
EFS eur‘ophyeice
_ conference

abstracts

24th European Physical Society Conference on

Controlled Fusion
and Plasma Physics
Berchtesgaden, 9th-13th June 1997

Editors: M. Schittenhelm, R. Bartiromo and F. Wagner

Contributed Papers, Part IV

Published by: The European Physical Society
Volume 21 A

Series Editor: Prof. Re Pick, Paris Part IV
Managing Editor: (3, Thomas, Geneva



24th European Physical Society Conference on

Controlled Fusion and
Plasma Physics

24th Fusion
Berchtesgaden

1997

,‘Max Planck Inermn ffi: nmm )hysm
1
f1319. w 1.0.97 f

1 5'bil0lflr—k
km'uwfla’.

Kongresshaus Berchtesgaden, Germany

9 - 13 June 1997

Editors: M. Schittenhelm, R. Bartiromo and F. Wagner

6(31 “ /f 0 13¢;



eur‘ophyeice
conference
ebetrecte

24th European Physical Society Conference on

Controlled Fusion
and Plasma Physics
Berchtesgaden, 9th-13th June 1997

Editors: M. Schittenhelm, R. Bartiromo and F. Wagner

Contributed Papers, Part IV

Published by: The European Physical Society
Volume 21A

Series Editor: Prof‘ Ra Picky Paris
Part IV

Managing Editor: G. Thomas, Geneva



EUROPHYSICS CONFERENCE ABSTRACTS is published
by the European Physical Society. @1997

Reproducing rights reserved.

This volume is published under copyright of the European Physical Society. We wish
to inform authors that the transfer of the copyright to the EPS should not prevent an
author from publishing an article in a journal quoting the original first publication or
to use the same abstract for another conference. This copyright is just to protect EPS
against using the same material in similar publications.

The Proceedings may be purchased from Max-Planck—lnstitut fiir Plasmaphysik,
Boltzmannstrasse 2, 85748 Garching, Germany.



Preface
The 24th European Physical Society Conference on Controlled Fusion and

Plasma Physics, under the auspices of the Plasma Physics Division of the
European Physical Society, was hosted by the Max—Planck-Institut fiir
Plasmaphysik Garching, Germany. Following the guidelines of the Board of
the EPS Plasma Physics Division, the 1997 Conference included topics from
the areas of: Tokarnaks; Stellarators; Alternative Magnetic Confinement
Schemes; Magnetic Confinement Theory and Modelling; Plasma Edge Physics;
Plasma Heating; Current Drive and Profile Control; Diagnostics; Basic
Collisionless Plasma Physics; Highly Compressed and Non Stationary Plasmas.

The scientific programme and paper selection were the responsibility of the
International Programme Committee appointed by the Board of the EPS
Plasma Physics Division. The Programme Committee selected 523 contributed
papers (out of 651 submitted abstracts) for presentation as posters in four
sessions at the meeting. Guideline for the composition of the poster session was
to display the various contributions of larger teams in one session and to place
teams of similar goals and interests into different sessions.

As in the past, the Proceedings are printed after the meeting, giving authors
the opportunity to present their latest results in four-page papers. According to
EPS Plasma Physics Division regulations, the Conference Proceedings contain
the four-page papers of all those contributions for which at least one author
was a registered participant at the Conference All submitted papers satisfy this
condition. 51 papers were not presented at the Conference and not submitted to
the Scientific Secretary though they had originally been accepted by the
Programme Committee. This caused some problems in the organisation of the
poster sessions. As only in a few cases the cancellation had technical reasons, it
is strongly recommended for future conferences that along with the submission
of an abstract a guarantee has to be provided that an accepted paper will be
presented

The four volumes of the proceedings will be mailed to all registered
participants of the Conference. The papers of the 8 Review Lectures and 20
Topical Lectures will be published in a Special Issue of" the journal ‘Plasma
Physics and Controlled Fusion’, which will also be mailed to all registered
participants.

M. Schittenhelm, R. Bartiromo and F. Wagner

July 1997
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Edge Profile Investigations
Close to the Density Limit of Various Plasma Regimes

in ASDEX Upgrade

V Mertens, H S Bosch, M Kaufmann, M Maraschek, J Neuhauser, H Salzmann,
J Schweinzer, W Suttrop, ASDEX Upgrade Team

Max-Planck—lnstitut fiir Plasmaphysik, EURATOM Association,
8574-8 Garching, Fed. Rep. of Germany

Introduction : 7
The highest achievable density in a tokamak is restricted by an upper boundary called the
density limit (DL). In the Ohmic— and L—mode the discharges disrupt when their densities
reach this limit. In the H—mode, however, the limit is characterized by a smooth back—
transition into the L—mode. Empirically, the density limit is quite successfully described
even on machines of different sizes by the Greenwald limit fifw = it < j > (H is the
plasma elongation and < j > the area averaged plasma curfent density) [1]. It is origi-
nally developed for L-mode discharges with only intrinsic impurities without additional
impurity injection. A pronounced feature is its heating power PM“: independency. Since
the ITER concept aspires an operation density slightly above this limit (N 1.3 fifw), one
needs reliable scenarios to overcome it without deterioration of the energy confinement
time. The H—mode is, therefore, the preferred operation mode. Additionally, the divertor
has to be protected against thermic overload as can be caused e.g. by strong ELMs.
One possibility is here the addition of impurities which radiate in the edge and remove
the power poloidally uniformely as much as possible. Moreover, this methode aids the
development of divertor detachment. Since both the H— and L—mode density limit is
commonly believed to be an edge physics effect, We focus our studies on the boundary.
The L—mode density limit is quite well understood as a thermal instability limit (Marfe)
and increases moderately with heating power [2]. The physics of the H—mode density
limit, which is found to be nearly independent of heating power [2], is on the other hand
still not completely unraveled. One explanation recently proposed by FW Perkins [3]
connects it with the reach of the ballooning limit, i.e. critical pressure gradients, in the
edge. Another attempt is discussed by K Barnes [4] who correlates the limit in both the
L- and H—mode with the achievement of full divertor detachement.

This paper deals mainly with the comparison of edge parameter characteristics of
conventional gas—puff refuelled IL and L—mode discharges with and without auxiliary
impurity seeding. Especially, the density and pressure behaviour will be discussed.

Discharge Parameters and Diagnostics :
Our investigations concentrate on lower single null discharges (R = 1.65 m, a = 0.5 In,
re ~ 1.6) in deuterium with plasma currents of 0.8 MA (low Z") and 1.0 MA (high
79,”) applying up to 10 MW NBI heating power. The corresponding safety factors qss
vary between 3 and 4. The line averaged electron density fie ranges between 0.8 ~ 102071173
and 1.2 - 10mm”, Highly radiative mantle discharges are performed by injecting mostly
Neon gas into the main chaimber.

The edge densities and temperatures mainly presented are measured by a Li-heam
diagnostics, measuring the local density slightly below the outside midplane and the
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Thomson scattering diagnostics measuring ns and Te vertically in the outer lower plasma.
zone.

Experimental Observations :
The H—mode is generally accessible when the power flowing across the separatrix into the
boundary Paep = PM“ — Prbg‘é" exceeds a certain limit depending on density and toroidal
magnetic field 13:31:}; 7. c . fie B, where the constant c depends mainly on ion species-
and ion VB drift direction [5]. Closely above the threshold the H—mode is characterized
by high frequency type-III ELM’s (8 umM/a Pm. < 0). Deeper in the H—mode the ELM
activity changes to low frequency typeI ELMS (a VELM/a Peep > 0) [6].

H-rnode L—rnode aodg L-In
M 0.8 fi : $11 4 pe(r ~ 0.48 m) i M500i e ' ' km; 74" "V t - kPaim

. — 100
: h
i 0
: eV

1 “ 400

1 200NM ..

“Wu
14/
i
l _

“235
llllllllli’l\ ollllllllill‘l01

15 1.7 1.9 2.1 2.3 2.5 1.5 1.7 1.9 2.1 2.3 2.5
Time[s]

Figure 1: This is an example of a discharge which is successively driven by strong deu—
terium pufi’ing into H— and L-mode density limit. The’verticnl dashed lines indicate the
H—+L4n0d€ back-transition, Le. the non—disruptive H—mode density limit.

We start with a typical example to reach the density limit in both the H— and L-mode
via intense deuterium puffing (see Fig. 1). Since the heating pom/er is well above the
threshold the first phase exhibits typed ELMs. In parallel, strong gas—puffing leads to a
smooth increase of fig. The attached divertor regime at low and medium densities alters
to detached phases in between ELM’s as seen by the drop in the baseline of the 05.? signal
from 2.3 s. During the ELM’s, however, the divertor still reattaches. From about 2.48 s
the ELM7s exhibit type-HI character and the related power flux to the divertor is strongly
suppressed. When the power into the edge or the edge temperature falls below a. certain
value, which coincides with detachment also during type—III ELMs, the discharge falls
back into the [rmode (here at z 2.54 s). The correlated densities are associated with the
H—mode density limit [2]. The fraction of totally radiated power to heating power varies
between 6070 % and 38;] remains below about 2. After the transition in the L-mode
the divertor reattaches sometimes depending on the edge parameters. If the endeavours
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to increase fie continue, an X—point Marfe develops, grows into the bulk plasma and the
discharge disrupts (L—mode density limit) [2]. Applying additional impurity injection,
this H/L—mode—disruption sequence is qualitatively very similar, but ‘21” and radiation
fraction is significantly higher with 3-4 and 80-100 %, respectively, and the density profiles
are much steeper. The electron temperature profiles, however, are quite insensitive to the
regime and depend mainly only on the safety factor.

Focussing on the edge and mostly on the low 76;; cases, the local separatrix densities
nfi” are found to rise stronger than the line averaged densities up to the phase where
the divertor starts to detach. At the H- and L-mode DL the separatrix density behaves
like a?” cc a: reflecting the strong broadening of the density profile towards high
densities. In parallel, the density decay length A5013 and the line averaged density in
the scrape-off layer (SOL) fifOI’ increase in the early 5, ramp, but saturate close to
the H——>L—mode back—transition. This satiation effect is clearly seen if one studies 77:05
and ABSOL as function of the neutral particle flux densities. Separatrix densities and
77f“ and A5” of both 11— and L~mode show a common linear relationship (see Fig. 2).
Typical SOL density decay length are 3-5 cm. Impurity seeded discharges exhibit in
the bulk as well as in the SOL (see Fig. 2 b) noticeably more peeked profile shapes.
Furthermore, the electron pressure and its gradients Vpe increase with P5,“, respectively
Pfiep- The gradients close to the edge in typed ELM phases are found to be nearly
constant, Vp,(0.46m S r S 0.50m) m const. At higher density in type—III ELM phases
the pressure as well as Vpc is clearly reduced and the pressure profiles tend to flatten
towards the separatrix Vp:(r ~ 0.49m) < Vp,(r ~ 0.47m), see Fig. 3. Further
edge data not restricted to density limit discharges are presented at this conference by
W Suttrop [7] and J Schweinzer [8].

05 Mr . f 8 fi fl .
L- H-

"""""‘in+‘ Mm fimlm]H 0.4-.1. 6.
as 03l—
2 4
H 02 -
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“=5 0.] -
a) , b)

0 4 b I 0 l l I

0 02 0.4 0.6 o 02 0.4 0.6
:11” [102° m'3] nfp [102° m4]

Figure 2: Relation between the sepamm'e density and the SOL density and decay length
at the density limit in difl'erent regimes.

There exists another small operational window to reach line averaged densities in the
vicinity of the Greenwald limit without external gas-puffing. Slightly above the L—v
threshold at low power fluxes the type-I ELM frequency can he so small that the good
H-mode confinement leads to an increase of “fie up to the Greenwald limit. In our case fre-
quencies below 100 Hz are necessary. Owing to the missing gas—puff and the correlated low
recycling level the confinement is despite high We not degraded. The achieved 5, are even



1392

120~ V92 (r ~ 0.47 m) w Vpg (1' ~ 0.49 m) -
a ‘ 4+ + “ + ‘s so- an -- +. »s - ° -» t +1: -. 0i 40» ”+0, % :1 El 0 7» + +-l,><x>( D

-

egg '3
- °..~g§’u§ * _

o . . . . a) mi” . . n . . b)
I) 2 4 60 2 4 6Pup {MW} P... [MW] ‘

Figure 3: Measured electron pressure gradients in the edge at the density limit in difierent
regimes. The critical gradient for ballooning modes is m 110 kPa/m and m 1’70 kPa/m
for 0.8 MA and I IVA discharges, respectively.

slightly higher than those produced with strong deuterium puffing. Edge densities and
detachment behaviour are, however, clearly representative for low recycling discharges.

Summary :
In ASDEX Upgrade absolute densities in the range of the ITER operation point have
been established with pure gas—puffing. In the H—mode the density limit is proceeded by
divertor detachment in between type-l ELMS and successively a. transition to type-III
ELM phase with clear detachment. The edge densities and related scale lengths in both
H— and L-mode show common behaviour and saturation with developing detachment. The
saturation can partly be attributed to the reduction of the penetration depth of neutral
particles in the SOL [9]. The pressure gradients are reduced during the approach to the
density limit and do clearly not reach the critical pressure gradients for ballooning modes.
Additionally, the measured pressure gradients do not seem to Scale like m-L oz 11,2 as
the ballooning mode scaling suggests. The H—mode confinement is, in addition, noticeably
reduced close to the H-mode density limit [2].

It is unprobable that the operational window connected with low ELM frequencies
for achievement of high hull: densities can be used in ITER, since it is very restricted in
heating power and the divertor heat load is not mitigated by detachment. In general, the
edge data. show a stronger correlation of the DL with divertor detachment than with the
reach of critical pressure gradients. i
References :
[1] M Greenwald et al, Nuclear Fusion 28, 1988, 2199
[‘2] V Mertens et al, IAEA, 1996, Montreal, IAEA—F1-CN—64/A44
[3] FW Perkins et al, IAEA, 1996, Montreal, IAEA-CN-64/FP-24
[4] K Borrass et ai, Nucl. Fus., 37, 523 (1997)
[5] F Ryter et al, Physica Scripta, 51, 1995, 643
[6] H. Zohm, Plasma. Phys. Control. Fusion 38, 105 (1996)
[7] W Suttrop et al, this conference
[8] J Schweinzer et al, this conference
[9] J Stober et a1, Controlled Fusion and Plasma Physics (Proc. 23rd Europ. Cont". Kiev
1996) 200 III 1023
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Investigations of tungsten in the central plasma of ASDEX Upgrade
K. Asmussen, R Neu, R. Dux W. Engelhardt K Fournier'. J.C. Fuchs K Krieger

J Rice~ V. Rohde D. Schlogl M Sokoll, A Thoma, and the ASDEX Upgrade Team

Max-~Planck-Institut fin Plasmaphysik, EURATOM-Association, Garchjng, Germany
[ Lawrence Livermore National Laboratory, Livermore, Ca., USA

2 Plasma Fusion Center, Massachusetts Institute of Technology, Cambridge, Ma, USA

The tungsten concentration CW in the main plasma ofASDEX Upgrade was determined by ob-
servation of the quasicontinuum structure of W in the 5 nm region. The calibrated intensity
of this structure was used to monitor the tungsten inventory in the main plasma. Tungsten
concentrations as low as l0'6 were detected by means of spectroscopic observations in the
VUV—region. In 85% of all investigated discharges CW were found to be below 2 < 10'5. Cor—
relation studies were performed to investigate the dependence of CW on plasma parameters.

Identification of tungsten and determination of CW

The tungsten divertor experiment at AS— 40°F 3
DEX Upgrade [l] offered the possibility to l measured spectrum
test tungsten as a plasma facing component 300% l“
under fusion relevant diveitor conditions. a: E
Of major interest was the resulting con- 3.320% “Mg 15““? i
centration CW in the main plasma and the g ‘fymmpflyfm
dependence of cw on other plasma parame- é ”JOE Lquas‘cmmuum
ters. In preliminary studies tungsten was " 0E“ 39/17 j
injected into the plasma by means of laser E \mfi‘wn—k 3
ablation. The temporal development of the 400i comp- “ “my?“ .Hxx‘nxho 3
total radiation measured by a bolometer “'0 4-5 5‘0 5‘5 3‘0 6-5 W

' wavetength (um)
camera Sysmm allowed to subtract the Fig. 1: Determination of the tungsten i'izvemwjv in
background radiation and to obtain the the main plasma by a fit oj'rhe VUV spectrum at
total tungsten radiation. A comparison about 5 nm The calibration of the intensint (1.” -‘r
of the measured radiation PWmeus with c“) was done by compo] isi'mi with the total tungsten

. , . radiation after ll laser ablation
calculated radiation losses pm” [2] yields
CW 2 P;y.;,m_./(pmmlcvn§ ). In a fusion experiment with a continuous source of tungsten like
the W divertor at ASDEX Upgrade it is not possible to subtract the background radiation of
the plasma to get the weak tungsten radiation. Therefore a spectroscopic method was used to
detect tungsten and to determine its concentration in the main plasma. The observation of the
plasma was performed by means of a grazing incidence spectrometer with a time resolution
of up to 5 ms and a spectral range 4 run - 30 nm. Additionally a Bragg—crystal-spectrorneter
was used to investigate the x—ray—region at about 0.7 nm. In these wavelength regions single
lines of Br— to Ni—like ions could be observed[3], which occur only in additionally heated
plasmas because of the high ionization energies. The usually dominating spectral structure
in both ohmic, L- and H-mode discharges, however, was the tungsten quasicontinuum at
about 5 nm, which is emitted by W—ions in the neighborhood of Ag-like tungsten (W27*)[4].
Therefore this structure was used to monitor W and to determine cw. In order to get a
quantitative information a regression with several sample spectra was done to simulate the
measured grazing incidence spectra. The method is demonstrated in fig. 1, which shows in
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the upper half the input spectrum together with the fit result and in the lower half the sample
spectra (background, B-, C-, O-lines, W quasic., and W single lines). The intensity Irv of the
quasicontinuum was calibrated by means of CW determined from the total radiation losses in
W laser ablation discharges. The obtained concentration is valid for the plasma shell with
Te m I keV. The thickness of the emitting shell decreases in discharges with high central
Te, because it is shifted to the plasma edge. Therefore a correction factor has to be applied,
which is in the range of 05—2. The concentration determined by this spectroscopic method
in W laser ablation discharges agrees within 50% with the concentration determined with
the help of the bolometer camera system for discharges with W-LBOi

Correlation studies
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Fig. 2: About85% ofthe observed discharges Fig. 3: Weak dependence of the central W

Show cw below 2 > 10"? densintmz the Why‘lzocfi‘om the a‘ivertorplates
(special plasmas are shaded gray)

Fig.2 shows the distribution of discharges as a function of maximum CW of the discharge.
About 85% of all investigated plasmas show tungsten concentrations below 2 - 10'5 (75% be—
low 1 - 105), CW almost never reached values which influenced the chosen discharge pro»
gram. Only in a very few discharges with special parameters (co—injection, low voltage of
the neutral beam heating, improved confinement regimes after switch oil" of NBI beams) car
was higher and the radiation Was sometimes strong enough to cause hollow Te—profilesi Sev-
eral plasma parameters, eg. plasma current, toroidal field, He, etc., were investigated with

respect to their influence on CW. The lack of clear dependences indicates that the transport
of tungsten is influenced by parameters which were not considered in the global analysis (cf.
[5]). Especially the dependence of the W density my : Cw‘ng on the tungsten influx caused
by erosion of the divertor plates is obscured by the transport history which the tungsten ions
have already experienced on their way into the main plasma. This is elucidated in fig. 3, where
my is shown as a function of the net tungsten influx from the divertor plates 1“"n which is
calculated from the intensity of the dominating WI line at 400.9 nm (the tedeposition of the
sputtered W is considered)[6]. Although there is an increase of mg» with increasing Twig-V the
spread of the data points is rather broad.
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A somewhat clearer dependence was found -—-—
on the density peaking and on the neutral flux h'm‘me discharges - 3&1m 1
density in the divertor region in case of H-inode ls-Od . . l A >4Mw. neon i
discharges. Fig, 4 and fig. 5 show the correlation g .,"' ‘ ;
graphs for these two parameters. In the case E . ", . A ‘
of ohmic and L~mode discharges the weak Eta-05; ' ‘3‘ M A
dependence is caused by the detection limit g :."' A
of the spectroscopic observation, For H—mode '
discharges CW increases with the density peaking “+06 \ 7
(which could be a result of neoclassical effects) WET—(T‘Tm-FE‘MT
and decreases with increasing neutral flux den— fiallow/ma)
sity. The later effect is demonstrated in fig. 8 1173- ‘? Co’npm'siwwfcw as affinfltm" ofne
which shows the time traces for several plasma for dflemnH'mOdeplasms'
parameters for #7923, At about 3 s the flux density of the neutral increases and at the same
time cw decreases below the detection limit.

The influence of the density on cw is demonstrated in fig. 6, The dashed line marks
again the detection limit of the spectroscopic method. The decrease of CW with density is
more pronounced for plasmas with lower heating power (grey/black circles). In CDH—rnode—
discharges, however, there seems to be no decrease with the density. This effect can be ex-
plained by the density peaking of the rig—profile, which is usually observed in those plasmas.

An example of a discharge with very good confinement is given in fig. 7. The H-factor
(ITER89P) in this discharge was above two. After the start of the neutral beam heating
(5 MW) the tungsten reaches very rapidly the T6 = 1 keV shell of the plasma, which is lo-
cated at pm} a: 0.8 (W45 signal). The transport of tungsten to the plasma center, however,
is very low. This can be seen from the temporal behaviour of the intensity of the isolated W
lines (n -signal, see fig. 1), which reaches its maximum 200 ms after the start ofthe NBI. Al-
though energy confinement is good for these conditions, the maximum concentration remains
below 2 ' 10‘5 and no accumulation occurs.
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Summary and Outlook

The concentration CW of tungsten in ASDEX Upgrade discharges in the plasma shell with
Te m 1 keV was determined from the intensity of the quasicontinuum structure ofW at about
5 nm. The intensity c of this structure was calibrated by comparison with the intensity c
during W laser injection experiments and theoretical radiation losses. In 85% ofall discharges
(ohmic, L— and H—mode) CW was below 2 - 10's. The dependence of cw on the W influx from
the divertor plates was found to be very weak. This indicates a dominant role of the edge
and main plasma transport. The remaining discharges with higher W concentrations could be
identified as special scenarios (Co—injection, low NBIwoltage, high triangularity, improved

confinement after reduction ot‘NBI-power, and density peaking in H—mode plasmas). A re-
duction of cw could be achieved with increasing plasma edge density.

The tungsten transport into and in the main plasma will be investigated by means of cal—
culations with the transport code STRAHL [4]. Necessary W profiles will be obtained by
means of the lines of the Brw to Ni-like tungsten ions in the plasma center and and the quasi—
continuum at the plasma boundary. The influence of the divertor retention on the central W
concentration will be investigated with a W(CO)6—Probe. which is able to inject W both in
the divertor region and in the boundary region (mid plane) of ASDEX Upgrade.
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Ion Dynamics Observed by High Resolution Spectroscopy
in the ASDEX Upgrade Divertor I and II

J. Gafert, D. Coster", C. Dorn", B. Napiontek“, U. Schnmacher,
NBI—Team" and ASDEX Upgrade-Tcarn'

Institut fiir Plasmaforschung, Universitat Stuttgart, Pfaffenwaldring 31
D~70569 Stuttgart, Germany

* MP1 fur Plasmaphysik. EURATOM Association, D-85748 Garching, Germany

1 Introduction

For the optimum control of plasma power, fuel gas, impurities, and helium ash in future
fusion reactors it is necessary to study divertor physics in present—day fusion experi—
ments carefully. These studies have to combine detailed modelling with experimental
investigations of the spatial and temporal distributions of density, species composition,
temperatures and flow velocities of ions. High resolution spectroscopy in the ASDEX
Upgrade divertor I was demonstrated to be a suitable technique to obtain experimental
information on the spatial and temporal behavior of the dynamics of atoms and ions,
1. e. on their temperatures and flow velocities. Combining poloidal lines of sight (J. E)
with toroidal ones directed along and opposite to the magnetic field lines the atom and
ion dynamics in the area between the outer divertor tiles and the X-point as well as in
parts of the inner divertor were studied using high resolution spectroscopy [1] The highly
resolved emission spectra are not only determined by the Zoe-man splitting, but also by
Doppler broadening and Doppler shift, from which the temperatures and flow velocities
can be deduced, respectively. By this means the dependencies of ion dynamics on different
discharge conditions of ASDEX Upgrade were analyzed [2].

2 Experimental Results on Ion Dynamics in the ASDEX Upgrade Divertor I

Making use of a 2D-CCD camera and a FastieEhe-rt spectrometer with Echelle grat»
ing, highly resolved emission spectra of atoms and ions emitting along up to 74 lines of
sight (perpendicular, parallel and antiparallel to the magnetic field) were recorded. The
characteristic features of these measurements are:

t The Hei line —- as a means for probing neutrals not coupled to the magnetic field
lines m does not show a significant Doppler shift in ASDEX Upgrade discharges with
an attached highly recycling divertor plasma. Hence, the corresponding velocity distri-
bution is isotropic with respect to the poloidal and toroidal lines of sight and, therefore,
no preferential flow of neutral helium parallel or perpendicular to the magnetic field
lines is observed.

0 The emission spectra of all impurity ions show pronounced Doppler shifts due to their
coupling to the magnetic field lines. The flow velocities are directed towards the target
plates in the outer as well as in the inner diVertor.
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Figure 1: Dependencies of Cz+-ion dynamics on L- and H—mode as deduced from highly resolved
CHI—spectra 03346511111). Toroidal magnetic field Bf = —2.5 T4 Plasma current 1,, = 1.0 MA. (8.)
Neutral beam injection power, (b) neutral divertor density (full line) and line averaged midpiane

electron density (dashed line), (c) CN—flow velocities toivards the outer divertor plates and (d)
the (IN-temperatures as a function of time.

0 Due to the matrix—iike arrangement of the lines of sight it was possible to determine
ion speeds in the outer and in the inner divertor: CH—ions flow with the same speed
(N 11 km/s) in the inner divertor (m 200 mm above the plates) as in the outer divertor
(re {50—-100) mm above the plates).

0 Comparing LA and H-rnode phases significant differences are observed in the ion dynam-
ics that are illustrated in Fig. 1 for two ASDEX Upgrade hydrogen discharges. Using
different NBI powers (Fig. 1a) and gas blow scenarios well defined L-H-transitions could
be performed with the midplane electron density (fie) staying nearly constant in time
and the density in the divertor (ngw, Fig. 1b) increasing in the L—rnode. The pal-aw
meters obtained from numerical fits to the CHI spectra (Am465 nm) are plotted in
Fig. 10 and d. In both discharges the flow velocities of the CH-ions (Fig. 16) show only
small variations between 10 km/s and 13 km/s in the L—mode, while they increase up
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to 20 kin/s in the H—mode with the scatter being caused by the integration over ELMS.
A similar behavior is seen for the temperature of the C2+~ions (Fig. 1d): The values
during the L-mode phases are clearly lower than in the H~mode and remain nearly con-
stant. In the H—mode, however7 the Cz+wions are w most probably due to the ELMS —
heated up to about ‘20 eV. Concerning the [rmodes of the two discharges, the C“—
temperature for # 8634 (m 106V) is about a factor of 2 larger than that for #8633
(5-2 5eV). The reason is the approximately doubled density in the divertor (Fig.1b)
that leads to the observed reduction of the temperature by roughly a factor of 2.
The large range of the data in the H—mode is a consequence of the ELMs that can
not be resolved completely due to the integration time (1 ms) of the 2D«CCD cam-
era. Nevertheless, by a more detailed correlation analysis of states of constant plasma
conditions, a reduction of the CH—velocity with increasing CHLintensity is found. If
an ELM causes the amount of carbon to rise, then the reduced velocity m averaged
along a toroidal line of sight — can be considered as experimental evidence for the
backfiow of ions from the divertor plates.
the experimental results referring to the L—mode phases of these and other discharges
were compared to the results of B2~EIRENE code calculations [3] for similar conditions
in the L—mode. Although these simulations were not especially adapted to the corre-

sponding ASDEX Upgrade discharges, the CH-velocity from B2~EIRENE is only 50 %
too high, and the ranges for the ion temperature overlap nearly completely

3 ASDEX Upgrade Divertor II: Changes, Improvements and Goals

As described before, the lines of sight in divertor I were arranged in a way to cover both

the outer and a part of the inner divertor area. Although this setup was advantageous
in many respects, it has a disadvantage resulting from the chord integration that compli-

cates the interpretation of the measured data. For the toroidal lines of sight, the intensity

contributing to a spectrum is collected from two regions (in the outer divertor) with dif-
ferent distances from the target plates. This leads to a limitation of the spatial resolution
and is probably the main reason why the expected differences during and between ELMs

did not yet show up as clearly as desired. Therefore, for the changed geometry of the

ASDEX Upgrade Divertor II, the toroidal lines of sight were designed on the basis of
B2—EIR‘EN E calculations and optimized to run mainly through one emission region only.

The projections of 12 of these new chords into a poloidal plane are plotted in Fig. 2 to-

gether with the calculated magnetic flux surfaces. The lines of sight m- especially those

in the outer divertor m are to yield flow velocities and temperatures of several ions with
a Sufficient spatial resolution now. As in divertor I, there are again some lines of sight
viewing w through the X—point w into the inner divertor, from which information should
be obtainable on the velocities there.
In addition, 105 new poloidal lines of sight were installed which are illustrated in Fig. 3.
In the outer and in the inner divertor area, there are mainly two observation systems,
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into a poloidal plane; the outer and inner di— the target plates can be probed with high spar

vertor area are Covered to allow for Spatially tial resolution; the X—point region is covered by

resolved velocity measurements chords viewing in z—a‘irection.

each consisting of about 20 lines of sight. One set of chords points directly onto the strike-
point tiles, while the other one is oriented upwards (in z—direction) and probes the region
between the baffle and the core plasma. There are several improvements in connection
with this new setup: First, spatial emission profiles can be obtained in the outer and inner
divertor range, thereby determining the location of atom— and ion-emission experimen—
tally with high accuracy. Second, the ion temperatures can. now be measured separately
in front of the outer and the inner target plates. Third, 5 valves have been installed in
this area to blow several diagnostic gases into the divertor, By comparing the spectra of

pcloidally identical lines of sight in sectors with and without valves, the topic of chemical
erosion can be addressed.
Finally, we note that not only all the lines of sight in the divertor, but also chords VieWing
the main plasma can be combined with the spectrometers of different resolution avail-
able. Using this enhanced set of spectroscopic diagnostics, important subjects of divertor
physics will be investigated in more detail, These are, e. g., the ion dynamics on the
timescale of the ELMs, the question of flow reversal, the in~out asymmetry of the ion

temperatures or the nature of impurity production.
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Introduction
Impurity transport studies were conducted in ASDEX Upgrade by injecting short puffs
of He or N6 gas during an otherwise steady—state phase of a discharge. Charge exchange
recombination spectroscopy (CXRS) measurements were used to monitor the temporal
evolution of the radial impurity profiles subsequent to these puffs. Following the tem-
poral evolution of the profiles the diffusion coefficient D and the convective velocity 1)
were determined. The radial profiles and parametric dependences of the particle trans
port coeflicients are analysed in different confinement regimes. Furthermore the dynamic
behaviour of the transport during sawtooth—free discharge periods and ELMs is studied
and compared with model predictions.

Determination of local transport coefficients
Spatially and temporally resolved impurity densities in the core plasma of the ASDEX
Upgrade tokamak are obtained in neutral beam heated discharges from CXRS measure
ments with a set of 14 Viewing lines of sight. The transport coefficients are determined by
first inferring the particle flux F from the measured temporal evolution of the impurity
density profile by inverting the continuity equation in the source free region. The as
sumption of zero sources is only accurate inward of the region of ionization at the plasma
edge (ppd < 0.8 for Ne and ppol < 0.95 fer He). The impurity fluxes are described by the
extended Fick’s Ansatz mm) = "D[r)Vn(r,t) + v(r)7z(r,t) which assumes the particle
flux to be made up of a diffusive flux and an unspecified convective flow which incorpc»
rates any additional terms not dependent on the density gradient. Thus, the normalized
fiux % at a particular minor radius is an offset linear function of the density scale length
2?, consistent with expectations for a trace impurity and time—independent transport co~
efiflcients. From such a curve the diffusion coefiicient is determined by the absolute value
of the slope of the linear regression to the data and the convective velocity by the y—
intercept. To overcome the instrumental noise in the experimentai data, which gives the
main contribution to the uncertainty in the determination of the transport coefficients7
smooth functions are used to fit the temporal evolution and radial profile.

Dependenees and scaling laws for the impurity transport coefficients
Empirical scaling laws for the particle transport coefficients were determined by extending
the previously described flux analysis to 74 different neutral-beam-heated L—, H- and
CDH—mode discharges covering the parameter range: 1.89 < BrnrlT] < 2.691 1.99 <
Rodd/1W] < 9.131 4.49 < m [1019 :33] < 11.75 und 1.15 < mealtime] < 1.90. The
variation range in the plasma current was too narrow to examine any dependence on
this parameter and so the evaluation of the scaling was restricted to discharges with
IF = 1MA. In addition the effect of possible collinearities with the magnetic field could
be eluded, Furthermore, only He and Ne pulses during otherwise steady-state phases of
a discharge Were analysed. This was accomplished by allowing a maximal excursion of
10% in the time evolution of the line-integrated electron density, neutral injection heating
power and energy confinement time.
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In the plasma core region a nonlinear regresasion of the diffusion coefficient yields

DiPp l = 0 2) = 0 293 . Bfi—msaiaoas . Rotivsionze ‘ m—fpsseiomv (l)
0 ' . 01' 0 e »

irrespective of the discharge confinement mode. Within the uncertainties in the determi-
nation of this scaling no significant dependence on the injected impurity species or the
electron density is found. In addition, the difiusion coefiicients are determined to vary
roughly as the square root of the total heating power. They exhibit a marked depen—
dence on the background plasma species and decrease with the toroidal magnetic fieid.
Figure 1a) demonstrates the good reproduction of the measured diiiusion coefficients by
the scaling law of equation 1.
1n the outer plasma region the inferred parameter dependencies show the same tendencies
as found for the plasma core, However the errors of the exponents in this region are
comparable to the exponents themselves and are therefore of no sufficient quality to
determine the dependences exactly. Individual regressions for the different confinement
regimes lead to similar results. In good agreement with the results of gas puff or gas
modulation experiments in other machines, the diffusion coefficient for stationary plasma
conditions is one or two orders of magnitude larger than the prediction of the neoclassical
transport theory over the complete radial range and has a hollow radial profile.
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Figure l: (1: Measured central diffusion coeflicient versus the prediction of the scaling law
of equation I. b: [Measured pinch velocity versus scaling law at the plasma edge. c: Inward
pinch velocity versus diffusion coeflicient at ppol = 0.8.

