
observed velocity differences could be a result of the toroidal rotation of the plasma with a
velocity higher by a factor 1/sin(ot) during neutral beam injection. The above velocity
differences, especially between L and H phase, are consistent with the measurements by A.
Kallenbach of Doppler shifts in resonant charge exchange spectroscopy /3/.

The same poloidal velocities explain the inclination of the strongest contributions to the k-w-
spectra (darkest areas in Fig. 2). The frequency width of the spectra corresponds to a
correlation time which might be interpreted as a statistical lifetime of structures. In any of the
three types of discharges the frequency width increases as Ikl becomes larger. This is consistent
with the idea that the mean times for formation and decay of structures is the shorter the smaller
the size of the structure. The asymmetry of the frequency-spectra in the high-k range (apart
from the poloidal rotation) is another remarkable feature observed in all spectra.
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In the H-phase we also observe a structure at a frequency of about 200 kHz propagating in the
opposite direction with a velocity of (8700 + 1000) m/s. The oscillatory nature of this feature
can be well seen from the correlation function. The nearly horizontal lobes of the k-w-spectra at
low k suggest that a similar mode exists also in the L-mode and in ohmic discharges.

The frequency integrated k-spectra from Hy, and from probes decay with k-2 in the range
k > 0.3 cm-L. In the longer-wavelength range the spectra from Hy, are nearly flat. This range
is not accessible by the smaller probe array.

Conclusions

For the major part of the frequency spectrum the coherence length along the magnetic field is by
far larger than the connection length between the divertor plates. Therefore the physics in front
of the plates has to be taken into account if one tries to understand the edge turbulence. Heat
and particle losses to the plates as well as the parallel pressure gradient near the plates might
contribute significantly to the physics of the edge turbulence. The radial T, gradient in the
scrape-off layer leads to a gradient of the sheath potential at the plate probably determining the
radial electric field and the poloidal velocity via ExB-drift. The transition from the flat to the
decaying part of the spectrum defines the only spatial scale length found up to now. It
corresponds roughly to the width of the scrape-off layer. A Bohm-like diffusion law with Tg
taken at the surface of the plates could result from the absence of any intrinsic scale length. The
fact that in double-null discharges the fluctuations appear only on the outer edge suggests that
the pressure gradient in the bad curvature region drives the turbulence.
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INTRODUCTION

Several ionisation-gauges are installed at different locations in the ASDEX-divertor.
In principle these gauges are measuring neutral gas fluxes with time resolution of about 1
ms. In most cases the measured flux-values can be expressed as neutral gas density. The
neutral gas pressure in the divertor chambers is normally relative high in comparison to the
pressure in the main chamber: the gas accumulates in the divertor. Thereby, the absolute
energy flux to the target plates, the energy per particle and consequently also the target
impurity production is reduced [1]. The absolute value of the neutral gas density in a
divertor chamber can be regarded as a measure of the ‘quality” of the divertor performance.

In the following we compare the measured neutral gas densities in the different
divertor chambers with respect to different magnetic configurations (single-null and double-
null) and divertor geometry (symmetric and asymmetric). We discuss the experimental
results with the aim to get an improved knowledge how the closed divertor n ASDEX is
working. Comparisons with the open Divertor configuration (up to 1986) are made earlier
[2][3]. So we restrict the discussion to the results of 1988-90.

The high neutral gas density in the divertor can be a dominant source of gas reflux to
the main chamber. We tried to evaluate the contribution of this divertor recycling to the
refuelling during ohmic discharges. The result can be expressed as an effective width of the
divertor slits. By including the external particle sources (gaspuff, pellet injection, neutral
beam injection) this measurement allows us to determine the total particle source, which
governs the refueling of the plasma, and a time-constant with the meaning of a particle
replacement time.

DIVERTOR GEOMETRY :

The geometry of the ASDEX-divertor chambers were changed several times during
the past years. In 1986 water cooled target-plates were installed in both divertors. Each
divertor chamber was divided in three sub-chambers a,b,c (Fig.1). The width of the
divertor slits decreased from 6 cm to 3.6 cm. Besides these divertor slits additional by-
passes to the main chamber were present. The by-passes were closed in 1988 in the upper
divertor; the lower divertor stayed unchanged (asymmetric configuration). Since summer
89 the lower chamber is closed, too (symmetric configuration). In the upper divertor
ionization gauges are installed in all sub-chambers Ia,Ib,lc. In the chambers Ia and Ib the
gauges can see the divertor plasma; in Ic no view to the plasma is possible. In the lower
divertor gauges are installed only in ITa and Ilc.

EXPERIMENTAL RESULTS

Non-symmetric Configuration:

By shifting the main plasma column a few cm up and down, the ASDEX-plasma can
be coupled either to the upper divertor (Az=+4cm) or the lower divertor (Az=-4cm). This is
called single-null operation up and down. In the double-null operation (Az=0cm) the
plasma is connected to both divertors. The single-null operation shows normally more
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favorable plasma parameters than double-null operation [4]. Fig. 2 compares the measured
neutral gas fluxes in Ia and ITa (Fig.1) during the same discharges at three different times
(0.9, 1.2 and 1.8 s). The transmission is made from single-null-down to single-null-up by
changing the vertical position Az of the main plasma in a series of discharges. The
discharge at 0.9 s is still an ohmic one, at 1.2 sec the density of the main plasma is
unchanged with respect to .9 s, but a neutral injection power of 1.4 MW is added. At 1.8 s
the NI-power is still the same but the density is further increased. If we compare the
measurements at these three times, we compare relatively different plasma conditions at the
same machine conditions.

A first result, seen in Fig.2, is the tendency of the neutral gas density to increase with
NI-power and with increasing density of the main plasma. This is valid for the neutral
density in the different divertor chambers and for the main plasma chamber as well. In
order to get the neutral density of the main chamber, we assume, that at single-null
operation the ionization gauges in the non-working divertor chambers are measuring the
density in the main plasma chamber. Thus, we can evaluate the accumulation factors of the
neutral gas density in the divertor chambers with respect to the main chamber for the single-
null-up and -down cases.These values are higher in the upper divertor because in contrast
to the lower divertor all by-passes to the main chamber are closed (asymmetric geometry).

A further result is clearly seen in Fig.2: the relations between the values of the neutral
gas densities in the different chambers (including the main chamber) seem to be nearly the
same under the same wall and discharge conditions. By this fact, we assume that divertor
and main chamber are strongly coupled by recycling of neutral gas. Taking into account
the accumulation of neutral gas in the divertor, we can say, that a strong reflux of gas out
of the divertor must exist.

Comparison symmetric-asymmetric:

The by-passes of the lower divertor were closed in summer 1989, After this time, the
divertor geometry is symmetric. Fig.3 shows the neutral gas pressure as a function of Az in
this symmetric case. The density, however, is still asymmetric: the lower divertor chamber
shows densities which now are 20-50% higher than the upper chamber. This is true in all
kinds of plasma discharges (ohmic, additional heating). We have good reasons to assume
that this effect is caused by the ExB-drift.

Comparison inside-outside:
Only one ionization gauge exists in an inner divertor chamber (Ib). The measured

signals at this location show relatively large deviations in comparison to the other locations
(Ta,Ic,ITa,IIc). An example is shown in Fig.4. Calibration errors can be excluded because
we observe the same values in both chambers (Ia,Ib) in the single-null-down case (Fig.4).
An explanation for this discrepancy of the measured values in the single-null-up case
may be the fact, that ionization gauges measure primarily gas flux. This is supported by
comparing chamber Ia and Ic showing always nearly the same values. The same is true for
chamber ITa and Tlc. Furthermore we have strong indications by interferometric density
measurements that the density of the divertor plasma in Ib is much higher than in Ia.

Effective Conductance:

High neutral gas pressure in the divertor chambers affect the main plasma discharge
by a particle reflux through the divertor slits. We expect that this is in some cases the main
contribution to the recycling in ASDEX inspite of possible wall contact of the scrape-off-
layer on the divertor slits.

The estimate of an effective conductance between divertor and main chamber starts
with the assumption of a steady state plasma discharge. The particle confinement time tp is
defined as quotient of particles in the main plasma N to the sum of all gas fluxes to the main
chamber 2 Q:
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tp =N/( 2 Q) (1)
% Q =Qgp +Qnp + - + (Fpiy*2rR)*qpjy (2)

Qgp is the flux due to gaspuffing ( | Qgp*dt is measured in ASDEX by the gas-
puffing diagnostic). Neutral injection can be a source of particles, too. The flux coming
from the divertor can be written as the product of an effective divertor slit-width Fp;, and
the flux qp;, measured with the ionization gauges.

In a steady state YQ=const. The corresponding condition d/dt (£Q)=0 allows us to
estimate the effective slit-width:

Foiv = Q/ (27R * dpiy ) @)

Fpjy can be inserted into relation (1) in order to estimate tp .

We show the result (Fig.5) of such an estimate for a so-called standard-discharge in
ASDEX (symmetric divertor geometry) in comparison to a similar discharge (open diver-
tor, 6 cm slit-width). For Fpy;, we estimate a width of about 10 cm, which is somewhat
larger than the geometric value of 2*3.6 cm.

CONCLUSION:

The measurements with ionization gauges in the different ASDEX divertor chambers
have shown, that relatively small changes in geomelry (closing of by-passes) can improve
divertor operation by a factor of 2. Best results are obtained when only one divertor
chamber is active (single-null configuration). In the symmetric configuration the divertor
operation is nevertheless asymmetric: the lower divertor neutral gas pressure in single-null-
down configuration is typically 20-50% higher than the pressure in the upper chamber in
the single-null-up case. The large asymmetry in the measured values between inner and
outer divertor chamber in the single-null case is yet not understood. In this case the plasma
scrape-off-layers which enter the chambers are connected around the main plasma. The
simplest model of divertor operation would predict similar pressures for both chambers.
The rough estimates of the effective slit conductance of the divertors indicate the somehow
surprising result, that the effective slit-width in the narrow divertor geomety without by-
passes is larger than in the case of a relative open geometry with by-passes.
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INTRODUCTION

Impurity transport in the boundary layer of tokamaks may be crucially important in deter-
mining the impurity concentrations in the plasma core. Impurity atoms or molecules released
from a surface enter the plasma, are rapidly ionised and heated and at the same time undergo
transport along and across the magnetic field. Because of the localisation of sources and sinks
the problem is inherently 3-dimensional. A number of initial experimental investigations ad-
dressing boundary layer impurity transport have been reported [1-3] and a 2-D/3-D Monte
Carlo code [4] has been developed. In the present study, we have used a system of gas—puffing
through a Test Limiter to introduce impurities into the plasma boundary of TEXTOR and
detailed spectroscopic measurements have been made to characterize the impurity behaviour.

EXPERIMENT

Tig 1 shows schematically the experimental arrangement of the Test Limiter and spectroscopic
diagnostics. The ALT II belt limiter and the poloidal rail limiters were at a minor radius of
46em. The radial position of the tip of the Test Limiter could be varied between 45 and
50cm and impurity gas injected through an orifice in the limiter tip. Typically a 1s gas pulse
length was used at ~0.6s into the discharge, when plasma conditions had reached constant
values. Two impurity gases CO and CHy4 were studied, with the majority of data from CO.
Typical operating conditions of TEXTOR for these experiments were I, = 340k A, By = 2.0
% 2,287, 7 = 2 x 10"°m=2,Te(0) ~ 1.2keV, with 2MW of neutral beam heating in a limited
number of discharges.

A CCD camera and interference filter were used to give 2-D images of the toroidal and
poloidal distributions of the injected impurities. CCD observations were made in CI(909.5nm),
CII{657.8nm), O1(844.6nm), OTI(441.5nm) and Hy light, the filters being changed between suc-
cessive discharges.

A high resolution visible spectrometer provided repeated spectral scans of ~ lnm width, at
50Hz. An oscillating external mirror permitted toroidal spatial scans with the spectrometer
at 5Hz, over a range of £15¢m. In 3rd order at 460nm the spectrometer has a resolution of
0.012nm. The 7 components of the Zeeman split emission lines were selected for all shots,
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except for one or two where the ¢ components were used to check the analysis. Impurity ion
temperatures were derived from the measured Doppler-broadened line profiles by a non-linear
least squares fit to modelled line shapes, constructed from the convolution of the measured in-
gtrument profile with Gaussian intensity distributions calculated from the spectroscopic term
configurations, Error bars on the temperatures represent the range over which the the resid-
uals in the least squares fit double in value.

In addition, the full range of TEXTOR edge diagnostics was used to provide plasma data in
the boundary region.

RESULTS

With the Test Limiter at 46cm the toroidal distributions of OI and OII resulting from CO
puffing are shown in Figs 2. As has been observed previously [1], the neutral atoms are well
confined to the source region, consistent with rapid dissociation and ionisation of the molecule.
The OII is significantly broader, due to heating of the ions by the background plasma and
streaming along the field lines. The results for CI and CII are similar to oxygen, OII being
somewhat narrower than CIL. CIII is observed to be much broader still. For methane puffing
the CI, CII and CIII results are very similar to those for CO, indicating either that the disso-
ciative kinetic energy of the carbon atom is similar for the two molecules or that the toroidal
distributions are relatively insensitive to this.

The spatial distribution of the individual charge states varies significantly with the radial po-
sition of the gas puff. When the limiter tip is moved out to ~ 4cm beyond the last closed flux
gurface the OI and OII distributions are much broader.

Impurity ion temperatures derived from the line profile measurements provide further infor-
mation on the detailed kinetics of the gas-puffed impurities. Fig 3 shows data from OII, for
CO injection, where the good fit to the modelled Gaussian profile, typical of the majority
of the data indicates that the C'* energy distribution corresponds closely to a Maxwellian.
Fig 4 shows ion temperature data from OII and CIII for CO injection, as a function of Test
Limiter radial position. For OII there is a decrease in temperature as the gas is injected into
hotter, denser plasmas at smaller radius. This effect is even more marked for CIII, where it
is also seen that the measured temperatures are strongly influenced by the gas puff strength,
unlike for OIL. Data for CII is only available for 50cm limiter radius and weak gas puff when
a temperature of 4+2 eV is measured.

DISCUSSION AND MODELLING

The 2-D/3-D Monte-Carlo code LIM [3] has been used to model the CO gas puff. LIM follows
the trajectories of individual neutrals, launched with specified spatial, angular and velocity
distributions, until ionisation. The ion is then followed in its parallel( assumed classical) and
cross field diffusion(anomalous, specified D and Vpinch) with further ionisation and recombi-
nation/loss. Code output includes 2-D or 3-D plots of the impurity density and temperature of
each charge state, spectroscopic distributions (weighted by the appropriate photon efficiency),
Zeff, Prad etc.

The CO puffing was modelled assuming the first reaction to be e + CO —> CO* + 2e followed
by electron impact dissociation of the CO*. The experimentally observed strong localisation
of both OI and CI suggests not only rapid ionisation and dissociation of CO, but also a very
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low dissociation energy. Using an energy of 0.05eV in LIM (D, =2m?s "} vpinen = 0)for both
C and O products gives the spatial variation shown in Fig 2, in quite good agreement with
experiment. Both the code and the experimental data show a narrower OII distribution than
CII. CO puffing experiments have also been carried out on DITE [1] where radial profiles of
QI, OI1, CI and CII were measured. In that work it was assumed that the CO was dissociated
prior to ionisation and it was concluded that the fragment energies were higher, of order leV.

Fig 4 shows the variation in temperature of OII and CIII as a function of limiter tip minor
radius for two values of gas—puff. The trend of increasing impurity temperature with limiter
radius can be explained qualitatively by the associated decrease in ionisation and increase in
thermalisation rates in the cooler region of the plasma. The effect is more severe for CIII
because of its higher ionisation energy, and hence much more rapidly varying ionisation rate
with local electron temperature. This may also explain why the CIII temperature is more
strongly affected than for OII when the local plasma temperature is reduced by strong gas
puffing.

The change in temperature of low ionisation stage impurities with plasma temperature has
been simulated using a simple analytic model. It can be shown that in a uniform plasma with
Te=T;, an impurity ion of initial temperature Tj,,(0) will attain an average temperature
<Timp > =(Ti X Tiz+Timp(0) X 7e1)/(Tiz + Tn) Where 7;, is the ionisation time and 7, is the
thermalisation time. Note that <Tj,p, > is independent of density. Using published ionisation
rates 5] for 7;,, Spitzer for 1, and measured values of T,, ~40eV at 46cm and ~10eV at 50cm,
the model predicts an increase in OII temperature from 3eV to 8eV for Tin,(0)=0.05eV, but
a decrease for CIII from 25eV to 10eV for Ti,(0)=2eV. Hence this simple model agrees with
the trend of the OII data but strongly disagrees with the CIII results. However, if we assume
T; constant at 40eV then both OII and CIII temperatures increase with radius.

It should be noted that the temperature data given in Fig 4 were obtained with the line of
sight of the spectrometer viewing the limiter tip, as shown in Fig 1. In recent helium puffing
experiments, spatially resolved measurements have been made which show a large toroidal
temperature variation, the temperature of Hell rapidly increasing away from the gas inlet
orifice. Such measurements have not yet been made for CO or CHy but, if similar toroidal
variation were observed for the OIT and CIII temperatures, then a radial scan at other fixed
toroidal positions might lead to better agreement with the simple model. Future experiments
are planned using a new, fully instrumented Test Limiter in which the toroidal variation of
Timp will be investigated, in combination with local measurements of the background electron
and ion temperatures.
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EFFECTS OF BORONISATION ON THE PLASMA
PARAMETERS IN TCA

Th. Dudok de Wit, B.P Duval, Ch. Hollenstein, B. Joye

Centre de Recherches en physique des plasmas
Association Euratom-Confédération Suisse
Ecole Polytechnique Fédérale de Lausanne

21, Av. des Bains, CH-1007 Lausanne Switzerland

INTRODUCTION Wall conditioning and deposition of low Z materials on the first wall
and limiters play an important role in plasma impurity control. Carbon film deposition
(carbonisation) is already used on many Tokamaks. As proposed by Veprek [1], a film
containing boron and carbon would be more resistant to chemical erosion and could also
getter the oxygen. This procedure (boronisation) has been tried on Textor [2], Asdex
[3] and recently on TCA. The TCA vacuum vessel, the 8 rf antenna groups and 4
antenna screens are stainless steel and there are 4 carbon limiters placed in one
poloidal plane.

FILM_DEPOSITION AND COMPOSITION Boronisation was achieved with a four

hour glow discharge at room temperature. A single antenna without rf assistance
produced the discharge in a gas mixture of 80% He, 10% CH, and 10% B,Hat a
pressure of 5 107> mbar. A discharge current of 1 A was maintained by an antenna
voltage of 400 V (current density 10 pA/cm?2). A film thickness between 30 and 70 nm
[4] was determined from surface analysis of germanium and silicon samples exposed o
the boronisation glow. The boron concentration in the film was twice the value of
carbon, as in the working gas. A high oxygen concentration (18%) was measured,
which was not observed to enter the plasma during tokamak operation. In a second
boronisation, the oxygen concentration in the film fell to 7%.

PLASMA PARAMETERS 1) Impurities: After boronisation, the vacuum vessel base
pressure decreased, the main improvement being a reduction of 5 in the partial pressure
of water and a large reduction in the partial pressures of the hydrocarbons. It should be
noted that TCA was not as clean as has previously been obtained after several
months of uninterrupted operation. Thus, the conditions before boronisation should not
be considered as the best achieved on TCA. The impurity content of the tokamak
plasma is illustrated by the evolution of the radiated power profile measured with a 16
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Fig 1 Evolution of the radiated power profile before (left) and after boronisation (right)

channel bolometer array (Fig.1). Before boronisation the profile was slightly hollow
with 0.25 W/cm? on axis indicating that heavy impurities were present in the discharge.
The increase in radiated power during the Alfvén Wave 1f pulse is in part due to the
increase in plasma density, but also to impurities. After boronisation, the core radiated
power dropped to an unmeasurable level, indicating that the plasma was free of heavy
impurities and the edge power radiation, representative of the light impurities,
decreased by a factor of 4. The increase during the f pulse is now fully explained by the
electron density. The ratio of total radiated power to the input power dropped from 65-
70% before boronisation to 25% after, modifying the global power balance. An increase
of the electron thermal conductivity of 50% was measured from heat pulse propagation
analysis during the sawteeth. Other evidence of the reduction of all impurities was the
decrease of a factor of 40 of the soft X- ray fluxes measured through a 7 pm Be filter.
The sawteeth inversion radius did not change, but the relative amplitude of the
sawteeth and their period both increased by a factor of 2.

Spectral line analysis was performed by VUV and Visible spectrometers. The
VUV observations of CIV and OVI line emission indicated a reduction of ~5 and ~20 in
the impurity content normalised to plasma density (Fig 2). Spectral features from Cr 1
(not ionised) were observed on the outer carbon limiter, but disappeared immediately
after the boronisation. We concluded that the TCA limiters were contaminated with
heavy metal impurities, but that the boronisation film effectively shielded the old limiter
surface from the plasma. Together with the bolometer data we conclude that the heavy
metal plasma content was reduced to extremely low levels.

The improved plasma purity reduced the plasma loop voltage from 1.8 to 13V
resulting in an increase of the discharge current flat top of 60% (Fig 3). This figure also
shows the evolution of the plasma resistance and the electron density during the rf
pulse. The excellent conditions obtained with boronisation degraded slightly, and also
differently for the light and heavy impurities. After ~500 discharges, with no glow
discharges to clean the walls and limiters, the total radiated power increased by a
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factor of two, which was well explained by increases in the light impurities (mostly
carbon). The heavy impurities monitored by the soft X-ray emission and central power
emission from the bolometer significantly increased. The Cr I spectral lines on the outer
limiter returned to their pre-boronisation levels indicating that the limiter was no longer

covered.
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Fig 2: From the raw traces of plasma density a) and CIV line intensity b), c) shows the CIV line intensity
normalised to the plasma density through the plasma discharge. We see that the impurity increase during the
RF pulse is accounted for by the increased plasma density, and that the small impurity accumulation before
Boronisation is removed by Boronisation. In d) the locus of the normalised CIV line intensity is plotted
against plasma density from which we deduced a reduction of ~5 in the Carbon content. A similar result was
obtained with a CIH line and a reduction of ~20 from observations of OV and OVI spectral features

Several hours of glow discharge in hydrogen restored most of the conditions

following boronisation and even further reduced the carbon impurity level, although the
heavy metal content was not greatly affected. Even after ~900 discharges, the plasma
performance was still much better than before boronisation.
2 ) Density and recycling: At low to moderate densities, the plasma density control
was possible except during the Alfvén Wave rf pulse where the unavoidable density
increase remained a function of the rf power [5]. The recycling coefficient increased at
high density impeding a rapid decrease of the plasma density. Due to the presence of
hydrogen in the film, the plasma isotope mixture could not be chosen arbitrarily.
Immediately after the boronisation, the ratio of D/H with a deuterium filling gas
decreased through the discharge to ~1 at the end. After further discharges in deuterium,
spectroscopic measurements indicated that the hydrogen concentration dropped to
<5%. Extensive glow discharges in hydrogen reduced the deuterium concentration to
nearly zero. This was confirmed by the measurement of the effective mass of the
plasma core using the Discrete Alfvén Waves [6]. A lowest value of 1.05 was
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achieved indicating that not only the deuterium concentration but also the impurity
concentration were reduced to a very low level. The boronised vessel seems to hold
more gas and to change working gas it is necessary to empty the stored gas using
helium glows or to replace the working gas using a hydrogen or deuterium glow.