The inward convective velocity on the contrary only exceeds the neoclassical value at radii
larger than ppol ~ 0.6, where it shows a strong correlation with the diffusion coefficient
(figlc), suggesting that a common mechanism gives rise to both transport coefficients.
For ppol 2 0.6 the scaling of both transport coefficients exhibits similar dependences as
have been put forward for the diffusion coefficient in the core region (tabular in fig.1c),
however, there is a marked influence of the confinement regime 0n the impurity transport
behaviour. This cannot be explained by any parameter dependence and is hidden in the
constant scaling factor. Due to its large relative error no parameter dependences could
be inferred for the pinch velocity in the central plasma.
A comparison of the impurity transport coefficient with published results for the electron
transport {12] points out a good agreement in the absolute magnitude and radial profile
shape of the coefficients as well as a clear parallelism concerning the analyzed parametric
dependencies. Further on a satisfactory correlation with the scaling laws for the energy
and the angular momentum confinement time [3] is found,

Instationary accumulation phenomena in sawtooth-free discharge periods
The impurity transport coeflicients in the previous paragraph were determined in saw—
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toothing discharges and represent sawtooth averaged values. For instationary accumu-
lation phenomena during sawtooth-free discharge periods the impurity transport in the
plasma center shows a different behaviour. The suppression of sawteeth observed in some
radiating boundary CDH-mode discharges is accompanied by the development of density
peaking [4] and a slightly enhanced energy confinement. Simultaneous measurement and
evaluation of the carbon and neon CXRuspectra in addition with Zagrprofile measurements
from the deconvolution of the line integrated bremsstrahlung background radiation shows
that although these phases exhibit a central accumulation of neon and a strong peaking
of the soft x—ray and Zea-profiles the carbon density profile evolution remains unchanged.
The transport analysis in these sawtooth-free discharge periods leads to a diffusion coef—
ficient that reduces to neoclassical values for poloidal fluxes smaller than ppnl ~ V2913; so
0.65. For larger radii the diffusivity is not affected by the sawtooth collapse. This is con-
sistent with the picture that the sawtooth induce a strong convective particle flow inside
and outside the q=l—surface. Otherwise, the measured pinch velocity is not significantly
altered by 'this process.
A self consistent modelling of the impurity transport and radiation with the radial im—
purity transport code STRAHL from the given electron and impurity densities [5] shovvs
that for discharges without sawteeth the central (ppal < 0.6) transport can be described
by neoclassical terms. This modelling, however, predicts also a small but not observed
peaking of the carbon density. Such an inconsistency may be due to the neglected friction
between the impurity species.

Dynamic transport behaviour during type I ELM’S
Due to the limitations of the detection system regarding its minimal exposure and readout
time, the dynamic ELM-behaviour has to be investigated by a special mapping proce—
dure to fasten the effective temporal resolution of the CCD system. This is achieved by
analysing steady state discharge periods and considering each ELM as the consequence
of the repetition of the same event. Using the maxima of the characteristic Ha-Bignal as
the indicator for each ELM a time base can be constructed, which allows the projection
of the density evolution measured in such a phase (up to 200 ELM’S) onto one unique
event. To obtain the real temporal behaviour of the density over an ELM the mapped
signal is deconvolved with the CCD~exposure function. The study of the edge transport
behaviour is restricted to helium, because the described analysis is only accurate inward
of the ionisation region of the observed impurity.
The ELM’s are described by an enhancement of the particle diffusion coefficient from
D E l 1?; up to Dmax m 6 1"; in combination with an outward directed convective flow with
a pinch velocity in the order of +15 1} [fig.2b). However, the contributing of each term
to the total particle flow is ambiguous. The rise of the transport coefficients is localized
in a N 10 cm wide layer inside the separatrix. The given error bars include the statistical
uncertainity in the evaluation of the transport coefficients from the F}°"“~8n‘§°"“—plots.
The density relaxation after the ELM collapse (dashed lines) is found to be well described
by the same set of transport coefficients as derived from gas puff experiments (dotted
lines). The pronounced decrease of v in the region outside ppol = 0.95 is possibly due
to not neglegible source terms in the continuity equation, The Hrs—transport coefficients
derived for this region should therefore be treated with care.
The transport coefficients are compared with measurements of the effective electron diffu-
sion coefficient and heat conductivity (fig.‘2c). The time evolution, the absolute magnitude
and the localization of the different measurements is found to be in good qualitative and
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Figure 2: Measured difi'usion coefficient a) and pinch velocity 6) for an ELM. c) shows a
comparison of the eflective He-dzflusivity with values for the electron, diffusion coeficieni
and heat conductivity.

quantitative agreement (Diff: 73 D? m xfifi), suggesting that a strong link exists between
thermal, electron and impurity transport during ELMs, The driving mechanism should
therefore be of convective and ambipolar nature.
The predictions of model calculations based entirely on parallel particle fluxes along stc»
chastic magnetic fields during magnetic ELM precursor activity correspond quite well to
the experimental data of COMPASS—D [6] and ASDEX Upgrade [7]. The magnetic perw
turbation is assumed to be created by helical perturbation current filaments which are
modelled to match the phase and amplitude of the ELM precursor signal measured by
the Mirnov diagnostic. Subsequent field line tracing shows an ergodization between island
chains and in a radial transport enhancement due to parallel particle motion along the
radially excursing field lines. However the achieved good quantitative agreement between
model and measurement has to be treated with care because the calculated heat con—
ductivity is based on the transport formula of RechestenRosenbluth [8] which describes a
conductive and non ambipolar process. This is inconsistent with the experimental results,
which exhibit almost equal thermal and particle transport rates. Nevertheless, an exten—
sion of the former model including nonlinear bunching of the electrons [9] shows that the
edge electron heat flux can be convective and ambipolar constrained and described by a
Rechester-Rosenbluth diffusivity, but with the slow ion thermal velocity as the streaming

2 '2 r . . 4factor X1 = 01.1%a (77:?) . The determination of the fluctuation phase veloc1ty u = f
will be pOSSible with the new extended magnetic coil arrangement at ASDEX Upgrade
and a quantitative comparison of the modelling results to the experiment is expected.
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Introduction
During the tungsten divertor experiment at ASDEX Upgrade the global tungsten concen-
trations in the main plasma cw showed only a weak correlation with the WI—fiuxes in the
divertor. This implies a strong dependence of the particle confinement time of tungsten
on the plasma parameters. A decrease of cw with rising plasma density and heating power
and particular discharge scenarios with the tendency for tungsten accumulation could be
identified [1]. In this paper a strong decrease of the tungsten confinement on the impurity
concentration of light impurities is demonstrated Nee-classical transport in the edge of
the confined plasma might eXplain this dependence and has been investigated using the
radial impurity transport code STRAHL.

Dependence of tungsten transport on carbon concentration
To asses the effect of light impurities on tungsten transport in the main plasma a type-I
ELM’y H-mode discharge with a strongly varying carbon concentration has been investi-
gated. The parameters for this deuterium discharge #8503 are PM = 7.5MW, B: = 2.5T,
[p = 1MA‘ (195 = 4 and 72.4. m 8-1019m”3.
Fig.1 shows the temporal behaviour of the Wdensity (pw. = 0,75)0 C density( ppm '—' 0.75)

I .tungsten flux in the divertor and at the a' 1:
mid“ lane, and of the carbon and tun stem ,7 ”n M

p . g E 5 s 5 WWdensmes in the plasma bulk. so 4 :D 4 If

The density of fully ionized carbon in V 2-. V 2 M
the main plasma was determined from on 0
charge exchange spectroscopy on 16 line— 5 Wlflux divenDr Wflux amid-Plane
of-sights covering the whole plasma cross 4 4/
section. The neutral tungsten influx at :m 3 AN/ ;3 2 . .
the outer divertor plate was measured with 25 2 N], 95 V»

. . . . c . e 1
a poloidally scanning Vi51ble spectrometer 1‘- 1 v i
[2} and the data points are the maximum 0 0P ,

2.0 2.5 3.0 3.5 4.0 2.0 2.5 3.0 3.5 4.0
values for every scan over the outer tar- "mats; “mam
get. The particle flux was calculated from
the photon flux using S/XB-values from
laboratory measurements [2]. The time
trace in fig] represents the net influx by
subtracting the calculated part of prompt
redeposited particles [2] The net influx
amounts to z 10% of the total influx. At
the mid—plane the tungsten flux has been

Figure 1: Time traces of carbon and tungsten
densities in the plasma bulk and tungsten firm:
densities for discharge # 8503. The rising car-
bon density leads to an increased influx of W
in the divertor. However, the W density in the
main plasma strongly decreases.

measured as a function of time using a. rotatable deposition probe. The probe was located
in the open field line region between two limiters. The tungsten density at a poloidal flux
label of ppm % 0.75 was determined from the intensity of the quasi continuum at A a 5mm
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(due to transitions of ions with charge around Z = 28) which was measured by a grazing
incidence spectrometer on a central line—of—sight.
Towards the end of the NI-heated phase of the discharge COD-camera observations show
a bright glow from parts of the ICRH—antennas and the deposition probe leading to a
strongly rising carbon density in the plasma. The rising carbon density is accompanied
by an increase of the WI influx by a factor of m 2 as expected from the dominance of
impurity impact on the sputtering of tungsten [2}. During this phase the tungsten flux
onto the probe at the mid~plane remains constant. The most prominent effect is seen
from the time trace of the W density in the plasma bulk. It shows a strong decrease and
falls below the detection limit at t = 4.03. The line averaged electron density increases
by 15% and the average temperature decreases by 15% during the shown time interval,
while the radiated power fraction changes from 40% to 50%. For t < 3.755 type-l ELM’S
are observed which change to compound ELM’s for later times.

Calculation of tungsten transport due to impurity-impurity friction
The calculations were performed with the impurity transport code STRAHL using the
measured electron density and temperature profiles. Various experimental and calculated
profiles for the time i = 3.63 are given in fig. 2. Electron density profiles result from
defolded interferometric measurements using lithium beam measurements for the density
profile at the plasma edge. Electron temperature was measured with ECE diagnostics and
around the separatrix with Thomson scattering. The anomalous difiuslon coefficient in
fig.2 (equal for C and W) was taken from an analysis of impurity density evolution after gas
puffing of helium and neon in similar H—mode discharges [3]. It represents a time averaged
value including the effects of sawtooth crashes and ELM’s on the impurity transport. In
a first step the drift velocity for carbon no was determined from the measured density
profiles of 06+ for the time interval 13 = 2.0 — 3.6.3. The profile shape is almost unchanged
in this phase and the density change is slow enough to evaluate the drift velocity from
the slope of the density profile in the source free region (pm; < 0.85). Outside that region
110 was simply kept constant at the value of pm; 7- 0.85. The resulting drift velocity is
directed inward over the whole plasma cross section being in accordance with the gas
puffing results mentioned above [3] The value of v0 for ,0“; > 0.85 can not be checked
with the measurement of CH—densities, However, there must be an inward drift to cause
no contradiction between the calculated carbon density profile and the measured electron
density for the time (t > 4.05) with a very high carbon concentration. The drift velocity
was taken to be constant for the whole time interval and the experimentally unknown
carbon influx was adapted to fit the observed carbon densities.
In a second step it was checked whether neo«classical transport might explain the strong
decrease of the tungsten density in the plasma bulk. The total collision frequency of W
is strongly influenced by the collisions of tungsten with carbon (W—C) being a factor of
a 4 more frequent than collisions with deuterium (W-D) for the depicted timet = 3.6s
in fig.2. The plot of the collisionality z/* times the inverse aspect ratio 63/2 shows that
tungsten is in the Pfirsch—Schliiter regime for all radii. Carbon is in the plateau regime
for pm < 0.75 and in the Pfirsch-Schlfiter regime outside, and deuterium is in the banana
regime for most of the plasma cross-section and in the plateau regime for pm; > 0.9.
Thus, the neo—classical transport parameters of tungsten DW and vw are dominated by
the Pfirsch-Schliiter terms. These terms were calculated from the formulas of Wenzel
and Sigmar [4} where the deuterium density np was calculated from the electron density
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considering the dilution due to carbon. The temperature for all species was assumed
to be equal The diffusion coefficient of tungsten due to collisions with carbon is given
by DES = Dgsamrmc/mp where D35 is the diffusion coefficient due to collisions with
deuterium and ac = iicZE/np is the impurityr strength of carbon. The drift velocity of
tungsten is the sum of the density gradient terms of and the temperature gradient terms
UT .

I
X X , ”X

‘1)“ : DPSZVVAX'n—Y

r
X X TX

UT = DPSZW‘HX'T:

with X = C or X 2 D. The dimensionless factors If); and H); are for deuterium K1; R1" 1

and Hg m —D.5 leading to an inward drift for the density-gradient term and an outward
drift for the temperature-gradient term: For carbon these factors are Kg m l/Zo and
Ho m Hp. For typical density and temperature profiles the outward drift due to the
temperature-gradient of carbon dominates all other terms for sufficiently high impurity



1408

strengths ac. In these calculations tungsten could be treated in the trace limit and the
dilution due to W could be neglected.
Two transport calculations for tungsten were performed:
one with DW : Dcm + DW and vW 2: two and another
one with DW = Dun and ’UW : :70. The influx was taken
from the divertor net WI flux density and an estimated
area of 0.57712. The penetration of tungsten into the con-
fined region is determined by the ionisation length, the
parallel loss time and the transport parameters in the
SOL. The parameter set in both cases was adapted to
yield a penetration probability of m 4% in both cases
being in accordance with investigations of the tungsten
flux pattern [5]. When taking the carbon transport pa—
rameters the calculated tungsten density at pm; = 0.75
(dotted line in fig.3) is too high by about an order of
magnitude and the time dependence simply reflects the
increasing influx. The nee—classical calculation shows
the observed decrease, however, the absolute values can
only be fitted when multiplying the nee-classical drift
by a factor of 0.3. For a constant separatrix density of
tungsten the density at pm; = 0.75 is determined by the
integral of v/D from the separatrix to pm; : 0.75. In
fig.3 the average diffusion coefficient and drift in this ra~
dius interval is given as a function of time. Even for low
carbon strengths do the tungsten distribution is hollow.
The lowest graph in fig.3 gives the calculated ratio of
the W density at p = 0.75 to the density at: p = l as a
function of the carbon impurity strength.

Conclusion
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Fig. 3: Ezperimental and calcu»
lated W—alensz'z‘ies for #8503 using
two sets of transport parameters.

It has been shown by these calculations that the influence of carbon on the tungsten
transport can qualitatively be described by neoclassical effects. 0 and W have oppositely
directed drift velocities in the radial range ppol > 0.75 and the tungsten profiles are hollow
for the whole investigated parameter range. The outward drift resulting from the friction
with medium-Z impurities is beneficial for the use of high-Z plasma facing components.
However, the experimental uncertainties of densities. temperatures and carbon strength
in this range and the rough estimate of the tungsten influx do not allow a quantitative
check of the neoclassical transport coefficients.
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Introduction
An important design issue for future fusion devices is the surface material of the divertor
target plates. Besides the proper mechanic and thermodynamic qualities the lifetime of
the target plates should be high [1, 2]. The released impurities should affect the main
plasma as little as possible. In todays devices low-Z materials are uSed to keep the
radiated power in the main plasma low. On the other hand high—Z materials like tungsten
are expected to exhibit a. much lower net erosion due to the low sputtering yield. An
effective prompt redeposition in the local magnetic field [3, 4] helps to keep the impurity
content low. The disadvantage of higt materials is the high radiation power in the core
plasma [5].

Experiments

A tungsten diVertor was mounted in ASDEX Upgrade to investigate its behavior under
reactor relevant conditions [6] The tungsten coated tiles [7] covered more than 90% of
the strike point zone in the divertor. The line of sight of the boundary layer spectromm
eter (BLS) at ASDEX Upgrade was swept over the target plates during the discharges
and visible as well as VUV spectra were recorded. The tungsten erosion was measured
by observing a WI spectral emission line at 400.9 nm, which had a typical intensity of
m 10'“2 Win—2y“): The S/XB value was used to compute the influx of neutral tungsten
atoms via PM” = S/XB >< l‘phomm S{'XB was derived from a separate laboratory ex—

periment for the temperature range 2...18 eV. To obtain values above 20 eV an oven was
inserted in the ASDEX Upgrade divertor to sublime VV’fiCOk at the strikepoint position.
Comparing the emission intensities of WI and OI] yields the S/XB ratio.

The particle flux to the target plate is derived from thermographic measurements and
from flush mounted Langmuir probes in the divertor. The presented data were measured
in plasma discharges with divertor electron temperatures in the range from 2 to 60 eV
and power loads to the target plates ranging from 2x10“l to 6x105 Wm”.

Results and Discussion
Figure 1 shows typical timetraces during an ohmically heated plasma discharge. In the

beginning (1—165) the flux to the target plates isplow but a. high plasma temperature
(Taz60 eV) leads to high sputtering values. Later on, the increasing particle flux com-
pensates partly. the drop in the electron temperature (Tc=2[l eV). The resulting spatial
resolved erosion pattern is plotted in figure 2. One can see a rapid drop of the tungsten
erosion at the edge of the tungsten tiles. There is no large radial migration of the released
tungsten atoms. The tungsten emission is peaked at the maximum of the deuterium
flux and at the maximum of the electron temperature. The radial resolved net erosion,
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Fig. 2: Spatial profiles of the WI intensity,
the electron temperature (TE) and the particle
flux (I‘D) at the outer target plate. The tung-
sten emission is radially located at the tung-
sten tiles. The doubie peaked emission profile
can be explained as a result of the convoluted
effects of the electron temperature and the deu—
terium flux. .

the spatial scan tungsten erosion is detected.

determined by probe measurements, also reflects the radial flux pattern [8]
increasing the power load onto the target plates by raising the additional heating power

to 7.5 MW neutral beam injection increases the WI emission by one order of magnitude.

The tungsten erosion drops immediately as the particle flux to the target plates is reduced

and shows no measurable dependency on the target surface temperature.

During a density limit discharge the divertor electron temperature decreases from

60 eV to below ‘2 eV. The tungsten influx drops below the detection limit as the density is

raised. To quantify the tungsten erosion. a variety of plasma discharges with Very difierent

parameters was analyzed, The measured tungsten influx at the strikepoint position was

normalized to the deuterium/ hydrogen flux. The result is presented in figure 3. About

60% of the shown measurements are H-Mode discharges. The lines in figure 3 represent the

results from TRIM sputtering simulations, based on ion beam measurements and taking

into account the energy and anguiar distribution of an isotropic Maxwellian distribution

accelerated in the sheath potential {9, 8]. Comparison of the modeiled data for a pure

deuterium plasma with the experimental results exhibits a significantly higher erosion of

tungsten than for pure deuterium sputtering. Simulations are also done for plasmas with

1% (3+3 or 1% CH. The higher mass of carbon leads to a higher sputtering yield. The

carbon ions also gain an additional impact energy in the range of Ewan“ #1 Z - 3k?!”e

in the sheath potential of m 3kTE. The simulations containing the carbon contribution

are in much better agreement with the experimental data. In summary the experimental

results can be modelled by a divertor plasma with about 0.5% charged light impurities
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Fig. 4: 1 MA attached ELMy H-mode plasma
discharges with Neon pufis. #8026 represents a
typical discharge With a low electron tempera—
ture in the divertor. The tungsten influx is be»
low the detection limit. In discharge #8025 the
divertor electron temperature remains above
5 eV during the neon puff and the time depen—
dence of the tungsten influx correlates clearly
with the time dependence of the Neil] in the
core plasma.

which leads to the conclusion that the sputtering of tungsten is clearly dominated by the
plasma impurities. A similar increase of the sputtering yield by impurities was found for
molybdenum during argon puffing [10].

Additional impurities
The injection of additional impurities can also reduce the electron temperature by an
increased radiative loss. In ASDEX Upgrade neon is typically used for cooling of the
boundary plasma. Figure 4 shows as an example the measurements of two different
attached discharges with neon puffs in the main chamber of AUG. The NeVI signal in
the midplane gives an estimate of the time dependence of the neon concentration.

One discharge (#8026) shows a low divertor electron temperature, in the other one
(#8025) the neon gas puff did not lower the electron temperature below 5 eV. In the cold
divertor plasma of discharge #8026 the additional neon concentration lowers the tungsten
influx. below the detection limit. In discharge #8025 the influx follows clearly the time
dependence of the NeVI emission. The tungsten erosion increases with the additional

neon despite of the temperature and divertor power load drop, which is caused by the
neon injection. The increased erosion is caused by the additional neon. These observations
are consistent with the rapid drop of the sputtering yield of tungsten impacted by Na”,
which reaches a value of 2x10" for plasma temperatures above 20 eV and decreases to

less than 10"1 below 4 eV [3]. In discharges with divertor plasma temperatures below
2 eV, like the CDH-mode, no tungsten erosion could be measured.
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Redeposition
As neutral tungsten atoms are released from E 100 *ESeV
the surface they will be ionized by the divertor % 80
plasma and can be tedepOsited by the gyro— 5
motion in the magnetic field. The fraction E 60
of the ionization length to the effective gyra— E 40 iii-Cell
tion radius determines the fraction of prompt g i ' ~~~~~~~~~~~

redeposited tungsten atoms within the first :3 20 A .........

gyration [3]. Additionally to the spectroscop- E o O 1 2 3 4
ically measured yield for the tungsten erosion, 7mm / 1W
figure 3 shows results for the net erosion, de— , . _. . F1g. 5: Comparison of the measured [*l and
termined by measuring the tungsten loss of _ _ . ’ ‘
probes [8]. The difference in these quanti— predicted (- -) redeposmon of tungsten [3].

ties can be interpreted as prompt redeposi~
tion. For the high temperature point at 406V (112:7K1018m‘3) the net erosion is about
50 0/0 of the initially eroded tungsten The prompt redeposition at lower temperatures
(TC—=15eV.ne:1:<102°n1“3) 15 at least 95070.10 The difference in the redeposition can be exe
plained by the different electron densities of both discharges. The measured values can
be compared with the expected values as shown in figure 5.

Summary

The tungsten erosion in the ASDEX Upgrade divertor has been measured by observing
the WI emission at 400.9 nm. Taking into account the SfXB value the influx is cal»
culated for various plasma conditions. The resulting sputtering yield is in the range of
10"4 for most divertor plasma conditions. The erosion of tungsten in ASDEX Upgrade
is dominated by the intrinsic plasma impurities like carbon. Adding impurities without

cooling the boundary plasma increases the sputtering yield due to the additional impact
energy gained my the particle in the sheath potential. In general the cooling of the diver-
tor plasma reduces the tungsten erosion remarkably, It is experimentally verified that an
efficient Iedeposition can be achieved at high electron densities in the divertor plasma.

8 KRIEGER K. et al. St. Raphael. France, 1996, J. Nucl. Materi, in press.

9 NAUJOKS D. et at, J. Nucl. Mater. 230 (1996) 93.
{10 KURZ, C et al. J. Nucl. Mater. 220-222 (1995) 9631
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Line and Recombination Emission in the ASDEX Upgrade
Diver-tor at High Density

B. Napiontek, U. Wenzel‘, K. Behringer, D. Coster7 J. Gafert, R. Schneider, A. Thoma,
M. Weinlich and ASDEX UpgradeTeam
MaxePlanckJnstitnt fiir Plasmaphysik, EURATOM Association, Garching and *Berlin

Int reduction

The most promising divertor regime for ITER is the detached, high density divertor with
its high radiation losses. Therefore We focus the spectroscopic investigations on this state
to understand the emission properties, the behavior of the intrinsic impurity sources and
the plasma. parameters.
The radiation of carbon and deuterium was investigated by means of a scanning VUV
spectrometer. The spatial distributions of the resonance line emission of carbon and
deuterium were integrated to obtain the total radiation power losses. A small temperature
dependent correction to get the total carbon radiation in the divertor was also included.
The density dependence of the radiated power was measured in a density ramp with
3.5 Ill!W heating power.
Detached divertor plasmas are characterized by
strong hydrogen radiation which can be used for 10 \ 12 14 16 lines at sight (16)
plasma. diagnostics. By these means Spectroscopiv \ I
cal measurements of electron temperature and den—
sity in ASDEX. Upgrade Were carried out which are
comparable to the recent experiments at Alcator
C-Mod [1]. We will discuss the properties of cold,
dense divertor plasmas and describe a. method for
T8 and ne measurements which shall be compared
with results of plasma modelling using the codes
B2-EIRENE.
Despite the very low temperature in front of the Figure l: Arrangement of the 16
plate carbon emission is high in the detached di- polaidal Sightlmes 0f the divertor spec-
vertor. Therefore, we have studied the CD band in _trometer. Another set of 30 Sightiinflé’
the visible to estimate the carbon influx via chem- views the plasma parallel to the outer

target plate.

I ..
laceted lrrnr

ical erosion.

Experiment

Experimental investigations were carried out with two spectroscopic systems. The diver-
tor spectrometer (8. fig. 1) observed the plasma along several sightlines in the poloidal
cross—section. There are 30 sightlines viewing the plasma parallel to the outer target
plate in a distance of 1...90 mm, another set of 16 sightlines is arranged fan-like. The
collected light was fed via optical fibers to a. Czerny-Turner or a FastieEbert (Echelle
grating) spectrometer with low and high spectral resolution, respectively. Several lines of
sight were detected simultaneously by means of a. fast CCD camera.
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The boundary layer spectrometer (5. fig. 2) scanned
the Whole poloidal cross—section. In this way the inner
and outer target plate could be observed. The light
was analyzed by two spectrometers in the VUV and
visible spectral range.

Results: Power losses during a density ramp

The divertor radiation was investigated in an L—mode
discharge with 3.5 MW heating power. By means of
gas puffing. the line—averaged density in the midplane
increased from 4.5 - 1019m-3 to 6.5 - 10197724. The ion
saturation current of Langmuir probes in the target
plates first increased, but then dropped by a factor
of 4 at 3.15 due to detachment. Spectroscopically,
power losses were obtained by summing over the reso
nance lines of carbon and deuterium in the VUV spec-
tral range. In Fig. 3 the results are compared to the
bolometer measurements. The power losses rise with

Figure 2: Schematic view of the
boundary layer spectrometer. A
movable _mirrar allows scanning of
the whole poloidal cross-section

increasing midplane density. The ratio of the carbon to deuterium emission changes from
1:1 to 2:1 during the ramp. Main radiator is the CHI ion. The spectroscopically measured
values lie 30% below the bolometer values, possibly caused by other impurities (0, F7 Cl,
B).
The highest radiated power is observed in the de—
tached divertor despite the very low temperature of
about 18V (s. next section)7 Le. there is no drastic
reduction of the carbon source. The high inten-
sity of the CD band emission even at detachment
suggests the process of chemical erosion. From the
measured band intensity the methane influx can be
calculated. On the other hand, the methane influx
can be calculated using the ion flux to the target
plates measured by Langmuir probes and the yield
for chemical erosion. In Fig. 4 we compare both
methods. The absolute values agree well in the at—
tached phase. During detachment the influx calcuv
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Figure 3: Power radiated in the outer
divertor as a function of the midplane
density: carbon, deuterium and sum of

lated from the measured ion flux deviated signifi~ both, compared with total losses mew
cantly from the spectroscopic measurements. This sured by bolameters.
is probably due to chemical erosion caused by the
flux of atoms onto the target plates.

Results: Recombining plasma

At maximum radiation the divertor is already detached. As indicated by the location of
the emission zones of 0111 and CIV the thermal front position is close to the X~point and
the major part of the divertor is cold.
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Under these conditions we observed the Balmer
and Paschen continuum radiation and line radia-
tion of the Balmer series up to transitions from
level n 14. When the plasma. detaches there
is a. drop in electron temperature and an increase
in electron density and therefore strongly increased
rates for radiative and three-body recombination
(s. [2]). This leads to a strong increase in hydro-
gen radiation. Fig. 5 compares two spectra. at dif-
ferent times in an L~mode density limit discharge
similar to the one discussed above. The ratio of
Balmer to Paschen continuum radiation provides a
sensitive method to measure the electron temper—
ature. During the detachment the electron tem—
perature decreased to 0.8 . . . 1.4 eV in the whole di-
vertor. The electron density was determined from
the absolutely calibrated Balmer continuum emis-
sion giving maximum values of 1 ‘ “Tum—3. From
the spectrum shown in Fig. 5 1.1 10“” m'3 was de—
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Figure 4: Comparison of the methane
influx measured spectroscopically
(dotted line) and calculated from.
the ion fins to the target plate mea-
sured by Langmuir probes which is
given separately as the upper graph.

termined which 18 about a factor of 2 higher than the midplane density.
In order to investigate the optical thickness
of the divertor plasma we measured simulta— mac [n=7H—m=2)
neously LL; and Ha with the boundary layer 15 _ Eigflggtfirllg} ‘
spectrometer. At moderate divertor densities :14 ' launched)

- y a . a c w c sthe ratio of H,z to La intenslties starts to m— «Em 1952mm)
crease with density indicating the effect of op- 310 13 ":2
tical thickness. At higher densities and re- ? B (n: 4 )' g 6 Balmeroontlnuum
gardmg Lm the effect must be even more pro— .‘g Paschan
nounced. Thus in the region of high density 4 out
plasmas, where the observed continuum radi- 2 l; A
ation is preferentially emitted, recombination 360 890
into the ground state via excited states is re-
duced. Therefore we expect that net recom-
bination occurs in the outer zone of the diver-
tor plasma and possibly near the target due
to enhanced recombination rates by molecule
encounters.
The arrays of lines of sight of the divertor
spectrometer allow measurements of spatial
T.3 and n, profiles. Spatial resolution is possi-
ble in the direction perpendicular to the tar-

Wavelength [nm]

Figure 5: Spectra amund the Balmsr series
limit measured with the diuertor spectrom—
eter. The midplane density rises from
4.1 . lllmm‘8 (at 1.18) to 6.7 - 1019m‘“3
(at 2.0 s) leading to fully detachment.
The marked regions of continuum radia-
tion are used for temperature determination.

get plates whereas along the line of sight the emission is integrated (s. Fig. 1). Due to
dependence of the emissivity on n3 the region with the highest density dominates the
intensity. The temperature measurements represent the region with the highest temper—
ature along the line of sight because of the steep dependence of the Balmer to Paschen
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continuum ratio for Te S 26V. Therefore We get upper limits for T8 and 115 along the
line of sight. This is illustrated in Fig. 6 which shows results of the modelling of the fully
detached divertor plasma using BZ—EIRENE [3] compared with the experiment.
Near the outer target plate (within about
10 mm) the modelled mean temperatures
decrease due to the lower temperatures in
the outer divertor. The spectroscopic tem—
perature measurements are dominated by
the inner divertor. Thus the measured spa
tial profiles can only be interpreted as pro-
files of mean values of T.s and us in the emis—
sion zone of the outer divertor at greater
distances to the target plate. Therefore
qualitative differences between the mod-
elled mean parameters and the measure
ments (5. Fig. 6) especially for TI.3 near the
target are to be expected. The agreement
at greater distances to the target plates and
for the electron density is quite good. We
will overcome the problem of integrating
along the outer and inner divertor in the

‘12 "e10 11029:;
7
5

2'0 “a TEEeV]
1.5“:

‘i12 ‘10.8W
o 10 20 50 604O

Elevation [mm]

Figure 6: Modelling (o) and measurements (A,
#8620 at 2.7 s) of TS and ‘ne profiles. The rise
of measured electron temperature near the target
plate is due to the effect of the inner divertor on
has integrated intensity.

new divertor configuration of ASDEX Up-
grade where both parts of the divertor will be observed separately.

Summary

Fully detached divertor plasmas in ASDEX Upgrade are characterized by low tempera
tures Te < 2 eV, high density n5 ,3 1-1021m"3 and radiative and three-body recombination
in the divertor volume. Despite the low electron temperature, carbon influx is very high
caused by chemical erosion. The detached outer divertor reaches about 0.5 MW radiated
power due to both the high influx and the high electron density. Main radiators are
deuterium and CHI.
The ratio of Balmer to Paschen continuum radiation provides a sensitive method for tem-
perature measurements, however, the line integrated values are strongly weighted by the
highest temperatures along sightline. Spatial profiles of electron density and temperature
are in good agreement with first results of modelling recombining divertor plasmas in
ASDEX Upgrade with BZwEIRENE.

References
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Energy deposition at the divertor plates during elmy H-mode and poloidal
and toroidal distribution of heat load on the wall inASDEX Upgrade

A. Herrmann, P. Franzen, W. Herrmann, C.F . Fuchs,
M. Weinlich,ASDEX Upgrade team, [VI-team, ICRH—team

Max-Planck—Institut ffir Plasmaphysik, EURATOM
Association, Garching and Greifswald; Germany

Introduction
A crucial problem of future nuclear fusion reactors is the power handling. The operation of

the next step tokamak ITER demands the handling of about 300 MW a-particle power crossing
the separatrix. An additional difficulty arises from the envisaged H-mode operation, because
this confinement regime is accompanied by edge localized modes (ELMS) which cause short
lasting high power pulses across the separatrix which may be intolerably high. The energy
transport due to ELMs and it’s dependence on local and global plasma parameters has been
carefully investigated in the ASDEX Upgrade tokamalt. Additionally, the poloirlal and toroidal
distribution of the heat load of the inner walls of ASDEX Upgrade was measured time integrated
by cooling water calorimetry.

Energy deposition to the divertor plates during elmy H-mode
One topic of this paper is the energy

deposition onto the inner and outer diver-
tor of ASDEX Upgrade during elrny H-mode
phases as measured by thermography {1]. The
time resolution of the thermography system is
260 rits/line and the spatial (radial) resolution
is 2.7 mmfpixel and 3.2 min/pixel for the outer
and inner Divertor plates. respectively.

In a first step, the frequency behaviour of
the power deposition to the inner plate was
characterized by continuous wavelet analysis
[2]. It was found, that there are qualitatively
two classes for the frequency behaviour of
type-I ELMs - periodic and aperiodic. For pe-
riodic ELMs the frequency is constant if the
discharge conditions are unchanged. Aperi-
odic ELMs show a variation of the ELM fre-
quency by a factor of up to two, though the
global discharge conditions are kept constant.

Both types of ELM-behaviour are under
investigation in this paper but the energy de-
position to the inner and outer plate as well
as the ELM-frequency are time averaged over
about 20 ELM periods. The deposited energy
is the sum of the deposition to the inner and
outer plate, whereas the ratio inner to outer
plate is about 3.
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Fig. l: The ELM frequency increase with the heating powcrr

Figure 1 shows the increase of the ELM-
frequency with the power crossing the sep—
aratrix, PSCP, as it is typical for type-I
ELMs. A linear fit through the origin gives:
ammo ~ 50><Ps¢p<w

The energy deposited per ELM varies be-
tween 2 and 10 kJ/ELM and shows a tendency
to increase with PSep. The energy loss in the
midplane calculated from the electron temper-
ature and the density profile measured in the
midplane by Thomson scattering and Lithium
beam. respectively, is about a factor of two
higher (10—20 kJ/ELM) [3].

The fraction of power transported by an
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per ELM to me target plates is between l-Z%

rear, t.ELM, W is in the order of 30%.
This value isc’independent of Pscp and com-
parable to values of other tokamaks [4] The
same smtegnent holds for the fraction of storedtar :2
energy, Wm—fif— which is in the order of 1—2
% as shown in figure 2. The data under conv
sideration are taken from low radiating dis—
charges with PmP = (0.5 i 0.1) m, From this
and from the fact, that the fraction of trans-
ported power as well as the fraction of stored
energy is constant follows that the ELM fre~
quency is inverse proportional to the energy
confinement time.

"The constant ratio of the stored energy
deposited per ELM to the target plates and
the fact, that the temperature profiles are self~
similar for a wide range of parameters [5],
which is found from ECE measurements, im-
plies that the energy extraction depth is in-
dependent of the heating power and depends
only from the density profile. There is no sig-
nificant difference in energy deposition for pe-
riodic and aperiodic ELMs.

Consequences for ITER. The value for the
fraction of stored energy, which is com—
parable for ASDEX and JET [4], can be
used to estimate the ELM effects on the
divertor for ITER conditions. Assuming a
heating power of Pin=300 MW, and an
energy confinement time of re =65 the
stored energy is W = 1.8 GW and the en-
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ergy loss per ELM transported to the divertor,
AW = 0.02—0.04 GW.