T T -1 j

a b

Mg (1073 em3)

100

time (s) time (s)

Fig 3 Time evolution of the plasma current, loop voltage, plasma resistance and
electron density: a) before, b) after boronisation

CONCLUSION Boronisation in TCA has led to a large decrease in the level of all
observed impurities (except boron !) by a factor of 5 or more. The smaller loop voltage
allowed a gain of 60% of the current flap top length, Despite the high gas content in the
coating, clean deuterium and hydrogen plasmas were obtained following different glow
discharge cleaning. The boronisation film holds more working gas than the unboronised
plasma vessel.

Acknowledgements: This work was partly funded by the Fonds National Suisse de la
Recherche Scientifique.
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PUMP LIMITER INFLUENCE ON THE HELIUM DISCHARGE
PARAMETERS IN TUMAN-3 TOKAMAK
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The ohmic discharge in helium has been investigated to study
the helium ion transport in plasma. In the first experiments
the stable discharge was obtained only with substantially
reduced gas puff (ﬁe < 6 10"%em™3 ). Therefore the pump limiter
was installed on the outer part of the torus for recycling
control and optimization of the discharge parameters/1/. The
mushroom like limiter of the closed type collected particles on
the ion drift side. Its single throat head is made of stainless
steel. The radial thickness of the head is 0.3 om at the
leading edge and 1.3 cm in the middle. The entrance throat is 4
cm long and 2 om wide. The limiter was located at r=22 cm.

The pump Ilimiter has allowed to obtain a stable helium
discharge with parameters: Ip: 100 kA, By= 0.4 T , ﬁe = (1-3)
10"%em 3, 1_(0)= 350 &V (Fig.1).

The behaviour of the main and impurity ions in the discharge
was studied by spectroscopic methods. The concentration of He2+
and 06+ ions in the plasma core were measured by
charge-exchange spectroscopy (CHES) using He+{4685 E, n= 4-3)
and 07%(1125 K, 5f 2F-4d 2D, 5291 4, snlH-7g °G)
charge-exchange excited line radiation. DINA-4A4 diagnostical
hydrogen-atom beam injector was utilized /2/ with an equivalent
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beam current density of 100 mA/ cm® in the plasma. The enedgyifof
the hydrogen atoms was 15 keV and the injection time was 100
pusec. The line intensities were measured by means of twis
calibrated  vacuum-ultraviolet (vuv) and  visible-range
spectrometers viewing the hydrogen beam at an angle of 14°
The spatial resolution was 12 cm and 4 cm for vuv-

and
visible-range spectrometers respectively. The intensities of

He+
of Hﬁ and L(1 lines of the diagnostical beam atoms to obtain
better accuracy /3/.

The concentration of 06+ ions measured by CHES in the plasma
centre is represented in Fig.2. The other oxygen ions densities

and 0°% lines mentioned above were being compared with that

were Trestored by simulation taking into account the
experimentally determined radial distributions of the electron
density and of the electron temperature. The oxygen flux at the
plasma edge was determined from O5+(1032 f\) line intensity. The
diffusion lifetime of oxygen ions TZ= 25 ms was derived to
obtain the experimental O6+ ions concentration.

Since the effective charge in the plasma core due to oxygen
corresponded to that obtained from the plasma conductivity

(Fig.1d) we were able to deter-mlne He2 ions concentration from

the neutrality: 2 - n[He 1= i, = I Iyng taking into
consideration ;_ of oxygen impurity. The radial
distribution of 2 ions density is shown in PFig.3b. The

result of the direct measurement by CHES is also represented
taking into account the effective emission cross—section of
Het (4685 4) line from calculations /4/

Assumlng the value of the effective lifetime T = n[Hee+]/
dle'[He ] to be independent of r we determined He' ions
density corresponding to measured chord intensity of the
natural plasma luminescence of He+(4685 .5'1) line from the
ionization- balance equation. The level of He+ ions density
corresponds to a value T = 6 - 8 ms. The global helium
confinement time 'l:p obtained from helium flux @ into
plasma (Fig.1e) is nearly equal to the value of T indicating
weak dependence of the confinement time on plasma radius.
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Helium reoycling was studied in the discharge stage where the
gas puff was switched off. There were the discharges in which
the electron density decreased after that. But more typical
were the discharges in which the electron density remained the
same or even increased due to oxygen impurity accumulation (as
in Fig.1b). Taking that into consideration we determined helium
recycling coefficient: -

R = oTad/ (2Tad - aN/dt), N = J 2mr.n(He®'].dr
o

Minimum value of R =0.94 corresponds to a pump limiter
efficiency & =~ 6%.
References:
/1/ Miocduszewski P., J.Nucl.Mat. 112 (1982) 253.
/2/ Roslyakov G.V., Diagnostics for fusion reactor conditions.
EUR 8351-1 EN, Varenna, 1 (1982) 311-323.
/3/ Korotkov A.A., Zinoviev A.N., Afanasiev V.I., Shakhovets,
Fiz. Plazmy 15 (1989) 118-120.
/4/ Zinoviev A.N., Korotkov A.A., Pis'ma Zh. Ehksp. Teor. Fiz.
50 (1989) 276-279.

Figure Captions:

1: The characteristics of helium discharge under study.
Fig.1b represents also the gas valve impulse. Curves 1 and

2 in Fig.1d represent, respectively, Z due to

oxygen density in the centre of plasma gég average
Zeff measured from the plasma oconductivity. ﬁHe_
average helium ions density,Tp - global confinement
time of helium ions, R ~helium recycling coefficient.

?: Evolution of oxygen ions concentrations in the central

part of the plasma (r <12 cm). Triangles represent the 06+
ions density measured by CHES.

3: a) He+(4685 i) line profile due toc charge-exchange
excitation by hydrogen beam (active), the same line in the
natural plasma luminescence (passive),

b) Radial distributions of helium ions densities obtained
from ne(r) and 2 Zini of oxygen impurity. The experimental
point indicates the direct measurement by CHES.




IF(KA)

) A0 m’)

-2 -1
acm s

14

Jo

EFF

Z

T,(ms)

e
- N, 1095
1 1 1 1
10 20 30 40
£ (ms)

Fig.1

1483

Vioor (V)

E

ﬁH (10"%m?) J110"°em’s™)

R

12 n(05+)1E¥iem-3 niEtiem-3

0.6

0.0

2

T, =25 ms

05+ 064;’ y/
\ /]
K0
o
4 //

08+

il 0
0 w 220 30 40 50

t, ms

FIG.2.
tluxes, 1E14 {1/A/s/cm=-2)

I T o
HE+ 4685A

[T
[\

ACTIVE

ZANN

-6 -4 -2 0 2 4

)
wave length (:\)

FIG.3a.
n, cm-3
3_ ~ | He 2+
T=175 ms\
He +
0 5 10 15 20




INDEX OF ALL AUTHORS B2




Abe M.
Abramyam L.A.
Adams J.M,
Adati K.
Afanasjev V.1
Afshar-rad T.
Agarwal AK.
Agostini E.
Aikawa H.
Airoldi A.

Akaoka N.
Akatova T.Yu.

Akiyama R.
Akulina D.K.
Alava M.J.
Alcock M.W.
Alejaldre C.

Alikaev V.V,

Alladio F.
Alper B.

Alport ML.J.
Amano T.
Anabitarte E.
Andel R. van
Anderegg F.
Anderson W.A,
Anderson D.
Ando A,
Andreeva E.V.
Andryukhina Eh.D.
Angelis R. De
Aramaki E.A.
Aranchuk L.E.
Aratari R.
Arbuzov AL
Argenti L.
Arnold R.C.
Arsenin V.V,
Arshad S.
Arutiunov A.B.
Asakura N.
ASDEX-Team

XLVIII

1-351 Assis A.S. de
IV-1844 Askinasi L.G.
1-1,323,331 ATF Group
I-34 Attenberger S.
1-82,299,111-1480 Austin MLE.
IV-1864

11-966 Awano M.
IvV-1701 Azarenkov N.A.
11-1452 Azevedo C.A. De
11-813,I11-1108, Azizov E.A.
IvV-1709 Azumi M.
IV-1508 Baboolal S.
I-411,111-1125, Babykin V.M.
IV-1684 Baek W.Y.
I-34 Bagdasarov A.A.
I-431

mI-1003 Bagdoo J.
1M1-1283 Baity F.W.
11-489,497,509, Balet B.
11-1255

111-1076,1080, Bamford R.A.
1084 Barbato E.
1I-765 Barbian E.P.
11-557,565 Barnes C.W.
IV-1794 Barnsley R.
1I-451

1V-1492,1572

II-1121 Barocio-Delgado S.
IvV-1811 Barth C.J.
11-931 Bartiromo R.
I-817

I-34 Bartlett D.V.
1I-894

11-463 Bastistoni P.
111-1435 Batani D.
1I-601 Batanov G.M.
1I-651 Batchelor D.B,
1-291,295,111- 1468 Bateman G.
1-299 Batishchev O.V.
mI-1112 Baty H.
IV-1860 Bitzner R.
1I-589 Bayley J.
111-1267,1283 Becker G.
11-671,777,893 Beer M.
1-283,375 Behn R.
1-54,62,70,94,110, Behrisch R.
151,207,239,291, Beidler C.D.
295,391,395,111- Belavin M.L
1052,1092,1167, Belikov V.S.
1171,1215,1263, Belitz H.-J.
1287,1291,1323, Bell G.L.
1427,1431,1435, Bell 1.D.
1439,1464,1468,

IV-1552,1556,1676 Bell M.G.

II-861,IV-1786
1-299,411
I1-443

I-1,5,9
1-26,150,174,
II-1133
1I-541
IV-1848
11-861

I-14
11-1011,1307
IV-1750
-651

1-403
1-195,231,111-1076,
1080,1084
OI-1195
I-1311 .
1-1,5,106,162,
259,323
11-553,557
1I-1163
1V-1528
1-114,146
1-247,
11-1365,1413,
IV-1608

I-30

IV-1600
111-1092,1287,
1291,1323
1-162,259,I1I-1150,
1V-1504,1709
1I-765
IV-1876
-467
mI-1311
1-134
1V-1840
II-889
1V-1520
II-663
11-826, 833
II1-1048
1-78,IV-1680
I1-1357
1I-513,517
11-593
1I-1199
1V-1568
11-439,443,455
I1I-1353,
1V-1492
1-114,134,




Bell M.G.

Bell R.
Belle P. van

Bengston R.D.
Berezovskij E.L.

Berger-By G.
Bergsaker H.
Bernabei S.

Berni L.
Bertrand P.

Bessenrodt-Weberpals M.

Besshou S.
Besson G.
Betello G.
Beulens J.J.
Bharuthramt R.
Bhatnagar V.P.

Bhattacharyya S.N.
Biancalana V.
Bianconi F.
Bibeau C.

Bibet P.
Bickerton R.
Bieger W.
Bigelow T.S.
Bishop C.M.
Bitter M.

Bittoni E.
Bizarro J.P.
Blackwell B.D.
Blank H.J. de
Blokland A.AE. van
Blum J.
Bobrovskij G.A.
Bobylev A.V.
Bogolyubskij S.L.
Boileau A.
Boivin R.
Bomba B.
Bombarda F.
Bondeson A.
Bongers W.A.
Bonicelli T.
Bonoli P.T.
Bora D.

Borg G.G.

Borie E.
Bornatici M.
Borozenets A.M.

146,387,
111-1048,1419
1-146,283,375
I1-1,331,111-
1015,IV-1496
111-1456,1460
I-13, 11-785,
IV-1488
Im-1231
I1I-1401
I11-1287,1291,
1323

11-601
III-1299
1-58,111-1460
11-459
Im-1175
IV-1717
I11-983
1V-1750
1-255,111-1015,
1019,1150
11-966
IV-1876
IV-1876
IV-1861
II-1231

I-134

IV-1568
11-443,455
1-178
1-114,111-1048
11-687
III-1231
11-435,521
11-919
IV-1528
11-872
IV-1484
11-877

11-609
IV-1664
III-1048
IV-1516,1520
IV-1713
11-906,954,962
1-1117

1-419

I11-1100
1-287,111-1068
I1I-1175,1179
IV-1803
IV-1832
I11-1060

XLIX

Borrass K.
Borschegovskij A.A.
Bosch H.S.
Bosch S.
Bose M.
Bosman R.
Boyd D.A.
Boyev A.G.
Bozin J.
Braams B.J.
Bracco G.
Brakel R.
Brambilla M.
Branas B.
Braun F.
Bretz N.L.