The deposition area is calculated
from the major radius and a power
decay length scaling derived for AS-
DEX Upgrade H-mode discharges [6].
rgtrgflmm): 6.36x 10-3133,15,? (1357 With
xytgt‘nsottmn) : 0.3m and RD—— 8.14m
the deposition area is: Am 2 307212. Using
this value the energy density at the target plate
per ELM becomes. in = (0.7 — 1.3%.

The uncertainty in this estimation is the
contribution of the ITER geometry. While
the fraction of stored energy is found to
be constant for different tokamaics at about
the same value, the decay length scal-
ing is limited to ASDEX Upgrade data.
If the major radius is a hidden param-
eter, the scaling should be modified to:

ITER 0' )- _Atafget(mnl) = (21% ) Azargemt C, With
U

53%: = fi—lg = 4.93, resulting in
w : (4.93)""(0.7 _ raj-11%; Ife.g. the
power decay length scales with PEEP/R0, or
becomes —0.52 and w increases by a factor
of 2.3.

Wether or die high energy density can
be tolerated depends on the caused temper-
ature increase which is given by: AT =
7"—- 7— firw}—m. With a heat conduction of,
K—r 1 2m and aproduct of density and spe-
cific heat of pop — 3 6%}; which are typical
for CFC-material envisaged for ITER diver-
tor plates, the maximum temperature becomes.

M

ATUr’) : 58 x 4:6:)' The resulting tem-
perature increase for a temporal ELM-Width of
At=1 ms, and (i=0 is: AT : (1300 + 2200)K

This values are at the limit but depend
on some uncertain values as or, and the ELM
duration which may change the value for the
temperature increase. If elrny H-mode is an
operation scenario for TTER further on, the de-
cay length scaling found on ASDEX Upgrade
should be checked at other tokarnaks.
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Poloidal and toroidal distribution of heat load
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Fig. 3: Mean poloidal distribution of heat load in ASDEX
Upped: for normal operation conditions r single null

neutral beam heated low radiative elmy H-mode discharges
without disruptions. The acronyms are exploited in the text.

Cooling water calorimetry. The cooling
water calorimetry system at ASDEX Up—
grade (CWC) measures the heat load on
the inner wall tiles (and the vacuum vessel)
poloidally and toroidally resolved, from the
integrated temperature difference of inlet and
return water temperature and the water flow
rate. For each of the main component (lower
outer (DPlo), lower inner (DPli), upper inner
(DPui), and upper outer (DPuo) divertor plates
and the inner heat shield (HS), respectively)
a measuring device for each torus sector is
installed. With the additionally measuring de-
vices at the lower and upper stabilizing loops
(PSLl, PSLu), ICRH antennas (AN) and the
vacuum vessel, CWC covers more than 90%
of the ASDEX Upgrade inner wall. The frac-
tion of the energy measured by CWC to the
total input energy - which should be unit -
amounts to (85i25)%. The large scatter is
due to radiation and charge exchange losses
through ports which are not covered by CWC.

Poloidal distribution. Figure 3 shows the
mean poloidal distribution of the heat load for
discharges with normal operation conditions,
i.e. single null neutral beam heated elmy H—
mode discharges without disruptions and radi-
ated energy fractions below 68 %. In this case,
the lower outer divertor plates receive between
30 % and 40 % of the total input power, re-
sulting in heat loads of up to 1 MJ per sector
for discharges with 10 MW additional heating
power. For the normal conditions, the inner
divertor tiles receive about 15 % of the input
energy. Between 5 % and 10 % of the input
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Fig. 4: Poloidal distribution of heat load in ASDEX
Upgrade in dependence on the radiated energy fraction for

three discharges with otherwise equal plasma parameters. At
the time of these discharges, the heat load on both PSL was
measured not yetnThe acronyms are explained in the text.

energy is deposited on the inner heat shield,
the vacuum vessel, lower PSL and the ICRH
antennas. whereas the heat load on the upper
divertor and PSL is negligible. The heat load
on the outer divertor tiles can be reduced by
radiation in the plasma mantle by a factor of
about 3 (fig. 4), with only a minor reduction '
of the heat load on the inner divertor tiles.
Due to the increased radiation, the heat loads
on the other inner wall components also in-
crease. but this increase cannot account for
the decrease of the divertor heat load due to
loss channels not covered by CWC. The heat
load on the outer divertor files is also reduced
for L-mode andfor disruptive discharges. and
discharges with the ion VB drift towards the
upper divertor plates.
Toroidal distribution. Figure 5. shows as an
example the mean toroidal distribution of the
heat load on the outer divertor tiles, As can be
seen, the distribution is asymmetric, the max-
imum values exceed the mean value by more
than 15 %; however, the position of the max-
ima depends on the discharge conditions. es-
pecially on the direction of the ion VB drift.
For the case of normal operation, Le. II, > 0
and Bl < 0, the direction of the ion VB drift
is towards the lower divertor plates. and the
maximum heat loads are on the tiles in sec-
tors 10 to 13, whereas in the case of the ion
VB drift towards the upper divertor plates, ie.
ID > 0 and Bl > 0, the maximum heat loads are
on the tiles in sectors 2 to 4. Apparently, the
distribution exhibits adominant n = 1 structure
with a smaller n = 2 distribution. The depen—
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Fig. 5: Toroidsl distribution of heat load in ASDEX
Upgrade for normal Operation conditions [see figure 3). The
dashed and dotted lines show results of field line calculations
(see text). The arrow denotes the direction of the shift of the
maximum due Io transport pemcndicular to the field lines.

dence of the heat load distribution on the ion
VB drift, and not on the sign of the magnetic
field, is confirmed by discharges with counter
NI injection (Le. Ip < 0), where in the case
of B. > 0 the same distribution as in the case
of Ip > 0 and B < 0 shows up. The mea-
sured asymmetry in the heat load distribution
on the lower outer divertor plates is consistent
with other toroidal asymmetries observed in
ASDEX Upgrade. After the start of neutral in—
jection, Where the separatrix position was not
much changed, a colored ring was observed
at the outer divertor plates. The center of this
ring was shifted against the geometrical axis
in direction of sector 13. Similar observations
were made by Langmuir probes in sectors 4
and 13: the separatrix positions differ by about
10 mm, also indicating a shift towards sector
13. Furthermore, all locked modes lock also
in sector 13, as observed by the Mimov coils.
All these observations indicate that the mag
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netic axis of the magnetic field coils is some~
what misaligned to the geometrical axis of the
vacuum vessel. In order to get some hints
on the nature of the misalignment, we per-
formed field line calculations, assuming that
the radial transport in the midplane is sym-
metric and that the heat load on the targets is
proportional to the field line density, for two
scenarios with a n : 1 distortion: (a) a shift
of the geometric axis of 5 mm towards sector
13, and (b) tilting the geometric axis in such
a way that also a shift of 5 mm at the outer
target plates results. Both scenarios reproduce
the shift of the separauix position very well;
they also reproduce rather the heat load max-
imum position (see figure 5 ) as well as the
dependence on the ion VB drift direction. if
one considers the shift of the maximum heat
load due to transport perpendicular to the field
lines. However, only scenario (b) — which is
teclmically the more improbable - also repro-
duces the amount of the maximum heat load
enhancement. Hence, the observed toroidal
asymmetries cannot be explained solely by ge~
ometrical effects, but other distortions play a
role also, so perhaps a distortion of the mag-
netic field in the midplane by a not complete
compensation of the iron yokes and the mag~
nets of the neutral beam injection box 10cated
in sector 13. As a consequence for the H‘ER
design, small distortions and misalignment of
die magnetic structure can enhance the heat
load on some special locations of the diver»
tor by 10 % to 20 %, neglecting geometrical
effects.
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Tungsten erosion and migration in ASDEX Upgrade
K, Krieger, H. Major, V. Rohde, K. Asmussen. M. Balden, D. Custer,

J. Roth, R. Schneider, A. Thoma and ASDEX Upgrade Team
Max—Planck—Institut fiir Plasmaphysilr, EURATOM-IPP Association

Garching und Berlin, Germany

1 INTRODUCTION
Tungsten erosion was investigated by observation of spectral lines in the main plasma and
the divertor [1,2] and by measuring material erosion on probes exposed to the divertor
plasma [3]. Tungsten migration was investigated by measuring the tungsten deposition with
midplane and divertor collector probes and by ion beam analysis of a complete poloidal set of
plasma facing vessel components removed after the experimental campaign. The Monte—Carlo
impurity transport code DIVIMP was employed for the interpretation of the measured data.

2 TUNGSTBN EROSION
Net tungsten erosion in the divertor was determined by exposing graphite probes covered with
a thin (l—lOOnm) W—marker stripe oriented in radial direction and measuring the thickness of
the marker before and after exposure by Rutherford backscattering analysis [3], Further, the
flux of eroded tungsten atoms was determined by spectroscopic observation of the respective
line emission at 400.9 nm. For the interpretation of the results, both the particle flux to the
target plates and the energy of the incident ions is required. Direct measurements of these
quantities were provided by a set of flush mounted Langmuir probes.

As expected, significant tungsten erosion was only observed in Operating regimes with
high divertor temperatures like low density Ohmic discharges and H—mode discharges with
ELMs [3, 2]. Figure 1c shows results of a divertor probe exposure in a series of such
low-density Ohmic discharges. The marker erosion pattern is clearly correlated with the
spatial distribution of the WI spectral line emission (Fig. 1b). The Langmuir probe results
for T5 at the target plates (Fig. 1a) show that the energy of the deuterium ions is below the
sputtering threshold energy of tungsten. Therefore, the observed erosion must be attributed
to sputtering by low~Z impurities, in particular carbon and boron. Using sputtering yields
for carbon impacting on tungsten from laboratory ion beam experiments and assuming
a carbon concentration of 1% good agreement with the measured erosion fluxes can be
achieved {2]. Further one observes that the erosion yields derived from the spectroscopically
determined tungsten flux are generally higher than the net erosion obtained from the marker
measurements. The discrepancy is attributed to redeposition of tungsten atoms from the
plasma and to the effect of prompt local redeposition of W’r ions, which occurs because of
the small ratio of ionization length to gyro orbit radius of W+ [4].

For a quantitative interpretation of the experimental results, the Monte Carlo impurity
transport code DIVIMP was used to simulate the tungsten erosion and transport processes.
For the discharge series described above, a two~dimensional background plasma model in
the poloidal plane was created by a BZIEIRENE code simulation. In the given background
plasma DIVIMP calculates the trajectories of an ensemble of tungsten atoms. The tungsten
source was assumed to be due to sputtering by a 1% fraction of (33" ions with an impact
energy of 2Ti+BZTe (2:3). Effects of prompt local rcdeposition, however1 have not been
included yet. The sputtered atoms move along straight lines until they become ionized. Their
trajectories as ions are determined by friction, electrical and temperature gradient forces
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along the magnetic field, and by anomalous diffusion across the magnetic field. The code
follows the ions until they finally become redeposited again at a vessel component. Apart
from the spatial distribution of erosion and deposition on plasma facing surfaces, it is also
possible to calculate spectral line intensities along given spectrometer Viewing chords.
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Figure 1 a) Ion flux and electron temperature along the outer target plate for a series of low density
(he = 2.5 x 1019m'3) Ohmic discharges with 18.7: divertor plasma operation. The dots represent Langmuir
probe measurements while the lines denote results of the respective BZ/EIRENE plasma model. b) WI spectral
line emission above the outer target plate. The dots represent results from the Boundary Layer Spectrometer and
the solid line the result of a DIVIMP simulation. c) Radial profile of tungsten marker erosion along the outer
target plate surface. The dots denote the measured tungsten marker erosion.

The solid lines in Fig. la represent the electron temperature and the deuterium flux at the
outer target plate as calculated in BZIEIRENE. Model and experimental results agree well
within the experimental error of the Langmuir probe measurements, The spatial distribution
of the WI line emission calculated for the viewing chords of the ASDEX Upgrade boundary
layer spectrometer shown in Fig. 1b also agrees very well with the experimental data,
whereas the absolute value of the simulation is approximately 3 times larger, which reflects
the uncertainties in the ionization and emission rate coefficients of tungsten. Outside the
separatrix, the measured net erosion is higher than the calculated net erosion but still below
the calculated total erosion. The reason for the discrepancy are graphite tiles adjacent to
the target probe which lead to a decreased tungsten flux to the probe and correspondingly
to a higher net erosion.

Inside the strike point position one observes significant erosion in contrast to the code
results. This reflects that the probe measurements represent time integrals, while the
spectroscopic results and the code simulations represent a single time slice in the stationary
plasma phase. During plasma startup, the rather hot scrape-off layer sweeps across the target
plate in outward direction to it’s final stationary position leading to the observed erosion
in the area from 16—cm.

3 TUNGSTEN DIVERTOR RETENTION
For divertor retention, i.e. the capability of a divertor configuration to keep impurities from
escaping to the upstream scrape«off layer (SOL) region and to the confined plasma, there is
no unique definition in literature. In the following we use the ratio of the tungsten density
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in the midplane SOL to the tungsten density at the target plates to characterize the retention
capability. We determine the retention directly from measurements in the edge plasma and
at the target plates. The often used method of correlation analysis of target erosion flux and
central tungsten concentration suffers from large uncertainties about the cross field transport
in the confined plasma [1]. Unfortunately, it is not possible to determine the tungsten density

in the edge region directly. Instead, the tungsten flux in the midplane SOL was measured
by deposition probes exposed in the shadow of the ICRH antenna limiters. The tungsten
deposition corresponds to the radial flux of tungsten into the shadowed region. Assuming a
simple model of purely diffusive radial transport, it is possible to extrapolate the measured
tungsten deposition flux from the shadowed region towards the SOL. The target flux was
derived from the WI line emission as described in section 2.
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Figure 2 Correlation ofthe tungstenflux at the midplane scrape-afir layer derivedfrom deposition measurements
to the tungsten erosion flux measured spectroscopically a: the outer target plate.

As shoWn in Fig. 2 the midplane tungsten flux turned out to be proportional to the
target erosion flux independent of the discharge conditions with an approximate ratio of
1/30 between mid plane and divertor. This yields a first estimate of the divertor retention
capability for tungsten For a more detailed analyis, the target and SOL tungsten density was
determined by DIVIMP code simulations with the code results validated by the measured
fluxes. From this analysis one obtains for the low density Ohmic discharges described above
a divertor retention factor of 2 0.01. A fraction of 0.002 of the eroded tungsten atoms
actually penetrates the confined plasma resulting in a core contamination of S 2 X 10“5 in
good agreement with the measured central W—concentration.

With the successful demonstration of DIVIMP as a tool for the interpretation of the
tungsten experimental results, further studies will concentrate on the properties of tungsten
in reactor relevant discharge scenarios.

4 TUNGSTEN REDEPOSITION
The long term migration of tungsten eroded at the divertor target plates was investigated
by measuring the amount of deposited tungsten on a complete poloidal set of plasma
facing surface components removed after the experimental campaign. The samples were
analyzed by Particle Induced X~ray Emission (PIKE) using a 1.5MeV Proton beam and the
amount of deposited tungsten was derived from the intensity of the tungsten L5 doublet
line at 9.68/996 keV.
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Fig. 3a shows the tungsten surface density along a poloidal set of plasma facing
vessel components. All surfaces in the main chamber exhibit a roughly constant tungsten
contamination, which is several times lower than the respective values for copper and iron.
Comparison with results of the previous experimental campaigns yields an upper limit of
IOU/cm"Z W-atoms deposited within 2 3000 5 plasma discharge time. On the other hand, in
the lower divertor, we find up to one order of magnitude higher contamination level with
the peak value near the average strike point location on the deposition dominated inner
target plate (Fig. 3b) and a less pronounced broader maximum in the strike point region of
the erosion dominated outer target plate. Both of these features coincide very well with
the average particle flux in these areas [5]. However, a high level of tungsten deposition
extends onto the graphite tiles adjacent to the W-coated area, which cannot be accounted
for by changes of the strike point position alone.
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Helium Exhaust and Transport in ASDEX Upgrade

H.—S. Bosch, D. Coster, R. Dux, G. Haas, A. Kallenbach, S. de Pena Hempel,
K. Lackner, J . Neuhauser, R. Schneider and the ASDEX Upgrade Team

Max—Planck—Institut {1'11 Plasmaphysik, EURATOM Association, D-85748 Garching

1 Introduction 1 .
One of the important requirements for steady state operation of a fusion reactor is suffi— ‘
cient exhaust of the fusion—produced helium from the core plasma. This, however, involves
two separate but linked processes, namely radial transport on closed flux surfaces in the
core plasma and scrapeoff layer (sol) transport into the divertor, including high divertor
retention to optimize the pumping efficieny by increasing the helium density in front of
the pump duct.

2. Core helium transport
The global helium exhaust time in ASDEX Upgrade has been shown to decrease strongly
with increasing divertor neutral gas density[1], and this is attributed to improved divertor
retention due to neutrals recirculating from the divertor chamber. Figure 1 compares the
helium transport coeflicients as deduced from CXRS~measure1nents for two CDH—mode
discharges (with neon cooling and detached divertor plasma) with different values of the
neutral gas flux density (as a measure of the
neutral density) in the divertor chamber. In 35 , j ,
the discharge with the higher neutral flux den- 3 _ diffusion coefficient .
sity (#6131, (350 = 5.4 X 1022 m‘zs"1), the 2.5~ DHQ [me/Si ‘
global helium confinement time, normalised to 2 _. : ° _
the energy confinement time (ME: = "rm/TE) ;
is 25 % smaller than in the discharge 15- ' #613§ ' _
with lower neutral gas flux density (#6136,
¢0 = 4.0 >< 1022 m‘zs'l), namely 6.4 compared
with 8.4.

The core transport coefficients, hovvever, are
practically identical, as shown in figure 1, as
the slightly higher D3,, in #6136 is in principle
ofl'set by the Vin also being larger. The quan—
titative similiarity of core transport in these
discharges was shown with the STRAHL code,
including a simple scrape-off layer and diver- . . . a a 3 s 3 a o o ,3 o
tor model [2] To reproduce the experimentally 012 0.4 0.6 08
measured decay times of the helium density, Ppo,
different sol and pumping time constants have Figure 1‘, Helium transport coefficients for
to be used for bOth d1scharges, expressing the two CDHumodc discharges with difi‘erent di-
better sol transport in #6131. when us1ng the
transport coefficients from figure 1 for the core.
Using these core coefficients, and identical time
constants for sol and divertor, both discharges show identical helium decay times. This
proves that the improvement in helium exhaust is solely determined by the physics in the
scrape-oft layer and divertor.
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3. Scrape—off layer transport and divertor retention
It has been shown previously in ASDEX Upgrade, that the improvement in divertor
compression with increased neutral gas density in the divertor chamber is due to this
gas density, or the corresponding particle flux out of the divertor onto the divertor leg
(internal recirculation), and not due to the externally fed deuterium flux in the main
chamber [3] That means, it is not the particle flux in the scrape—off layer that flushes
the impurities into the divertor, but the internally recirculating fluxes in the lower part
of the scrape—off layer, namely below the divertor baffle ring which is installed in ASDEX
Upgrade at about the height of the X—point.

This physics picture was confirmed by 2d—modelling of the scrape—off layer and divertor
plasma with the SOLPsucode package [1,4]. Not only do these simulations show the '
behaviour seen in experiment, namely the divertor compression increasing With divertor
neutral flux density, and the compression of 7
neon being higher than that of helium, but 1,4_ ‘ ' ' ' #7955.'7986.7'986,799~I3 “
they also show that in higher density plas- 1 2 ' 1MA,-2.5 T. smw . _
mas the helium {and neon) neutrals from 5‘
the divertor plate are quickly ionised, and Z 1 ' §\§ Helm“ ’
in ASDE‘X Upgrade they are transported 3: 0‘8- i -
radially by an almost “diffusive” process g 05. RV \ \ -
towards the outer edge of the scrape~off ‘3 04" New, _
layer and into the divertor chamber. In 02» _
this outer edge the impurity compression
is determined by the deuterium flux to— V ' ' . ' ' '
wards the target plate, which is built up ‘ i i Neon ‘
by the neutrals streaming towards the di—
vertor plasma, as was shown with the mod
elling [1]
These results which have been observed
in CDH—mode plasmas [3], are different
from similiar experiments in DIII—D H~
mode plasmas [5], Where an improvement 1 . I . 1 ‘ . 1
in divertor compression was found with 0 2 4 6 8 10 12 14
increasing net particle throughput in the effectivg pumping speed 502 [ms/5]
scrapeuoff layer. The influence of ELMs has
been discussed as a possible reason for the
difference, and figure '2 shows the results
of experiments in ASDEX Upgrade with
type—I ELM H~rnode plasmas (1,, = 1 MA,
13, 2 2.5 T, PNBI = 5 MW). For a
fixed divertor neutral flux density ¢o,diu,
the pumping speed was varied (by closing
valves to the turbomolecular pumps on a
shot to shot basis), and the external gas
flux was varied accordingly to keep 450m
constant (feedback-controlled).
These experiments again show, that in ASDEX Upgrade the internal recirculation of
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Figune 2: Exhaust rates (top) and compres-
sion factors (bottom) for He and Ne as a func-
tion of the pumping speed, The ertemal dear
terium flux into the main chamber was varied to
keep the divertor neutmlfiux density in all dis-
charges constant. While the exhaust rates de:
crease with increasing pumping speed, and net
particle throughput, the divertor compression is
independent of these two correlated parameters.
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neutrals from the divertor region is responsible for the divertor compression of neon and
helium. This is understandable from the above mentioned 2d modelling which shows that
this internal flux in the region below the X~point is much stronger than the net particle
influx, and therefore one can expect it to be the leading force. It also shows, however,
that the geometry of the ASDEX Upgrade divertor plays an important role. The battle
ring is located about 14 cm above the outer divertor plate, i.e. the length of the divertor
leg where the neutrals can again be ionised and where they can enhance the plasma flow,
is rather large, and covers the whole region below the X-point.
In DHI—D the baffle ring is very close to the divertor plate, and the particle fluxes into ‘
the divertor chamber as well as the reflux of neutrals are strongly reduced. Therefore the
scrapeoff layer transport of impurities as discussed above-for ASDEX Upgrade will not
work, and the smaller effect of friction driven
flow might become the leading force, This has 1,4
to be confirmed by 2d modelling, but could eas- z[m] .
ily explain the differences between the two ex~
periments.

As discussed above, the divertor geometry in
ASDEX Upgrade plays an important role for
divertor compression of impurities. This also
becomes evident when the magnetic configura-
tion is varied, as seen in figure 3. Very simile
iar plasmas have been performed with different 0.0 --
plasma shape. The separatrix of the standard
equilibrium with a low triangularity is shown
as solid line in figure 3, the separatrix or" the
medium triangularity plasma as a dotted line,
These higher triangularity plasmas Show gener—
ally better energy and particle confinement, but
the two discharges shown here are almost iden—
tical in global parameters, as shown in figure 4.
The separatrix density and the average sol den— 4.4
sity in #8197 are only slightly smaller than in 0.8
#7492, as it is the case for the main chamber
neutral gas flux density ¢O,M€dplcne- Also the Figure 3: 'Magnetic configurations for

plasma parameters at the target plates are sim— the standard “‘55 7'“ ASDEX Upgrade
iliar, but there is a large change in the divertor (”#74921 “W fine) and ‘2 higher triangu-
neutral flux density dodgy, and in the deuterium larity plasma (#3196: dot line}
compression Czefiodw/eiomdpgam. Modelling of
short Ne puffs in both discharges with STRAHL [6] shows that the Ne—compression in
#8197 is almost negligible, and the reduction compared with #7492 is much larger than
expected for the lower (350.01% [7]. The shift of the X-point to smaller radii opens a gap
between the scrape-off layer and the baffle ring, and thereby destroys the compression of
deuterium as well as of the impurities. ‘ '

R[n1]
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4. Conclusions
It has been shown that exhaust of noble gas impurities (helium as well as neon) in ASDEX
Upgrade is determined by transport in the sol and by the divertor compression. This can
be influenced by the neutral gas in the rather open divertor chamber (in divertor 1}.
Variations of the mag--
netic configuration, Where ”Wm. MW MIt 7 1 rem-s
the X~point is shifted to TV ~3 0 ‘
smaller radii and the re - J! '4 . .. ., _ ,1
gionbetweensolandhaf— E'l-Hl‘H'H’V‘ I1,,l.,.i...1.,.l..l LuL

. 4 . Fred ltfi E; IS -3
lie ring 15 opened, deteri— ‘1""‘T”"T"“ “W 50 ms 10 m
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as well as of deuterium. w m synergism 1922mr254

From B2—EIRENE mod I {ii-Mm W, ~
ailing of the divertor
compression of helium
and neon, it is clear that
the geometry of divertor
I played an important
role for this mechanism, W
where internally recircu« ' '
lating deuterium fluxes _: .
determine the divertor “HE’Hl'Hha' ”‘ "
compression, lime lSl

Figure 5’: Plasma parameters for the discharges shown in figure 3 .
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time [5]

Therefore differences in
He tranSpm-t are ex~
pected for the modified
divertor II of ASDEX Upgrade which will start operation soon. The new divertor will
have vertical target plates which are LYRA-shaped to distribute the heat fluxes more
homogeneously. Additionally, the private flux region is equipped with a. dome—shaped
baffle to prevent large influxes of neutrals to the main plasma. through the X~point and 1
to increase the neutral density in the divertor chamber for a given plasma flow towards
the divertor. 2d—m0deiling of this divertor geometry predicts a better He compression
compared with divertor I. mainly due to the vertical orientation of the target plates.
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HYDROGEN ISOTOPE INVENTORIES IN
TUNGSTEN COATED DIVERTOR TILES

THE ASDEX UPGRADE

P. Franzen, H. Maler, D. Schleufiner, R. Behrisch, M. Balden, and The ASDEX Upgrade Team
Max—Planck-lnstitut fur Plasmaphysik, EURATOM Association, Germany;
P013 1533, 13-85740 Garching, Germany

ABSTRACT. The total hydrogen isotope inventories in the tungsten coated divertor tiles of ASDEX
Upgrade were measured by thermal desorption spectroscopy and 7 in the near surface region w by
nuclear reaction analysis. The highest amounts of deuterium (:55x103: D/m3) are measured in the inner
divertor region outside the separatrix due to the formation of a GE layer on the tungsten by codeposition
of deuterium with carbon. The inventories in the outer divertor 7 where erosion dominates — are
generally smaller by an order of magnitude.

1. INTRODUCTION
Apart from graphite and beryllium, the high-

Z material tungsten is considered as plasma
facing material for ITER. In order to provide
an experimental data base for the ITER diver-
tor, tungsten coated graphite tiles have been
installed as divertor target plates in the toka<
mak ASDEX Upgrade for the experimental
period December 1995 to July 1996‘ [1].

In order to obtain a measure and to
improve the understanding of hydrogen reten-
tion in tungsten under reactor-like conditions1
the total hydrogen isotope inventories of the
tungsten divertor tiles of ASDEX Upgrade
were measured with Thermal Desorption Spec-
troscopy (TDS). The near—surface deuterium
inventory was measured by Nuclear Reaction
Analysis (NRA).

2. EXPERIMENT

The tungsten coated carbon tiles had been
installed in the ASDEX Upgrade divertor at the
separatrix intersection areas [figure 1). They
consist of a 500 pm thick plasma sprayed tung-
sten layer on a graphite substrate. In order to
avoid hot spots at the edges, the tiles were tilted
in toroidal direction. Hence, a part of each tile
is shadowed from the plasma by the edge of the
adjacent tile, and receives much less plasma flux
than the non—shadowed part of the tile. In the
following, we will denote the former region as
7shadow region’, whereas the region with the
full plasma impact will be denoted as lplan-31:118.
region".

About 800 discharges were performed in the
tungsten experimental period. Out of these,

FIG. 1. Position of the tungsten coated graphite
tiles (CD and BC, respectively) in the ASDEX
Upgrade diuen‘or. The tiles are fitted in toroidal
direction, resulting in regions shadowed from the
plasma by the edge of the adjacent tile. The arrows
denote the directions of the magnetic field lines, The
other graphite tiles had no tungsten coating.

about 480 discharges had been heated addition-
ally by neutral injection. Initially, the heat load
on the tungsten tiles was limited to 7 NEW/m2
in order to avoid damage, but during the exper-
iments also discharges with full auxiliary heat-
ing power of 10 MW were performed, result-
ing in heat loads of more than 10 norm2 [1],
Mostly, the discharges had deuterium as filling
gas, and, in case of neutral injection, as well
as injected atoms. Hydrogen as filling gas was
used mainly in the middle of the experimental
period and for the last 10 discharges. In the
case of deuterium filling, hydrogen (H) is still
present in the discharge. Typical values are 10%
to 20%1 while in the case of neutral injection
with H“, the H background amounts to about
60% [2]. From these figures and the number of
different discharges, a mean H/D ratio in the
plasma core of about 0.5 can be estimated.



Thermal Desorption Spectroscopy. The
experimental setup used in this work for the
TDS experiments is described in ref. [3] The
samples, having a diameter of about 12 mm and
a thickness of about 3 mm, are cut out of the
tungsten coated tiles and are heated by electron
bombardment from the rear side up to 2100 K
in 3. ultra high vacuum chamber. The desorbed
gases are monitored by means of a calibrated
quadrupole mass spectrometer (QMS) by the
increase of the respective partial pressures at
corresponding masses during the heating of the
sample. The total hydrogen isotope inventories
are obtained by adding up the respective atoms
in all released hydrogen containing molecules
fag. HD, D2 and CD4 for deuterium).

TDS spectra of hydrogen implanted in
graphite show a broad peak in the range of
900 K to 1200 K, indicating the strong C«H
bonds with energies of 2 eV to 4 eV [4]. TDS
spectra of hydrogen desorbed from tungsten
after implantation at room temperature reveal
a two peak structure [5, 6]; a first peak at
about 500 K to 600 K is attributed to intrinsic
traps with concentrations of the order of 50.01
traps/W~atom and binding energies of about
0.5 eV. The second peak at about 700 K to
800 K occurs only after implantation with ener-
gies suflicient to produce diSplacenient damage
(2180 eV for D); hence, this peak is due to
trapping at the damage sites with concentra-
tions in the range of 0.1 to 0.2 traps/W—atom
and trapping energies of about 1.5 eV. Dur»
ing implantation — in contrast to graphite —
the solute amount of hydrogen in tungsten is of
the same order as the trapped one; this solute
amount is released after the implantation and
can be seen in TDS spectra by an immediate
rise of the released flux after the onset of the
temperature ramp, when TDS is started shortly
after the end of implantation. In the case of the
ASDEX Upgrade samples, we can expect, that
the solute amount of hydrogen in the tungsten
was totally released during the storage of the
samples (several months). The hydrogen iso-
tope ions impinging the divertor plates have
energies of the order of 100 eV, resulting in
a mean range of less than 10 nm [5]. Hence,
damage in the tungsten divertor tiles is not pro-

1430

duced by the impinging deuterium ions, but due
to the impact of multiple charged impurity ions
(mainly carbon) from the plasma [1].
Surface Analysis. Thick deposited carbon
containing layers on the tungsten surface were
detected by means of 2 MeV H+ Rutherford
backscattering for all samples from the inner
divertor. The thickness of these layers was esti—
mated to be several pm, without large poloidal
variations. In contrast, erosion dominates in
the outer divertor: these samples hardly show
any carbon deposition at all. The actual sur-
face composition (mainly boron, carbon, oxy—
gen, and tungsten) was determined by X-ray
photoelectron spectroscopy (XPS). The largest
amounts of boron (40%) and oxygen (20%)
were detected in the plasma region of the inner
divertor. However, even for the erosion domi-
nated outer divertor samples, boron and oxy—
gen are still present at the very surface.

Before performing TDS, the near—surface
deuterium inventory was measured by NRA
using the 790 keV 3He(d,o)p reaction, result~
ing in an analyzing range of 0.5 pm (for
pure tungsten) to 2 pm (for an amorphous co-
deposited hydrocarbon layer). Hence, the allar
lyzing depth depends on the not well known
surface composition of the respective sample,
leading to a relatively high uncertainty of the
NRA results. Due to the larger surface rough-
ness of the plasma-sprayed tungsten coatings,
no deuterium depth profiles can be obtained.
If deuterium containing layers with thicknesses
exceeding the analyzing range are involved,
NRA can only establish a lower limit for the
results to be expected from TDS.

3. RESULTS AND DISCUSSION

As in the case of the samples from the
previously installed graphite divertor [2}, the
release of hydrogen isotopes from the tungsten
coated tiles during TDS is dominated by H. The
amounts are in the range of about (5—8)><10'22
H,r’ni2 for all samples The by far largest part
of this H can be attributed to the water uptake
both on the tungsten front surface as well as
on the graphite back surface during the stor-
age of the samples in air [2]. Hence, we will
restrict the following discussion on deuterium,
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FIG. 2. Distribution of the total D inventories
(Q), measured by NRA and TDS, at the shadowed
and the plasma regions of the tungsten coated tiles,
respectively. Also shown are the distributions of
mean surface temperature (<Tsurf>), and the total
incident Dfluence (F). Nate the difierent scales for
the deuterium inventory plots.

Deuterium Inventories. Figure 2 shows the
deuterium inventories for the different regions
of the inner and outer divertor as measured
by TDS and NRA. Also shown are the dis—
tributions of the mean surface temperature
during the discharges with auxiliary heating
by neutral injection and the incoming fluence
of deuterium, as measured by thermography
and Langmuir probes, respectively. The latter
distributions show corresponding maxima at
about 810 mm and 725 mm, roughly indicat-
ing the mean position of the separatrix during
the tungsten experimental period.

The highest deuterium inventories (about
5x1022 D/m2) are measured in the shadowed
region of the inner divertor outside the sep—
aratrlx. At the position of the separatrix,
the inventory shows a minimum, although the
amount of deposited carbon shows only minor
poloidal variations. The inventories of the outer
divertor samples are generally smaller than the
inner divertor inventories by a factor of 10; here
the total inventories, measured by TDS, show
a maximum at the separatrix position, whereas
the inventories in the near surface region, mea-
sured by NRA, show a minimum at the separa-
trix. From this we can conclude, that deuterium

retention in the case of the ASDEX Upgrade
tungsten divertor tiles in the inner divertor is
governed by co—deposition of deuterium with
carbon ions from the plasma, whereas implan-

Ch tation governs the retention in the outer diver-
tor. Co—deposition was also found outside the
separatrix in the graphite tiles of the inner
divertor [2] The co-deposited layers of the inner
divertor tiles are depleted at the scparatrix
position as well as in the plasma region due
to the increased temperature. Furthermore, the
deuterium inventories in the co—deposited lay-
ers are of the same order of magnitude as those
in the graphite divertor tiles {52x3023 D/m2
[2]), taking into account the shorter exposure
time of the tungsten coated tiles (about 700
compared to about 2000 discharges).

The total inventory in the tungsten coated
divertor samples differs from the near surface
inventory by only a factor of less than 2, except
for the separatrix region of the outer diver-
tor. This is in contrast to the graphite diver-
tor samples, where the total inventory exceeds
the near surface inventory by a factor of up
to 100 indicating difiusiou of large amounts
of hydrogen out of the co—deposited/implanted
layer into the graphite bulk to depths of some
100 pm [2]. This indicates, that diflusion out of
the co—deposited layer into the underlying tung-
sten‘ layer (inner divertor) is hindered by the
tungsten/carbon interface. The fact, that the
total inventories in the separatrix region of the
outer divertor exceed the near-surface inven-
tories, indicates that deuterium difiuses into
the bulk of tungsten with ranges of some few
,um (hence exceeding the implantation range by
more than a factor of 1000), as it is assumed
in models describing the behaviour of hydro-
gen in tungsten [5]. The combination of high
fluxes and high temperatures at the outer sep-
aratrix region depletes the near surface region,
but also results in a large amount of deuterium
which can difl‘use into the tungsten bulk and in
the underlying graphite substrate (see below).
TDS Spectra of Deuterium. Figure 3
shows some examples of TDS spectra of the
tungsten coated divertor samples. For the dif—
ferent regions in the inner and outer divertor,
(at least) four diflerent peaks can be distin-



guished and attributed to different deuterium
retention mechanisms: (1) a small peak (shoul-
der) at about 500 K, as in the case ofthe outer
divertor samples. due to trapping at intrin~
sic trapping sites in the tungsten layer; (2) a
broader peak at about 900 K in the ease of
the samples from the outer divertor, due to
trapping at ion induced damage sites in the
tungsten layer; (3) at broad and large peak at
1000 K to 1100 K in the case of the samples
from the inner divertor, due to C~H bonds in
the co—deposited a:C-H layer — in agreement
with the peak temperature of the D2 release
from the graphite divertor samples {2}: and [4)
a sharp peak at about 1400 K in the case of the
samples from the outer divertor. which might
be due to trapping of deuterium in the under-
lying graphite substrate after diffusion through
the tungsten layer. The latter retention mech-
anism is pronounced in the case of the sam‘
ples from the separatrix region (3 2 690 mm,
748 mm)1 where due to high temperatures and
fluxes a relatively large amount of deuterium
can diffuse through the tungsten layer, Gener-
ally, the peak positions are shifted to higher
temperatures compared to laboratory results,
indicating the difiusioxi of some deuterium out
of deep regions of the samples.

4. SUMMARY

The total hydrogen isotope inventories of
the tungsten coated divertor tiles of ASDEX
Upgrade —— consisting of a 500 um thick plasma
sprayed tungsten layer on a. graphite substrate
7 were measured with quantitative TDS. The
near surface deuterium inventory (a: 1 pm) was
measured by nuclear reaction analysis (NRA)
using the 790 keV 3He(d,a)p reaction.

The total hydrogen isotope inventory mea-
sured ’ln’ the tungsten divertor tiles of ASDEX
Upgrade is dominated in the case of the inner
divertor by the buildup of thick co—depositecl
C-H layers (several om) onto the tungsten sur—
face outside the separatrix. The inventories in
these co~deposited layers are of the same order
of magnitude as the total hydrogen inventory
measured in the previously installed graphite
tiles. Increased temperatures, as in the sepa~
ratrix region. deplete the co~deposited layer,
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FIG. 3. Released flames of 172 during the heating
of the samples for the shadowed and plasma regions
of inner and outer diuertm‘ tiles. Heating ramps are
of the order of 10 K/s. The legend numbers denote
the sample positions, as indicated by the arrows in
figure 2i
reducing the deuterium inventory by a. fac-
tor of 5. Diffusion of hydrogen out of the Co-
deposited C-H layer into the underlying tung-
sten layer is hindered by the tungsten/carbon
interface. The inventories in the outer diver—
tor samples are generally smaller by a. factor
of 10 than the inner divertor inventories; here
the retention is governed by implantation and
diffusion out of the implantation zone into the
tungsten bulk. In the case of high finances and
high temperatures {separatrix), some hydrogen
seems to diffuse into the graphite substrate.

Co—deposition with carbon from the plasma
is the by far most effective hydrogen isotope
retention mechanism for the tungsten coated
divertor tiles installed in ASDEX Upgrade.
This also will be the case in future fusion
devices. as long as carbon is the main plasma
impurity.
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TRANSPORT ANALYSIS OF THE EDGE PLASMA IN
H MODE DISCHARGES OF ASDEX UPGRADE
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J. Schweinzer, K.—H. Steuer, W. Suttrop, ASDEX Upgrade Team

Max-Planck Institut fiir Plasmaphysik)
Euratom—IPP Association, Garching

Germany

ABSTRACT. Profiles of the electron heat diffusivity x5 and the ratio yin/D
in the steep gradient zone and in the core of high—density H—mode discharges are
determined by transport analysis using a special version of the 15—13 BALDUR
code. It is found that the reduction of Xe is strongest near the inner boundary of the
steep gradient zone where it reaches a factor of 4. The Um /D profile significantly
rises at the edge which causes the steep density decline measured. No degradation
of energy transport in the bulk plasma is seen when the density limit is approached.

Introduction

The energy and particle transport in the edge region of two high density H—mode
discharges of ASDEX Upgrade is explored. In addition, the bulk transport is ana-
lysed and compared with the results from the periphery. Such investigations are
feasible 110“" because the electron temperature and density profiles in the steep
gradient zone have been measured with sufficient spatial resolution. Long-term
objectives of this study are to develop more comprehensive scaling relations for
transport coefficients and to improve the modeling of the steep gradient zone. It
is planned to apply these results in simulations of current tokamaks and reactor
grade devices like ITER.

Transport Model

The simulations are carried out with a special version of the 1.57D BALDUR
transport code [1,2,3] which also includes a scrapeofi layer (SOL) modeling. In
the confinement zone7 empirical electron and ion heat difiusivities Xe : Xz' : x, a
diffusion coefficient D = 0.6 Xe and an inward drift velocity ’Um : C'UQxD/(pwrg)
are used [3] A new scaling law for the effective heat diffusivity x in high—density
ELMy Hemode plasmas is applied [4]. It is compatible with the ITERH92»F ELMy
H~mode scaling of the thermal energy confinement time [5] and has been validated
against three JET and three Dill—D discharges from the ITER Profile Database,
covering a wide parameter range, and against ASDEX Upgrade discharges. The
coordinate cc is the effective radius of a flux surface p normalized to the effective
radius of the wall contour pm and $5. = ps/pw denotes the separatrix. In the
calculations the separatrix is located at 0:! = 0.89. The dimensionless factor CF
provides a measure of the peakedness of density profiles.

The radiative loss due to carbon is calculated by an impurity radiation model that
solves rate equations for all ionization stages and takes into account an impurity
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transport with the anomalous coefficients D1 = D and vi”; = pm. In the SOL,
the deuteron flow along the magnetic field is computed with a Mach number MD
whose value is chosen such that the neutral density at the separatrix matches the
value determined from low energy neutral flux spectra [6]. The cross—field transport
coefficients in the SOL are set Xe = x,- = 1.5 7712.3“1 and D = 0.9 711%”, so that
the measured temperature and density fall-OE lengths are obtained.

The time evolution of the line averaged density in the discharge is prescribed in the
calculations. A density feedback is applied which controls the influx of deuterium
atoms. The neutral sources and the neutral density and temperature profiles are
computed by a Monte Carlo code. Detailed transport analyses are feasible in the
steep gradient zone, because the calculations are carried out on a non-equidistant
grid with good spatial resolution.

Results and Discussion

The first H-mode discharge analysed is No. 7978 with fie = 7.6x1019 m”, II] =
1.2 MA, B; 2 2.5 T and PN1 = 5.0 MW (190 -) 13+). The influence of the Type

. I ELMs is taken into account in a time-averaged manner. Transport analysis is
carried out under quasi-stationary conditions, so that only profiles of the win/D
ratio can be determined in the interior plasma and in the steep gradient zone. The
corresponding Xe profiles are inferred from electron temperature measurements. In
the calculations, the influx rate of carbon is adjusted such that the experimental
Zeff value of 1.7 is reached. Both the measured and the computed Zeff profiles
are flat. The radiative loss from closed flux surfaces is required for correctly com—
puting the conductive heat flux and the electron temperature at the separatrix
which is used to fix the separatrix position with the help of the measured tem-
perature profile. At the nominal separatrix position, one measures T8 = 190 eV
which significantly exceeds the computed separatrix temperature of 84 eV. The
measured and calculated temperatures are found to coincide if the separatrix is
shifted outward by 1 cm in the midplane.

The main results obtained at 3 s are given in Figs 1 to 4. Figure 1 shows the profiles
of the electron density measured by DCN interferometry and Li~beam diagnostic
(dashed curve). of the computed electron and deuteron density (solid curves) and of
the corresponding 12,-” /D ratio required. Obviously, the flat electron density profile
in the core is well modeled by the small Um /D values resulting from the win scaling
with Cu = 0.2. By contrast, the steep density decline measured in the edge zone
is incompatible with the rum/D ratios (dotted line) predicted by the cm scaling.
A good modeling is only achieved by the strongly rising 12m /D profile given. The
electron temperature profile measured by ECE diagnostic (crosses) and Thomson
scattering (squares), the calculated eiectron and ion temperature profile and the
X2 profile are plotted in Fig. 2. As can be seen, the scaling law for X accurately
predicts the electron temperature profile in the interior plasma. Moreover, the
computed total energy agrees with the experimental W7MH D value of 656 kJ.
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These results are consistent with the H1'1"};n p value of 1.6. Note that a very
high temperature pedestal occurs in the steep gradient zone where Xe is signifi—
cantly reduced. Results from detailed transport analyses in the edge region are
presented in Figs 3 and 4. The coordinate 7" is the minor halfnaxis of a flux surfaCe
and T3 = 50 cm denotes the separatrix position in the midplane. In Fig. 3, the
measured (dashed curve) and computed electron density profiles are depicted Ex—
tremely high twin/D values, already given in Fig, l, are found. A special treatment
is necessary in the zone rs — 6cm 3 7' g 7's in the midplane (corresponding to
0.76 S a: S :03) Analysis of the experimental temperature profile TAT) (see Fig.
4) showed that a detailed evaluation of MO") has to be carried out in the steep
gradient zone of width A = 4 cm, i.e. in the range 7‘5 —AA 3 r 3 1'5 (corresponding
to 0.80 S m 5 9:3). The reduction of Xe required is found to be space dependent. It
is strongest near the inner boundary of this zone (see also Fig. 2), Where it reaches
a factor of 4. The heat diffusivities are evaluated with an accuracy of about i20 %.
Note that the electron heat diffusivity is still anomalous, because the neoclassical
Xe values are two orders of magnitude smaller. We conclude that turbulence is
reduced but not totally suppressed.

The second H mode discharge studied is No, 7649 with fie = 8..5><101B m‘s, Ip
‘ 2 1.0 MA. Bi 2 2,5 T and PN; = 5.0 MW (D0 —> D1"). It was selected because

it is close to the density limit. The measured density profile is flatter than in the
first shot and is well modeled in the bulk by the vi” scaling with C.. = 0. In the
edge zone, the urn/D profile is found to rise strongly as with the first shot. The
measured electron temperature profile in the core and the energy content are well
predicted by the scaling law for x. It is emphasized that the energy transport is
not degraded when the density limit is approached. This behaviour is indicative
of a hard density limit. The factor HITE‘RBQP is slightly reduced to 1.4 because of
a lower temperature pedestal, This is found to result from a decline of A to about
2 cm which is observed in ASDEX Upgrade discharges with higher line averaged
densities.
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1 Introduction

We have used the coupled plasma multi—fiuid[l, 2], Monte-Carlo neutrals[3] code, B2»
Eirene[4, 5] to explore the density limit in ASDEX Upgrade. A two pronged approach
has been taken. The first, relying on the observation by Borrass[6, 7] that the density
limit is associated with the onset of volume recombination, used a feedback loop to add
or remove particles by varying the target recycling coeflicient to achieve a specified value
of volume recombination. The second more closely follows the experimental procedure in
a density ramp of puffing in gas and following the time evolution of the plasma.

2- Volume recombination feedback

This approach is based on the observation by Borrass[6, 7] that the density limit is as-
sociated with the onset of volume recombination. With this assumption we define the
density limit density as the separatrix density when volume recombination accounts for
about half the total recombination flux. We ran B2-Eirene with a feedback loop that
varied the target recycling coefficient to achieve a specified volume recombination rate.
This was done for a range of input powers, and for pure hydrogen (H) as well as hydrogen
combined with carbon (H—l-C). Hydrogen rather than deuterium was used to match the
choice in a particular set of experimental shots where it was chosen so that high power
L-mode shots could be achieved (the lower L—>H threshold of D would have meant that
we would have had to deal with a transition out of H—mode as well as the density limit).
Borrass argued that the critical parameter was the net input power, PM {input power
less the power radiated by impurities), rather than the input power, Pin, or the power
crossing the separatrix, Pup. The carbon runs allowed us to distinguish between these
cases. By plotting the density limit density as a function of Pm, Psep and Pm; Borrass’
result was confirmed H PM; gave the clearest ordering of the data. Figure 1 shows the
plot for Pm, together with experimental results for H and D, as well as the density limit
found using the density ramp scenario described in the next section.

The code results seemed to indicate a power dependence for the density limit density at
low PM, but a saturation at higher PM. The data were further analysed by fitting simple
power laws to the H and D experimental data, and to the volume recombination feedback
data (with the highest power point exlucled because of the density limit saturation).
The experimental data showed an approximately square root dependence, with the code
results demonstrating a somewhat weaker dependence (approximately cube root). This
might be influenced by the choice of transport law, which was to have constant transport
coefficients.
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Figure 1: Midplane seporomkr density at the density limit versus net input power for the em»
pertment (both H and D), and the results from the simulation, for the H and H+O feedback
calculations, and for the density ramp case. Simple power laws were fitted to the experimental
data. (separately for H and D), and to the feedback code results (excluding the highest power point
as there seemed to be a saturation in the density limit at higher input powers). The code shows
a somewhat weaker power dependence.

3 Density ramp simulation

Here we tried to more closely model the experimental scenario. B2—Eirene was used in the
time-dependent mode to model the plasma together with a gas pufi. To compress time-
scales so that the computation was feasible, the gas-puff rate was considerably higher than
that used in the experiment, and this was partially compensated by using; an artificial time
enhancement for the Monte-Carlo treatment of the neutrals, as well as by pulling in the
divertor region (despite this, about 2 months of cpu time on a high end work station was
used). Four different transport laws were used: constant transport coefficients, Bohm-
like, transport coefficients that were globally scaled by 1/n measured in the midplane,
and flux—scaled transport coefficients (with constant values in flux space resulting in
higher real space numbers on the inboard side).

With the exception of the flux-scaled transport case (whose transport coefficients placed
the starting plasma in a regime close to detachment at the beginning), these runs matched
the experimental runs qualitatively, and in some cases gave good quantitative matches
as well. The constant, Bohm and l/n runs all showed detachment starting on the inner
divertor leg, followed at a later time by the outer divertor leg detaching, and then the
appearance of a MARFE. During the entire period a steady rise in fractional contribution
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of volume recombination to total recombination was seen. The experiment showed the
same development with respect to the bolometer, and, in a different but similar shot,
showed the increase in volume recombination.

Experimental results for the H-a diagnostic viewing the inboard divertor are compared
to the constant transport case simulation in figure 2. The constant, Bohm, and 1/11 cases
were all similar, with the flux—scaled case showing a shift in the maximum in the later
stages to the left. The bolometer reconstructions were also compared: the Bohm and 1/11
cases showed the most stable positioning of the MARFE, though the constant transport
case could not be eliminated as a candidate. On this basis it is not yet possible to reject
one of these transport laws.1

constant transport HAL_8Co for atomic hydrogen
500

Exp
7888_.1 .3
7888_1 .7
7888.3. 1
7888_2.5
7888_2,9 IE

IX
X

-t

24 26
channel number

Figure 2: Comparison of the H—o: signals for the constant transport case with the experiment.
Both show a rise and then a fall with time in the vicinity of channel 26', and a broadening at
later times to the right. There is a systematic discrepancy for the lower numbered channels
which might be related to recycling from the inner heat shield.

4 Ongoing code developments

The introduction of the new LYRA divertor configuration on ASDEX Upgrade[8] has
demanded modifications in the current SOLPS package so that the new bafiie structures
can be properly treated. Some calculations were done with a narrower grid that does

‘The constant transport density ramp simulation (which was started first) has proved to be useful as
results from it have been used in other work presented at this conference (Nepiontek et al., Gafert at at,
Verbeek at at, Krieger et 01.).
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not treat recycling at the top of the baffle, but this grid is probably not sufiicient when
exploring detachment and the flattening of profiles that occurs close to detachment. We
have just started calculations with a new, broader grid.

We are also in the process of upgrading from the current SOLPS4.0 to SOLPSSD by
replacing the version of B? that has been in use by a newer version of 82.5 from Breams[9].
We also hope to replace the current version of Eirene with a version capable of treating
neutral-neutral collisions. In the coming months we plan to move from a staggered mesh
treatment of the parallel momentum equation to a cell-centered version, and then to
implement 1d addressing so that mesh refinement can then be introduced, in work done
with Braams, the coding for drift terms has already been introduced into the new B25,
but remains to be debugged.

5 Cenclusions

These modelling results seem to confirm the analytic Work of Borrass[6] that the net input
power rather than the total input power or the power crossing the separatrix is the correct
ordering parameter in examining the density limit. We seem to see a power dependence
for the density limit for low powers. but a saturation at higher powers.

We have demonstrated that we can model the time evolution of the plasma by following
the experimental procedure of having a gas pufl'. One problem that still remains is the
long computation times that are required — efforts have started to parallelize B2 and
Eirene.

On the basis of the density ramp scenario, 1 / he and B0hm~ are favoured over constant-
transport law scenarios, though the latter cannot be ruled out.
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2—D PIC Simulation of Hot Spot Formation on Target Plates
and of Current Flow to Flat Langmuir Probes

K. Reinmfiller, A. Bergmann
MPI ffir Plasmaphysik, IPP—EURATOM Association, D-85748 Garching, Germany

Introduction
In toroidal magnetic fusion devices1 such as tokama‘ks or stellarators, there can be high

local power fluxes to limiters or divertor target plates, which lead to high wall temper
atures. The observed formation of hot spots and arcsil] indicates an instability of the
plasmarwall transition layer. This eflect is studied by 2—D Collisional particle simulations
of the plasma in front of a. thermally emitting well. Also, the current flow to flat Langmuir
probes in divertor target plates is studied by 2—D particle simulations. Langmuir probes
flush—mounted into the divertor plates are an important diagnostic in tokarnaks with a
high power flux into the divertor.

The Particle—in-Cell code

A particle simulation code(2] with full resolution of the gyro motion (variables my,
chowvz) is employed for the calculations on a massively parallel computer. The particle
motion is calculated in the self—consistent electric field and a homogeneous magnetic field.
The Poisson equation is solved on a rectangular grid, and linear interpolation is used
for charge deposition and interpolation of the electric field. The simulation area (Fig. l)
is bounded by two walls, and is periodic along the walls. One wall is emitting thermal
electrons with an emission coefficient (Richardson law) depending on the wall temperature,
which is calculated by solving the 2—d heat conduction equation for the wall with a fixed
low temperature at the back side. Coulomb collisions are included by a Monte Carlo
solution of the Fokker—Planck equation in each grid cellifii

Development of hot spots on a target plate and their stability
A part of a plasma—facing wall is in thermal equilibrium when the deposited energy

flux of plasma particles hitting the wall is equal to the energy loss of the wall due to
heat conduction, thermal radiation, electron emission and sublimation. Electron emission
reduces the potential difference between the plasma and the wall; this leads to a higher
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Figure 1: Numerical grids for the PIC simulations
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electron flux onto the wall7 and more energy is deposited there. Under certain conditions1
l depending on the plasma temperature and density as well as the wall properties, two

stable thermal equilibria exist[4]: one with a 10w wall temperature, little thermal electron
emission and a small energy flux onto the wall; the other one with a high wall temperature,
strong emission and a high energy flux. This implies that regions with different wall
temperature can exist at the same time (eg. ‘hot spots’).
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Figure 2: Spontaneous development of hot spots: evolution of the wall temperature
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Figure 3: Contour lines of the electron temperature in front of a hot spot normalized by
the source temperature of the PIC simulation. The ion gyro radius 2'3 17)”).



1443

Starting from a wall with homogeneus temperature, we observe in our PIC simulations
the development of such spots under the influence of random fluctuations (due to finite
number of particles) (Fig. 2), unless the heat conductivity in the wall is too high. These
spots are stable with a characteristic size Within a. small range. The plasma in front of
a hot spot is cooler than the plasma in front of the surrounding cold wall because the
emitted thermal electrons have a low temperature compared to the plasma temperature
(Fig. 3). Hence, heat flows from the surrounding plasma into the region in front of the
spot, resulting in additional heating of the hot spot. On the other hand, heat conduction
inside the wall leads to a cooling of the hot spot.
In a different kind of simulations, Where a part of the wall is initially at a higher temper—
ature, but has the same properties as the rest of the wall, induced hot spots are formed
if the heated part of the wall exceeds a minimum size, about the ion gyro radius. These
spots then grow or shrink towards the characteristic size. If the mean free path length is
of order of the ion gyro radius, a large induced spot is split up into two smaller spots.
However, stable hot spots do not exist, if the collisionality of the plasma is very high.

Influence ‘of an oblique magnetic field on the hot spots
If an oblique magnetic field E is applied, the spots start to move without changing their

form. If the magnetic field has a component perpendicular to the simulation plane and
another normal to the wall (case 2 in Fig. 1), the hot spots move in the E x 1? direction
(Fig. 4 a), where E is the electric field in the sheath. In front of the hot spot, the electric
field is reversed so that the emitted cold electrons drift in the opposite direction.
If the magnetic field is in the simulation plane (case 1), the hot spots move parallel to
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Figure 4: Hot spot in an oblique magnetic field: (a) Motion in E x 5 direction, (6) Motion
parallel to the wall (and perpendicular to E X B dmfi).



the wall towards the side with the larger angle between 5 and the wall surface (Fig. 4
b), due to the diflerent motion of the electrons and the ions. Owing to their large gyro
radius, ions are focussed onto the right hand side of the hot spot. Hot electrons coming
from the plasma, being bound to the fieldlines, travel along Ff towards the wall, while
those emitted by the wall mostly have a parallel velocity component directed away from
the wall. Hence, more cold electrons hit the left side of the hot spot, whereas more hot
electrons hit the other side. These effects lead to a cooling of the left spot side, and a
heating of the wall at the right hand side, and a movement of the spot towards the right
results.

Current flow to flat Langmuir probes in a divertor plate
The current flow to flat Langmuir probes in a divertor plate which is intersected

by a strong magnetic field at a small angle or, Was studied by 2-D particle simulations
with realistic values of probe size, gyro radius p, and angle of incidence a (read ‘probe’
for ‘hot spot’ in Fig. 1). The main results are (the details will be presented elsewhere):
(1) Extending previous work[2], a. new scaling of the ion current non—saturation with the
angle of incidence was obtained, which is valid for probes of realistic size and for angles
down to 1.5 degree; it can explain the measurements with such probes. (ii) The E x g drift
in front of a negatively biased probe shifts the ion flux to the probe so that the additional
current due to the lateral sheath growth is concentrated on one side. The electron flux to
a positively biased probe is reduced by the E x I? drift. This reduction is considerable for
probe sizes below a poloidal gyro radius, pf sin 0:. (iii) The collisionless current flow across
the magnetic field back to the wall adjacent to the probe was studied with simulations
in which the current flow into the bull: plasma was suppressed. In these simulations, a
current of order ion saturation current is drawn by only a part of the probe of a width of
about a poloidal gyro radius. In case of grazing incidence, the current returns to the wall
behind the probe [viewed along the field line),

Summary

Two—dimensional collisional particle simulations of the plasma in front of a thermally
emitting Wall have been performed. Fluctuations of the plasma parameters can lead to
a stable state Where different wall regions have different temperatures, Thus stable hot
spots of a characteristic size can evolve. However, a very high collisionality prevents the
formation of these spots. An oblique magnetic field causes the hot spots to move in E X I?
direction, as well as parallel to the wall. Also, the current flow to flat Langmuir probes
in divertor plates was studied by 2-D particle simulations.
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Impurity Concentration as a Critical Parameter
in a Diverted Scrape-off Layer
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Introduction

Essentially different central densities in a Tokamak discharge force different states of
the divertor (e.g. [l],[2},[31). At low densities the divertor plasma is attached and the
impurity radiation is produced close to the plates. With rising density the divenor cools
down and the radiation level increases until the radiation front retracts from the plate [9]
leaving the immediate neighbourhood of the plate free of radiative losses. This development
is accompanied by some reduction of the power flowing to the plate (eg. [10]) usually called
partial (energy) detachment [2]. If the density is increased further, this detachment develops
until almost no power reaches the divertor plate (complete detachment). Whereas some
experiments show a smooth transition through a chain of quasi—stationary states others are
reported to exhibit a discontinuous jumping of the radiation front pointing to a bifurcation.

Simple 1D models ([4],[5],[6]) have identified the strong temperature dependences of
both the parallel heat conduction and the radiation rate function of the impurities as essential
ingredients to describe the divertor behaviour.

In this paper a very simple 1D model for the parallel electron heat conduction including
a realistic radiation function and the sheath condition at the plate is applied to half of a SOL
(midplane to one plate). The general aim is a better physical understanding demonstrated
by convincing answers to questions like “What is the significance of using realistic radiative
losses 7", “Can we relate common processes (eg. partial detachment, retraction of the
radiation zone) to specific properties of the model 7”, or “What is the control parameter for
the dynamics of the radiation zone?”.

Furthermore, an analytical solution provides a fully transparent and retracable "bench-
mark" for more sophisticated 1D numerical models ([7],[8])

The Model

The model (fig. 1) is restricted to the 1D electron heat conduction parallel to the magnetic
field lines with a strongly temperature dependent conduction coefficient

zetaq(:z;) : "R0T(‘r)5/ d2:

Power losses are assumed to be due to radiation from intrinsic impurities distributed along
the whole parallel length
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A prescribed temperature at the midplane, T(x=0) = Tm, is used as one boundary condition.
The source of power is assumed to be localized at the same location and, therefore, introduced
as the second boundary condition: q(x:0) = qm.
The dependence of the radiation on local plasma parameters is described by modelling
essential features (Sc and Tc) of the realistic radiation rate function (eg. [11]) for Carbon
in the SOL (fig. 2)

5(T) 2 Saw
ill/Cl”C

i For simplicity it is assumed, that the impurity density n1 is proportional to the density of the
l background plasma and the impurity concentration does not depend on the length coordinate:
l mitt) = 6,, 21(3) . Furthermore, the electron pressure is taken to be constant allover SOL
l and divertor: 71(1) Tlim) = p(:n) a pm. To replace the pressure at mjdplane pm. the reverse
‘ of the dimensionless Knudsen-number Kn is introduced pm 2 {Au/L“) T3, 1/Knm which is

known to vary over almost three orders of magnitude during experimental density ramps.

The Solution

The problem can be solved analytically to obtain the dependence of the local energy flux
density on the local temperature

inax(T, Tc) — To
(KT) = qm Tm __ T0

with To = T(q=0) = Tm—TC7/(2aTmG), and the inverted parallel temperature profile

‘ e H __ c7/2
:1:(Tl= L“ The {F[mam(r,T.)1+e(rc_r);1_l\/%E}

. y where

mg) := { (8T; +10TmTo +15T§)\A/Tm{Tm H To)
-(852 + lOéTo + 15:11?) \/€(£ — Ton / (W3)

5 (3)3 (In m+\/—Tm -T0 _lu¢2+¢2—T— 0
"W11 t/r: x/T'cj'

a and ,6 are coefficients depending on ll’Knm and qm.
At the divertor plate a sheath develops that requires a matching condition q(Td) = qd for the
heat flux. The letter is determined by qd = 6 m. This sheath condition applied to q(T)
establishes a relation between Ta and Tn1 for given l/Knm and qm. Postulating T = T‘d at
the divertor plate, i.e. :4l = L”, determines the adequate midplane temperature Tm for
given qm and llKnm. Unfortunately, the inverse profile x(T) cannot be inverted analytically,
so this last step has to be done numerically.
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Results and Conclusions

For rising l/Knm the divertor plasma cools down as expected and the temperature Td
at the plate falls (fig. 3). This process is accompanied by a rising radiative loss and,
consequently, a reduction of the power flowing to the divertor plate, If Td falls below the
critical temperature TC for the onset of the radiative losses the described model exhibits a
retraction of the zone of maximum radiation away from the plate (figs. 4,5). In this range of
I/Knm the decrease of T4 can be rather dramatic. The retraction was found to have bifurcation
character (development of a cusp) with respect to a critical impurity concentration c‘ (about
4% for Carbon) as the control parameter (fig.3). For impurity concentrations below the
critical value a smooth retraction takes place. whereas for higher concentrations the radiation
front jumps upstream, showing a typical hysteresis for the re-attraction phase. The retraction
of the radiation zone causes a decrease of the radiating volume (or length in a 1D model)
that counteracts the strong rise of the losses and, consequently, decelerates the previously
fast reduction of the power flux to the divertor plate. The related bend in qd(1/Knm) is
usually interpreted as the stagnation of the divertor in a partially detached state (fig. 6). The
model thus predicts an intimate relation between the retraction of the radiation zone and the
partial (energy) detachment. '
Additional Remark: Applied to the full SOL (from inner to outer plate), with an asymmet—
rically localized power source, the simple model leads to a qualitatively different branching
of the power between the inner and outer parts of the SOL for impurity concentrations below
or above the bifurcation value. This behaviour offers a new, interpretation or” the changes of
the asymmetry of power deposition onto inner and outer plates, :1 cmtial feature of a diverted
tokamak discharge. If, for example, discharges with one orientation of the toroidal magnetic
field show systematically a higher impurity concentration compared with discharges having
the other orientation. the ratio of powar fractions into the inner and outer divertor branch is
qualitatively different. It should be pointed out that this model does not include any transport
term having a direct dependence on the magnetic field direction,
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Relation between Neutral Gas Flux Density and
Parameters of the Scrape-Off Layer

J. Schweinzer, W. Sandmann, G. Haas, J. Neuhauser, H. Murmann, H. Salzmann,
ASDEX Upgrade- and NBI-Teams

Max—Planck-Institut fiir Plasmaphysik, EURATOM Association, D-85748 Garching

INTRODUCTION
Asdex Upgrade (AUG) diagnostic data has been compiled in a SAS-formated database which

includes beside various global discharge parameters local ones of the plasma edge, the scrape-
off layer (SOL) and the divertor. Especially measurements of T6 and De profiles with high
spatially resolution have been recently included, which permit now a detailed statistical analyses
of the inter-relation of various edge parameters and their relation to global ones.
Radial ne(r) profiles in the SOL (Scrape-Off—Layer) are measured routinely by means of a

lithium beam probe. For a limited number of discharges the position of the Thomson scattering
system was optimised for measurements (Te) in the plasma edge. All Te measurements
presented here originate from these measurements.
The relation between the neutral gas flux density F0 in the divertor measured by ionisation
gauges and the midplane averaged SOL density (n20L = 1/ LSOL - I nc(r)dr) will be discussed
in chapt. 1 ~
One major concern of investigations dealing with the plasma edge and the SOL is the radial
position of the last closed flux surface (separatrix). In general the separatrix position at AUG is
magnetically detemiined within an uncertainty of :i: 5 mm. By assuming classical parallel heat
conduction between midplane and divertor and with an estimate of the radial power flow across
the separatrix, a midplane separattix temperature can be predicted [1]. Within this assumptions a
procedure to test the quality of the magnetically defined separatrix position will be described in
chapt. 2.
By this means we investigate dependencies between edge parameters. Especially an Temp.
new]j - diagram including all AUG discharge regimes helps to recognise the available
operational space.

DIVERTOR NEUTRAL GAS FLUX DENSITY and neSOL
The reiation between neutral gas flux density F0 in the divertor and midplane density profile
parameters like nescp, 1m and 1165014 seems to be of rather general nature [2], ESpecially neseP
and nBSOL increase in a power law regression analysis with T005 However, systematic
deviations from this general behaviour are found.
In clean high density H-mode discharges near the H—>L back-transition a considerable weaker
increase of ngseP with F003 has been observed [3], whereas nGSOL obeyed the general relation
(nEOL ac 1‘00‘5q950‘4, q95 safety factor). In these discharges the line averaged density
saturated and could not be raised by gas puff which lead only to increased To, and neSOL and
most unwanted to a degratation of confinement [4].
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In discharges with additional impurity puffs (Ne or N2) the situation is quiet different (cf.

f1g. 1). In cases with considerable impurity puff no dependency of neSOL with I‘g is observed.
In addition, ngSOL values are within a rather small range of 1.8 ~ 2.2 - 1019 m'3 for nitrogen (11)
= lMA, Pheat=7MW, Fnitrogen = 6.0 - 12 - 1021 atomsfs) as well as for neon puffed cases (Ip =
0.8MA,1MA, Pheat=5w8MW, I‘neon feedback controlled). These discharges are compared with

two discharges (1p = 0.8MA, t=2.5,7.5MW) Without additional impurity puff in figl. and
one with only moderate N2 puff (4.0 - 1021 atoms/s). All of them obey the general relation
found for the high recycling regime. Towards lower neSOL and To values the high recycling
regime is left which is indicated by the deviation of measured points from the straight line in fig.
1. In the low recycling regime a linear dependency of new? and neSOL with 1‘0 has been found
[2}. This transition region depends on the applied heating power and occurs in ohmic cases
therefore at much lower F0 values [2].

3.5E19

3.039 -

2.51219 ~

2.0E19 ~

rl
lS

O
L

[m
-

J]

1.5E19 - Impurity Duff

1.0E19~

5.0E18 , v s r |
1.1E11 3.1E11 5.1E11 7.1E‘l1 9.1E11 1.1E‘EE

0.5 0.4F0 qt 5

Fjg. Z .' Line averaged SOL density "‘50:. vs. the remit ofa regression analysis (cf,
(ex: and [2J) for Deuterium discharges with and without additional impurity ptzfi‘ing.
(X...D2 only. 0,..moderare N2 plgfi‘. A...N2 p156”. l...Ne p196“. fines to guide the
eye.)

It is well known that puffing of impurities which preferentially radiate in the plasma edge and
SOL help to reach the detached plasma regime. One might speculate that in the detached regime
T0 and n35 0L and thus also nesep become completely decoupled and the SOL density becomes
even independent at least in a first approximation from global discharge parameters.
In contradiction to the case of clean high density H—mode discharges the line averaged density in
impurity puffed discharges (H—mode or CDH—rnode) is stronger influenced by F0.

SEPARATRDC POSITION TESTED by SOL MODEL
A 115D - model predicts a temperature at the separatrix Cram“) and an exponential fall-off
length ion for the temperature profile in the SOL [1]. By combination of this two results the
following formula for the separalrix temperature Temud can be derived,

P W 2 2/7
Tamed [EV] : a ‘[ SOL[ ]C195 ] (1)

KT: [Cm]
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where PSOL denotes the power crossing the separatrix. The parameter at involves geometric
factors like the plasma surface at separatrix radius and an averaged connection length between
midplane and the divertor plates and can be determined by a linear regression fit. Such a fit
(11120.93) applied to a set of discharges covering almost the com lete o erational space ofP P
AUG, delivers OL = 0.5, where We used for PSOL approximately Phem - Pmd.
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Temo“ values cover a range from 30 — l 15 eV, whereas measured TeseP values occur between 20
and 180 eV (of. fig. 2a). Assuming the difference in both Te values is due to an inaccurate
magnetically defined separatn'x position a shift Asap of the latter can be estimated by Asap = M5
- [111(Tem‘3d) — ln(Te5eF)], Most of all Asap values lie Within iSmrn (cf. grey area in fig. 2b) in
the high temperature range (The > 60 eV, of. fig. 2b), which corresponds to the error in the
magnetic separatrix position.
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Fig. 3a: Measured Temp vs. measured nasePfor H~Mode discharges
(4.7 < P179,“ < 5.3 .MW, BT=-2.J,-2.5 T, Ip=0.6-1.2MA).