Briguglio S.
Brink A.M. van den
Brower D.L.

Browning B.
Browning P.K.
Bruhms H.
Bruneau J.L.
Brunsell P.
Brusati M.
Bruschi A.
Brzosko J.S.
Brzozowskij J.
Biichl K.
Biichse R.
Bud'ko A.B.
Budny R.V.
Bugarya V.L
Bulyginskij D.G.
Bunting C.

Buratti P.
Burdakov A.V.
Bures M.

Burhenn R.
Burrell K.H.

Bush C.E.
Bussac M.N.
Cable M.
Cadez V.M.
Cai R.

Cains R.A.
Caldas LL.
Calker C. van
Callen J.D.

11-1393
1-195,111-1080,1084
11-873,1-1215
IV-1520

11-684
m-1117,1121
IV-1624,1668
IV-1725

1011405

II-1417
1-118,IV-1717
11-479

11-1056

IV-1592
T11-1052,1V-1552
1-42,146,387,
TII-1048,1V-1544
11-707

1199
1-26,150,174,
II-1133

-622

11-577,622
I1-1223

mI1-1231
11-573,610
11-719.1V-1709,1713
1-170,111-1112
IV-1520
11-573,655

1-235
1-66,239,291,391
11-639
1-387,111-1419
1-231
111-1125,IV-1684
11-553,557,561,565,
573

118

I-614
1-255,111-1015,1019,
1381

-479
1-203,271,275,279,
IV-1604
1-114,146,111-1048
11-889

IV-1861

IV-1737

I1-1341

MI-1035
11-675,111-1349
IV-1520
1-142,11-853




Camargo S.J.
Campbell D.J.

Campbell M.
Canobbio E.
Capes H.
Capitain J.J.
Cardinali A.
Carlson A.

Carlstrom T.N.
Carolan P.G.

Caron X.
Carrao L.
Carrera R.
Carreras B.A.

Carter K.
Cartwright D.C.
Castejon F.
Castle G.
Cavallo A.

Cekic M.
Cenacchi G.
Cercek M.
Cesario R.
Challis C.D.
Chan V.S.
Chance M.S.
Chang C.S.
Chang Z.
Chaniotakis E.A.
Chankin A.V.
Chaudron G.A.
Chévez-Alarcén E.
Cheetham A.
Chen J.Y.

Chen L.

Cheng C.Z.
Chernenko A.S.
Chernyshev E.V.
Chies T.
Chistyakov V.V.

Chittenden J.P.
Chiu S.C.
Chodura R.

Choi D.-I.
Christiansen J.P.
Chu M.S.
Chudin N.V.
Chudnovski A.N.

-675
1-5,255,323,327,339,
11-1015,1019,1150,
1373

IV-1861

111-1207

1-845

0I-1231
MI-1159,1203
I1-1167,1427,
1460,1464,IV-1676
1-203,271,279
11-553,557,561,565,
569,1V-1564
IV-1705

11-533,537

11-970
11-443,497,509,
1I-1353

11-1353

IV-1875
1-489,I11-1255
I-174
1-46,146,111-1048
MI-1137

11-813

IV-1815
II-1159,1203
01-1150

II-1031

1-367,387

1-1027
1-142,11-853

I-134

I1-1076,1080
IMI-1195

1-30
1-219,323,331,111-1150
1-26,111-1133

11-707

m-910

11-651

1-82,411

IV-1701
1-231,111-1076,1080,
IV-1536,1616
11-663

I11-1031

II1-1443
11-663,752,111-1027
I-5,9, 11-797,111-1015
-371

0I-1327

-781

Chugunov LN.
Chuvatin A.S.
Cima G.
Cirant S.

Ciric D.
Clement S.
Coad J.P.

Coe S.

Cohn D.R.
Colchin R.J.
Coleman L.
Colestock P.L.
Colunga-Sénchez S.
Compass Group
Conn R.W.
Connor J.W.
Conrads H.
Conroy S.
Conway G.D.
Cook D.R.
Cooper W.A.
Coppi B.
Coppins M.
Cordey J.G.

Core W.G.F.

Cornelissen P.
Correll D.
Corrigan G.
Corti S.
Coster D.P.
Costley A.E.
Cottrell G.A.
Coulon J.P.
Cox M.

Crisanti F.
Croci R.

Crume E.C. Jr.
Cruz Jr. D.F. da
Culverwell L.D.
Cunningham G.
Cupido L.
D'haeseleer W.D.
Dahmani F.
Dahyia R.P.
Dam J.W. van
Damstra R.D.
Dan'ko S.A.
Dangor A.E.
Daniele R.
Darrow C.
Davis J.I.

IV-1688

10-651
1-174,111-1133
1-1108,1112
11-978
1-255,111-1373,1385
11357
IV-1864

1-134

1-439

TV-1861
1-134,111-1048
1-30

IV-1564
111-1447
1-130,178,11-695
1-383

1-98,331
11-435,521
TM1-999

11931

11793

11-663
1-1,106,110,162,
[-797,111-1015
1-251,331,
111-1015,1019
1-383

IV-1861

1-263, I1-801,805
1-323,111-1150
T1-1417
IV-1500,1504
1-5,9,11-1015,1019
I1I-1365
1-130,178,
I1-1019,1219,1267
11-765

II-1207
11-447,455
m-1121

11-663

11-622

IV-1560

1748

TV-1856

T1-983

11970
1I-1117,1121
1-609

10-663

IV-1790
IV-1861
IV-1861




DeBoo J.C.
Décoste R.
Deha I.
Deliyanakis N.
Dellis A.N.
Delvigne T.
Demchenko V.
Demers Y.
DeMichelis C.
Deng C.
Desselberger M.
Devos J.

Dewar R.L.
Diachenko W.D.
Dicken D.
Diesso M.
DIII-D Research Team

Ding X.
Dippel K.H.

Dmitrieva M.V,
Dnestrovskij A.Yu.
Dnestrovskij Yu.N.

Dodel G.
Dodhy A.
Dokuka V.N.
Domier C.W.
Dominguez N.
Dong J.
Donné A.JH.
Dooling P.J.
Doyle E.J.

Drake J.R.
Druetta M.

DuT.

Duan X,

Diichs D.F.
Dudok de Wit Th.
Dunlap J.L.
Durodié F.

Durst R.D.

Duval B.P.

Dyabilin K.S.
Dyer G.R.
Dylla H.F.
Eberhagen A.
Eckhartt D,
ECRH -Team

1-126,275
I1-1195
IV-1876
1-178,111-1267
IMI-1267
1-287,I11-1040
IV-1741
III-1195
IM-1231

1-363
IV-1864
1-287

11-521

1-327
IV-1680
IV-1548
1-203,275,
IV-1596,1604
1-307,11I-1341
1-287,403,
111-1447
II-1295
1I-789
11-785,894,
I1I-1239
IV-1616,1620
1-207
11-471,475
I-14

1V-1798
11-497,509
I-154
IV-1656
11-622
1-203,279,
IV-1596,1604
I1-573
IV-1580

I-415

I11-1341
11-691, 801
1-74,187 111-1476
I11-1353,1V-1492
1-287

IV-1564
1-74,111-1476,
IV-1680
11-463
11-443,111-1353
11I-1419
I-151,I11-1263
II-1336
11-471,475,
479,483,484,

LI

ECRH -Team

Edenstrasser J.W.

Edery D.
Edlington T.
Edwards A.W.
Efthimion P.C.
Egorov S.M.
Ehrenberg J.
Ehrhardt A.B.
Ehrlich R.
Ejiri A.
Elevant T.
Elfimov A.G.
Elisavetin A.A.
Elizavetin D.Yu.
Elliott JLA.
Ellis J.J.
Emmoth B,
Endler M.A.
Engelhardt W.
Englade R.C.
England A.C.
Erckmann V.
Erents K.
Erents S.K.
Eriksson L.-G.

Esch H.P.L. de
Esipchuk Yu.V.
Est Q.C. van
Estrada T.
Evdokimov D.B.
Evrard M.P.
Fahrbach H.-U.
Fajemirokun H.
Fall T.

Fama F.

Farina D.
Fasoli A.
Federov A.A.
Federov S.V.
Fedyanin O.1.
Feix M.
Feneberg W.
Ferndndez J.C.
Ferrante G.
Ferron J.R.
Fessey J.A.
Fidone 1.

Field A.R.
Fielding S.J.
Figueira J.F.

1111275,
IV-1572,1576
11-881
1I-938

I-1267
1-5,323,335,111-1150
1-42,50
1-231,IV-1536
1I-1357

11-1417

Iv-1861

11-541,549
1I-817,IV-1496
I11-1064,1141,1315
I-195
111-1080,1084
IV-1778

1V-1608

111-1401

I1I-1464

1-62

I-1100
11-439,443,455
11-1271,1275
I-219
I1I-1373,1381,1385
1-327,111-1015,1019,
1150

1-90

I11-1080,1084
IV-1600

IV-1592
I11-1080,1084
11-1019

I1-1171

1V-1692
1I-1231,IV-1580
IV-1871

III-1088
1V-1807,1811
1-299,411,1I1-1480
I-1295

1I-463

II-1299
11-773,111-1427
11-643

1V-1790
1-275,371,427
IV-1500
111-1129,1279,
IV-1705

IV-1556
I11-1267,1283,1472
IV-1875




Fijalkow E.
Finken K.H.

Fishpool G.M.

Fitzpatrick R.
Fletcher J.D.
Fonck R.J.
Forrest C.
Foster M.S.
Fowler R.H.
Frank N.A.
Fredrickson E.
Fried B.D.
Frieling G.J.
FuB. -

Fu G.Y.
Fuchs V.
Fujii T.
Fujisawa A.
Fujita T.
Fujiwara M.
Fukumoto H.
Fukuyama A.

Fussmann G.

Fyaretdinov A.

Gabellieri L.
Gaigneaux M.
Galbiat S.
Gandy R.F.
Gao Q.
Garbet X.

Garcia L.
Gardner H.I.
Garina S.
Garribba M.
Gasparino U.
Gaunt R.
Gebhardt U.
Gee S.J.
Gehre O.
Gentille B. de
Gentle K.W.

Gernhardt J.
Gervais F.
Ghendrih Ph.
Ghizzo A.
Giannella R.

Giannone L.

II-1299
1-403,111-1447
1-347,I11-1283
1-130,379,11-923
1-355,359

I-50

II-1287

1-150

11-439

11-773
1-114,387,111-1048
I-138

IV-1664

I-154

11-970

I1-1195
I11-1007,1011
11-541,549
II-1452

11-451

I-351
11-809,I11-1011,
1251,1307
1-62,183,111-1423,
1431,1435,IV-1556
I11-1259
I1-1335

1-287

1V-1636
1-150,174,I11-1133
1-154,311
11-728,736,938,
IV-1588
11-493,501
II-521
III-1064,111-1141
1-419
1M1-1271,1275
IV-1794

I1-868

11-622

1-70
111-1231,1259
1-70,174,
IM1-1133,1460
1-207,IV-1552
TV-1588

11-845

1I1-1299
1-9,247,263,
I111-1365,1413,
IV-1608,1713
1-58,151,207,
II1-1460,1464

Gibson K.J.
Giesen B.
Giles P.
Gill C.

Gill R.D.
Giruzzi G.

Giulietti A.
Giulietti D.
Gizzi L.
Gladush G.G.
Glaude V.
Glendinning G.
Glowienka J.C.
Goedbloed J.P.
Gohil P.
Golant V.E.

Golberg S.M.
Goldston R.J.
Gondhalekar A.
Goniche M.
Good T.N.
Gordeev E.M.

Gorelenkov N.N.

Gorelov Yu,
Gorini G.