For lower temperatures,
however, shifts up to 1.50m
would be necessary to identify the
TemOd value in the measured Te-
profile. This systematic increase
of an inside shift of the separatrix
position for lower Te indicates the
limit of applicability of the
assumed model. In this low
temperature region radiation
zones above the target plates
reduce the effective length along
power has to be coaducted which
is not represented in the present
model. Therefore, as long as Asap
is not in contradiction with the

magnetic separatrix position the model can be used to correct the separatrix position. In the
following only data is presented where magnetic and model derived separatrix are within
iSmm. The derived shifts Asep can also be used to correct other separatrix parameters as e.g.
measured n3“? data by new" = neSBP . exp[Asep ,’ 7cm ]. Because Ana is considerable bigger than
Me this correction leads only to changes of less than 10%.
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l

i .‘ 160 In Fig. 3 a,b we compare original
l 0 600,45 T6, 116 (fig. 3a) data with
1 MO ‘ A 50014-5 "separatrix corrected" ones (fig.
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CONCLUSIONS
1 In clean H-inode discharges confinement deteriorates with increasing To [41. In addition 11650L
; increases with To and T3591J shows only a weak dependence on nesef’. Thus, the screening effect
1 for neutrals in the SOL will increase and the density of neutrals on closed flux surfaces will
i even decrease When To is raised [3], leading besides changes in confinement also to a limit of

particle fuelling by gas puff. Therefore higher To can hardly be the direct physical reason for the
degradation of H-mcde confinement. However, raising To certainly Changes the boundary
conditions for the edge plasma where the H-mode barrier is located. Therefore F0 must be
correlated with key parameters for H-mode confinement (eg, pe or Vpe or fall—off—lengths Are,
3km) which have to be identified by future analysis.
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Bolometric measurements in the ASDEX Upgrade divertor
J.C. Fuchs, KP. Mast, G. Haas, ASDEX Upgrade Team,

Maelancknstitut fur Plasmaphysik, EURATOM—Associatiom
D—85748 Garching1 Germany

1 Introduction
The radiation distribution in the ASDEX Upgrade divertor has been investigated by
holometric measurements. Eight lines of sight of a horizontal pinhole camera. through
the X—point and four lines of sight of collimators over each target plate are used to
measure the radiation from the divertor and X-point region with a time resolution of up
to 1 me. These new divertor bolometers allow to determine the radiation distribution
from the divertor region with a high Spatial resolution and thus together with the other
72 bolometer lines of sight of ASDEX Upgrade they provide the possibility to perform
a much improved tomographic reconstruction of the radiation distribution in a poloidal
cross section of the plasma of both the bulk plasma and the divertor region.

Since bolometric measurements may be affected by the cooling effect of the neutral
gas pressure; the influence of this neutral gas pressure on the measured line integrals has
been studied in laboratory experiments.

2 Bolometric diagnostic at ASDEX Upgrade
In the ASDEX Upgrade tokamak radiation losses are recorded by 88 holometers placed
in six pinhole cameras and two collimators which are mounted around one poloidal cross
section of the plasma inside the Vacuum vessel (Fig. l). The holometers are miniaturized,
low noise metal resistor bolometers [1] which are excited by a SOkHz sine wave and
effectively suppress thermal drift and electromagnetic interferences, Radiation from the
X-point and divertor region is observed with an ‘horizontal’ camera with 8 channels
and a spatial resolution of about 66111 and two collimators with 4 channels over each
target plate. Radiation from the main plasma is measured by four ‘horizontal’ cameras
with together 48 channels and spatial resolutions between 3cm and 100m and a vertical
camera with ‘24 channels.

In order to obtain the distribution of the local radiation emissivity in a poloidal cross
section of the plasma. the measured line integrals must be unfolded. This is done with
the LAnisotropic Diffusion Model Tomography’ algorithm, which is based on the fact that
the variation of the radiation emissivity along magnetic field lines is much smaller than
perpendicular to them. This behaviour is described by an anisotropic diffusion model
with different values of the diffusion coefi'icients D“, Di along and perpendicular to the
magnetic field lines. {2]

3 Radiation distribution in the ASDEX Upgrade divertor
The measurements of the new X~point and divertor bolomet'ers have been used to reconw
struct the radiation distribution from both the divertor region and the main plasma for
different types of plasma discharges.

3.1 CDH mode discharges
Fig. 1 shows the radiation distribution in a poloidal cross section for the transition from
the H to the CDH mode [3]. During a shot with 1M.-‘\ plasma current and 7.5MW neutral
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injection neon has been

puffed in order to achieve
a detached divertor and
a. radiative boundary.
The amount of the puffed
neon was controlled such
that the total radiated
power was 80% of the in-
put power. Fig. 1a shows
the radiation distribu—
tion during the H mode
before neon injection.
The main radiation is lo
cated directly in front of
the both divertor target
plates. About 30% of
the input power is radi— Figure 1: Development of the radiation distribution during the
ated in the divertor, ca. transition from H mode (left) to CDH mode (right)

.3

20% over the outer plate
and 10% over the inner plate (the radiation over the inner plates is mainly due to ELMs1
over which the bolometers generally integrate in time)! Fig. 1b shows the radiation dis-
tribution during the neon puffing (CDH mode). A clear radiation boundary has been
developed and the maximum of the radiation now is located above the X~point inside
the Closed flu): surfaces. The radiation over each target plate has decreased to less than
5% of the input power.
3.2 Density limit shots
0.1

.3

Figure 2: Evolution of a marfe during an ohmicaily heated density limit shot: a) medium
density, no marfe; b) increasing density, marfe starts to develop onto closed flux surfaces; 6)
density limit almost reached, marfe fully densioped

Fig. 2 shows the development of a marfe during an ohmically heated density limit
shot. At a medium density (Fig. 2a] the maximum of the radiation is located over the
outer target plate, ca. 30% of the total radiated power is radiated in the divertor region.
With increasing density the radiation over the plate decreases and the maximum of the
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radiation shifts upwards onto closed flux surfaces (Fig. 2b). Finally, the marfe on closed
flux surfaces is fully developed and moves further upward (Fig. 20). Now only less than
10% of the total radiated power comes from the divertor,

In density limit and
Oildensity ramp shots with

additional heating by
neutral injection, the de«
velopment of the radi-
ation profiles is slightly
different to the ohmi—
cally heated plasmas:
Fig.3 shows two radi-
ation profiles from a
density ramp shot with
SDOkA plasma current
and 2.5MW neutral in-
jection. The line ave
eraged electron density
has been varied up to 6.5 - 1019mm"3

3

Figure 3: Radiation profiles during a density ramp with neutral
beam injection: a} medium density, radiation located at outer tar-
get; [7) maximum density, radiation maximum shifted upward, but
not onto closed flux surfaces

and dOWn again {4]. Fig.3a shows the radiation
profile in an early state at a medium density, where the maximum of the radiation
is again located in front of the outer target plate. At‘ the maximum density however
(Fig. 3b) the maximum of the radiation has shifted upward, but no marfe on closed flux
surfaces has been developed yet. With decreasing density, this behaviour is reversible
and the maximum of radiation shifts down again over the outer target plate.

In additionally heated density
limit shots one finds that the marfe
on closed flux surfaces develops only
very late before the density limit is
reached and does not stay on closed
flux surfaces as long as in ohmically
heated density limit discharges.

At low and medium densities, up
to 80% of the total radiated power
may be radiated from the diver-
tor, with a. clear maximum over the
outer target plate (for L mode dis—
charges). With increasing density,
the radiation from the divertor re-
gion decreases to about 10% of the
total radiated power (Fig.4).
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Figure 4: Fiaction of the power radiated from the
divertor to the total radiated power as a function of
the line averaged electron density as during L mode
for several discharges with neutral beam injection

4 Influence of the neutral gas pressure
Divertor radiation losses are favourably measured with bolorneter cameras which are
mounted inside the divertor chamber, close to the plasma. Such a positioning allows the
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observation of the total divertor plasma volume and minimizes the plasma screening of
charge exchange neutrals. But bolometric radiation measurements in the divertor may
considerably be falsified at high neutral gas pressure which usually arises during high
density, high power plasma discharges. Two effects of the neutral gas on the bolometer
can be distinguished. Either the bolometer sensitivity and the bolometer bridge offset
voltage varies with the gas pressure. In Fig. 5a the pressure dependence of the sensitivity

1 12

Slpll (0) , 1m 4 Kapton bulomeler, blackened /’=
WKapton boiomeler. unblackened

' \\ s - ----------- NGC bolometsr. unblacksned//

0'6 «— ASDEX Upgrade/Tore Supra Kaptonbolometer ' DEF e
a .. .. Asnsmsr Kaptonbolometer . [m

2

w F was PBOL U _____

° .6 '5 7‘ '9 '2 " 0 '2 "4 ,3 a 1 1 2
lg p lmball lg pimbar]

Figure 5: Pressure dependence a) oftlie normalized bolorneter sensitivity S(p)/S(0) and the
fraction of the gas cooling power 19139;;d to the absorbed radiation power PBOL in air; b) of

the drift equivalence power DEoffset voltage/S for various bolometer types in air

of two types of Kapton bolometers in air as working gas is represented, This decrease of
the sensitivity is common to most types of bolometers and is caused by heat conduction
via the surrounding gas from the absorber to the housing of the bolometer corresponding
to a reduction of the bolometer cooling time constant: T. More critically the offset voltage
of the bolometer bridge varies with the gas pressure like a Pirani pressure gauge. Small
differences in the parameters of related measuring and reference bolometers, mainly of
the cooling time constants, result in substantial offset voltages at higher gas pressures
(Fig-Sb). The offset can be positive or negative and depends in a complicated manner
from the asymmetries of the bolometer detector and from the gas species. Kapton
bolometers additionally show a sharp positive rise of their offset with higher gas pressures
(> lOAEmbar) which could be attributed to a strain gauge eiiect.

A much improved behaviour {Fig.ob) was found for a newly developed high im-
pedance MICA bolorneter array with optimized ventilation (Neutral Gas Compensated
Bolometer) which is mounted in the new Divertor U of ASDEX Upgrade.

Neutral gas pressures up to 5 4 10‘2mbar were measured in the divertor I of ASDEX

Upgrade. The relevant offset voltages of the divertor I bolometers were compensated
numerically in the tomographic reconstructions shown above, using measurements of an
ionization pressure gauge [5] which was installed nearby.
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Erosion of the main chamber walls of Tokamaks by CX—neutrals

H.Verbeek, I.Stober, D.P.Coster, and R.Schneider

Max-Planck Institut fiir Plasmaphysik. EURATOM Ass oeian‘on.
D—85740 Garching, Germany

Introduction
Investigations on wall erosion have been widely concentrated on the divertors of plasma
machines. However, the erosion in the main chamber and the transition region needs still
to be considered, because of the limited lifetime of the wall and impurity influxes to the
plasma.[1] The aim of this paper is to assess the parameters and conditions which influence
the erosion of the walls.
The CX-spectra
At ASDEX Upgrade the CX fluxes and energy distributions have routinely been measured in
the energy range of 20 to 1000 eV by the Low Energy Neutral particle Analyzer (LENA)[2]
at one particular location at the outside wall. Its line of sight and that of an Ha monitor
is horizontally. slightly above the midplane. The CX intensities and the shapes of the
corresponding energy distributions, which can be characterized by the total fluxes and the
mean energies (13mm) depend largely on the discharge conditions, For constant heating
power Emmi decreases when 11.3 is raised while the flux increases [31,[4]. As an example
the CX—spectra in a N1 heated Deuterium discharge at different me are shown in Fig.1. For
discharges with auxiliary heating the flux increases usually with the heating power but Emu“
shows no simple dependence. The CX intensity is roughly proportional to the local neutral
gas density, which depends on the nearby recycling sources and external gas puffs. while
Ema,“ depends on the edge plasma parameters.

1
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For the determination of the OK wall—erosion at the location of the LENA the measured
CX spectra have to be multiplied by the energy dependent sputtering yields Y(E). However.
the spectra have to be extended to lower energies (down to 1 eV) in the case of Carbon walls,
where chemical sputtering is important, and to higher energies if walls of other materials are
considered (the maximum of the sputtering yield for D on W eg. is at 5 keV),The latter
is possible from the measurements of the high energy CX-diagnostic, whose spectra overlap
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nicely with those of LENA. The extension to lower energies is based on polynomial fits to
the experimental data. For one particular shot (#7649, D2 with lp=l MA, Pm=5.2 MW,
nez9x1019 m‘s),the procedure has been checked with flux simulations obtained from the Ti
determination by EIRENE simulation [5], assuming an exponential decay of T, in the SOL.

LENA measures the CX flux in a line of sight almost perpendicular to the separatrix.
The wall is, however, seen by particles from the whole half space. Therefore the angular
distribution of the CX neutrals has to be known. For shot #7649 (sabove) the spectra for
lines of sight at angels 20, 40, 60, and 80 deg to the normal were calculated from the Eirene
simulation. From these the angle integrated spectrum was determined. This had a very similar
shape as compared to the LENA-spectmrn. Therefore this could be taken into account merely
by a factor.

0'10. 'fi v' . ' ' Figure 2 Efieclive em»
: CX-Sputtenng ' _ sion yields Yefl" of C (+++)

one“ " - and W (We x100 for 26
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_ no .one _ + + l a + . + / _
P ++ i 4‘ #45 + 45* + t f t + <

N
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mean energy (eV)

Sputtering
For the erosion of Carbon walls the formula of Roth and G,-Rosales {6} was applied. This
includes temperature and flux dependences. For the consideration of other possible wall
materials also W, Be, SiC, TiC and WC were investigated. The corresponding sputtering
yields were calculated by the Bohdansky formula and the data of Eckstein ct a1.[7]. The
effective sputtering yields Yeflc were determined by multiplying the CX—spectra with the
corresponding Y(E) , integration over all energies and normalization to the total CX-fluxes.

For a randomly taken number of shots with and without N1 and a Wide range of densities
Yea was determined. It turns out that Yefl' rises monotonicly with Emma. As an example Yafi‘
for W and C at 300K are shown in Fig.2. No points were omitted, and thus Fig.2 seems to
be fairly universal. For the considered shots Ygfi‘ for W increases by a factor of 50, while for
C it varies only by a factor of 2 and for Be by a factor of 2.5. Yeg for the other materials
increases likewise with Emu. This is due to the fact that the sputtering yield for W has a
threshold energy for D of 178 eV while it is 26.2 eV for Be and of 1 eV for C because of
the chemical effects. For the metals the dependence of Y(E) form the angle of incidence[7]
could be taken into account using the above mentioned calculated spectra for different angles.
This enhanced Yeg by a factor of 2 for W and Be, but it is questionable, whether this applies
since the walls have not at all stomically flat surfaces.
Toroidal and poloidal effects
Though LENA is located at a place where no strong neutral gas sources are nearby it is
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difficult to estimate the wall erosion and the impurity influx to the entire machine from one
local measurement since the CX fluxes vary strongly toroidally and poloidally.

Toroidal variations are mainly due to the differences in local neutral gas sources, recycling
at protruding parts and external gas puffs. For ASDEX-Upgrade these variations have not
be determined quantitativly so far.

To account for the poloidal effects the CX energy«distributions were modelled by
B2~EIRENE calculations [8]. These give a selfconsistent calculation of the plasma tak-
ing into account the full geometry of ASDEX-Upgrade. Here we discuss the particular shot
#7888 (Hz with PM = SMW with ramped-up density) at the 2 timepoints when the seperatrix»
density new is =32 and = 5.2 ><1019 mm3. At the lSt timepoint the plasma was attached, at
the 2‘“3 fully detached. To achieve a good match between the simulation and the CX- and Hg
measurements the Ti profile and the neutral sources in the main chamber had to be adjusted.

The necessary reduction of T1 in the outer SOL indicates that the diffusion coefficients
used for modelling are not adequate for this outer layer, possibly due to flute mode driven
anomalous transport [9]. The neutral source strength in the main chamber along the outer
contour had to be shifted from the outside to the inside to keep the correct value of the
experimental Ha intensity and to match the measured CX intensities. (BZ—Eirene uses local
recycling along the outer contour but in reality it is concentrated at the inner heatshield.)
Since the main chamber source strength is only 1/100 of the divertor source this does not
disturb significantly the self-consistency.

For the Monte Carlo calculation grid (the outermost contourline of which is shown in
Fig. 3A) 216 lines of sight perpendicular to the outer SOL-contour were constructed and the
associated (IX—spectra were calculated as a first step. At the LENA location they agree fairly
with the experimental CX spectra. The CX—flux distributions along the poloidal circumference
are very different for the 2 cases, and in both vary the fluxes poloidally by up to 3 orders
of magnitude and Emm by a factor of 50.

From the spectra the total erosion yields Ymr were calculated for different wall materials.
The resulting t along the SOL-contourline are shown in Figs. 3B and 3C for carbon (at
300K) and tungsten walls for the 2 timepoints. t for W is multiplied by 430 because the
tolerable concentration of an impurity considering radiation and dilution is for W ca. 1/430
than that for C [10], It should be noted. that just above the divertor, the present choice of the
lines of sight perpendicular to the contour is not sufficient to account for angular effects in
this region. Neutral atom fluxes at the target plates are mainly due to dissociation of desorbed
molecules which are not included in the OK spectra
Conclusions

CX-sputtering in the main chamber occurs at different places for C or W walls for both
low and high density. W sputtering is most severe in the main chamber while it is low in the
transition region because Emm is sufficiently high only in the main chamber. The minimum
at the top of the machine for all materials is due to the low neutral gas density there. This
is important for a proper material choice in future machines.

The W-flux is much lower at 2.45 s than at 1.75 s due to an increased density in the
cold SOL which absorbs the hot neutrals coming from the central plasma, thereby reducing
13mm. C sputtering is increased almost everywhere since the chemical sputtering does not
depend strongly on T; but on the integral neutral flux (except target plates, where Te is too
low in the detached case). Considering plasma impurities it can be concluded that W would
be a favorite wall material in the detached case, whereas C would be favorable in the low
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Figure 3 A: The outermost contour and separatrbc of the grid for the BB—EIRENE calcula—
tion. Divertor plates and inner heat shield are indicated. The distance along the contour is
given in cm. B: Sptlttered flux of C and W (dashed x430) for #7888 along the SOL-contour
at 1.75: (low density) and C: at 2.45s (high densiryflez‘ached) . The vertical dotted lines in
B, C indicate the position of the divertor plates.

density case assuming that Sputtered C and W atoms have the same probability to penetrate the
plasma . Differences of the penetration behaviour for W and C are still under investigation.
A favorable effect for W is the higher rate of prompt redeposition, which is estimated to be
roughly 50 % (C < 10 %)[11].
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NUMERICAL STUDY OF THE IMPACT OF DIVERTOR

CLOSURE ON DETACHMENT

K. Borrassi D. Coster, R. Schneider
Max»Plank-Institut fiir Plasmaphysik, Euratom Association, Garching, iermany

Abstract: The impact of divertor closure on detachment is studied with the BQ-EIRENE code
package, Main focus is the observation that detachment seems to occur at unexpectedly low core densities
in closed divertors. JET MARK-1 and II horizontal plate configurations are adopted as study points.
Effects of the observed magnitude are reproduced While the increase of 1' w n interactivity: expected
for closed configurations, is found in the simulations: the main impact on the upstream density required
for detachment is due to volume recombination which is significantly enhanced as a consequence of plate
inclination and divertor chamber shape.

1. INTRODUCTION
Closed divertors have gained particular interest, owing to their potential to produce

easier access to the detached regime and to reduce main chamber sputtering. In the JET
MARK—II divertor7 which was designed along this line of thinking, low power L—mode
discharges show an onset of detachment (rollover of Jwt) and complete detachment at
significantly lower core densities than in the less closed MARK~I divertor [1] Since it
has become obvious that complete detachment coincides with the achievement of the
density limit [2], this raises concerns for ITER, Where the required operation density
seems to be in conflict with the Greenwald limit [3]

In this paper the impact of divertor geometry on detachment, particularly on the
required upstream density 715, is studied by simulating density ramp-up scenarios for
two configurations with different divertor closure. Though the paper does not aim at
detailed modelling, we adopt the MARK—l and II configurations as study points. in
order to provide additional relevance of the results by producing qualitative and broad
quantitative agreement with actual JET discharges

The majority of mechanisms that determine the upstream density 725 are well
described by a. simple 2-? expression for n5 (XJa DL : const) [4, 5, 6]

9/14

aPithweir/Totem 145 723”n5 .(1— rear/14 e 1.1? +1a (1)

Where T9 (T2 = Ti) is the divertor temperature :22, the total radiative fraction7 $3
the fraction of PsoL that is radiated, fp the pressure drop along B, f5 the fraction of
power into the recycling region that is lost due to i—n interactions (and possibly volume
recombination) and free the ratio of the total recombination and ionization rates.

In JET the reduction of n5 is observed in discharges with Virtually identical ,nl,
excluding different total radiative fractions as a possible cause. Eq. (1) also indicates
that a. change in the split between core and SOL radiation should have little impact.
This suggests that the main cause for the observed difference is due to gas target physics
as described by fp, f3 and frec. These coefficients are directly relating to loss channels
in, respectively, the momentum, energy and particle balances of a gas target. Since they
can be easily determined from code output they provide a. convenient frame to relate
the differences between the two configurations to basic gas target proacsson.
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The efl’ect of fm; in Eq. (1) is to increase the energy cost for ionization per
ion hitting the plate through the additional internal recycling channel. Volume
recombination also contributes to the energy and momentum losses in the gas target
(fp, fly), but its impact is negligible as compared with that of i — n interactions in the
regime under consideration.

2. DESCRIPTION OF COMPUTATIONAL SET-UP

A detailed numerical study of detachment in a MARK-I horizontal plate
configuration has been reported in Ref. {6] To isolate the configurational aspects
we adopt for MARKrII an identical set~up, except for the magnetic configuration (a
so called standard fat, low triangularity configuration in this case) and the divertor
geometry. Since our main interest is in gas target physics, we confine ourselves to a
pure deuterium case, in order to avoid the complication of varying impurity radiative
fractions. An input power of 1.8 MW is adopted, corresponding roughly to the net input
power of a typical ohmic discharge. The incoming power is evenly distributed between
electrons and ions. The simulation includes, in addition to the SOL region, part of the
bulk plasma, defined by some interior flux surface. We simulate a typical density ramp-
up scenario by performing a sequence of BZ-EIRENE runs to steady state, successively
increasing the particle content NW with otherwise constant input parameters. (Since
different core fractions are covered in the simulations of MARKJ and II, the NM values
are not directly comparable.)

3. SUMMARY OF RESULTS AND DISCUSSION

We start the discussion with Fig. 1. where a number of quantities are plotted versus
NW for the two configurations under consideration. By comparing the corresponding
curves one observes: (i) The values of mg at T5}? 2/ 58V, i.e.. when i-n collisions start to
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FIG 2. fp, f5 andfm versus T3”. According to Eq. (I) (l—fE)/fp measures
the effect ofi -— n. interactions, while (1 _ f3)((1,, frec)/fp, in addition takes into
account the impact of volume recombination

become effective, are equal in both cases, while 115 is systematically lower by an amount
consistent with experimental findings in MARK-II at lower TD values. (ii) In both
cases the rollover of 1‘3“” coincides with the onset of volume recombination. (iii) In
the MARK~II case volume recombination starts at much higher divertor separatrix
temperatures (:1 5eV instead of 2 16V) and consequently rollover occurs at lower
upstream density.

The situation is further clarified when discussed in terms of Eq. (1) In Fig. 2
the parameters fp f5 and fr“ as well as the combinations (1 — fE)/fp and (1 —
73¢c _ ffil/ 1p which describe the effects of z e n interactions alone and the combined
eifect of 2 M n interactions and volume recombination respectively are plotted versus
1:33.??e is a better label than NM since it is more directly related to the elementary
processes that determine fp f3 and free While fp is not much affected by closure,
fr; almost doubles in Mark- II. However, f}; remains too small to ailect (1 — fE)/fp.
We thus conclude that though closure enhances the effects of z — 11 interaction, this 1s
not His main cause for the decrease of us On the other hand (1 — fE)(1 — frag/f}: is

considerably lower in Mark-II and the decrease of 115 resulting from Eq.((1) agrees with
the numerical results (see Fig. 1). This is entirely due to the considerably larger fr".

The increase of volume recombination and its onset at unexpectedly high separatrix
electron temperatures in MARK-II (2 5eV) were the most surprising result of this study.
The underlying mechanism can be understood with the help of Fig. 3. Fig. 3 illustrates a
"thought experiment” where we start with a plate in position A0 and plasma conditions
where volume recombination just starts. (Since volume recombination depends much
more strongly on temperature than density. this always occurs in off-separatrix regions.)
if the target plate is moved into position BO7 the plasma conditions upstream to
the old target position are basically unchanged [2], while Te drops drops towards the
new plate position. Thus a cold, dense plasma region is formed which favours strong
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/ FIG. 3. Schematic
upstream illustration of the

impact of the plate
inclination on volume
recombination.
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FIG. 4. BZ-EIRENE
contour plot of the
volume recambiuaiion
rate in the divertor
regions of MARK-I
{solid lines} and MA RR-
H (dotted lines) at
2:83 : 1,5eV. The
two graphs are merged
into one such that fine
separatrir strike points
coincide. Significant
volume rccombinniion
occurs in MARX-II in.
areas which are cut-017 by
target plate and diveriar
chamber in MARKJ.
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volume recombination. This picture is supported by 2D results as is demonstrated by
Fig. 4, where for both configurations the recombination rate is plotted at [11:81:30 m 1.5,
characteristic of the onset of volume recombination in MARK—I (see Fig. 1).

An immediate consequence of the proposed picture would be an atypical start of
detachment in off—separatrix regions and a strong, increase of Do, light from the inboard
divertor corner. Both effects are seen in experiment {7].

In MARK-II the drop of 715 relative to MARK—I is found to be similar in horizontal
and vertical plate discharges. It is not obvious Whether the explanation proposed here
for the horizontal plate configuration applies for vertical targets as well. This aspect
will be addressed in a separate study.
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Abstract

Stiffness of core temperature profiles in H-modes of ASDEX Upgrade links global
confinement to the edge pressure gradient in cases Where the density profile remains
unchanged. This is the case particularly in low radiation discharges with hot plasma
edge1 Where electron density profiles are flat almost out to the plasma boundary.
As a consequence, confinement scalings for discharges near and below the ideal
ballooning limit differ. In particular, the favourable density dependence predicted
by the ITER ELMy H—mode scalings is lost in type I ELMy H—mode. Density profiles
show significant Variation, e.g. spontaneous peaking during Completely Detached
H—modes (CDH—modes}, which may allow to combine good confinement with low
edge temperatures and favourable type III ELMS.

Introduction
From core transport models involving critical gradients Leg. {1}) one expects that above
a certain heating power, core temperature profiles will become stiff> 1.8. increased heat
flux results merely in faint augmentation of grad T. As a consequence, boundary con
ditions at the plasma edge can determine the stored kinetic energy. In particular, any
upper temperature or pressure limit at the plasma edge, eg. the ideal ballooning limit,
potentially defines a fundamental performance limit.

in a related paper {2], regime boundaries in edge parameter space (Tab, 71:) as identified
on the ASDEX Upgrade tokamak (ideal ballooning limit, Hamode threshold, type III ELM
boundary and density limit) are discussed. Here we concentrate on the effect of proximity
to the ideal ballooning limit at the edge to global confinement scalings. We consider a data
set of 798 time intervals in 131 H—mode discharges in deuterium performed during 1996
on ASDEX Upgrade with single~nnll divertor configuration and ion grad—B drift towards
X point. Parameters are plasma current 1,, = 0.6. . .12 MA, toroidal field B, 2 1.5 . . . 3
T, line averaged density its : 2.3 X 1019 . . .1.3 :1. 102° m”3, and neutral deuterium beam
heating power Hum : 2.5...10 MW.

Relation between edge and core confinement
On ASDEX Upgrade, stillness of electron and ion temperature profiles is generally ob-
served during neutral beam heated H—modes (Pimp > 2.5 MW). Fig. l a) shows that cenw
tral TS (taken at pp 3 0.15) and edge T, (at ‘r z a —2 cm, both values measured by Thom—
son scattering) are nearly proportional for a variety of discharges near the ideal ballooning
limit at the edge. A Wide range of plasma parameters, particularly of "77;, is covered by
the data set (see above). The normalized electron pressure gradient 05,; = 2poRq35/B? p;
during type I ELMy was found to be (i9 = 1.6 d: 20% for the discharges in the data set.
Also, type III ELMs can be obtained at the ideal ballooning limit in case of high edge
density, if T50" : a — 2 cm) remains below 300 eV. Those cases adhere to the same edge-
core relation. However, during L—mode and type III ELMy H—mode below the ballooning
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Figure 1: Relation between plasma edge and core: (a) Electron temperature (discharges
near the ideal ballooning limit at the edge), (5) relation between average and edge electron
density for difierent levels of neutral gas flow.

limit this relation between edge and core temperature breaks down, even at high PM"
(e.g. at high H—mode power threshold).

Density profiles in general do not show robust self~similerity. However, during type I
ELMy H-mode the scrape-oil layer and the plasma edge are hot (Te(r = a _, 2 cm) 2 300-
eV) and the combination of low neutrals penetration depth and low beam fuelling in
A-SDEX Upgrade produces flat density profiles almost out to the separatrix. Fig 1 b)
shows that the electron density ne at r = a —— 2 cm amounts to approximately 0.6 x n;
(line averaged density) over a wide range of neutral flux in the main chamber, a. good
shielding of the scrapeoff layer and the plasma edge within 2 cm from the separetrix.
Hence, self—similarity exists here. In contrast, neon puffed {CDH—mode [3]) discharges,
show peaking of the central density attributed to an anomalous inward drift [4].

As a consequence of density and temperature profile similarity, one expects a relation
between edge pressure and stored energy. Furthermore, as the edge radial gradient lengths
are not varying much during H—mode, a relation between edge pressure gradient and core
confinement is observed for cases near the ballooning limit (Fig. 2).

0,8 ' fl ' '
‘ + TypelELMs (N=75) 1.2 MA

0 Type «I ELMs (N=24)
0.6-

“ 0.8 MA
’5“
E l' +
h“ 04- +
5

g 0.6 MA fi+
0.2- ++

l + o ASDEX Upgrade
+ ._ 0 D -> D, Ion-VBMX

0 so 100 150 200
grad pe [kPa/m]

Figure 2‘. Relation between thermal stored energy W”. and edge electron pressure gradient
p; for discharges near the ideal ballooning limit at the edge (type I and type III ELMy
H-mode).
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Stiffness of temperature profiles
Stiffness of core temperature profiles is usually very robust and not restricted to type
I ELMy Han-lode. An example is shown in Fig. 3. where in between two type. I-ELMy
H—mode phases, controlled neon gas puff has been used to radiate m4 85% of the input
power at the edge. Complete Detached H—mode (CDH—mode) has been achieved. During
the CDH—phase, central density peaking (Fig. 3 b] is observed. The NBI power is kept
constant. The core temperature profile (TE profiles are shown in Fig. 3 c) remains almost
unchanged despite the strong density perturbation, resulting in an increase in stored
energy even above the level during the initial type I ELMy phase. During the CDH
phase, there is a twofold departure from the edge-core relation described above for type
I ELMy H~mode: The edge temperature drops due to forced impurity radiation7 and at
the same time confinement improves when the peaking of the density profile builds up.

a) L H 0014 L b) 20 "e Qotype I type III 15 ‘ x > H-mega: tsyEe | ELMs
Cl” a.u. ’5— o 0 3'5 ®baginning olCDH

. 2E 1031“”:(32W1;3EDIV 9 n n n n o o D oust-1121”.“ '
kHz hi?

— DON intenerometer +
Li beam deconvolution

0 O 0 2 0.4 0.6 0.8 1.0

fELM
w . .

0.3 r/a

W 0.4MH 0) 3
u A ASDEX Upgrade #8189
“Wis fit Thomson

n— 2 _ g ‘E’. A Scattering _
e 9 Tw e g%a (i a

MW “5 f, 0 t 3.25 5

PNBI '— 1 Simmoon E E -
(“x as t: 3 68 5 i

rad 5/” H-mode type | ELMs g‘ig
1 2 3 4 5 0.0 02 04 ran 0.1; 1.0time [s]

Figure 3: Confinement improvement during (1 long ODE-phase (:1) associated with central
peaking of the density profile {(7). The care electron temperature profile is stlfi against the
density change (a).

Confinement at and below the ideal ballooning limit at the edge

Proportionality between stored energy and edge pressure gradient at the ballooning limit
Would imply that global confinement acquires the scaling of p’ . This can be investigated by
separate regression of 3116 and theimal stored energy Wm during type I ELMy H—mode (Le.
near the ideal ballooning limit) with respect to 17.,_nM B: and PM“, (Fig. 4) The relations,
found by ordinary least squares, are pledge) = 158 x 1053‘0 a‘ioo‘Pfe'at"203‘0'“fie—009*" 06
I1...9:s013(kPa/m) and 1.1;”. = 0' 2968—018i0 orpoea4010 09 —o 02in..0611 2.810120%” The units

of 1p, n"; Bf and Pheat are MA 1019 m ‘.3 T aand MW, respectively. Note that both
p€(edge) and W}, do not depend on 715, in contrast to the favourable density dependence
predicted e g by ITERH 92P(V).[5] The IT. dependence of Wt}. is somewhat larger than
in ITERH—92130 ) and also than for type III ELMy H—modes below the ideal ballooning
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limit in ASDEX Upgrade. However7 it is smaller than that of pg. The latter efiect,
together with the retained PM“ dependence, appears as scatter of data points in Fig. 2
and indicates that p’(edge) may not be exactly the critical variable for confinement. It
is speculated in [6] that the pressure or temperature at the edge pedestal top assumes
this role. However, the edge pedestal width in ASDEX Upgrade shows little systematic
variation, so that pressure gradient and pedestal pressure are almost proportional.

a. . . . . , 0.5 o e - x
a) ASDEX Upgrade 1.2m 1/ b) + Type IELMs

zoo-+TypalELMs +4:),’ _ 06* All”)! -

E 0 Type In ELMs ”M I; H; ‘ j: 1:

n. 150- 0.5 M I ' E 12%?
E e z 0.4— :fifl _

10w _ - ,
b? 03 MA , 01%) - f 3 WM 0' o o regressmn or M- , NBI D -D‘ V

50- ’4? $0 type I ELMV _ % ion--VB - X——pl
x’N-a92.9.5% rrnse H~m0de n , ’ N—92 10.2% rmse ASDEX Upgrade

0‘ 50 $00 150 206 250 0 U E 04 0.6 0.8

4134 0 20 — -0 09[ 1 9 _.

158 B Pheat “e [kPa’m] 0 296 B’O''19 P9133 neoolp1 33 [MJ]

Figure 4: Sepdrate reg? 5551072 for type I ELM}; H—mode dzschmges of (a) election pressure
gradient and (if?) thermal stored energy.

Analysis of type III ELMy discharges below the ideal ballooning limit yields a weaker
scaling with 1,, and more favourable B. and n6 dependences while their confinement is
below that of type I ELMy H-mode (with the exception of cases with strong density
peaking) for the parameter range of ASDEX Upgrade encountered so far. Both scalings
( near and far from the ballooning limit) match at high edge densities where, during type
Ill ELMy H—modes, p‘(edge) approaches the ideal ballooning limit.

Conclusion

A correlation between edge pressure gradient near the ideal ballooning limit and core
confinement is found on ASDEX Upgrade which is based on robust temperature pro
file stiffness and flat density profiles during type I ELMy H-mode. A “near ballooning”
confinement scaling results, which lacks the favourable density dependence of the ITER
ELMy Hemode scalings but shows a somewhat stronger 1p dependence. A combination
of good confinement and a sufiiciently cold plasma edge. as to obtain divertor—compatible
type III ELMs, seems possible by manipulation of the density profile. One successful
scheme demonstrated on ASDEX Upgrade is the Completely Detached H-mode [3] An~
other possibility would be central fuelling by deep pellet injection, where high fuelling
efficiency can be achieved by injection from the high—field side [7].
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The paper discusses the particle transport which is detennined through modulated
gas puff experiments in ASDEX Upgrade, The Thomson scattering data is used for the
analysis, and a so called forward method is used to determine the transport coefficients.

Because the modulated ECRH experiments do not show any density modulations
the equation that describes the density evolution is assumed independent of the tem—
perature. The density (n) evolution is assumed to be given by the linear equation

gt?" 3 ‘25:“ TD”)? + T‘V(r)n + S(r,t) flip) 2% £2), (1)

Where S = 5(7‘, 15) is the particle source, and 130'} (V(r)) is the diffusion (convection)
coeiiicient. The transport operator is written in cylindrical coordinates with r being
the effective radius of the flux surface labeled by the poloidal flux 7,1), Rm is the major
radius of the magnetic axis, and l) is the volume enclosed by the surfaces on which the
poloidal flux is 1/)

Method of analysis

A so called forward method is used to determine the transport coefficients. In this
method the transport equation is solved for certain values of the transport coefficients.
Using a non-linear fitting algorithm the transport coefficients are adapted until the
solution of the transport equation (1) fits best to the measurements. If radial profiles
of the coefficients are to be found, this procedure is an under—determined problem.
Therefore, one has to limit the number of possible solutions. It is preferable to find
the smoothest profile of the coefficients that is allowed by the measurements. Such a
solution can be found by regularization

The code that performs the analysis solves the transport equations in the region
Where S (at) m 0, for a given set of frequencies, mostly the modulation frequency only.
The diffusion (D) and pinch (V) coefficient are given on a grid of the radial coordinate,
ri i = 1 —> N. The transport equation is then solved and the solution 1% is determined at
the radial points {1"} j = 1 ~+ M") where the density is measured by Thomson scattering.
The nonlinear fit procedure then minimizes the following function

we), WM) = R + a2, (2)
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where

2?; (BDs/é‘ 2 i: BIG/6r)”R=a 15:11)???) +azzlEN=1Vig (3)

and M

2_ smog—rem”) 2 smog—ens,» 2
“EX 0,- i+( 03. )~ (4)

Here, n is the measured density profile, 0' is the standard deviation of the measurement,
and .‘R (9:) denotes the real (imaginary) part of the Fourier amplitude. Minimizing the
last term in equation (2) yields the normal least square fit to the data. Minimizing the
first term yields a, solution for which the gradients of the coefiicients are minimized,
Le. a smooth function. The coeflicient o: is chosen such that the obtained fit lies within
the error bars of the measurements. In this way a. fit to the data is found which is both
acceptable and has the most smooth radial profiles of the difi'usion and pinch coefficients.

Results

As an example two shots will be discussed, one (#8005) in which the working gas
is Deuterium and one (#8618) in which the working gas is Hydrogen. The gas pufl"
is modulated with a frequency of 5 Hz. The plasma, parameters of the two shots are
similar, and are given in table 1.

Table 1. Plasma parameters of the analyzed shots
shot gas IP H; n 1019 m"3 T; keV
8005 D2 1 MA -2.5 T 4.6 1.4
8618 H2 1 MA —2.5 T ‘ 5.1 1.1

The diffusion coeficient and pinch velocity for the Deuterium case obtained from
the 5 Hz component is shown in Fig. 1 together with the obtained fits to the data.
The results for the Hydrogen case are shown in Fig. 2. The error bars on the difi‘usion

and pinch are estimated using difi'erent sets of data. points. These error bars only show
how the uncertainty in the measurement influences the determination of the transport
coefficients within this method. Of course non-smooth profiles of the coeficients can be
constructed for which the solution fits just as well to the data. In this sense the error
bars are arbitrarily large.

The diffusion coefficient increases towards the plasma edge. A large inward pinch
is found at the edge. The transport coefiicients for the case with Hydrogen are higher
compared with the Deuterium case. These results agree with those previously found on
ASDEX [1].

The question whether the obtained transport coefficients from the modulation also
explain the steady state profiles is investigated by simultaneously fitting the Fourier
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amplitude of the modulation frequency and the steady state profile. The agreement for

the Deuterium case is reasonable {it must be noted that V in this case is not accurately

determined from the 5H2 component, see Fig. 1), whereas no good fit is obtained in the
Hydrogen case.
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Fig. 2. Obtained results for the Hydrogen case
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Temperature perturbation during modulated gas puff

During the modulated gas puff experiments a large temperature perturbation is
obServed, which increases in amplitude towards the plasma centre. This in contrast to
the density perturbation which decreases in amplitude. This temperature perturbation
nevertheless can be explained largely from the convective terms in the linearized energ)r
balance c

27%“ = VnDTTVT — gfvro — To‘ — Eros + ohm, (5)

where the tilde denotes the perturbation and the index zero the unperturbed quan-
tity. In Eq. (5) T is the temperature, I‘ the particle flux, and Qhem is the external
heating (in this caso Ohmic heating). With the particle transport determined the
measured temperature can be fitted with Eq. (5), in which one new unknown ap~
peers, the heat diffusion coefficient DTT. A reasonable fit can be obtained as shown

in Fig. 3. The heat diffusion coefficient, however, is larger that the ones obtained
in modulated ECRH experiments, which indicates that other terms in the transport
equation might play a. role. In future experiments modulated gas puff and modu-
lated ECRH experiments will be combined to determine the coupling more accurately.

Diffusion Dtt [ma/s] Flea! pan 0! temp. ampl. (eV) Imaginary part. (eV)
20 - 40
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15- 42- ‘
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0.0 0.2 0.4 0.0 0.0 1.6 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.3 1.0r/a “a rla

Fig 3. Results of the fit to the temperature perturbation (Deuterium case).

Conclusion

The transport coefficients can be deter-mined accurately from Thomson scattering
using the forward method, This method has the advantage that no processing of the data
is necessary, which would lead to additional sources of errors. The most smooth profile
of the coefiicients obtained by the method allows for a study of the radial dependence.
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Introduction
The typical experimental domain of radiatively cooled scenarios is characterized by
strong gas puffing and cold (livertor conditions. While almost complete power removal
by radiation could be demonstrated on ASDEX Upgrade with neon cooling [1], only
moderate energy confinement improvement above the L-inode level (HITERSQF m 1.6) is
obtained. On the other hand. very good confinement (HITERBQP > '2) can be achieved
with very low neutral flux levels in the main chamber which is synonymous for a low
SOL electron density. In this case, the confinement improvement is attributed to an
edge barrier, leading to a pressure pedestal. But, divertor electron temperatures are
high for these conditions. In this paper. such a discharge with edge pedestal and
neon radiative cooling is compared with the standard cold divertor, type—ill ELM)!
CDH~scenario, where confinement gain is attributed to core density profile peaking.
The radiative efficiency P326Pmd/JZEU turns out to be degraded for the hot divertor
conditions. The origin of this degradation is investigated by impurity tranSport modelling.

Radiative cooling for hot divertor conditions
Fig. 1 shows time traces of a discharge (#8197) with slightly increased triane
gularity and plasma volume and a low SOL electron density (see Table 1).
A short neon puff at t:3 3 leads
to a moderate increase 0f the core Ne valve flux Zeff Prad mainchamber
radiation and a weak reduction of N615 ‘ l: ’ ' ‘ l ' ‘
the target power load The ELM 3320’ f". HM fizz
frequency is reduced from 60 Hz 2mm» 1' E i '2
to 14 Hz, resulting in high peak ‘E"2°"“”"""" I T ””””{.3Erik:
tar et ower loads after the neon ‘ , H I ' . l. l _ ' .
pug. EVhile the generally lower softk-ra em1ss1on Dim.” Prad dlygt‘ljr i W
ELM frequency is attributed to : :3000 " "I;
the higher triangularity, it can - . :2000: "2
not be distinguished whether the : :1000 W 1
improved confinement is caused J ‘ 1 I 1 I I I . -
by the plasma shaping directly smefiw‘iV , . M1 9‘2‘““’”1°ad W
or by the low neutral flux level :WMW 0‘6 ' l i » 4
‘/ SOL electron density. The C 20,4 .. i I:
long ELM events which can be I :02 _ ’ ' v- ’ -l
seen in Fig. 1 after the neon ' . . . . . ' , . . , ;
putt consist of short bursts of 2'9 tili1'e1(s) 3 2-9 mil“; (s) 33
individual ELMs: The quiescent
H* phases are terminated by a
type—I ELM which is succeeded
by ‘24 type III ELMs within
10 milliseconds. The sawtooth

Figure 1: Time traces of a discharge with hot divertor.
good energy confinement {HITEF‘SQ’E 2) and moderate m»
diative cooling with neon. PM”: 5 MW .00 A D+ NB].
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frequency is 14 Hz throughout the discharge, after the neon puff, the sawteeth appear
right after the ELM bursts. The improved confinement scenario exhibits a. very thin and
hot SOL and divertor piasme with an electron temperature TE :1 40 eV at the outer target.

Radiative efficiency transport modelling
The temporal development
of impurity profiles is mod- Laur-
elled with the impurity transi ,5— l ' -------hifsffiéma
port code STRAHL [2], 113— E- mma mama“. ‘
ing measured electron den- ° “No.9
city and temperature profiles.
The STRAHL output inter— n
face allows direct compar— :0 m mppooi”
ison with bolometry, spec— 5; m”
troscopy, soft—X measure— ; mafia-2;;-
ments and charge-exchange E M0 '
recombination spectroscopy 3 “"1” “.9732
(fully stripped impurity den— i ”“7"
sity profiles). The overall 3.60 mu can on
consistency of STRAHL out— ”PM
put and measurements is typ— Figure 2: Edge electron and neon density profiles and trans-
ically within j: 30 % when 51] port parameters for modelling of the discharge shown in Fig.
the diagnOStics mentioned are 1. Parameters of a ’standard’ type-III ELMy discharge with
adjusted simultaneously. moderate gas pufling are given in dotted lines for comparison.

197 ai-E sum as mInJl‘In Mum a.“ 2mm LEW m a.|m:-. WWI“
us.“ If /‘ r / “39' ' ‘ 5w [

I 1/ 11mm

E“ 21am 35*“ lasso! ' \ > 5‘1“
’ \ scams

g “5"" ”m I lkyfh 3.2mm \\ . J' U WV
‘ ‘ \ewe , r 8197 «M uj Leewt # 76615 imm-

( I I I Am ’ l on. A

I.” am 33D 320 $30 2 n 309 5.") 3.20 33"! i L30 2.30 2.70 3 W 3.50 ‘80
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fa" ' m sown: \\
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urns“) Ilme (5] “III. (5) Mia (I)

Figure 3: Time traces of soft-X emissivity and Nev” VUV line emissivity for the discharge
shown in Fig. I and the reference discharge for comparison. (—- model, - - - can)

Transport coefficients and density profiles in the outer plasma for the H* phase of Fig.
1 are shown in Fig. 2, values for a standard type~III ELM}r discharge with neon cooling
are given for comparison. Inside ppo, = 0.8, transport coefficients (D, v) are taken‘from
dynamic pulse analysis using charge exchange recombination spectroscopy [3]. The trans
port coefficients for ,07, > 0.8 are adapted for diflerent discharge scenarios by matching
the temporal evolution of SXR emissivities for various viewing lines and different filter
thicknesses (8 and 100 cm Be). While with the 100 um filters only continuum radiation
is measured. with the 8 ,um filters also line radiation of highly ionized species contributes.
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The radiation profiles before the neon injection are simulated assuming carbon as single
impurity (C concentration m 2 %) and matching its influx. After the neon puff. the carbon
influx is kept on its initial value. the transport coefficients (Dy) are taken identical to
those of neon. The ELMs are simulated by increasing the diffusivity to D: 12 mz/s over
.5 cm inside the separatrix, the radiation during ELMs is not modelled due to the lack of
fast enough Tait)» n50) diagnOStics. Sawtooth are treated using an analytical model for
the profile reorganization. Experiment and modelling are compared in Fig. 3. It should
be noted, that the transport model shown in Fig. 1 represents a possible, but not the
unique solution for the observed fluxes and profile shapes if the uncertainties of the mea-
surements are taken into account (see, e.g., [4]) In fact, simultaneously doubling D and
v for 3% 8197 over 3 cm inside the separatrix results in a prediction of the experimental
data with a consistency which is similar to the results shovvn in Fig. 3. Fortunately, the
ratio v/D is more robust than the individual values. The question arises, whether the
strong neon inward drift
during the H“ phase is due : neoclassicairieon drifts . I
to neoclassical effects. Fig. 50} 4
4 shows the various contri- 703‘ l 1')
butions to Vnem the den— got" id "7"-
sity gradient driven Pfirsch— > i edge barrier .. \\7
Schliiter term dominating '50 :sggwégm at
the VT term. In combina— “o i if:§‘""§i.'§f§;‘flffi'§f§l _
tion with an anomalous D i ”gang-$313113: ,
of 1 1112/5 (which is higher .150lW1?7 T We" ‘ ‘ — ~40 #766‘5 . . .
than what one would exe 0'70 ”0 pm 0‘50 "0° ”*7“ 05° F,” 03° 1-00

pent wmhm a transport barv Figure 4: Neoclassical drifts of neon for the discharge shown in
ricr), the neoclassrcal V’W Fig. 1. t: 3.28 s and # 7666' for comparison.
would fit the experimental
data. However. there are
uncertainties connected to vmo since the C—Ne collisions and the influence of the ra~
dial electric field E are not considered in its calculation. Further. an anomalous inward
pinch has to be used to reproduce the steep deuteron profile shown in Fig. 2 with simple
1-d modelling including the effect of charge exchange.
We arrive at the following picture of the impurity transport: In the H—mode, D and v
peak around PM = 0.8-0.9, and a transport barrier near the separatrix occurs during the
H“ phases. Between ELMS, anomalous diffusion is reduced within the barrier and a strong
inward drift is seen just inside the separatrix. This inward drift leads to a. fast impurity
build—up close inside the separatrix, its magnitude is similar to the neoclassical level. The
clearly anomalous inward drift around pp01=0.85 does not lead to substantial impurity
buildup since it is compensated by the large values of D. No distinct differences are seen
in the radiative efficiencies of radiative type-1H ELMy H4 and L—modes, where the possi-
ble contribution of a neoclassical inward drift is masked by anomalous transport or ELMs.

Origin of the poor radiative efficiency with edge pedestal
The main reason for the poor radiative characteristics of the discharge with edge pedestal
is the peaking of the impurity density profile with respect to its edge value. If the
transport is characterized by diffusivity D and drift v. the relative profile shape is given
by the peaking factor Fmt = emp(— f; v/Ddr’). High values of ps at radial pesitions
with low specific emissivity means plasma pollution Without radiative pay—off and
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# type HITERSQP (3' ”git/I h—SOL Tdiu P" Pp<1 soée
. e e a I For:

[1019 m— ] [6V] [MW] [MW]
8197 edge pedestal 2 0.12 1.5 0.6 40 1.8 1.4 4.5
7666 type—III ELMs 1.6 0.09 10 1.0 7 3.5 2 1.1

Table 1: Comparison of radiative characteristics of two improved confinement scenarios with
radiative cooling. 5 refers to triangulari’ty. TS” is the peak temperature from target Langmuir
probes1 P: is total neon main chamber radiation per core neon Zcff increase. 1?: 1 MA, (495:4.

therefore low values of Pa, The situation for the discharges in comparison is illustrated in
Fig. 5; A high drift veloeity is only efiective to produce profile peaking when connected
to a region with low D.

Conclusions
The major drawback for radiative cool—
ing of a discharge with edge pressure A s __ #8197
pedestal1 expressed by the i w radia— 35 ~--- wees
tive efficiency rifled/6&2”, originates E 5 ~
from the large. values of Vin/1D close “in
to the separatrix. Significant values of f; 4 .
V511 are obtained from neoclassical ef~ E 3 V “8‘ Dan “12/5
facts, however, an anomalous contribu~ L ”a“ transa model
tion to Vl‘n may be present. During Lug- 2 (_ experimep
typalll ELMy or L-rnode phases, the
neoclassical drifts are masked by other
mechanisms and strong profile peaking
near the edge is not observed. To obw
tain efficient radiative cooling, a radia-
tor should be chosen which exhibits its
peak emissivity just inside the trans-
port barrier. Other means to increase
the radiative efficiency would be den—
sity/ temperature profile control to sup—
port neoclassical drift terms with out-

1 . . . .
0.70 0.90 1.00

pol
Figure 5: Impurity profile peaking factor Freak for
the anomalous transport model of Fig. 2 (far. lines)
and for neoclassical drifts according to Fig. 4 and
D: I mZ/s. The normalized neon radiation profile
for #819711: obtained by multiplication of PM” with
the specific emissivity (shaded curve}

0.80

ward direction. Since the power bursts connected to ELMs succeeding long quiescent H’“
phases will contradict lifetime requirements of the divertor in a reactor. rapid pellet injec~
tion could be used to trigger ELMS with controlled frequency which flatten the impurity
profile shape over the. pedestal region. The necessary frequency depends on the time Scale
for buildup of the impurity pedestal and on the width A of the pedestal f o< v/A. For
designing a reactor scenario with ”edge pedestal’, better estimates for the edge transport
coefficients, including the neoclassical ones, are required to allow for calculation of the
tradeoff between confinement degradation and more efficient radiative cooling as well as
helium exhaust. To achieve this, refinement of the edge diagnostics is highly desirable.
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1. Introduction

The understanding of transport in tokamak plasmas is expected to be improved by comparing
results derived from steadyrstate and transient experiments. This is due to the difierent physical
nature of the transport coefficients deduced in these two cases [1]. In this paper we analyse the
electron heat conductivity (x5) in ASDEX Upgrade as deduced from power balance (x55) and
from heat pulses (f) caused by either sawteeth (ST) or ECRH power modulation. It has
been previously shown for this tokamak that sawteeth and ECRH modulation yield different
results: the latter yields xfCRH values close to power balance (xmH/xfs g 2) whereas the
former yield Xg‘T values without correlation with xfs and such that 1 S xfT/XEB g 6, [2].
In this paper we present the Xe profiles deduced from the three methods and discuss possible
physical models.

2. Experiments

The ECRH system operates at 140 GHz in the second harmonic X-mode. This allows a thin
deposition width, g 5 cm to compared with a. = 50 cm. The absorption is calculated to be
100% in the conditions of the experiments presented here and the suprathermal population
is negligible, the density being above 4 10‘9m'3. We analysed Ohmic and L~mode discharges
with di‘iferent heating powers, plasma currents, magnetic fields and densities, in deuterium and
hydrogen. All the discharges were sawtoothing allowing systematic comparison betWeen xfoRH
and XET [2]. We applied on/off ECRH power modulation with 50% duty cycle with P533}; up
to 400 kW which is at most half of the heating power. The best results were obtained when
the deposition is around mid—radius.
The essential diagnostic for these studies is the 45 channel ECE heterodyne radiometer which
provides the electron temperature with a time resolution up to Rt 30 kHz. Generally 30 channels
at least were in the interesting plasma region. The radial resolution of each channel is under
1 cm and the distance between channels can be as low as m 2 cm. These properties allow
to analyse the heat pulse propagation over a large part of the plasma radius and to deduce
radial profiles of xi”. It must be underlined that a careful independent calibration of the ECE
system was performed and that the Te measurement is in good agreement with the electron
temperature from the Thomson scattering diagnostic. Therefore, both amplitude and phase of
the Fourier analysis used below must be considered to have equal weight.

3. Analysis

The basis of the data analysis here is a Fourier transformation which yields amplitude and
phase of the temperature perturbation for each ECE channel. The calculation of xf‘p follows
the method described in [3} At each radial point of the measurement a xi”, value is calculated
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with corrections for cylindrical geometry and density gradient. The gradient of the temperature
perturbation necessary for the calculation of xfp is obtained from fit of the data. As usual,
Xi“: : qlxémp’m”, sqm” and XCPM” deduced from amplitude and phase.
The time-dependent. transport code ASTRA is used to model the steady-state and transient
experiments. This code uses the toroidal geometry, the damping (Ohmic power changes and
electron-ion exchange) is calculated. The ECRH power modulation is inciuded as a modulated
heating term of the electrons with the corresponding frequency and wave form. The deposition
is radially defined as a. Gaussian with position and width corresponding to the experiment.
The ion temperature profile is that of the experiment.
The sawteeth modelling is based on a Kadomtsev reconnection model. The frequency of the
sawteeth is prescribed according to the experiment. In our discharges the inversion radius
corresponds to the calculated q=1 radius within z 20%. At each sawtooth crash the TE profile
is flattened and the energy is redistributed inside the mixing radius. Note that the exact
modelling of the sawtooth is not essential in this study, the important part being the creation
of a heat pulse outside the mixing radius which Will then propagate towards the plasma edge,
according to our transport model. The Fourier transformation of the ASTRA results and
experimental data are compared to test the validity of different transport models.

4. Results

Examples of results from experiment and modelling are showu in Figs. 1 and 2 for ECRH
modulation at 100 Hz and sawteeth respectively, during the same time period of the plasma.
This is an L—mode discharge in hydrogen with 2 MW NBI heating) residual Ohmic power of 0.4
MW and line—averaged density of 5 10mm“3. The comparison of Figs. 1 and 2 clearly shows
that x? is larger than xfCRH and that both are larger than xfal Note that is not due to a
poor signal to noise ratio for the ST case because the amplitude of the ST perturbation is equal
to or larger than that of ECRH and both are above the noise level, indicated in Figs. 1 and
2. It is also underlined that both amplitude and phase yield large x651" values. The difierence
between xffi and xi“: is expected1 as already mentioned above [1]. The fact that sawteeth
and ECRH yield different values in the same discharge indicates that either the transport
mechanism depends on the heat pulse or that two transport mechanisms are acting, depending
on the nature of the perturbation. This is investigated in the following.
The first and simplest step in trying to model the transient experiments is to find a time—
independent x6 profile which reproduces the transient experimental results. This could be
easily achieved for the ECRH modulation for which n 2 x xfB gives good agreement with
the amplitude and phase profiles of Fig. 1. This is a bench marking between ASTRA and
the Fourier analysis and shows that a locally determined diffusive transport may well explain
the data. However, this dose not include any physics model. For sawtooth it was not possible
to find a time—independent x5 yielding good agreement with both phase and amplitude. The
disagreement is larger at higher frequency (3” harmonic). This suggests that a non-diffusive
transport process is also involved. We tried to reproduce the experimental data from both
ECRH and sawteeth with 3 transport models: a local model, a. non—local model and a model
combining both.
The local model is based on Xe ~ VTé‘. According to [4] one may conclude from the ratio of
about 2 between power balance and ECRH modulation that o z 1. The simulation under this
assumption gives rather good agreement for the ECRH case (Fig. l) but also for the sawtooth
case (Fig. 2). However in none of the cases the agreement is perfect. A more precise agreement
is obtained for ECRH in Ohmic cases in which the Xe profile is much flatter than in the auxiliary
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heated discharge analysed here [5] Figures 1 and 2 also Show the comparison with our non-
local model. Following the non-local power dependence of X5 found for ECRH described in [4],
we introduce here for sawteeth the model X30) 2 x513 X (T$T(li)/Tgo)fi, Where TfiTU) is the
modulation of the central electron temperature caused by sawteeth and T90 the time—averaged
central electron temperature. For ECRH the amplitude of the perturbation is taken at the
centre of the ECRH deposition profile. The exponent ,6 = 1.5 yields good agreement with the
experimental data, as shovvn in Figs. 1 and 2. Note the precise agreement of the amplitude for
the ECRH but the poorer one for the phase. For the sawteeth the agreement for the amplitude
is as good as obtained with the local model, but the agreement for the phase is poorer. The
two models were combined: Xe(t)=x‘:3 >< (Te‘éTUVTeglfi x VTB. The results in Figs. 1 and 2
were obtained with 3 = 0.5. The simulations are closed to the results from the local model.
For ECRH the phase is somewhat better reproduced, for the sawteeth no significant difference
appears. Clearly, based on this example non clear statement can be made on the character of
the transport in these experiments.

5. Discussion and conclusion

The local VTe model seems to explain our experimental data but the precision is “not excellent.
This leaves enough room for large variations in YEP: as this quantity depends on the square
of the gradients of the phase and amplitude profiles. This is shown by the experimental X5“:
profiles Which reach very large values, as shown in Figs. 1 and 2. A non-local model seems
to able, even required to reproduce some features of our data, in particular outside r/a = 0.6.
A non—local model excites an additional Te perturbation along the radius where steady~state
power exists, [4}. This creates a perturbation standing wave across the plasma. Our non—local
model is very simple and uses the temperature change as a switch to vary Xe in time. It clearly
has the drawback that Xe is changed instantaneously at the onset of the perturbation. This
critically forces the phase of this standing wave to zero at the edge. A more realistic model
with a radially dependent delay for reaction of Xe to the perturbation is expected to change
this situation. This will be the subject of future work.
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Introduction
Next generation fusion devices like ITER will have to operate at densities well beyond the

Greenwald density limit enfaced with gas refueling [1], It was shown that this empirical limit
can be easily overcome by injection of frozen pellets, however in discharges with high heating
power and especially in typed ELMy H-mode plasmas a large fraction of the deposited material
is rapidly expelled from the plasma [2], resulting in significantly reduced fueling efficiencies
of. In all these experiments, pellets were injected from the magnetic low—field side (LFS), ie
from the torus outside, which is easily accessible in a tokamak. It was argued [3] that, because
of the unfavourable toroidal curvature, part of the diamagnetic pellet plasma cloud could have
been expelled before it was cap. ired by the background plasma, In this case, injection from the
magnetic high-field side (HFS), i.e. the toms inside, should be much superior, since the same
effect would help to transport the pellet mass deeper into the bulk plasma. In order to clarify
this question. experiments have been conducted in AS DEX Upgrade where pellets were
injected from both sides into H—mode plasmas and Sf as well as pellet penetration depths were
compared,

Experiinentgi setup
Pellet fueling experiments are executed on ASDEX Upgrade (R0 = 1.65 to, plasma radius

a0 = 0.5 m, Vprasma = 13 m3, b/a = 1.6; tungsten-coated divertor target plates) plasmas with
lower single null configuration, I? = 0.8 - 12 MA, 8, = 1,7 — 2.5 T, q95 = 2.7 - 4.2 and PM
up to 7 MW for H0 and up to 10 MW for DO injection. Pellet injection was performed either
with a centrifuge injector or a blower gun. The centrifuge injected only from the LFS, D2
pellets of variable velocity (240 to 1200 m/s) and mass (1.4 to 3.8 x 1020 particles) can he
delivered at repetition rates of up to 80 Hz. The blower gun injects D2 pellets containing 3 x
1020 particles, accelerated by H2 gas flew up to 130 m/s at repetition rates of up to 17 Hz.
Pellets are delivered via guiding tubes optionally from the magnetic low- or high-field side.
Switching from one track to the other is possible within 60 ms.
Pellet ablation is monitored by a CCD camera and photodiodes. Video pictures showing the
ablation zone of the pellets are used to estimate the pellet penetration depths. A DCN
interferometer, a Li—heam system, a Thomson scattering system and an ECE radiometer are
applied to measure the density profile and determine the plasma particle content; the latter two
are also used for temperature profile investigations. The measured increase of the number of
particles in the target plasma (l-S ms after ablation) divided by the number of particles
contained in the pellet is defined as fueling efficiency Ef. To calculate of we used the maximum
pellet mass found in testbed shots.
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Experimental comparison at LPS and niiF_Spcllet refiieln' 1g
To demonstrate the enhanced refueling performance of HE’S pellets, LFS and HFS pellets

were injected into the same plasma discharge under practically identical conditions Fig 1
shows the temporal evolution of such a discharge (I1? = 0.8 MA, B; = «1.9 T, qg5 = 3.6,
PM = 7.5 MW), During the whole sequence the discharge maintained type-I ELM): H-mode
behaviour. Gas puffing was initially applied to control the line-averaged density at the required
value of 7 x 1019 m'3. The LFS pellet injection sequence was started after the density reached
the preprogrammed value, and the I~£FS sequence was applied about 0.5 s after termination of
the LFS pellet sequence. when the discharge had returned to identical starting conditions Both
sequences consisted of a nominal 10 pellets each with the same, relatively small nominal
velocity of 130 mls. A strong enhancement of Sf with the HFS pellets in relation to the LFS
pellets can be concluded from the increase in line-averaged density, The 8f with the HFS pellets
are about 4 times as high as the values obtained for LFS pellets The higher efficiency with
I-EFS pellets is also obvious from the particle flux applied as D2 gas puff. Pellets launched into
the plasma are monitored by the spikes they cause in the DoL radiation. Reduced intensities
observed with some pellets are most probably due to mass losses on the external pellet path.
The time averaged particle flux of the nominal pellet sequence is shown as dashed line in fig. 1. ‘
Whereas additional gas input is required by the plasma control system during the LFS sequence
to reach the preset line density, gas valves close almost immediately after the start of the HFS
pellet train. The divertor neutral flux density Iffv gradually increases during the LFS sequence,
whereas an almost constant lower value is maintained during the HFS sequence, With HFS
pellet injection, significant density n—e(101°m"‘ )
increase is achieved without 9 ' 33506 NW
deterioration of the plasma energy :_ -_ smelt: , _ > f; _________________
or energy confinement time 1313, I I I I I I I I —I
With LFS pellet injection, in “3,3713%?“e

a
m

H

contrast, no comparable density _ &_ w agifial‘wfls..-

increase is observed. In earlier 0 Wfllaiwm l :1

LFS experiments [4], density Bjmmtonnmrmemamsmmm
enhancement similar to that with
present HFS injection was i i iiii ll, I iL

fil‘ 'l' lachieved only with 80 Hz pellet
injection yielding approximately 6
times higher particle fluxi This
enhancement was always 0 J L J l l I r I a l
accompanied by a loss of plasma 1'“ 2'“ Sam (5) 2‘” 3‘2
energy, a reduction of TE and
strong cooling of the plasma. Figure 1: Temporal evolution ofa discharge with LFS

and HFS pellet injection applied performed with
identical pellets and startingfrom almost identical plasma
conditions:

0 l

DIVERTORNEUIRAL FLUX DENEIW(10nm'3E'1)

Evolutions of according
discharges refueled by pellets are
compared to data obtained for gas
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puffed plasmas as shown in 2.4 I I J I
Fig.2. LFS pellet injection (:3 H-Moda(%:'11)-s—n
applying high particle flux to m _

L-Mode (P W”) - -><--achieve high plasma densities
causes a high neutral gas
pressure Pdiv in the divertor.
Increasing Pdiv however results,
like in gas puffed discharges [5].

div

in a degradation of the
confinement, Reduced particle am a”

' _ I‘[10”a1le] due to a: 1 _losses in the case of HFS or; Palm’s” mi SLIP: M
injection allowed for a plasma D k r minimum I I
density close to the Greenwald ° °-5 ‘ ‘5 2 25 a

PdMPa)
limit at lower divertor neutral
pressure Pd-w. consequentely no
significant confinement
degradation occurs.

Figure 2: Enhancementfactor f3 of energy confinement
time relative to L-Mode scaling ITER89—P versus
divertor pressure. Symbols and black curves: data for
gas fueled discharges and according fits. Slim grey‘

A series of pellet injections
were performed under various
plasma conditions to compare
between LFS and PPS injection,
Figs 3 shows 8f values for
different PM. For Pm > SMW

cumes: evolution of LFS pellet refleled discharges to
densities well above the Greenwald limit at (infer-em
particle refuelingflux rates. For LFS pellets, increasing
plasma densities always are accompanied by high Pdiv'
and reduced f3, whereas HFS iry'ection (strong grey
curve: evolution ##8506) approaches already "aGw at
low Pdiv values without confinement degradation

HFS pellets (filled symbols)
showed efficiencies enhanced by up to four times that with equivalent LFS pellets (open
symbols). With increasing Pm and plasma temperature, HFS pellets show no significant
power degradation of cf, whereas the maximum efficiency achieved using LFS pellets (solid
line) is dropping. Even at the highest heating powers applied almost the same efficiencies are
achieved for HFS pellets as in ohmic plasmas. The strong scatter of {if values is most probably
an artefaet caused by the external pellet mass losses mentioned earlierr This conclusion is
further supported by the fact that reduced 8f values were always accompanied by reduced
ablation radiation. With the ablation radiation being assumed to be a good measure of the pellet
mass [6], accordingly corrected cf values show a scatter reduced to “£10 % of the optimum
value of = 0.7 for the HFS pellets. For LFS pellets, however. a strong reduction in efficiency
takes place despite the fact even bigger (3.8 x 1020 particles) and faster (1200 m/s) pellets were
injected using the centrifuge at high heating powers. penetrating deep into the plasma. In the
case of shallow penetration into type-I ELMy H-mode plasmas Ef was even restricted to values
below 0.2 [3}. Comparable conditions yielded the same result in the case of LFS pellet
injection with the blower gun.

A striking difference in the pellet penetration depths A and ablation traces between LFS and
HFS pellets became obvious from video observations. Whereas LFS penetration was rather
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low (A z 8 cm for the discharge 1
shown in Fig.1), significantly mg, V '0 fight mobs)
deeper penetration (A z 19 cm) 5 0.8 I :::‘I':=:::)II
was found wrth HFS pellets. This E .,
strong difference cannot be wholly § 0.6 A ‘ :
attributed to different local target E ‘I . ; t a
plasma conditions or different flux 2 0-4 ‘ ’ . ‘
tube spacings (Shafranov shift); we {j A I I i 0.
estimate that these effects yield an E 0'2 g I
enhancement of with ms pellets 0 . . . I g . I I I
less than 1.6 times as large as the 0 2 4 s s 10
LFS values. Whereas LFS pellet HEATWGPOWER Pm (MW)
penetration depths A are in
agreement With 911tt ablation Figure 3: The triangles and circles show the fueling
scalings, HFS pellets were found efficiency calculated on the assumption of maximum
to penetrate considerably deeper pellet masses versus additional heating powerfor LFS
into the plasma. Obviously, an (open syntbols) and HFS (filled symbols) pellets

injected With the blower gun. Triangles: pellets into
. ohmic L-moa‘e plasmas: circles: H—mode target

mUSt be respons1ble for the plasmas. The solid line represents the upper limit of
enhancedA 0f HFS pellets, Whmh fueling efficiency in the case of LFS injection
we attribute to the diamagnetic pezfgmed by the cenfrzfugg
pellet plasma cloud drift.

additional shielding mechanism

iggnqiusions
Our experiments demonstrated that I-IFS pellet injection allows for efficient particle refueling

of hot, high confinement plasmas relevant for next generation fusion experiments The
advantage over standard LFS injection seems to originate from the toroidal curvature, which
tends to expeil the dismagnetic ablation cloud from the LFS, while the same effect is highly
beneficial for bulk refueling from the HFS.

ms
1] N. Greenwald et 31., Nuol. Fusion. 28, 2199 (1988).[

[2] 5.1... Milora, WA. Houlberg, LL. Lengyei. and V. Martens, Nucl. Fusion 35, 657 (1995).
[3} M. Kaufmann et 31., Nuci. Fusion, 26, 171 (1986).
[4] V. Mertens et 31.. in Controlled Fusion and Plasma Physics
(Proc. 23rd Eur. Conf. Kiev, 1996), European Physical Society, Geneva, June 1996.
[5] F. Ryter et al, IAEA paper Fl-CNv64/APl-5. Montreal 1996.
[6] C.A. Foster at £11.. Nucl. Fusion 17, 1067 (1977).
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Scaling of Thermal Energy Confinement in ASDEX Upgrade

O. Vollmcr, F. Ryter, A. Stabler, PJ. McCarthy and ASDEX Upgrade Team

Max-Planck-lnstitut ffir Plasmaphysik, IPP-EURATOM Association
Postfach 1533, D-85740 Garching bei Munchen

1. Introduction

The thermal confinement time of the ELMy H-mode is an important issue for ITER [J . G:
Cordey: Confinement understanding and extrapolation to ITER, this confl]. It is therefore of
interest to investigate the confinement dependence in individual devices, as recently
underlined [ D. Campbell. Physics Issues in ITER, ASDEX Upgrade Seminar April 1997] .
Such studies have the advantage of being free from machine to machine differences and the
dependencies can be investigated in detail.