Gossett J.M.
Gott Yu.V.
Gottardi N.

Goulding R.H.
Gowers C.W.

Graaf M.J. de
Granucci G.
Grashin S.A.
Gray D.
Greene G.J.
Grek B.
Grekov D.L.
Grésillon D.

Grimbergen T.W.M.

Grisham L.R.
Grishanov N.L
Groebner R.J.

Groot B. de
Gross R.A.
Grua P.
Gruber O,

11-557,561
1-287
IV-1584
mI-1231
1-335,111-1150
1I1-1129,1259,
1279,1V-1705
IV-1864,1876
IV-1876
IV-1864

I-14

IM-1195
IV-1861
11-443,455
1-399

1-279
1-82,299.411,
TI-1480
11-659
1-134,146
1-219

m-1231
IV-1807,1811
11-609

914
11-1259
1-170,111-1112,
IV-1652
1I-439
IV-1612

1-247,259,263,323,
339,I1I-1019,1150,

1381,1413
m-1311
1-162,259,323,
1V-1504,1692
111983
nI-1112
1I-1076
1-403,111-1447
I1I-1048,IV-1540
142,114,146
1I-529
1V-1588,1721
IV-1528
I-146
I-1141

1-203,271,275,279,

IV-1604
m-11121°
1-387
II-732

1-94,151,183,182,

II-841




Gruber R,
Grunov C.

Gryaznevich M.P.

Guha S.
Guilhem D.
Guldbakke S.
Guo D.

Guo G.

Guo Z.

Gurov A.A.
Gusev V.K.
Gyergyek T.
Haas F.A.
Haas G.

Haas J.C.M. de
Hacker H.
Hackmann J.
Haegi M.
Haendler B.
Haines M.G.
Hale G.M.
Hamada Y.
Hamamatsu K.
Hamano T.
Hamberger S.M.
Hammel B.
Hammet G.H.
Hammett G.W.
Hamnen H.
Han S.
Hanatani K.
Handley M.J.
Hansen P.M.
Hanson G.R.
Harada M.
Harbour P.J.

Harmeyer E.
Harris D.B.
Harris J.H.
Harrison M.F.A.
Hartfuss H.J.
Harvey B.M.
Harvey RW.
Hasan Z.
Hasegawa K.
Hastie R.J.
Hatayama A.
Hatcher R.
Hatcher W.
Hattori K.
Hauer A.
Hawkes N.C.
Hawryluk R.J.

LILE

11-931
IV-1488
1-411,111-1327
IV-1758
1I1-1231,IV-1580
IV-1520

1-363
1-154,311
11-970
ITI-1080
1-299,411
IV-1815
11-942
I11-1365,1468
1-158

11-479

111-1011,1307
I11-1452

11-521

IV-1861
1-146,111-1048
I-162
I1-817,111-1019
1I-1154

11-459

1I-773

1-166

IV-1492

11-459
1-259,111-1365,1381,
1385

11-517

1V-1875
I11-1353,IV-1492
I11-1397
IV-1572,1576
NI-1035
I11-1259,1323
IV-1758
I1-1452

1-130
1-255,111-1211
1-283,367
IV-1861

II-545

IV-1875
1-247,111-1365,1413
1-387,111-1419

Haynes P.S.

Heer F.J. de
Heeren R.ML.A.
Heikkinen J.A.
Heindler M.
Hellberg M.A.
Hellblom G.
Hellermann M. von

Hellsten T.

Helton F.J.
Hender T.C.

Henesian M.
Henins 1.
Hennequin P.
Herrmann W.

Hess W.
Hesse M.
Hickok R.L.
Hidalgo C.
Hidekuma S.
Hill D.N.
Hill K.W.

Hillis D.L.
Hirano Y.
Hirayama T.
Hiroe S.
Hirokura S.
Hirota L.
Hirsch K.
Hirshman S.P.
Hively L.M.
Hoang G.T.
Hoekstra R.
Hoenen F.
Hoffman D.J.
Hofmann J.V.
Hofmeister F.
Hogan J.T.
Hogewey G.M.D.
Hollenstein Ch.
Holzhauer E.
Honda A.
Honda R.Y.
Hong B.G.
Honma T.
Hoog F.J. de
Hopman H.J.
Horton L.D.

1-379

IV-1664

nI-978

I1-1003

11-638
11-773,1V-1750,1754
11-573,610
1-9,162,1I1-1150,
1361,1381,1385,
IV-1496,1608,1664
11I-1003,1015,1019,
1150

1-371,427
1-130,323,379,399,
11-923,927 111-1283
TV-1861

11-643

IV-1588
1-66,I11-1171,
IV-1672 i
111-1231,IV-1580
IV-1697
1-26,38,111-1133
I11-1353,IV-1492
1-34,267

I-134
142,114,146,
111-1048,1419
111-1447

11-545

1-223

11-443

1-34,227

1I-545

IV-1692

11-505

11-970

11-1231

1V-1664

MI-1040
I11-1048,1311
II-1435,IV-1556
MI-1052,IV-1552
11-825

I-158

II1- 1476

1-207

I1-1452

11-601

II-711
11-585,111-1039
1I1-983
I11-978,983
11-439,447,455




Hosea J.
Hoshino K.
Hosokawa M.
Hothker K.
Hotston E.S.
Hou J.
Houlberg W.A.
Houtte D. Van
Howald A.M.
Howard J.
Howe H.C.
Howell B.
Howl W.
Hsuan H.
HT-6B Group
Huang K.
Huang R.
Hubbard A.
Hiibner K.

Hugenholtz C.A.J.

Hughes T.P.
Hugill J.
Hugon M.
Hulse R.A.
Hutter T.

Huysmans G.T.A.

Hwang A.
Hyatt A.
Ichiguchi K.
ICRH-Team

Ida K.

Idei H.
Igarashi H.

Iguchi H.
Ikeda Y.
Tkegami H.
Imai T.
Ingraham J.C.
Ingrosso L.
Innocente P.
Irie M.
Ishibori L.
Isichenko M.B.
Isler R.C.
Itoh K.

Itoh S.L
Itoh T.

Its ER.
Ivanov A.A.

I1I-1048
1I1-1340,1452
II-451
IV-1568
II1-1397
I-154

1-134

II1-1231
I11-1452
I1-521
11-443,451
1-46

1-371

I-114

1-363

I-311

1-363

I-1195
IV-1516,1520
II-1121
I1-553
1-379,111-1267,1283
11-703,962
1-46,50
I111-1231
1-323,399
III-1381
II1-1439
11-459
1-239,11-479,
I11-1052
1-34,267, 11-451,
111-1452
11-451

I1-585
I1I-1039
11-451
I1I-1183

1-34

1I-1183
I1-581
IvV-1520
11-533

11-626
III-1452
11-667
11-439,447,455
1-267,11-740,809,
111-1307
1-267,11-740,809,
1M-1307
1V-1508
1-82,299,411
1II-1064

LIV

Ivanov N.V.
Izvozchikov A.B.
Jacchia A.
Jackson G.L.
Jacquinot J.

Jadoul M.
Jaeckel H.J.
Jaeger E.F.
James R.A.
Jan G.-D.
Janeschitz G.
Janos A.

Janz §.

Jardin S.C.
Jarmén A.
Jarvis O.N.
Jassby D.
Jelenkovi¢ B.
Jeli¢ N.
Jernigan T.C.
JET Team
JFT-2M Group
Ji H.

JIPP T-1IU Group
Jobes F.
Joffrin E.
John P.L
Johnson D.W.

Johnson M.F.
Johnson P.C.
Johnston T.W.
Jones T.T.C.
Joye B.

Joyer P,
JT-60 Team

Kaita R.
Kajiwara T.
Kakoulidis E.
Kakurin A.M.
Kalda J.L.
Kalinin Yu.G.
Kallenbach A.

Killne E.
Kalyushnij V.N.
Kamada Y.
Kamelander G.
Kamenets F.F.
Kaneko H.
Kaneko O.

III-1080
1-82,411,111-1480
1-166,170

I-275
1-255,259,323,3217,
111-1015,1019,1150
1-319

I1I-1365

Im-1311

111-1259

IV-1824

III-1365
1-146,387,111-1048
IM-1259
1-134,387,111-1191
11-723
1-1,98,331,1I1-1015
III-1048

III-1405

IV-1815
11-443,447,455
I-110

III-1340
11-541,549

1-227
1-146,I1I-104%
1-323

IV-1745
1-42,46,50,114,146,
I11-1048

1-259
I1-1267,1283
II1-1299
1-1,5,9,111-1381
1-74,187,111-1179,
1476,IV-1680
1-303,IV-1584
1-223,I11-1183,
IV-1508

I11-1048

11-459

1I1-1427

I1I-1080
11-667,1V-1820
11-609
1-58,62,182,183,
I1I-1423
11-573,655,IV-1652
11-525

1-223

1I-685

11-639

11-459

I-34, 11451




Kania D.
Kantor M.Yu.
Karas' V.L
Kardaun O.
Karita A.
Karlsson P.
Kamey C.F.F.
Karttunen S.J.
Karyukin A.V.
Kasai S.
Kashiwa Y.
Kasparek W.
Kauffman R.
Kauffmann M.
Kaufman A.N.
Kaw P.K.
Kawahata K.
Kawakami T.
Kawano Y.
Kawashima H.
Kawasumi Y.
Kayama M.E.
Kaye S.M.
Kazawa M.
Keane C.
Keilhacker M.
Kellman A.G.
Kerdja T.
Kemnbichler W.
Kesner J.
Kessel C.
Kever H.
Khairutdinov R.R.
Khalil Sh.M.
Khattak F.
Khudoleev A.V.
Kiessling M.
Kikuchi K.
Kilkenny J.
Kilpatrick S.J.
Kim J.Y.

Kim S.K.
Kimura H.
Kingsep A.S.
Kiptilyj V.G.
Kirov A.G.
Kislov A.Ya.
Kislov D.A.

Kislyakov AT
Kisslinger J.
Kitson D.A.
Klein H.
Klepper C.C.

IV-1861
1II-1125,IV-1684
IV-1840

I-110, II-797
1-34

11-610

I1I-1417
III-1303

11-614

I11-1452
I1I-1452
11-1271
IV-1861

1-215

111-999
11-966,1V-1745
1-34,227
II1-1452

1-223
111-1340,1452
1-34

11-605
1-283,367,375
II1-1452
IV-1861
IM1-1369
1-275,371,427
IV-1856

11-638

1-387
1-367,375
1-383

I-14

1V-1774
1V-1864
1-82,111-1480
1-868

I1I-1452
IV-1861
111-1048,1419
11-752,111-1460
I-150,IV-1656
111-1007,1011
IV-1820
1-82,111-1480,IV-1688
I11-1319
111-1080,1084
1-315,I11-1080,
IV-1484

1-82

II-517
11-577,622
IV-1520
I11-1447,1V-1580

Lv

Kleyn A.W.
Kliiber O.
Knight A.
Koch R.
Kochanov A.E.
Kocherga O.D.
Kock L. de

Koh W.-H.
Koidan V.S.
Koide Y.
Kolesnichenko Ya.
Kolik L.V.
Komori A.
Kondo K.
Koning J.J.
Konyukhov V.V.
Kooijman W.
Korelev V.D.
Komnblum H
Kornherr M.
Korotkov A.A.
Kostomarov D.P.
Kovan LA.
Kovanen M.A.
Kovrov P.E.
Krimer M.

Krasheninnikov S.1.

Krieger K.

Krikunov S.V.
Kritz A.H.
Krivenski V.,
Krivitaky V.S.
Kruyt O.G.
Kubo H.
Kubo S.
Kucinski J.
Kugel H.
Kuhn S.

Kiihner G.

Kuksov P.V.
Kukushkin A.B.
Kumazawa R.
Kunkel W.B.
Kupschus P.
Kurki-Suonio T.
Kuroda T.
Kurzan B.
Kusama H.
Kusama Y.
Kuteev B.V.