2. Experimental Data

2.1 Database: The database contains 140 time slices from 75 ASDEX Upgrade H-mode
discharges taken during steady—state

12phases with regular type I ELMs. The ' . 1 51‘ < Bt < 2.5T
selection includes only deuterium ":23 < q < 4.3
discharges heated with co-injected 1.0— .rf- ..
deuterium neutral beams. As a —- i" " V +
consequence, the atomic mass 0.8 _‘ 'I“. T
dependence will not appear in the 8 _ 1 41
results. Excluded are time slices with S - n 1
high radiation (Pm/ Pm. < 45 %)-for 7‘, 0-5". fizz-fl up[MA
instance induced by impurity C " ' '='. I . r I OHS—o7
injection — , with transient behaviour 0.4— I n 0.7 .._ 0,9
and near the‘B-hmit . Only discharges _ Typ [ ELMs : p.513 :1;
With deuterium gas puffing to vary 02 . I . I ' i I . . | ' I . I . I '.
the density have been selectedThe O 2 4 8 10
plasma configuration was a single PL lMW
null with the ion gradB drift direction p Fig.1: Database for the scaling
pointing towards the x‘pcint in the
standard geometry of ASDEX Upgrade R = 1.65 m, a = 0.5 m , K = 1.7 and upper
triangularity from 0 to 0.1. Geometrical dependencies are therefore not included in the
derived scaling. The discharges were performed with boronizcd walls. The database combines
operation periods with the divertor I equipped with carbon— (1995) and tungsten tiles (1996).
The range of the main plasma parameters covered by the data base are indicated in Fig. 1. The
Correlation Matrix of the database gives Table l.

2.2 Recovery of neutral beam heating data: In order to evaluate thermal confinement
data of neutral beam heated discharges the heating power coupled to the plasma as well as the
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energy content of the fast ions hate: to be determined from the neutral power injected into the
torus. Monte Carlo techniques are used for this purpose but due to the extrememly high CPU-
times such codes are not practicable for a shot by shot analysis. A much faster method now

a'l ‘ '8av 1 :ble for AS‘DEX Upgrade plasmas 1 Variaue Pow PT in he 3;
base ‘on Function Parametrizatron of a ”Div 1 Q49 {144 0.63 0.31

statistically well desrgned database PT (149 1 0.42 0.23 0.23
generated by several hundreds of runs of 'P 2:: (34:3 0152 0:2 D"):

"B r . . .
the Monte Carlo code FAFNER. However, at 0.31 0.23 _ 0'69 005 q

plasma density and temperature profiles are
required as an input, which are not always Table 2513:3233; imirlétgq 22$???

. . A J
available for ASDEX Upgrade discharges. yp rg

In order to provide the fast ion losses and the energy content of the fast beam ion population
for almost each of the ASDEX Upgrade discharges a fit procedure has been derived based on
five plasma parameters readily available for most of the shots: line averaged density ha
separatrix density ne(a), SOL density fall—off length $41,801,, total plasma energy content
Wmhd, and plasma volume Vp. A subset of the FAFNER results produced for the Function
Parametrization was used to find the following tit formulae for 60 kV D0 beams:

Shinethrough: exp(—ne/0ti) Ripple Losses: m

Re~ionization in SOL: [31- * (hem) * An.SOL) Charge exchange losses: «5* (tsdfii

Orbit Losses: £1 a (mafia) =e< < Tc >)Vi Fast ion content: Ki *(tsd)

where mm = fine, <Te>) is the fast ion slowing down time and <T6> is estimated from the

measured value of Wmhd by (Ty = (1/3) * Wmhd / (n6 #2 VP). The coefficients (on, i = 1,

..., 4) have been determined individually for each of the four ion sources of the ASDEX

Upgrade neutral beam injector. The ripple losses are only significant for the two ion sources
injecting more perpendicularly and are calculated to be about "7% with neglegible dependence
on edge parameters.

3. Thermal confinement scaling

For the described dataset we analyse the thermal confinement time. In our case of neutral
beam heated plasma and time slices with stationary plasma energy content the thermal
confinement time Tm is calculated from

17th = (WMHD- WFASTIONS) / PL With PL: Porn/i + Ptm - PLOSSES
where the plasma energy WMHD is corrected by the energy of the fast beam ion population
WFAST IONS- PLOSSES represents all the fast ion losses. PLQSSES and WFAST IONS are

calculated by the fit procedure described above. Radiation losses are not taken into account,
since the power radiated within the separatrix is in the order of only 15%. For the analysis by
linear regression we use a power law assumption for the thermal confinement :

”5th = A at Ip0¢1a< PLOCP * mean * pdiv‘xdiv [s,MA,MW,ne1019m"3,P]
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with the dependencies: Plasma current Ip, absorbed heating power PL, line—density He and
divertor neutral gas pressure PDiv .The gas pressure measured in the divertor region has been
included because a pronounced influence of gas pressure on confinement has been found [1] ,
[5]. The gas pressure in the divertor is probably not the physical cause of the observed
degradation but rather its influence on the edge parameters [2] . Pressure measurements in
the main chamber could also be used, but the data in diver-tor are more complete and reliable.
Pressures measured in main chamber and divertor are generally tightly coupled. The influence
of the toroidal field is found to be low and could not be determined with reasonable precision
from the database The Br dependence is therefore set to zero in the following analysis. This
is roughly compatible with single shot to shot observations.

A regression has been performed including simultaneously the four above variables and the
result are given in
Table I. In spite of
the size of the data
base and the
covered parameter
range, the depen-
dencies provided by
the simultaneous
regression might
not be reliable,
because of the
correlation within
the data (see Table .
11). Therefore a .
”regression by step” _
analysis has been 0 . I . lu‘ L'IMOIDEI ‘ I . I . I ‘
performed as well, 4 . 6 8
by windowing the 2 '3m
database into fictive Fig.2: ASDEX Upgrade thermal confinement

normalised by the scaling ("regression by step)"

0 Type | ELMS Carbon Divertor

' n + Typel ELMS Tungsten Divertor”5th
ex

p.
/’€

th
Fit

I Type III ELMS
Y ’CDH MODE

scans in which only
one variable is varied whereas the other 3 are kept constant as much as possible, First the
dependence on the divertor pressure is obtained from a scan at constant plasma current (Ip =1
MA) and narrow intervals for the density and the total heating power. The analysis is
summarised in Table III, which gives the single regression steps and the parameter intervals
used. The resulting dependence exponents are also given in Table I.

The scaling provided by the ”regreSsion by step" is illustrated in Fig.2 where thermal
confinement time normalised by the derived scaling is plotted versus the total input power PL
for the time slices of the database. The data are reasonably well represented with a standard
deviation of 10%. For comparison, Fig.2 also includes data from other confinement regimes
currently observed in ASDEX Upgrade. Discharges with type III ELMs do not significantly

up"

Marnpianckuinstitui int Plasmanhysit
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differ from the typed ELM fit. The thermal confinement of the L-mode approaches the H-
mode confinement for higher PL which is related to higher densities in our database. The
CDI-Lmode points clustering around PL=6.5 MW tend to slightly higher thermal confinement
compared to the scaling. This is attributed to the density peaking caused by edge radiation
which compensates the confinement degradation correlated by the required high divertor
pressure.

4. Discussion

The majority of the data represent the operation of ASDEX Upgrade with the tungsten
divertor in 1996. Only a few data points refer to the carbon divertor because of missing data
for the divei'tor pressure. However no influence on the confinement appears for the operation
with the two different materials in the divertor, in agreement with previous results [3].

Our results can be compared (Table II) to the thermal ELMy scaling obtained with the ITER
H-mode database (ITERv92~P(y)) and recommended by the by ITER Modeling and Database
Expert Group. [4]. A basic difference between the two expressions is that the neutral pressure
is not included in the HER—92—P(y) scaling. However this is not expected to have a major
influence because most of the ELMy data included in the TIER database were not obtained
with strong gas puffing but rather at the natural density for each device. The two scalings
yield very similar dependencies for Ip, Bt. The difference on the density dependence might be
attributed to the neutral gas pressure. In fact, the difference in the exponents is consistent with

this assumption. The difference in the heating power exponent is outside the uncertainties.

Sealing A or.(+/—) or: (+/-) orator.) ocn(+/-) (d(+l-)
AUG linear regression 0,21 0.59(0.DB) -0.53 (0.03) ( 0) 0.5 ( 08) -0.13 (0.02)
AUG lln. regress. "by steps“ 0.19 0.85 (0.08 -0.55 (0.05) (0) 0.5 ( .05) -0.2 (0.02)
ITEFl H-mode Database [4] 0.034 0.9 -O.65 0.05 0.3 ( 0)

Table II: Power law coefficients for thermal confinement scalings

Response Variable Parameter Flange used for Regression

”Cm Pm IF) = 1 MA I 7.5 <ne/1019 < 8.5 / e.1< PTMW< 6.9
”Cm! PDiV'O-Z PT ID = 0.5MA / 5 <ne/1019< 7 I 0.05< PW Pasc.<fl_3
Tm/ PDiV'OZ . PT'0-55 |p . 5 ( "2/1019 < 8
1m! pDiV-oa. press. 190.35 “e

Table Ill : Sequence of the Regression by Steps

This question must be addressed in further work because it has a dramatic effect on the
projection to ITER with 300 MW heating power.
Reference
[ l ] F. Ryter lAEA—CN—64—lAP1-5 1996 Montreal
{2 ] W. Suttrop I his conference
{ 3 ] R. Neu et a] Plasma Phys. Control. Fusion38 1996 A165
[4 ] IAEA—CN-56/E1e3 l1992/ H-Mode Database Working Group ( Pres. O. Kardaun)
[ 5 ] O. Gruber/ this conference
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Broadband Reflectometry to Investigate Profiles and Fluctuations
during ELMS on ASDEX UPGRADE

M. Manse, J. Santos, I. Nuues, F. Nunes, B. Kurzan“, F. Serra, A. Silva, W. Suttrop*

Associagfio EURATOM/IST, CFN, Instituto Superior Técnico - 1096 Lisboa Codex
*MPIfuer Plasmaphysik, EURATOMAssociarion, 13-85748 Garchtng, Germany

Introduction

Plasma fluctuations “print” their signature on the reflectornetry signals but for profile
inversion only the average beat frequency f3 is extracted and the perturbations due to
fluctuations are regarded (together with the noise from the system) as problems to the profile
evaluation, Here we apply a method based on the estimation of the timeAfrequency distribution
(TF'D) of the energy of the reflectometry signals, that gives both f3 and the profile
perturbations The broadband signals are nonstationary because their spectral characteristics
vary along the sweep and the method uses the concept of instantaneous frequency (fi) that was
introduced to describe the frequency of nonstationary signals at a particular time [1]. The f? is
the first moment of the TFD with respect to the frequency [1], Several TFD’s can be used to
estimate the ft, in our study we used the simplest one, the periodogram. This can be computed
with a sliding window Short—Time~Fourier Transform (STFT), being applicable as long as the
signals are locally (in each window) quasistationary; the method and its application to
broadband refiectometry is described in [2]. The analysis contributes to the study of the
physical phenomena underlying plasma fluctuations and the understanding of the effect of
fluctuations on the profile will improve the accuracy of profile measurement from
reflectometry,

2. Evolution of density profile and fluctuations (luring ELMS

In the experiments we probe the ASDEX Upgrade plasma with the simultaneous operation
of several O—rnode t'eflectornetry channels [3], in
the frequency range F: 17~70 GHz corresponding #3180 — 123f124 HFS

to densities ne: 0.4 - 6.5 x 1019 md. The
measurements were performed at the high field
side (HFS) during the ELMy phase of shot
#8180. The interval between consecutive sweeps
was 5 ms and the sweeping time 100 tts. The first
time window under analysis is between 1.31 s
(sweep 123) and L315 s (sweep 124')
corresponding to the beginning of the ELMy
phase (E2 6 x 1019 mi“). The periodograms
obtained at the peak of the first ELM (Fig.1,
sweep 123) and after the ELM (Fig.1, swoep
124), reveal that the plasma layers are mainly
disturbed for me below 2.5 xlfllgm '3 (F1 < 45 2° 3° “Harm 5“ 5” 7“
GHz). The profile shape can be inferred from the

Figure I
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Figure 2

represented by plotting the amplitude of the D“
signal at the different sweeps. The time of
reference for each sweep (r’ : 0) is the rise
time of Du in the neighbouring ELM. The
periodograms (Fig.4) reveal that the plasma is
much more disturbed than in the previous case
and the perturbations exhibits a rather
different pattern, being stronger in the middle
region, 30 — 55 GHz, 1 — 3.7 x 1019 111-3. As in
this case n,” E 4.1 X 1019m'3, the disturbed
region should be located close and outside the
separatrix and may be associated with a
satellite of the m=l mode. In fact the same
type of perturbation cannot be seen in the
previous case where a large amplitude mode is
not present, In addition, the perturbations are
stronger even at inner plasma, layers when the
mxl mode has the largest amplitude (sweep
227) and also when the mode ends at the

evolution of fly, by taking into account that
F cc 1/; , (horizontal axis) and f5 (vertical
axis) can be converted into distance, after
integration in F. During the ELM (Fig.1,
123) the profile flattens for F > F; (large
increase Offg), and it peaks (Fig.1, 124) in
the same region after the ELM (very small
increase offs). The density profiles (Fig.2 a)
obtained directly from the first moment of
the periodograms Show that the profile
flattening occur close and inside the
magnetic separatrix, n“ E 1.5 x 1019 of}.
Outside the 'separatrix the changes in the
profile are very small, the plasma moves only
slightly outward during the ELM.

The second window under analysis
[1.815 s (sweep 224) ~ 1.845s (sweep 230)] is
in the ELMy phase (see Du signal in Fig.3 a),
for 155936019 n13. In this interval the
magnetic data shows that an m:1 mode is
present, with increasing density (during the
ramp up of a sawtooth event) until it ends at
the sawtooth crash, occurring at 1.835 and
preceding the peak of the ELM at 1.8355
(sweep 228). The phases of the ELMs
covered by the selected sweeps can be seen
in (Fig.3.b), where a fictitious “ELM" is
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221 as im m 1223 2» m V
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\ 0.?1 l l l
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Figure 3
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sawtooth crash (sweep 228). The changes of the
density profile along the “ELM" observed in the
periodograrns (Fig.4), can be viewed in more
detail from the evolution of the power spectrum
at specific density layers, or frequencies F,
(Fig.5). At the inner region, (Fig.5.e, f), the beat
frequency (dashed line) increases abruptly at the
onset of the ELM and decreases after, showing
that the flattening of the profile coincides with
the rise of the DE signal. It should be noted that a
low frequency perturbation appears at the onset
of the ELM. For 22’ SOOps the profile is already
peaking whereas in the neighbouring layers,
(Fig.5. g, h), the profile movements are less
pronounced and are delayed by A t: 500 us.
This seems to indicate that the profile changes
start inside the separatrix and “propagate” and
damp towards the separatrix, F{rim) 2 60 GHz. At
outer regions, 7165 0.65 x 1019 rn“3 (FS 23
GHz), the profile does not change significantly ‘

a) 3D.OGHz e) , )‘ SQQDGHI

65.5 GHZm b) 2&4 GHz

are 23.0 GHZ

20 GB GD 50Hem}

Figure 4

17.0 GHZ 62.5 GHz

Figure 5



(Fig.5 c), suggesting that the
separatrix region acts as a kind of
“joint”, for profile movements.
Indeed, the crossing point of the
profiles during an ELM and
between ELMs in both studied
cases, Fig.2 (a, b), occur at a density
Close to n“. Outside the strongly
disturbed ZOne, F < 35 GHz, the
profile is quiescent except in a very
narrow region (Fig.4, sweep 228), at
the outer edge (F=17 GHz. he:
0.37 x 1019 mi). The perturbations

19 ["51 are observed coinciding with the
profile peaking at the inner region
(Fig.5 6, f), suggesting that there

may be a link between inner and outer plasma layers. It should also be noted that at the edge,
some layers (Fig.5 a, b) are displaced inwards at the beginning and at the end of the BLM. The
changes of profile and perturbations along the “ELM" can be viewed simply in the “Egg curves
(Fig.6) obtained from the maximum peak of the periodograrn. This provides a direct tool for a
first analysis of profile evolution.
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Figure 6

3. Discussion

We applied a new data analysis method to broadband reflectometry which unfolds the
energy associated with the reflection from the plasma and the energy scattered by fluctuations,
giving its particular location in time (density) and frequency.

From the point of View of profile evaluation this is very important because it avoids the
use of narrow digital filtering to extract TE; and therefore retains details of the group delay
curve that may be important for profile accuracy. It is also valuable when a significant part the
energy is scattered by fluctuations and many spectral peaks exists. Profiles measured in
ASDEX Upgrade during an ELM. show that the profile flattens inside the separatrix
coinciding with the rise of the Da signal; for :2 500 its the profile is already peaking and
continues until a new ELM occurs. The profile Changes in each density layer and the
evolution of the local energy spectrum of plasma perturbations were obtained with great detail
from the history of the energy spectrum in each window of analysis. Strong perturbations are
present during ELMs and between ELMs, in the middle region of the plasma and at the onset
of the ELM, in the inner zone where the profile flattens.

Further studies and more detailed experiments (with sweeps of 20t, spaced by 30%) are
foreseen to determine if the observed perturbations can be attributed to MHD activity.

Acknowledgements - This work has been carried out in the frame of the Contract of
Association between the European Atomic Energy Community and “Instituto Superior
Técnico“ and has also received financial support from JNICT and PRAXIS XXI.
[1] B, Porat (1994), Digital Processing of Random Signals, Prentice-Hall, Englewood Cliffs.
[2] J. Santos et al., (1997), 1]] Reilectornetry Workshop for Fusion Plasma, Madrid.
[3] A. Silva et al., (1996), Review of Scientific Instruments 6'? (12), 1996,
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Continuous tracking of density profile build-up during L-H transition on
ASDEX Upgrade from microwave reflectometry

ESerra, A.Silva, B.I{urzan‘, M.E.Manso, T. Grossmann, J.Santos and W.Suttrop*

Assvciag‘fio EURATOM/ IST, Centre de Fusiio Nuclear, 1096 Lisbon Codex, Portugal
' Max-Planck-Instifutfi'ir Plasmaphysik, EURATOM Association, D—85748 Garching,

Germany

1. Introduction

The microwave reflectometry system on ASDEX Upgrade uses O-mode (at high—field
(HFS) and low-field (LFS) sides), X—mode (low-field), and can operate at broadband ultrafast
sweep (2 20 its) and at fixed frequency, probing densities up to ~ 6.5X1019 m’3 l1/. With
fixed frequency specific plasma density layers are probed at a rate of 1 us (sampling
frequency: 1 MHz). A technique to track the plasma position of fixed density layers is
presented and demonstrated for the density profile evolution during L— to H— transitions.

The temporal evolution of the frequency Spectra of the reflected signals (with 300 kHz
maximum imposed by the data acquisition rate) shows an abrupt reduction of the turbulent
fluctuations at the L ~ H transition The reduction is observed both at the high and low»field
sides and permits to identify the time of transition (aside from the decrease of the Da signal)
with high temporal resolution. In the spectral content of the reflected signals a clear low—
frequency oscillation ( S 500 Hz) is also observed around the LH transition, due to the radial
displacement outwards of the reflecting layer as the edge density gradient increases From the
corresponding phase and amplitude variations the incremental shift of the position of the
reflecting layers can be inferred, with an accuracy (in the millimetre range) defined by the
high temporal resolution of the detected fringes (Bus). Therefore, the profile build—up
following the LwH transition can be tracked revealing the temporal development of the
transport barrier,

2. Analysis of turbulence during an H-mode discharge

In a homodyne system the detected signal is sensitive to amplitude and phase fluctuations,
such that V(t) = A(t) cos $0).- where ¢(t) is the phase difference between the signals from the
plasma and the reference arm. A reflection layer at a fixed equilibrium position leads to a
constant phase angle. Density fluctuations will cause displacements and corrugations of the
refractive index surfaces, leading to amplitude and phase variations that will have impact on
the spectral components of the detected signal.

The temporal evolution of the power spectra is obtained using a FFT sliding technique. fig.
Jfi shows the contour plots , corresponding to three probing frequencies: 22.7 GHz
(n-~0.64><10lg m'3,at the HFS),31.7 GHZ (n~l.24><1019m'3.close t0 the magnetic separatrix, at
the LFS), 45.7 GHz (it ~ 2.58x1019 m3 , LFS), for # 8595; it is a discharge with unfavourable
gradB drift direction (away from the X—point), where the mode is attained through ctr-NB]
with high heating power (fig l_a). An abrupt reduction in the power spectrum of the turbulent
fluctuations is observed both at the high and low field sides, that permits to identify the time
of the L—H transition (t=l.704s) aside from the decrease of the Do: signal (Fig. lb).

Although the reduction of density fluctuations Occurs at the transition (simultaneously) for
all the probed layers (that should therefore be located inside the suppression zone where the
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transport barrier builds—up), there is a distinct behaviour when analysing the discharge from
the OH to the H phases: at the I-LFS, outside the separatrix, the frequency spectrum extends up
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to ~ 100 kHz (Fig.1e); at the LFS, close to the separati‘ix, it extends to ~ 150 kHz (Fig.
ld)with an almost constant temporal behaviour until the transition; in contrast, inside the
separatrix, at LFS,a broadening of the frequency spectrum occurs correlated with MRI,
specially with high heating power ( after 1.65 s) and reaching ~ 300 kHz just before the
transition (Fig 1c). The observed broadening might be due to Doppler shift in the
reflectometer signals induced by an EXB poioidal velocity rather than an increase of density
fluctuations. The significant increase of the ExB velocity before the L—H transition inside the
separatrix is consistent with the detected increase of the radial electric field (E,) at the edge,
as will be discussed in section 3. (see Fig. 2);the distinct behaviour at different radial positions
suggests the existence of a highly sheared EXB flow leading to better confinement through the
decorrelation of the turbulent fluctuations, the accepted scenario to trigger the L-H transition.
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3. Detection of density profile modifications during the L - H transition

In the spectral content of the reflected signals a clear low~frequency oscillation ( S 500 Hz)
is observed around the L-H transition; it is caused by movements of the reflecting layer
associated with radial displacements of the layer during the density profile build—up associated
with confinement improvement. In Figrz b1 , the low pass filtered reflectornetry signal
obtained from the raw data of Fig. 2a (referring to layer ne ~ 2.58><1019 m’3 , LFS) is shown.
Periodic oscillations start at t ~1.69s, coinciding with the slow increase of the radial electric
field E, before the transition; this rise in Er is inferred from changes in the fluxes of ripple-
trapped charge exchange (CX) neutrals l2/, (Fig. 2e),in parallel to the edge pressure gradient,
revealing an improved confinement still in the L phase (with increasing nmdge (Fig.2c , and
with the presence of ELMs (Fig.2dl).
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After the L—H transition (t ~ 1.704s), a fringe with high amplitude is observed revealing a
radial displacement outwards of the probed layer (towards the receiver antenna),
corresponding to the profile build—up during a time interval of ~ 2.5 ms. On the same time
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interval a fast increase of B, occurs Fi .2e , consistent with the buildup of the edge transport
barrier following the abrupt drop in turbulence.

The profile evolution at the edge can be inferred by estimating the incremental
displacements of the layer. Using a numerical code /3/ which takes into account the antenna—
plasma geometry of the reflectometry system and assuming the shape of the evolving density
profile (with increasing mean density and no global radial displacement) , the estimated
displacement of the reflecting layer (ARC) corresponding to one fringe variation is ~ 0.6 cm; a
similar result is obtained through the relation ARC; M Ail) / (411:1? ), with the mean refractive
index I? = 0.6. Assuming as an initial profile the one from Li—beam at 1.73, a radial
displacement of 1.20m (2 fringes) between 1.7035 and 1.7085 will lead to a steepening of the
edge gradient from ~ 0.6>:10 2' m4 to ~ 1.0 X1021 m '4.

The impact on the density profile of the full development of the transport barrier might
therefore be tracked with the “continuous” temporal probing of several density layers (from
the edge up to the bulk plasma), as foreseen for the next measuring campaign (with probed
densities up to ~ l4><lOI9 rn’3 ). However, an heterodyne detection system for the direct
measurement of the phase will be important in order to overcome ambiguities that might
occur with fringe detection when the plasma layers move back and forth (as in the profile
changes caused by ELMs).

4. Concluding remarks

In addition to information about the abrupt decrease of turbulence and about the increase of
plasma rotation at the L — H transition, the spectral content of the reflected signals can also
give insight about density profile changes. By low-pass filtering the spectra of the reflected
signals, fringes due to radial displacement of the density layers during the profile build—up can
be identified. With this technique the incremental shift of the position of the reflecting layer
can be estimated with an accuracy in the millimetre range.

A new reflectometry channel has been recently installed for monitoring the L w H transition
on ASDEX Upgrade, to operate in fixed frequency. independently of the other channels.
Simultaneous measurements with fixed frequency and broadband operation in the same
discharge (as foreseen for the next measuring campaign on ASDEX Upgrade), will provide
density profile measurements with high temporal and spatial resolutions and further indication
about the absolute position of the layers probed in fixed frequency. The potential of a such a
highly performant reflectometry diagnostic suggests the possibility of tracking continuously
the motion of plasma layers associated with important physical phenomena where fast profile
Changes occur (such as L»H transition. ELMS and MARFES).
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I - Introduction

in reflectornetry experiments density fluctuations affect the propagation and reflection
from a cut-off layer of electromagnetic waves. For a quantitative analysis of density
fluctuations, 2-D effects (cg. refraction and scattering) and the transverse field distribution of
the microwave beam must be considered. The variation in the plasma parameters along the
confining toroidal magnetic field can be neglected justifying a 2-D treatment. Several 2-D
numerical codes (using finite difference methods) for the solution of the wave equation in
plasmas have been recently developed /1/, /2/, /3/. Here We use a 2—D numerical code based on
a spatially distributed RLC networks /4/ to model the fiill'wave equation in an inhomogenous
plasma. The code is easily adapted to different antennae-plasma configurations and wave
propagation in both O-mode and X~mode.

The code was applied to study the influence of poloidally propagating density
fluctuations on reflectometry measurements at the W7—AS stellarator. A poloidal density
modulation acts like a phase grating transferring part of the incident carrier into sidebands at
different angles. A special feature of this experiment is the finite tilting angle of the symmetry
axis of the transmitter/receiver antenna system versus the direction normal to the plasma
surface. Therefore the reflected carrier and the sidebands are seen with different efficiency by
the receiver antenna.

As observed experimentally, when there is asymmetry of the signal components, the
numerical simulation reveals the existence of an anomalous drift of the phase (“phase
runaway”) above a given threshold value for the density fluctuation amplitude required.

II - Numerical code

The propagation of electromagnetic waves in an inhomogeneous medium can be
described by an equivalent electric network consisting of inductance L, capacitance C and
resistance R. The characteristics of the macroscopic density profiles and the small—scale
fluctuations define the values of the network components/M. If absorption processes in the
plasma can be neglected the circuit reduces to a LC-network which, for the 2~D case, is shown
schematically in E_ig_l The inductance in series is given by Lzqx and is kept constant. The
spatial variation of the plasma parameters is contained in 500 being the capacitance in parallel
given by C(x)=s(x)Ax, where Ax is the dimension of a plasma element with constant electron
density De. In the calculations the grid size is Axslo/ 12.

The input impedance for every input node of the electrical network is calculated using
matrix inversion programs. The transverse distribution of the input field is described by the
input voltages (phase and amplitude). In analogy the individual return currents yield the
transverse distribution (phase and amplitude) of the reflected filed.
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The calculation has three basic steps: (i) Free—space propagating from transmitter
antenna to plasma boundary. (ii) RLC-code for propagation and reflection in the plasma. (iii)
Free-space propagation from plasma boundary to receiver antenna.

III - Phase runaway at the W7-AS reflectometry system

Depending on the operational range of the W7-AS stellarator a strong drift of the
phase ¢ is observed (do/tit ~ 100 ~ 200 kHz) which is usually referred to as “phase nlnaway",
It is too large to be originated by a realistic radial movement of the cut—off layer. To explain it,
poloidally propagating fluctuations have to be included and therefore 2-D calculations must
he. performed.
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Fig.2 —

Fig.3

The reflectometry system installed at W7—AS /5/ operates with Xwinode in the W-band
(75—110) GHz , The two conical antennae use elliptical mirrors to produce a gaussian beam
focused near the plasma edge. The antennas are oriented towards the torus axis and are
separated by 12° with their symmetry axis in the equatorial plane. The plasma surface is not
exactly perpendicular to the equatorial plane but is slightly tilted by 2.6“, In 11n. is shown
schematically the antennae geometry considered in the 24) simulation: tiltxflo", 6 + o = 12°.
The radial density and magnetic field profiles represent typical operating conditions. Fig. 3
shows an example with ne(0)=5><10]9m'3, and a periodic density modulation (with fixed
amplitude and wavelength) propagating in the poloidal direction, radially localised around the
reflecting layer (at Igfi’“ 14 cm, for f= 85 GHz).
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Calculations are performed for every time step of the poloidally prepagating
fluctuation. The receiver antenna signal is characterised by its complex amplitude (real and
imaginary part). 3_ Im
13n shows the evolution
of the complex amplitude 2_
during one cycle of the
perturbation, for increasing
amplitude of the
fluctuations and tilt=2.6°.
The threshold amplitude of
the fluctuation for the
onset of the phase runaway
is 0.05 (normalised
amplitude).

Re

Fig.4

As can be seen from mg,
for small fluctuation
amplitudes the output
phase oscillates around its
mean value. Once the
threshold amplitude is
reached, a jump of 7c in the
phase occurs. As the
amplitude increases further
the phase continues to drift
continuously in the same
direction. In addition, the
temporal behaviour of the
signal amplitude (not
shown here) is in

Hoot Position [rad] fig; agreement with
experimental observations.

The minimum of the amplitude occurs when the phase jumps by 11 due to destructive
interference between signal carrier (to) and sideband ((uiAO)(t)).

The frequency shift of the scattered sideband signal is Ato = it”, Wm] , where 12pm is
the poloidal wavevector and and is the poloidal propagation velocity of the fluctuation. A
good agreement with theoretical predictions is found /6/. As expected, no phase runaway is
found when the tilt angle is set to zero.

In. figfi, as the amplitude of the density perturbation increases beyond the threshold
(up to 0.11), the receiver output is dominated by the frequency shifted component. The phase
changes continuously as ¢(t)= Amt, that is, the signal obtained at the antenna output is
Doppler shifted by A0) and therefore a drift of the phase with constant mean slope is detected
by the reflectometer (“phase runaway”),

The numerical results presented in Fig.6 predict that the mean slope of the phase drift
reverses with the poloidal propagating velocity. Values of d¢/dt~:r100kHz are obtained, with
k r = 2 cm" , V pol ~ 3.2 Km/s. This agrees with the results in the experiment where the
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inversion of the plasma poloidal rotation direction is accomplished by inverting the magnetic
field.
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Fig. 7 shows the radial dependence of the phase drift measured at W7-AS for both
signs of the magnetic field. For these experiments a direct comparison of the phase runaway
(and the deduced poloidal propagation velocity) with spectroscopy measurements of the
plasma rotation could be made /7/. The simulation results shown in Eigfi fit the Mo
symmetric experimental points obtained at rm~ 0.14m shown in Eigj.

IV- Concluding Remarks

A 2—D code based on spatially distributed RLC networks has been used to model the
propagation ot‘electromagnetic waves in a plasma with density fluctuations.

The code was applied to the study of poloidally rotating periodic structures in X-mode
reflectometry experiments at the W7~AS stellarator, Good agreement with experimental
results was found. The finite tilt angle of 2.60 from the vertical direction was identified as the
necessary condition for the observed phase runaway. It could be showri that there exists a
threshold value for the amplitude of the density fluctuation needed to observe the runaway
phenomenon, The experiments performed with the reflectometer have showned That this value
can easily be surpa ssed by the density turbulence in the mode or during ELMs.
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1 Introduction
Up to now the determination of the radial ion temperature profile [1] in ASDEXLUpgrade
from the energy spectrum of neutral particles uses the EIRENE MonteACarlo code ['2] for
the calculation of the neutral density profile. This method is restricted to investigations
of special interest, because of the necessary long computing time For online evaluation
during experiments a fast automatic procedure is needed, The classical logarithmic slope
evaluation [3] is limited to low density andfor high temperature plasmas and does not
provide profile information Therefore a new computer code CENS [4] has been devela
Oped. It avoids specific Monte Carlo runs, but uses information about the neutral density
obtained by such calculations in the past.
2 Measurements and method of evaluation
The energy spectra of hydrogen and deuterium neutrals are measured with two Neutral
Particle Analyzers [5] The neutrals are ionized in a hydrogen gas cell, separated in energy
and mass by a magnetic and an electric field, and detected by 2 sets of 10 channeltrons.
Figure 1 shows the geometry of the CX diagnostic at ASDEX—Upgrade,
The neutral flux emitted from the plasma is'described by an integral over the line of
sight [1]. The integral contains the profiles of the ion and electron temperature, T,- and
Te, the ion, electron and neutral density7 72,, m and 72, The determination of the 1",; profile
is a difficult ill—posed non—linear problem, for which no simple method is available, and as
much information about the other profiles as possible has to be taken into account, The nE
and Te profiles and the magnetic flux surface geometry are taken from other diagnostics,
but the neutral density cannot be measured until now and is the main obstacle for a
straightforward determination of Ti.
Two groups of neutrals have to be distinguished: The ‘wall’ neutrals, which penetrate
from the plasma boundary into the plasma and the neutrals due to volume recombination,
which are calculated according to standard formulas [6] and added to the wall neutrals.
In the central plasma region they can be the dominating part, when the density is high
and/or the temperature low In that case, the neutral problem is less severe. CENS uses
a parametric representation of the wall neutral density, obtained from fits to MonteoCarlo
calculated wall neutral profiles of dischargES with very diilerent properties, The following
function was found to describe the profiles sufficiently well for our purposes [7.8]:

l1} nnwip) : lnnnwlllil d“ Liam 7 It’ll—u?) (l)
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The parameters are 7771v ), the wall neutral density at the edge, and kn, a monotonic

function of the dimensionless inverse fall-off length7 which determines the shape of the

profile. In Fig.2 the wall neutral density profile as obtained by EIRENE simulations

and the approximation with the function above are shown for some ASDEX»Upgrade

discharges.
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Figure 1: Viewing lines ofthe two Neutral Figure 2: Density profiles ofimll neutrals,

Particle Analysers in the poloidal plane. calculatedfi‘om simulation by the EIRENE

The movable analyzer can be turned also in code. (stars) and fitted by the analytical

toroidal direction function class {'circlesntiine) in E9741),

The CENS code fits the neutral profile simultaneously with a spline function model for

the Ti profile by minimizing the deviation between the. simulated and the measured fluxes.