111-978
11-291,837,I11-1223
1-78

III-1044
IV-1733
IV-1819
I-9,I11-1357,1373,
1381,1385
11-1027

I1-614
1-223,1V-1508
11-1199

11-467

11-459
I11-459,IV-1524
Im-1121

11-614

II-1121

I1-609

IV-1861
1-291,391
1-82,299,111-1480
11-894,111-1239
111-991
1-251,I11-1019
I11-991
II-1167
11-671,777, 789,893
1-66,111-1423,1431,
1435

1-299,411
11I-1100,1191
1V-1648
1II-1187
II-1117,1121
1-223,IV-1508
11-451

1V-1520
1-283,375
11-715,
1V-1782,1786
11-471,475,
484

11-609

IV-1632

1-34

111-979

I-1,5,9

1-271

1-34

1-62

11-626

IM-1183
1-231,IV-1536




Kuz'min S.V.
Kuznetsova LK.
Kwon M.

Kwon O.J.
Kyrazis D.
Kyriakakis G.
LH-Team

Lackner K.

Lallia P.

Lam N.T.

LamaF. -

LaMarche P.H.
Lammeren A.C.A.P. van
Lamoureux M.

Landen N.

Lane S.

Lang R.

Langley R.A.
Lao L.L.
Larionov M.M.
Lasalle J.

Lashkul S.1.
Lau Y.T.
Laumann C.
Laundy B.
Laurent L.

Laviron C.
Lawson J.
Lawson K.D.

Lazaros A.
Lazarus E.A.
Lazzaro E.

Lean H.
Lebeau D.
Lebedev S.V.

LeBlanc B.

Lecousty P.
Lee D.K.
Lee J.K.
Leenstra E.J.
Lehecka T.

Lehner T.
Lehnert B.

1-618
TMI-1247
11-439
1-323,399,927
1V-1861
111-1427,1439
1-70,
I1-1092,
1171,1215,
1291,1323
1-841
1I1-1015
11-1023
11-1357
11-1419
IV-1600,1656
IV-1697
IV-1861
IV-1861
1-215,235,
239,I11-1215
11-455
1-371,427
1I-1125
II-1231,
Iv-1701
II-1125
1-375
IV-1861

I-1

11-728,
IV-1693,1721
IV-1588
V-1861
1-247,339,
11-1381,1413
11-479
1-371,427
1-251,259,
323,343,399
111-1019
11-1044
1-299,411,
11-614
1-283,367,
375,111-1048
1I-1231
10-443

1371
IV-1628,1852
1-203,279,
IV-1596
1IV-1693,1721
-647

LVI

Leitao J.
Lengyel L.L.
Leonard A.W.
Leonard M.
Lerbinger K.
Lerche R.
Leuer J.A.
Leung K.N.
Leuterer F.

Levin L.S.

Levinton F.
LiF.

LiG.

LI

LiL.
LIWL.
Liberman M.A.
Lie Y.T.
Lietzke A.F.
Liew S.L.
Likin K.M.
Liljestrdm M.
Lin H.

Lipin B.M.
Lippmann S.
Lisak M.
Lister J.B.

Litaudon X.
Litvak A.G.
Liu W.

Lloyd B.
LochR.
LohrJ.

Lok J.

Lomas P.J.
Longinov A.V.
Lontano M.

Lopes Cardozo N.

Lépez Fraguas A.
Lépez-Callejas R.
Lorenzen J.
Loughlin M.J.
Lowry C.G.

LuccaF. De
Luce T.C.

Luciani J.F.
Luckhardt S.C.

Luhmann N.C. Jr.

IV-1560

1-243

111-1452

111-1419

11935

IV-1861

1-427

11979
111-1092,1215,1223,
1287,1291,1323,
IV-1552
1-327,111-1125,
TV-1684

1-375

I-311

1-363

1V-1836

1-363
1-150,174,111-1133
11-639,659

1-287

11979

IV-1548

11-467

11-756
111-1456,1460
1-299,411

1-275

11-817
1-74,187,111-1175,
IV-1680

11-1231

IV-1844

1-1154
111-1267,1283
1-215,235,239,111-1215
1-271.111-1259
11-1121
I-1,5,9,111-1015,1381
I1-1331
IV-1636,1762
1-170,IV-1660
11-489,497,501,509
1-30 :
11-817

1-1,331

1-9,339,
11-1015,1381
1-166,170,
II-1112

111-1259
11-889,935
V-1624
1-150,174,203,279,




Luhmann N.C. Jr.

Lukash V.E.
Lukin A A,
Lukinov V.A.
Lukyanov M.Yu.
Lunin N,

Liitjens H.
Lyadina E.S.

Lynch V.E.
Lyon J.F.
Lysenko S.E.
Lysyansky P.B.
Maassberg H.
Mace R.L.
Machida M.
Maddison G.P.
Maeda H.
Maejima Y.
Magne R.
Mahdavi MLA.
Mancuso S.
Mandl W,

Manhood S.J.
Manickam J.
Manos D.M.
Mansfield D.K.

Manso M.E.
Mantica P.
Marco F. De
Marcus F.B.
Marklin G.J.
Marmar E.
Marmillod Ph.
Martin G.
Martin-Solis J.R.
Martinelli AP,
Martini S.
Masai K.
Masai M.
Masoud M.M.
Mast K.F.
Mata J.

Matias J.
Matjukov A.V.
Matsuda K.
Matsuda T.
Matsumoto H.

Matsuo K.
Matsuoka K.

LVII

ITI-1133,1V-1596,1604,
1798

I-14

11-609

I11-1331

IV-1725

IV-1762

I1-906
I-315,IV-1484,1616,
1620
[1-443,497,509
11-439,455

11-785

11-618
11-484,111-1271,1275
1V-1750,1754
11-601
1-130,111-1397
I11-1452

I1-545

111-1231

1-279

11-765
II1-1361,IV-1496,1608,
1664
11-1267,1283
1-367,375
I1I-1417,1419
1-42,50,114,146,
II1-1048
11-837,IV-1560
1-166,170,I11-1112
III-1159
1-1,323,331

11-643

1-46,387

II-1175
[-303,I11-1231,1V-1584
1-219

II-1357

11-533

11-451

I-34

11-630

1-263

1V-1560
11-837,IV-1560
IV-1688

I11-1259

I11-1452
1-203,271,
279,IV-1604
11-459,IV-1524
1I-451

Matsuura H.
Matthews G.F.
Mattioli M.
Mattor N,
Mauel M.E.
Maximov Yu.S.
Mayanagi K.,
Mayberry M.J.
Mayer H.M.
Mayo R.M.
Mazur S.
McCool S.C.
McCormick K.

McCracken G.M.

McCuire K.
McCune D,
McDonald T.E.
McKenzie J.S.
Medley S.S.
Medvedev A A.

Meigs A.G.
Meisel D.

Mekler K.I.
Mel'nik V.N.
Meélendez-Lugo L.
Mendonga J.T,

Mennella A.
Merazzi S.
Merkel R.
Mertens V.

Messiaen A.M.
Messina G.

Meyer R.L.
Micozzi P,
Migliuolo S.
Miley G.H.

Miller G.

Milligen B.Ph. van
Minagawa H.
Minardi E.
Minenko V.P,
Mioduszewski P.K.

Miramar Bldsquez J.F.

Mirensky V.Yu.

Mirnov S.V.
Mironov V.A.
Miroshnikov LV.
Mishin A.S.

-459

I-1283
II-1231,IV-1580
11-695

1-387

III-1080
11-541,549
I11-1150,1311
1-183

II-643

II-573,610
1-150,174,11I-1456
1-58,395,111-1323,
1439

1-9,I11-
1381,1385,1472
1-387,I11-1048
1-42,387

1V-1875

m-1219
1-134,I11- 1048
I-13,111-1080,IV-
1488

1-26

[OI-1468

11-614

1V-1729

1-30

11-918

11-719, 837
1-1104

11-931

I-215
1-151,215,235,239,
1I1-1215,1263
1-383,287,I11-1040
IV-1790

IV-1705

I-122

I1-898

11-970

1-581
IMI-1121,IV-1660
11-459

11-857

1I-1145

11-455

11-488
I11-1080,1084,
IV-1488

I-14

IV-1844
1-231,IV-1536
IV-1688




Mitchell I.
Miura Y.
Miyamoto K.
Mizuuchi T.
Mohamed B.F.
Moleti A.
Mompean F.
Monaco F.
Monakhov LA.
Mondt J.P.
Monier P.
Montalvo E.
Montgomery D.
Montvai A.
Morales G.J.
Moreau D.
Morera J.P.
Moret J.-M.
Morgan P.D.

Mori M.
Morita S.
Morotov D.K.
Morotov N.N.
Morris A.W.
Morris R.N.
Morsi H.W.
Moser F.
Moulin B.
Mourgues F.
Moyer R.A.
Moyseenko V.E.
Mu J.-L.
Mueller D.

Miiller E.R.
Miiller G.A.
Miiller R.W.
Miinich M.
Munson C.P.
Murakami M.
Muraoka K.
Muratov V.I.
Murmann H.D.
Murphy J.A.
Muzzolon A.
Myors D.J.
Nagasaki K.
Nagashima K.
Nagatsu M.
Nagayama Y.
Naito O.
Najdenov V.O.
Nakamura Y.

| o

LVIII
11-663 Nakasuga M.
111-1452 Nardone C.
11-541,549 Narihara K.
11-459 Navarro A.P.
IV-1774 Nave M.E.F.
IV-1717 Nave F.
1-247,111-1413 Navratil G.A.
111-1287 Nazikian R.
11-9 NBI-Team
11-769 Nefedov V.V.
IM1-1231 Neilson G.H.
11-970 Nelson B.A.
IV-1861 Nemoto M.
11-691 Nemov V.V.
1-138,I11-995 NET-Team
111-1150,1231 Neudatchin S.V.
11-845 Neuhauser J.
1-187 Neves J.
1-162,259,323, NI-Team
111-1361,1381,1V-1496
I11-1452
11-443,447,451,455 Nicolai A.
1I-764 Niedermeyer H.
1I-764
1-347,379,111-1283 Nielsen P.
11-439
1-247,1V-1608 Nieswand C.
1V-1803 Nieuwenhove R. Van
111-1231,IV-1701 Nishimura K.
11-736 Nishino N.
1-287,403,111-1447 Nishitani T.
111-1060 Nocentini A.
11-727,728 Noda N.
1-146,387, Noll P.
111-1048,1419 Nordlund P.
1-395,111-1439 Nordman H.
111-1271 Noterdaeme J.-M.
1V-1860
II1-1287,IV-1552 Nothnagel G.
I1-581 Notkin G.E.
11-443,455 Novokhatskij A.N.
11-459,IV-1524 Nowak S.
1V-1880 Nunes F.
1-54,62,111-1092,1323 Q'Brien D.P.
1-146 O'Brien M.R,
11-537 O'Rourke J.
111-974
11-809
1-223 Obiki T.
1-150,1V-1524 Ochirov B.D.
1-146,111-1048 OdaT.
MI-1183 Odajima K.
IV-1688 Ogawa T.
11-459 Ogawa Y.

1-459

I-166

1-34

IV-1572,1592
1-335

1-323

1-387

IV-1544
IV-1572,1576
11-894

1-134
II-605,I11-1137
11I-1011,1183
1I-525

IM-1397

I-195
1-395,111-1427,1460
IV-1560
1-54,62,94,295,395,
11-479,483,I11-1291,
1323,1439,1447
11-825,I11-1409
1-207,395,111-1439,
1460,1464
1-5,9,162,323,
III-1015,IV-1692
1-78,IV-1680
1-287,I11-1068
I-451
1-223,IV-1508
1-223

11-801, 849
11-451,459

1-419

II-573,610

-723
1-239,I11-1052,1056,
1V-1552

1-355,359
I11-1080,1084
111-1480
II-1108,IV-1709
IV-1560
1-251,323,399
111-1019,1219,1267
1-5,158,162,323,
343,111-1015,1019,
1150,1381
11-459,IV-1524
11-467

1I1-459

1I1-1452

I11-1452

1-34,227




Oh Y.-H.
Ohdachi S.
Ohkubo K.
Ohyabu N.
OkaYy.
Okabayashi M.
Okada T.
Okajima S.
Okamura S.
Qkano H.
QOkano K.
Oketic V.K.
OksE.
Olivian J.
Qlsson M.
Ongena I.
QOomens A.A.M.
Qost G. Van
Orefice A.
Orsitto F.
Ortolani S.

Os CE.A. van
Osborne T.H.
Osipenko M.V.
Ostrikov K.N.
Otsuka M.

Ot W.
Ottaviani M.
Owens D.K.
Owens K.
Oyevaar T.
Ozalkd T.
Pacher G.W.
Pacher H.D.
Palleschi V.
Pan C.-H.
Paoletti F.
Parail V.V.
Parham B.J.
Paris P.J.
Park C.-H.
Park H.K.

Parker R.
Parlange F.
Partridge J.
Pasini D.

Patel A.

Patel T.K.
Patterson D.M.
Pittikangas T.J.H.
Paul S.

Paume M.
Pavlov Yu.D.

11-752
11-541,549

1-34

I11-1452

1-34

1-283,367
I1-459,IV-1524
1-227,IV-1524
11-451

III-1452

1I-1211

1V-1737

IV-1644

1V-1588
1-1,331,IV-1496
1-383,111-1040,1V-1532
II-1121
1-287,111-1068,1V-1532
IV-1709
1-118,I1V-1640
I1-533

111-979
1-203,279,371
111-987

1V-1848

I-351

11-483

II-711
1-42,387,111-1419
I11-1048

1V-1528

1-34, 11-451
1-423
1-423,111-1397
IV-1867,1871
1V-1824

I11-1203
111-1243,1247
IMI-1267,IV-1564
IV-1807,1811
I11-1027
1-42,46,50,114,146,
111-1048

11-962

11-1231

MmI-1357
1-5,9,247,111-1361,1381
I1-557,565,569
mI-1413

I-174
II1-1003,1303
1-283,375
IV-1721

I11-1080

Peacock N.J.
Pecquet A.L.
Pedit H.
Pedorenko A.V.
Peebles W.A.

Pegoraro F.
Pégourié B.
Pellet Injection Team

Peng Y.-K.M.
Penningsveld F.-P.
Pereira J.

Pericoli Ridolfini V.
Perkins F.W.
Persson H.

Pesic S.

Petravic M.

Petrie T.W.

Petrov A.Ye.
Petrov S.Ya.
Petrov Yu.V.
Petrovic Z.
Peysson Y.
Philipona R.

Phillion D.
Phillips C.K.
Phillips P.E.

Pietrzyk Z.A.
Pigarov A.Yu.
Pilipenko V.V.
Pillon M.
Pimenov A.B.

Pitcher C.S.

Pitts R.A.
Pivinskij A.A.
Platz P.

Pochelon A.
Podushnikova K.A.

Polevoj A.R.
Politzer P.
Polman R.W.
Pomphrey N.
Popel S.1.
Popov A.M.
Porcelli F.

1M1-1413
Im-1231
IV-1782

11-894
1-134,150,174,
203,279,111-1133,
1V-1596,1604,1798
11-793,898,946
1m-1227

1-239,
11-479,483,
I11-1215,1287
11-825

11-483

IV-1560
I11-1203,1389
1-134,111-1031
11-817
II-1116
II1-1417

1-275

11-467

1-82

1V-1684
I1I-1405
I11-1227,1231
1-203,279,
IV-1604
IV-1861
I11-1048
1-26,174,
IM-1133

I-78

I-13

111-1060

1-98
111-1080,1084,
IV-1488
111-1381,1417,
1419
I11-1283,1472
I1-785
I-1231,
1v-1697,1701
1-78,IV-1680
1-299,411,
I1I-1480

1-195

1II-1259
I1I-1121

1-134

II-1190

11-894
1-259,323,




Porcelli F.

Porkolab M.
Porte L.

Porto P.
Pospieszezyk A
Postupaev V.V.
Potapenko LF.

Power A.
Pozzoli R.

Prater R.
Prentice R.
Prokhorov D.Yu.
PuZ.-Y.

Puiatti M.E.

Puri S.

Qin Pinjian
Qiu X.-M.
Quemeneur A.
Ramponi G.
Ramsey A.T.

Ran L.
Rasmussen D.A.

Rassadin L.A.
Rau F.
Rax J.-M.

Rayburn T.M.
Razdobarin G.T.

Razumova K.A.

Rebut P.H.
Reichle R.

Reiter D.

Remkes G.I.J.
Renner H.

Ress D.

Rettig C.

Rey G.
Reznichenko P.V.
Rhodes T.L.

Ribe F.L.

Ribeiro C.
Richards B.

LX

327,11-898,
918,946
1-134,I11-1100
1-323,IV-1504
11-601
111-1447
I-614

11-877,
I1-1064
1I-663
111-1088,1104
II1-1259
1-5,9,1V-1500
o-777
11-727,728
11-533,537
11-1031,1158,
1315,IV-1770
1-363
V-1824
IV-1588
IV-1709
1-42,46,114,
146,111-1048,
1417,1419
1-311
11-439,443,
455

1IV-1688
-517

11-938,
1I-1231,
IV-1693
11-439
1-299,411,
II-1125,1480,
IV-1684
1-315,
I11-1080,1084
11-703

I-251

111-1447
1-199,407
MI-1271
IV-1861
IV-1604
MI-1231
IV-1536
I1I-1353,1456,
1460

11-605,
11-1137
11-1349
1-26,174,

Richards B.
Riedel K.
Rieser H.
Rij W.I. van
Rimini F.

Ringler H.
Ritz Ch.P.

Riviere A.C.
Roberts D.E.
Roberts J.
Robinson D.C.

Robouch B.V.
Roccella M.
Rodriguez L.
Rodriguez R.
Rodriguez Yunta A.
Rogdestvensky V.V.
Roger D.

Rohr H.

Rollet S.

Romanelli F.
Romannikov A.N.
Romero H.

Ronzio D.
Roquemore A.L.
Rosa M. De
Rosenbluth M.N.
Roubin J.-P.
Rowan W.L.

Roy A.

Roy LN,

Rozhansky V.
Rozhdestvensky V.V.
Ruan L.

Rubel M.

Rudakov D.L.
Rudakov L.L.

Rudyj A.

Rusbridge M.G.
Rusbiildt D.
Russo A.J.
Ryan P.M.
Rynn N.

Ryter F.

Sabbagh S.A.
Sack C.

Sack H.C.
Sadler G.

I-1133
I-151
II-715
II-505
11I-1015,1150,
1V-1709,1713
11-471,475,484
1-150,11-581,
I1I-1353,1456,1460
111-1267,1283
1-355,359
IV-1548
1-130,178,5211,
II-1267,1283
IV-1520
1-122
1-22,I11-1231
II-1259
I1-505

1-82
11I-1456
1-62
IV-1652
11-707,711
1I-914
III-995
I-1104
IV-1548
IV-1871
1-126,11-970
11-728,732
1-26,174
11-958
1-195,I1-954,
I11-1080,1084
II-744
1-299,411,I11-1480
I-154

I1-1401
111-1076
I1-609
111-1460,1464,
IV-1676
11-561,622
111-1472

1-403

II-1311
IV-1811
1-94,239,295,
I11-1052

1-387
1-263,11-691,801
1-259
1-1,5,9,98,



Sadler G.

Sadowski M.
Sagara A.
Sager G.
Saibene G.
Saito K.

Saitou N.
Sakamoto M.
Sakanaka P.H.
Sakasai A.
Sakharov N.V.
Salas A.
Salmon N.A.
Salomaa R.R.E.
Salvetti A.
Salzmann H.
Samain A.
Samm U.
Sanchez J.
Sandeman J.C.
Sandmann W.
Sano F.

Santi D.
Santiago M.A. M.
Sanuki H.

Sapozhnikov A.V.

Sardei F.
Sarksyan K.A.
Sartori R.
Sasao M.

Sato M.

Sato K.N.

Sato K.
Savrukhin P.V.

Saxena Y.C.
Sayal V.K.
Scarin P.
Scharer J.E.
Scharp L.E.
Scheffel J.
Schep T.J.
Scherbakov A.G.
Schiffel J.
Schissel D.P.
Schivell J.
Schmidt G.L.

Schmidt J.A.
Schneider W.
Schoenberg K.F.
Schooch P.M.

LXI

162,323,331,
111-1015,
1V-1496,1608
1I-634

II-451

1-271
I11-1357,1373
11-545

1I-626
1-34,227
I1-861
1-223,1V-1508
1-82,299,111-1480
II-501
nI-1150
nI-1303
IV-1871
1V-1692
11-728,736, 845,938
1-287,I11-1472
1V-1572,1592
IV-1778
1-215,235,239
11-459

I-118

IV-1786
II-451

11-467
11-471,475
11-467
111-1357,1373
1-34

I1-459
1-34,227

I-34
1-195,315,I11-1080,
1V-1484,1620
IV-1749
IV-1828
11-533,537
III-1023
1I-521
11-610,IV-1836
11-946
11-1072
I11-1048
1-271,275
1-146
1-5,42,46,259,
I11-1048,1419
I-134

1I-841

11-581
1-26,38,174,111-1133

Schoon N.
Schom R.P.
Schram D.C.
Schubert R.
Schiiller F.C.
Schiiller P.G.
Schultz G.
Schupfer N.
Schwartz J.
Schweer B.F.
Schwenn U.
Scott S.D.

Seki T.

Sen A.

Sengoku S.
Seraydarian R.P.
Sergeev V.Yu.
Serra F.

Sesnic S.
Sevastyanov A.A.
Shakhovets K.G.
Sharma S.R.
Sharma S.K.
Shashkov A.Yu.
Shats M.G.
Shcheglov MLA.
Sheffield J.
Shepard T.D.
Sherwell D.
Shibata T.
Shigueoka H.
Shiina S.

Shiina T.
Shimada T.
Shimazu Y.
Shimpo F.
Shinohara S.
Shirai A.
Shishkin A.A.
Shishkin A.G.
Shkarofsky L.P.
Shoji T.

Shoucri M.
Shukla P.K.
Shuklin A.P.
Shurygin R.V.
Shurygin V.A.
Shustova N.V.
Sidle J.B.
Sidorov V.P.
Siegrist M.
Sigmar D.J.
Sigov Yu.S.

IV-1532

1-287

111983
IV-1552
1-199,407,111-1121
1I-1271
11-954,111-1133
IV-1786
1V-1532

1-287

11-931
1-50,114,146,
II-1419

134

11-966
II-1452

1271
1-231,1V-1536
11-837,IV-1560
1-367,375
IV-1820
1-82,411,111-1480
IV-1828

11-684

11-609

11-467

11-614

1-102

11-439
1-355,359
I-1452

11-861

I1-545

II-1452

11-545
11-541,549
1-34
11-541,549
11-541,549
11-529
I1-1239,1243,1247
II-1191,1195
11-451,111-1452
IMI-1191,1299
11-760,1V-1766
IV-1880
11-987
IV-1612
III-1125,TV-1684
11-553

II-1145
IV-1680

1134

IV-1840




Silaev LI
Silari M.
Silivra O.A.
Siller G.
Silva A.
Silva R.P. Da
Silvester C.
Simmet E.
Simonetto A.
Simonini R.
Simpkins J.E.
Simpson J.C.B.
Simpson P.R.
Singh A.K.
Singh D.C.
Singh D.P.
Sinman A.
Sinman S.
Sips A.C.C.

Sitenko A.G.
Skiff F.

Skovoroda A.A.

Smeets P.H.M.
Smeulders P.
Smirnov A.L

Smirnova E.A.
Smith B.A.
Smith G.R.
Smith R.J.
Smits FM.A.
Snider R.
Sobhanian S.
Solari G.
Soldner F.X.

Soliman H.M.
Soltwisch H.
Sosenko P.P.
Soumagne G.
Speck R.
Spineau F.
Springmann E.
St. John H.
Stiibler A.
Stakenborg J.

Stambaugh R.D.

Stamp M.F.

Stangeby P.C.

1

IV-1840 Start D.F.H.
mI-1112

II-1199 Stearns J.W.
IV-1560 Stepanenko M.M.
11-837,IV-1560 Stephan Y.
1I1-1349 Stern R.
1-379,111-1283 Steuer K.-H.
1-182
m-1112 Stevens J.
11-1369 Stickelmann C.
11-455 Stojanovic V.
111-1357 Stojic A.
11-1283 Stokic Z.
1v-1749 Stork D.
1-174,111-1133 Storm E.
1V-1867,1871 Stotland ML.A.
11-597 Stotler D.P.
11-597 Stott P.E.
1-158,199,323, Strachan J.D.
IV-1500 Strait E.J.
IV-1802 Stratton B.C.
1v-1624,1807,1811
11-593,111-1072 Streikov V.S.
m-1121 Stringer T.E.
1-323,331,I1I-1150 Stroth U.
111-1239,1243,1247,  Stubberfield P.M.
1480 Subbotin A.A.
11-609 Sudo S.
1-150,174 Suematsu H.
I11-1096 Sugama H.
IV-1628 Sugie T.
ImI-1121 Sukachov A.V.
11-1259 Summers D.D.R.
1-451
m-1112 Summers H.P.
1-58, 11-837,

111-1092,1171,
1215,1223,1287,
1291,1323,IV-1560
11-630

IV-1660
11-686,1V-1802
IV-1680

IV-1861

11-902

1I-801

I-271
1-395,111-1439
IMI-1117,1121
1-134,371
1-9,111-1357,1361,
1365,1377,1381,
1385
I11-1385,1472

Sund R.S.
Siinder D.
Sushkov A.V.
Suzuki K.
Suzuki N.
Suzuki S.
Synakowski E.J.

Szydlowski A.
Tagle J.A.
Takahashi C.
Takahashi H.
Takase H.
Takeiri Y.
Takeuchi H.

Takeuchi K.
Takita Y.

1-1,255,323,327,
I11-1015,1019,1150
aI1-979

11-1080

11-872

Iv-1811
1-62,182,295,
I1I-1052,1423
I1-1048

1-287

1I1-1405
OI-1116
II-1405
1-90,247,255,259
IV-1861
MI-1319
1-134,111-1417
TI-1381
1MI-1048,IV-1548
1-275,371,427
1-42,46,50,114,
146,I11-1048
111-1080
11-801,805
1-58,66,151,183
1-1,5,106,162
I1-1327
11-459,1V-1524
1v-1524

11-459
1-223,IV-1508
nI-1319
1-9,251,I1I-1357,
1377,1381,1385
111-1361,
1V-1496,1664
I1-1023

II-764
111-1076,1080
11-1452
II-1452
II1-1452
1-42,46,50,114,
146,I11-1048
11-634
111-1373,1381
I1-451
1-283,367,375
mI-1211

-451
1-223,111-1183,
1V-1508

I-351

I1-451




Takizuka T.
Talvard M.
Tamai H.
Tamor S.
Tan M.
Tanahashi S.
Tang L.
Tanga A.

Taniguchi Y.
Tarasyan K.N.
Taroni A.

Taroni L.L.
Tartari U,
Taylor G.

Taylor R.J.
Taylor T.S.
TBR-1 Team
Teichmann J.
Telesca G.
Tendler M.
Terry J.
Tessema G.Y.
TEXTOR Team
TFTR Group
Theimer G.
Thoe R.
Thomas C.E.
Thomas D.
Thomas P.R.

Thomsen K.

Thumm M.
Thyagaraja A.
Tibone F.
Tielemans A.J.H.
Tilia B.

Tisma R.
Titishov K.B.
Tito C.J.

TJ-I Team
Tobita K.

Todd T.N.
Toffol Ph. De
Toi K.

Tokar' M.Z.
Tokunov A.L
Tokutake T.
Tollivier J.S.
Tonon G.

TORE SUPRA Team

LXIII

I-1007

nI-1231

11-1452

11-970

I-311

1-34

I-311
1-1,255,259,323,
MI-1015

I-34

11-785

1-5,327, 11-801,
11-1365,1369
1-247

IV-1636
1-42,46,114,146,
I11-1048

1-138, 287
1-251,371,427
111-1349

11-864

IV-1532

1I-744

1-46,387
1V-1778

1I1-1447
1II-1048,1V-1540
IM-1464

IV-1861
11-439,1V-1492
11-1439
1-1,263,111-1015,
1019,1381,1385
1-110,166,259, 1I-
797,111-1015
11-1271

11-942

1-5,255, 11-801,805
mI-1121

Iv-1717

1-215

111-1080

mI-1121
1-18,IV-1512
111-1011,1183
1-130,379
111-1044

1-34
I1I-1345,1448
11I-1125,1V-1684
III-1452

1I-443

II-1231

I-86

Towner E.H.
Towner H.H.
Toyama H.
Tran M.Q.
Trebes J.
Tribaldos V.
Troyon F.
Truc A.
Trukhin V.
Tsai S.-T.
Tsois N.

Tsuchimoto M.
Tsui HY.W.
Tsukahara Y.
Tsukishima T.
Tsunawaki Y.
Tsuzuki K.
Tsuzuki T.
Tsypin V.S.
Tsytovich V.N.
Tubbing B.J.D.
Tuccillo A.A.
Tukachinskij A.S.
Turnbull A.D.
Turner M.F.
Turner R.
Tutter M.
Uchino K.
Uckan T.

Ueda 1.

Ueda N.

Ueeda T.
Uesugi Y.
Ulrickson M.
Uno S.
Ushakov S.N.
Ushigusa K.
Vakulenko M.O.

Valencia-Alvarado R.

Valisa M.

Vallet J.C.
Vallinga P.M.
Vandenplas P.E.
Varela P.

Varias A.
Vaselli M.
Vasin N.L.

Vayakis G.
Vdovin V.L.
Vega J.A.
Velikovich A.L.

I-114

1-146

11-541,549
IV-1807,1811
IV-1861

IV-1648
11-954,958
IV-1588

I-1259
11-727,728
1-395,111-1427,1439,
1460

I1-1039

II-581

IV-1508

IV-1524

IV-1524

I1-451

I-34

II-1145

IM1-1190
1-1,255,259,111-1015
111-1287,1335
1-299,411,111-1480
1-371,427

1-130

IV-1861
1-1271,IV-1576
11-459
II1-1353,1V-1492
II-541

11-809

OI-1251

mI-1340
1-134,111-1417,1419
II-1452
1-231,IV-1536
IM1-1183

1-686

I-30

11-533,537
1-86,111-1231
I11-983

1-287

IV-1560
11-497,509
1V-1867,1871
1-195,231,I11-
1076,1080,1084,
1V-1536
1-211,I11-1283
II-1295

1-22

11-659

—

e — s S o Wy Py~ = e e ]




Vergamota S.
Verhoeven A.G.A.
Vershkov V.A.
Villiers J.LA.M. De
Vlad G.

Vlad M.
Vladimirov S.V.
Vlases G.
Vlasov V.P.
Voge A.

Volkov V.P.
Vollmer O.
VonGoeler S.
Voropaev S.G.
Voytenko D.A.
Wade M.R.
Wagner F.
Wagner R.
Waidmann G.
Wakatani M.
Wallace R.
Walsh M.J.
Waltz R.E.

Wan S.

Wang J.P.
Wang L.

Ward D.
Warrick C.D.
Wassenhove G. Van
Watari T.
Watkins J.G.
Watkins M.L.
Watkins N.
Weber P.G.
Wegner P.
Wégrowe J.-G.
Weiland J.
Weisen H.

Weller A.
WenY.
Wenzel K.W.
Wenzel U.
Werthmann H.
Wesner F.

Wesson J.A.
Westerhof E.
Weynants R.R.
Wieland R.M.
Wienhold P.
Wilgen J.B.
Wilhelmsson H.

LXIV

IV-1560
m-1117,1121
111-1076,1080
1-355,359
11-906
-902
I-1187
1-339
IV-1488
1-950
111-1080
1-94,183,295
1-1048
1I-614
I-1319
11-439,443
1-58,94,110,295
IV-1520
1-319
11-459
IV-1861
11-557,565,569
1-126,134
1I-1154
11-853
1-1149
1-323
111-1283
111-1040
I-34
1-403
IMI-1369
1-331
10-581
IV-1861
MM1-1235
1769
1-5,9,90,162,259,
323,111-1361,1385,
1V-1496,1608
11-479
11-1154
1-150
IV-1488
1-715
1-239,111-1052,
IV-1552
1-335,111-1015
11-821,111-1121
1-383,287,111-1040
I-114,146,387
11-1401
11-443,455,IV-1492
11-885

Willen U.
Willi O.
Wilson J.R.
Wing W.R.
Winter J.
Wintermeyer G.
Winternitz P.
Wira K.
Wobig H.
Wolf G.H.
Wolfe S.M.
Wolfe S.W.
Wolle B.
Wong K.L.
Wootton A.J.

WVII-AS Team

Wysocki F.J.
Xang X.Z.
Xiang Z.

Xie J.

XuD.

Xu G.

Yagi Y.
Yagura S.
Yakashima T.

Yakovenko Yu.V.

Yamada H.
Yamada M.
Yamagishi K.
Yamagiwa M.
Yamamoto T.
Yamauchi T.
YanL.

Yan Y.

Yang J.-G.

Yang J.W.

Yang Q.

Yang S.

Yang X.Z.
Yaramyshev G.S.
Yaroshevich S.P.

Yavorsky V.A.
YeH

YinY.

Yoneta A.
Yoshida H.
Yoshino R.
Young K.M.
Young P.
YuC.

11-1019
IV-1864
III-1048
I1-443,455
1-275

IV-1794

II-864

I1-1263

1I-517
1-287,111-1447
1-271

1-335

IV-1516
II0-1048,IV-1544
1-38,174,111-1133,
1353,1456,1460
11-471,475,479,483,
484,517,I11-1271,
1275,IV-1572,1576
11-643

I-1133
II-1154

1-363

1-307

I-154

II-545

111-978

11-459

II-699

I1-451

Iv-1811
11-541,549
mI-1007
111-1340,1452
II-1452

I-311

1-307

I1-752
1-287,111-1040
IM1-1341

I11-1341

1-26

I1-1080
1-82,299,411,
MI-1480

I1-699

I11-999

11-679

I1-1039

1-223

1-223

1-134

IV-1861
1-150,174,




YuC.

YuGY.
YuM.Y.

Yuan D,

Yuan D.C.
Yushmanov P.N.
Zaitsev F.S.
Zakharov L.E.
Zambotti G.
Zamkov V.L
Zang X.Z.
Zanza 'V,

Zao J.
Zarstorff-M.C.

Zastrow K.-D.
Zavadsky V.M.
Zavala G.
Zaveri P,
ZeF.
Zebrowski J.
Zhang D,
Zhang H.
Zhang Z.M.
Zhao H.
Zheng S.
Zheng Y.

Zhil'tsov V.A.
Zhong Y.

Zhu S.

Zohm H.

Zolotukhin A.V.
Zou X L.

Zouhar M.

Zukakishvili G.G.

Zurro B.
Zushi H.
Zweben S.

LXv

I1I-1133,1154
1-415

1I-760

1I-1149
IV-1680
11-781, 789,111-1080
OI-1247
II-1327
11-1235
1I-1060

1-38

1vV-1717

1-307
1-42,114,146,387,
1I-1419
1I-655,1V-1608
1V-1684

1-243

1V-1745
IV-1861

1I-634

III-1149

1-307

I-26

I-311

I1I-1149
1-154,307,311,
1I-1341
11-593,I11-1072
I-154

II-1154
1-54,291,11-837,
1II-1223

1I-529

11-736
1V-1693,1721
11-1287
1II-1060
I-18,IV-1512
11-459,1V-1524
I11-1048