The parameters to be fitted are the T5 values at the knots, ln(n.,w(l)) and kn, To get an

estimate for the reliability and the accuracy of the results! pseudo-random noise according

to the experimental errors is added to the neutral flux input data and the profiles are

repeatedly calculated. In a first step the behaviour of CENS was studied in the so«

called quasiexperiment mode. [8], where the solution is known. Here we concentrate on

processing of experimental data from plasmas in ASDEX—Upgrade.
3 Processing of experimental data
The program CENS provides a number of parameter options and modes, which make
it a versatile tool and suitable for rather different conditions The optimal operational

range, where it recovers well the basic features of the T; profile1 hut avoids the creation of

oscillations and other artefacts‘ had to be found. For this purpose the following quantities
were varied and the results compared with complete EIRENE simulations: 1. the number

of spline knots‘ ‘2‘ the strength of Tikhonov regularisation, which favours solutions with
low curvature. 3, the starting profiles, 4. the range of the flux spectrum 5‘ the amplitude
of pseudo—random noise added to the experimental fluxes.
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Satisfying results were obtained in a sufficient wide.- range of parameters. In particular
the choice of the initial conditions is not critical, The optimal number of spline knots is
4 to 6. With 6 knots a moderate amount of Tikhonov regularisation is necessary; with a
lower number of knots it can be reduced considerably.
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Figure 8: [on temperature and neutral density profiles as a function of the normalised
fiur—surface radius p, for two ohmic disehargcs. The solid lines connect the median val-
ues. The boxes denote the inierq‘uartilc ranges Q75 — Q25! and the whiskers 90% interval

estimates (395—6254 The dashed lines are a. reconstruction based on EIRENE ll/fonte Carlo

simulations of the neutral density, in which additional measurements from the OX LENA
diagnostic have been used. The accuracy {intet‘quartile range} of latter reconstruction is
in the order of 1095]"01" the ion temperature and of 30% for the neutral density profile.

In Fig. 3 the results for two ohmic deuterium discha1 gee are shown. #8002 has low den-

sity and current [3 * 1019m'°,.0 6MiA),)#7540 higher density and current (6 * 10mm
lMA). The asymmetric position of the neutral density median at p poloidal > 0.7 for
#8002 indicates, that there are two groups of solutions. The small interquartile distances
in the central plasma region are due to the large contribution of neutrals from volume
recombination.
Fig. 4 shows the recovered T, profiles for a hydrogen discharge with increasing plasma
density and Neutral Hydrogen Injection power, as given in the table within the figure.
The evaluation uses the deuterium fluxes. which are not disturbed by the Hydrogen-
Injection. The steep rise between curves 3 and 4 and following slow decrease (curves
4 to 6) of the ion temperature reflects the switching on of the heating power and the
continuously growing plasma. density. At the end of the ohmic phase and at the highest
densities essentially no particles from the plasma center contribute to the flux. The flux
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birth profiles provide limits for the radius, below which the T.- profile has to be regarded
merely as an extrapolation of the outer parts with no local information. In fig. 4 this is
indicated by the change from solid to dashed lines.
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4 Conclusion
The CENS code allows fast determination of Ti profiles with an accuracy of 5 to 20 977 over
a reasonable range of plasma parameters. Simultaneously the wall neutral density can be
determined with an accuracy of a. factor of about 10. Regarding the huge dynamic range
(> 106, see Fig.2,3) and the absence of measurements: such a. determination of the neuv
tral density profile may nevertheless be of interest. The computing time needed for one.
profile evaluation is about 1 minute on a. standard workstation, depending on the desired
accuracy of the interval estimates. Therefore, with CENS working in an automatic mode7
it seems possible to provide temperature profiles for several selected intervals between
two discharges. An overview about the Ti behaviour (about 10 profiles per discharge) for
all discharges of a. typical experimental day can be provided over night.

Part of this work was carried out under grant 1/70032 of Volkswagenfitiftung in 19.95 _
1996.
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1) Introduction

With increasing additional heating power first a regime of low confinement, or L mode is
reached, and beyond a certain threshold pOWcr the regime of high confinement or H mode
is obtained {1, 2]. In neutral beam injection (NBI) heated L mode plasmas a density and
magnetic fluctuation level higher than during Ohmic heating is observed in the plasma edge
[3, 4]. A low turbulence level is obtained again in the H mode [3, 5]. With Ion Cyclotron
Resonance Heating (ICRH) the fluctuations observed in the L mode on ASDEX Upgrade are
lower than in NBI heated plasmas and are not suppressed during the L—H transition.

2) Diagnostics

For measuring the turbulence of the electron density and the radial magnetic field a reflectom-
etry system in 0 mode polarisation [6] and small coils sensitive to high frequency magnetic
fluctuations placed within a distance of 10 cm near to the plasma surface were used. Electron
temperature and density profiles near the outer plasma edge are measured by a multichannel
Electron~Cyclotron—Emission- and a Li—beam diagnostic [7] respectively.

3) Observation

The turbulence of the density and the magnetic field is visualized in the following (figs 1,
3) by contourplots after application of a sliding FFT to the signals. With the onset of the
first NBI source a broadening of the bandwidth of the fluctuations of the radial magnetic
field and of the electron density is observed (fig. 1). After the second beam source has been
turned on an additional broadening of the fluctuation spectrum is observed, followed by a L-H
transition clearly visible in the decreasing D a intensity, after which the fluctuations are totally
suppressed. The gradients of the electron density and temperature profiles do not change from
the Ohmic to the first L mode phase (1.35 s — 1.40 s) at the position of measurement, fig.
2. Thus the turbulence driven by these sources should stay constant which, however, is not
observed. The increase of the bandwidth until 1.7 s might be asen‘bed to an increase of the
turbulence because of the then steeper edge gradients, or to a source which has its maximum
at the plasma edge and is switched off at the L-H transition. When applying ICRH heating
alone it is found that the turbulence level in a L mode plasma is lower than in a NBI heated
L mode plasma. This turbulence is not suppressed at the L-H transition (fig. 3).
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4) Characterization of the turbulence regimes with NBI heating
The neutral beam entering the fusion plasma is being partially ionized immediatally there.
This zone of first ionization of the beam is one fast ion’s gyroradius within the plasma
because only there their space charge can be neutralized which is necessary for stable gyro
orbits (degree of ionization there: 1%). The speeds of the slow, intermediate, fast Alfvén
waves, CSL, cl, CF Were calculated at this position and compared with the beam speed vb
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resulting in CSL < "b < (:1 for the L mode (fig. 4‘). At the L-H transition the density profile

to . - . . H3 , . = . .
m #3595,I=1.400 S, L #8595, l=1.700 S, L-H7 0.8‘—*~2~\~\ - To. 7 —
2 \ \‘\C m meC 0.6- \ {'1 E 0.5- \1\ —
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0.0 0.2 0.4706 018 l.0 0.0 0.2 0,470.6 081.0

vi [10 3713"] vi [lO’ msfl]

W O #é595,yl=2.0¥00 S,‘H 1 '0 #8595, t=2.005 S, L$0.8» - $0.8
U) (1')

E08 — E06

NEDA-“‘3‘ ~ [‘2 0.4-
l-LMJ \ 3“ Lyn—J

50.7; /t V. ‘ >302

00/ . . 0,0
0.0 0.2 0,4 0.6 081.0 0.0 0.2 0.4 0.6 0.8 TD

vi [My msfl] vi [107 ms"?
Fig. 4: Comparison oftfze beam speed (‘m‘romgi will: the flute Alfvch speeds at the plasma edgefor tile 3 phases
L, L-H, H as indicated in the upper 77't comer q/"each plot (magnel‘icfield 1.94 T, injection angie DfIhe beam
with respect to the magneticfield 72.80. energy ofz‘he dwrerium beam 60.5 keV, for the densirv and temperature
of the deuterium plasma measured values were used).

steepens so that in the H mode (:1 < Vb < CF is valid (fig. 4).

5) Conclusion

The different turbulence levels of the L and H mode observed only in NBI heated plasmas
can be correlated with the relation of the beam speed with respect to the intermediate Alfvén
speed at the plasma edge.
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1. Introduction. For the analysis of transport and stability of tokamak plasmas accurate
knowledge of the current density profile and related quantities, such as safety factor and
magnetic shear, is required. Motional Stark effect (MSE) polan'metry, which measures the
internal local poloidal magnetic field, has become one of the most important methods for
the detenninatiori of the current density [1, 2, 3], At ASDEX Upgrade a lO—channel MSE
polarimeter, using the modulation technique [4] and observing one of the 2.5MW, 65keV
heating beams is under development.
2. Outline of diagnostic. The observation
geometry crucially influences the perfor—
mance of the polarization measurement. At
ASDEX Upgrade the choice was to use
one of four existing heating beams and to
select one of 16 observation ports located
every 2250 between the toroidal field coils.
As the heating beams are inclined at 49°
to the midplane of the torus, a horizontal
observation geometry could not be real—
ized. For a selected, the three parameters
pitch angle projection factor, spatial reso-
lution, and spectral separation of full and
half energy fractions have to be optimized
simultaneously. An outline of the diag-
nostic with a planar View of the chosen
observation geometry is shown in fig. 1,
The resulting pitch angle projection factor,
given by tan(polarization angle)/tan(pitch
angle), ranges from 0.40 at the plasma cen— »
lie to 075 at the plasma edge. The spatial Fig. 1. Outline of MSE diagnostic. The
resolution, determined by the angle between polarimerer design is similar to thar described in [5].
the viewing line and magnetic field. where the neutral beam volume intersects the viewing
line, drops from 6cm at the plasma centre to 2cm at p=0.3 and rises again to 90:11 at the
plasma edge. The observation optics consists of a dielectric mirror followed by four lenses,
which for each office ten spatial channels images the neutral beam onto six vertically stacked
1mm diameter optical fibres. “5th a demagnification of 20 this corresponds to a 2cm wide
and 126m high spot in the plasma covering about 2/3 of the FWHM of the beam. The lens
system exhibits an étendue of QA=2.4><10"’5sr in2 corresponding to 171.4 at the fibre side,
which is sn'll below the theoretical limit of the fibres of £11.
3. Spectral simulation. A spectral simulation for the given geometry, taking beam and
viewing line divergence as the main line broadening mechanisms, is shown in fig, 2. The

; i
’ \ 2 Photoelastic _2:‘=2L lmodulators (FEM) m t
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a—component of the full energy fraction,
which is to be used for the polarization 3:; Mammy traction
measurement, is well separated from the £- ’ H— De! ‘
r-component of the half energy fraction, 5 _ W .
which is the prime condition for a large po- 5 u H i r in MA “
larization fraction at the o-wavelength. In
addition, the o-cornponent of the neutral E J1 n U 1‘ »
beam used for MSE is, for all radii, suf- g 3%, o -- »- ww—
ficiently separated from the Stark spectrum E i=4 :
of the other beam intersected by the View» 6520 5530 6540 6550 6560
mg lines, to allow all heating beams to be M“)
operated simultaneously during MSE mea-
surements. The optimum FWHM of the in~
terference filters, derived from the spectral h'f :13 I b y y d

. . . '- S i re a merrfl cant EJHESSEDII SPCCETEHH (In

simulation. hes bet-ween 0'2 and 0311111 de corresponding polarization fraction at p=03 fora
pending on magnetic field and beam energy 60keV deuterium beam, amazr, and ride V.
4. Faraday rotation. Faraday rotation in the MSE polarimeter, induced by the tokamak
magnetic field, causes an offset in the polarization measurement. As suggested in [5], the use
of Schott SFLé glass with a Verdet constant of zero reduces the Faraday rotation significantly.
For components not made of SFL6, such as the vacuum window or FEMS, a half wave plate
positioned between the optical elements, so that the Faraday rotation angles before and after
the half wave plate are equal, eliminates the net Faraday rotation. The condition of equal
Faraday rotation angles means that in an inhomogeneous magmas field E(x) using materials
with diflerent Verdet constants V(x) the integral along the optical aids f B(c)V(z)dm has to
be the same before and after the half wave plate.
5. Influence of mirror. The use of a mir—
ror is required, because a tangential access

Fig. 2.: Spectral simulation of Doppler

for the beam observation is not available. #5:.
The polarization properties of the mirror, E
however, introduce a systematic error into E:
the angle measurement (fig. 3), Here, the i
systematic error is the djfierence between ‘0
the actual angle and that derived from the ' - o 20 4.0 so 39
polarimeter signals. Two cases are distin— PW‘W‘W?" WNW“?
guished in Fig. 3: (1) The apparent angle WWW" ”laid”,
is deduced only from the ratio of the in- Fig. 3,: Systematic error introduced byamirror

, . . . (pp=0.995, (SP—5::l'5") as a function of
tenSIty modulahon amplitudes at twice the polarization angle. The systematic error increases
PEM froquencres (duhed 111135) and (2) m with decreasing polarizarion fraction p].

addition the phase shift is reconstructed from the modulation amplitude at the single FEM
frequency (solid lines). It can be seen that for a horizontal viewing geometry, where the
polarization angle of the oncomponent is close to the mirror p—polarization, the systematic
error approaches zero. At ASDEX Upgrade, however, due to the non~horizontal viewing
geometry the polarization angle lies in the vicinity of 67° (shaded area), which requires
corrections to the phase shift in order to rnirumize the systematic error.
6. Current profile identification using MSE. To quantify the expected improvement in
determining j (R, z) With MSE measurements. a sensitivity study has been carried out using
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a database of 1100 ideal MHD equilibria with 21 degrees of freedom, including 1?, 3,,
10 active and 2 passive poloidal field coil currents, and (with 1,, scaled out) a 7-parameter

= Rp’U/J) + FF’ (ill) / (p012) profile family given by (with t!) the normalized poloidal flux)

pit) o< if)” exp{bp(1-1l)+cp(1— it}
where ap,bp,Cp are randomly chosen for each p'(112) profile, aFF,lJFF,CFF specify the
FF'(7.[)) profile, and the 7th parameter determines [9pc]. Reversed shear and edge pedestal
profiles are easily generated With this family, and the wide range of current profiles in the
database satisfies 0.5 < Ip < 2MA, 1 < B, < 4T, 0 < 131,0; < 2, 0.5 < 1,-< 2, 0.5 < qa < 4,
2 < (195 < 6, and reversed shear characterized by 1 S qa/qmgn < 4.

6.1. Database Details. For each equilib-
rium in the database, all diagnostic data re-
quired for the study are calculated using the '4' h—
correct experimental geometry. These in- /—\ ._....
elude 36 magnetic flux and field probes and
10 MSE channels. To gauge the useful-
ness of the MSE diagnostic compared to its \

{ill/[m lmain alternative, namely Faraday Rotation
(FR) polarimen'y (not to be confused with
the nuisance effect of FR on the MSE mea-
surements as outlined earlier), a hypothetical
FR diagnostic on ASDEX Upgrade using the
geometry of the 8-channcl DCN (195 urn)
interferometer is also simulated. For this
purpose, a randomly generated MW) pro-
file, chosen from a 5-parameter family. is
assigned to each equilibrium and the difi'er-
entisl equation describing the change in po—
laflzafinn along the beam path is “negated Fig. 4.: ASDEX Upgrade equilibriumflux

:udhces. Shaded bar near mid-plans

\lllk/

numerically so that Cotton M9“‘°“ effects indicates area spanned by 10 MSE channels.
are My BWOunted for m the “finial/ad FR Geometry of8 DCN channels is shown by
measurements. Both MSE and FR geome- straight lines emits-crossing thefluz surfaces.

tries are shown in Fig. 4 and for the present database these yield angles with typical
magnitudes of 5° for MSE and 8° for FR.
6.2. Identification Algorithm Starting from a baseline Set of 36 equilibrium magnetic
measurements and 3:, j (R, z) identification representative of the entire database is monitored
as MSE channels are progressively added to the baseline set, This is accomplished using
the method of Function Parameteiization [6] where here the cuirent profile is regressed as a
second degree polynomial whose arguments are B¢+16 principal components of the external
magnetic mossurernents augmented by the MSE dots For the FR study, the MSE channels
are replaced by the FR data consisting of two signals per channel, namely the line-integrated
electron density and the rotation angle. The root mean squared errors (rmse) from the
regressions are a measure of the recoverability of the current profile. For MSE, the finite
spatial resolution of the viewing geometry (the horizontal resolution varies between 2 and 8
cm; the vertical resolution is 12 cm) is taken into account. For both MSE and FR, simulated
measurement noise chosen from a uniform distribution in the range id° is added to the



“measured” angles. A sequence of runs was made with different values of d to determine
the degradation of the recovery with increasing d.
6.3. Results. Fig. 5 shows 2><rmse, ie. m
95% confidence bands for j(r7 z) (where r :
(R — R..)/a is a purely geometric quantity)
identification along the z = zmwm plane
(which spanned the range 0 S zmgmis S
0.2m in the database) where both. sets of
data were perturbed by the experimentally
expected noise level of £02”. To faciliu
tate the MSE/FR comparison, the outer two
MSE channels were not used in this analysis.
There is little to distinguish M513 and PR in
the range .5 < lrl < 1. Near the plasma
centre. however, the MSE identification is
clearly better. For j (r : 0,2mag), the error
reduction factor with respect to the baseline
model is 4.2 for MSE, 3.1 for PR. The cor
responding factors for j(r = 0.9,zmg) are
1.7 and 1.55. The localized nature of MSE
may explain its superiority over FR at the
plasma centre. Fig. 6 shows the effect of
noise on the rms regression errors for the
reversed shear indicator qO/qmgn. The rrnse
is lrended for the cases of 3, 6 and. all (9 for
MSE, 8 for FR) channels included in the re»
gressions (the point at infinity corresponds
to the magnetics—only regression). As ex-
pected from their typical magnitudes (see
6.1.), the MSE measurements are more sen—
sitive to noise than FR, although at a level of
3:0.2“ MSE is much more accurate than FR.
Note the FR errors tend to reach a plateau.
This was found to be due to the topological
information present in the f n9 dl measure»
ments, which were unperturbed by noise.
6.4. Summary. Provided the experimental
variation in jlf, z) is described by the profile
family used here, MSE is expected to reduce
the uncertainty in j(r, 2) relative to a mag-
netics-only identification by a. factor of w 4
7. References
[l] S. H. Bathe at £11., Nucl. Fusion '36. 1133 (1996)
[2] B. W1 Rice et all, Phys Plasmas 3, 1933 (1996)
[3] R. C. Wolf et 31.. Nucl. Fusion Lett. 33. 663
(1993)

Database Magncfics only

6 — envelope \\ _ Magnetics +
1/ ll FR channels5 7 /

Magnetics +
4 » XX / 3 MSE channels

]{r
)

wi
th

er
ro

r
be

nd
s

(M
A

/m
"2

)
—ir*+r*m

—1,l] —O.5 0.0 0.5 1.0

r: (R—Ro),‘a

Fig. 5.: Mean j(r,zm0g) profile in the equilibrium
database ((7) surrounded by (i) 2 X Std.Dev.

envelope indicating the variation over the database
ofj(r,zmg) about its mean, (fl) 2 x mm:

confidence bands for the baseline Magnetics-only)
regression, (ill) for the baseline set + all 8 FR
Channels, and (iv) for the baseline set + MSE

channels l-8, where noise of magnitude
:tU.2° was added to both FR and MSE dam.

0 0.5 l

MSE/F‘R Noise Level (idegrees)
1.5 2.0 25 CX)

Fig. 6.: rmse for the parameter qo/qmgn
versus error in the measured angle for MSE
(s) and FR (0) regrersions with 3, 6, and all
channels added to the Magnelz‘cs-only model.

at the plasma centre and m 1.5 near the edge.
[4} P. M. Levinton et al. Phys. Rev. Lett. 63. 2060
(1989)
[5} B. W. Rice et 3.1.. Rev. Sci. Insatum. 66, 373
(1995)
[6] P. I. Mr; Carthy, PhD. thesis. University College
Cork (1992)



1513

Radially Propagating High-n/High-n1 Mode Caseades During
Flattening or Inversion of Central q-Profile in ASDEX Upgrade

A. Glide, K. Hallatschek, M. Bessenrodt-Weberpals. S. Gunter. A. Kallenbach,
K. Lackner, S.D.Pinches, S. Sesnic, M. Sokoll. and the ASDEX Upgrade Team,

Max—Planck~lnstitut ffir Plasmaphysik1 EURATOM—Association,
[LS-5748 Catching, Germany

1 Introduction
The discovery of neoclassical tearing modes ((3,2), (4,3), (5.4), etc.) has shown that
modes of n > 1 can be excited in the core [1.2]. Moreover. advanced tokamak concepts
with increased core confinement have opened new possibilities for higherwn modes in the
vicinity of integer q surfaces and renewed the interest in core MHD modes {3,4}. This
is especially true for reversed magnetic shear experiments, where. (1mm can be localized
near 9 = 1,2 or 3 [3,4]. in such a case, the local shear around these surfaces can be
rather low. This, combined with the high (3’s in the modern experiments, could affect
the stability of higher-n modes. The most probable modes to be destabilized in the area
of an integer 4] surface (q = Ir. where l" = 1.2.3). will have the poloidal and toroidal mode
numbers linked by the expression in x k. . n. i 1. In this paper we report on a new kind of
high—n mode activity in the plasma core. which has similar attributes and is characterized
by a cascading process.

2 Phenomenology of mode cascades
2.1 General properties of cascades
We define a cascade as a series of short mode bursts in order of increasing n. The cascade
commences with the lowest 77., typically 5 or 6, and can reach n. values of 22 or higher. The
relationship between the poloidal and toroidal mode numbers is given by m : n + 1. so
that the 9 range of the cascade modes is re 1.045 < q 3’ 1.2. This 1.1 range corresponds to a
radial shell from r 2 11 to 27 cm. At least two. sometimes even more, of the neighbouring
modes in a cascade overlap partially in time. so that it can be assumed that the lower
mode triggers the next higher one.

Fig.1 gives examples for the two kinds of cascading processes observed in ASDEX
Upgrade. In both cases the cascades begin with a mode of lower frequency, signifying
a lower n number. The main difference between the two cases is that for co—injection a
very low, but still positive, magnetic shear (PMS) develops in the central region and for
counter-injection a low reversed magnetic shear (HMS) evolves. This low shear allows
the cascades to appear in both PMS and EMS regions. The mode positions obtained
from soft X»ray mode profiles differ for the two cases. The highest modes for PMS are
established at lower minor radii and for EMS at larger radii than the lower cascade
modes. There is also a difference in the radial progression of the cascades: In the PMS
case. the cascading process (of a single cascade) advances from outside toward inside. For
the EMS case the direction of progression is opposite. During the cascades, continuous
low—n modes ((3,2), (4,3). (5,4)). not displayed in Fig. 1. appear. From their 72. numbers
the lowest cascade 72 numbers {5 or 6) can be deduced using the fact that the frequency
difference between two neighbouring modes does not change much with the 72 number.
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Figure 1: MHD cascades observed in wavelet spectrum of soft X~ray radiation: a) positive
magnetic shear case (co-injection) b) reversed magnetic shear case (counter-injection) Dark
areas represent mode activity. Mode numbers for b} are estimated

Fig. 2 depicts the PMS cas-
cading example of Fig.1a, as
observed in soft X-ray diodes.
Cascades are indicated by dif-
ferent shadings. The shading
marks two neighbouring diodes
where the mode bursts cause a
loss of energy and particles from
inside (inner diode with a signal
drop) to outside (outer diode
with a signal rise). This also de~ 2,99 300 I[Sl 3.01 302
notes the position of the modes.
Due to the limited resolution of Figure ‘2: Signals from a soft X—ray diode array showing
the diode array, several modes the same cascades as in Fig.1a. Shaded areas demonstrate
can be responsible for the signal inward progression of cascades.
drop. It is also evident from the
figure that these cascades progress inward.

The mode cascading in ASDEX Upgrade occurs during a transient process in a dis-
charge, where the central current profile is going through a strong modification brought
about by low-Z (Ne, C) and/or high-Z (e.g., W) central accumulation. This accumula
tion leads to peaking of Zefj (for low»Z) or flattening of the Te profile caused by high
central radiation (for high‘Z impurities). In all discharges with cascades we observed
both a peaking of Zejf and a flattening of the TI profile. During the later cascades the
Te profiles can even become hollow. The cascades are, therefore, observed in some of

the CDH discharges, where Neon peaking sometimes occurs and in counter-injection dis-
charges, which tend occasionally to accumulate impurities. All discharges where cascades
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have been detected Were auxiliary heated with a medium ,Gpoz between 0.6 and 0.9.

2.2 Evolution of q profiles
Knowing; the mode location, corre-
sponding 72 number, and the rela— q ‘ (4 3)
tionship mzn.+l7 one can construct 1‘3. ' 2-9365

. . 0 3.0085 low-n modesthe q profile in the cascade region. #30403
or :72 +2 or Win »1 are not applica-
ble,1 because these relations would ref 12.
suit in a large break in the q profile be,
tween low~n and cascade modes. The
9 profile including the q=l surface is H
shown in Fig.3 for the PMS case for
three times during the cascades, The cascade modes

modes at q=l.33 and 1.25 are non- 10 V :4 g .
' 0 10 20 30

minor radius [cm]
cascading lowm modes, This figure also
demonstrates the inward movement of

the central q profile. The magnetic Figure 3: Time evolution of the 4 profile during
the cascading process determined from mode pot

the region Of cascade modes With values sitions. The time sequence illustrates the inward
of s: 05 down to 0.26 for the (6,5) and movement oftlie 1; profile.
02 down to 0.07 for the (l0,9) mode.

From the change in mode location in the RMS case one can conclude that the RMS

shear. s :r/q - dq/dr, becomes small in

region progresses outward and most probably the qmn value increases. This can also be
inferred from the lowering of the maximum and minimum 77. numbers observed for the
cascades, In addition to the cascade modes there are low—n modes in the outer PMS
region (of the RMS discharges). “‘rom the evolution of their location. we can conclude
that this part of the q profile progresses inward as in the PMS case,

2.3 Frequency evolution of cascade modes
As can be seen from Fig. 1‘~ there is a rather slow change in frequency of a given (m, n) mode
from cascade to cascade but one can also notice a fast change of roughly 10% during a.
mode burst. There are three contributions in the slow frequency change: an increase in
the plasma rotation velocity, lthe inward (PMS) or outward (RMS) movement of the q sur—
faces, and the flattening of the pressure profile. These three terms contribute differently
from discharge to discharge and from mode to mode. The pressure profile flattening
decreases the electron diamagnetic drift contribution, f“, to the mode frequency. In
the PMS case (co-injection) fM has a negative sign, which causes the mode frequency
to increase. For RMS (counter—injection) the f” contribution has a positive sign, and,
therefore, the frequency of the mode decreases. The same arguments apply for the fast
change. in frequency during the mode burst: the burst flattens the pressure profile in
the mode region and the mode frequency increases for the coinjection (PMS) case and
decreases for the countei‘minjection (RMS) case.
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3 Theoretical considerations q [11 —w i[MAfm2]——

Fig. 4 shows 3‘ spline-fitted 9‘ profile together with the inferred 2\/ //
current density profile. High gradients at the outer edge of ///
a peak in the current density meet very low shear right at x’
the position of the cascading modes (between vertical lines]. l “r’tf H
Cylindrical tearing mode calculations for the shoWn profiles \
result in instability for mode numbers up to n m 1‘27 as obi

. . . . . . 10 20 30 4D
served in the corresponding discharge. Stability analyszs of minor radius [cm]
realistic ASDEX Upgrade equilibria with the same current Figure 4: 9 profile and core

profiles using the resistive MHD code CASTOR also proved responding current density

instability up to high—n modes even at finite pressure. More-
over, with increasing pressure gradient, the high—n growth rate increases due to mode-

coupling, yielding modified tearing modes [5].
For the development of a cascade an (mm) mode has to «If? [an]

destabilize the (m+1,n +1) and stabilize the (m —— 1. n A i).
To model a cascading mechanism depending on the current.
the evolution of a number of modes and their effect on the /
equilibrium current profile were calculated in a cylinder. ne~

glecting higher harmonics, nonlinear coupling and pressure. 0
That way: cascading could be simulated, which carries on over time [me]
several stabilizing/destabilizing events (see Fig. 5) A detailed Figure .5: Flux amplitudes
description of these findings will be published elsewhere. of4 cascading modes

U i

4 Summary
Core MHD cascades with a long Series of mode bursts in order of increasing n have been
observed in certain ASDEX Upgrade discharges. A cascade is initiated by a. lowm. mode.
typically of n z 5 or 6. and can reach maximum 71 values of 22 or higher. Cascade modes

satisfy the relationship m 2 11 +1. They have been found in discharges with positive and
reversed magnetic shear. In the positive shear case the cascade modes progress radially
inward and in the reversed shear case outward. The common features of these cascades
are that they are excited in a low magnetic shear region and that 0.6 <_‘ fipoz < 0.9.
Cascades are observed in discharges with high—Z/ low~Z accumulation, where the current
and the pressure profile are being rearranged. Parts of the q profile with positive shear
are shifted inward and those with reversed shear outward. The frequency of the cascade
modes changes due to the variation in the toroidal plasma rotation velocity and pressure
gradient and because of the radial movement of the central q profile.

Acknowledgements
The authors want to thank D. Biskamp, .J.C. Fuchs, O. Gruber. S. de Pena Hempel. and
H. Zohm for helpful discussions.

References
[1] Z. CHANG et aim] Phys. Rev. Letters 74. 4663 (1995)
[2] H. ZOHM et al.. Plasma Phys. Contr. Fusion 37, A313 (1995]
[3] F.H. LEVINTON et al., Phys. Rev. Letters 75, 441? (19.95]

[4] E.J. STRAIT et al., Phys. Rev. Letters 75, 4421 (1995]
[5] S. GiiNTER, this conference



1517

Difi'erential Rotational Soft X-Ray Tomography
of Coupled MHD Modes
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1. Introduction
Soft Xerays (SXR) emitted from a fusion plasma can be used to diagnose and interpret
magnetohydrodynamic (MHD) plasma activities and their structure. At the tokamak
ASDEX Upgrade the soft X—radiation is measured by 5 pinhole cameras with a total of
124 detectors, The detected signals are integrals along lines—offsight. which lie in one
poloidal cross—section of the tokamak. Thus7 a tomographic reconstruction is a very
important tool for the interpretation of the data.

For investigation of complex mode structures (higher poloidal mode number, several
modes) the spatial resolution is too poor due to the low number of detectors {N 102),
because of restricted space. On the other hand in the medical tomography some 105
chords are available [1]

To obtain sufiicient spatial resolution tomography methods are adapted to the conditions
in fusion plasmas. The method presented here is unique in its ability to reconstruct the
soft X-ray emissivity of coupled MHD modes with high spatial resolution.

2. Differential Rotational Tomography
To improve the spatial resolution the well known method of rotational tomography can
be used [2,3]. Here1 time information is transformed into Spatial information. Because of
the toroidal and/or poloidal plasma rotation the mode rotates in the observation plane.
Assuming a. circular, rigid and concentric rotation of a stationary mode with constant
angular velocity it is easy to correlate the data for one chord at different time points with
the data for different chords at one time point.

To analyse noncircular and nonconcentric plasma shapes the rotational tomography was
expanded by using an adaptive coordinate system (and). p is the radial poloidal flux
coordinate. The toroidal coordinate (p is the Euclidean toroidal angle. The poloidal
coordinate 6* is the straight field line angle, 1. e., the magnetic field lines are straight in
the plane (”+75 (9"). The definitions are as follows:

r—“M—. “ 9 . 7
Mi 9* N/ dg'i (”R”) for pzconsti (1)

0p : Vlt’s — Elba i i R BM). 6’)
6" is normalized to 271', B and z are the Cartesian coordinates in the poloidal plane.
6 is the Euclidean poloidal angle. (ii is the poloidal flux obtained from equilibrium cal-
culations. It takes the value 1125 on the separatrix and do; on the magnetic axis. All
lines—of—sight lie in the plane (pflfl (or (Rm) at one toroidal location (e20). The
advantage of the coordinate system (p. 6') is that the motion of one mode is represented
as a rigid1 uniform, circular and concentric rotation, This simple properties are offset by
complex representation of the lines—of-sight in these coordinates, confer figure 1.
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Figure 1: Lines of constant p and 6” (dashed) and Zines-of-sight for camera D (Solid),
depicted in Euclidean {left} and adaptive (right) coordinates.

Conventional rotational tomography fails if more than one mode is present. To deal
with this difficulty we developed two complementary strategies. First, if the modes are
uncoupled. i. e. if they correspond to different frequencies in the measured signal. we
separate them in the Fourier space using the fast Fourier transform (FFT). Second, if
they are coupled, We apply an ansatz which takes into account the corresponding different

rotational velocities in the observation plane (p, 9*). This will be developed step by step
‘ in the following paragraphs.

First, look at the ansatz for the soft X—ray emissivity of a pure harmonic mode. (mm):

gtpasva 9*) = Alple‘lrmé-flw (2)
Here, A(p) is the complex radial function of this mode. Its absolute part corresponds to
the radial amplitude function. Next, assume a rigid plasma rotation with the frequency w
and consider the time dependent ansatz at thetoroidai location of the. SXR diagnostic:

gown = AW) 6‘("‘g‘+"““) (3)
The frequency w: Wm,- — % wpui is composed of the toroidal and poloidal plasma rotation.

Now, expand this ansatz to different frequencies wk and suppose for each of them a set
of modes (mjk, Wt):

9.09.1519? : Z Ajkip) e£[mjk9»+mkwit) (4)

1!:

For each mode there is one radial. function Ajfip). It is defined as an arbitrary cubic
spline with h internal knots. Thus, it can he represented as a linear combination of real
and well defined cubic B—splines [4]:

‘ Phi—4

4 MP) = Z CyklNr‘kltP) (5)
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Equations 4 and 5 give the total ansatz
3(P; t, 6*) Z Z CjkINjkl(Pl Eiimjkfl‘huwn) (6)

JH

The measured signal fDU) of a detector D is a line integral along a line-of—sight described
by the curve 7D (see figure 1):

so) I Z: Cit! l ‘15 NM?) 6‘7””? NW” == Z We! Jim 6“”W“ (73)
jkl “In jkl

This set of equations separates in the Fourier space with respect to w:=ngku}k :

p: Z 611'lk “New ' w) (8)
jkt

Thus, for each to we obtain one set of complex and linear equations. 134;”) depends only
on the geometry of the diagnostic and on the coordinates p and 6‘. cm are unknown and
fhphu) are values from the Fourier transform of the measured SXR data. Solving equa-
tions [8) for CM and substituting it in equation (6) one obtain the unknown emissivity g.

Furtheremore, we investigated errors and limits of our method. There are three main
sources of errors: the measured line integrated intensities1 the assumed geometry of the
diagnostic and finally the magnetic equilibrium. The influence of these errors were in—
vestigated by tests, Monte Carlo simulations and calculations of error propagation. The
approximate values of possible errors are listed in table 1. where the time variable emis—
sivity Ag means the difference between the total emissivity g and the time independent
emissivity, i. e. the (0,0) mode.

9 Ag
measured intensity 1% 1%
geometry 0.5% 2%
equilibrium 2% 9%

Table 1: Approximate values of possible errors of the emissivity g and Ag,

For the splines we use mostly 11 knots (p =03, 0.1, 0.2, . . . i 1.0). It corresponds to a radial
resolution of about 5 cm (Ap:0.l) for each mode. The poloidal resolution is limited by
the number of harmonics, i. e. by the band width of the data acquisition system. This is
large enough, so that the poloidal resolution is limited only by the spatial extension of
the lines—of~sight, which corresponds to a resolution of about 4cm.

3. Results

With this new high resolution method we investigated the internal kink, the evolution of
the sawtooth crash, the growth of the tungsten snake and coupled modes. An example for
the studies of coupled mode structures in ASDEX Upgrade high—,8 discharges is shown in
figure ‘2 [5], Tornographic reconstructions of three phases of the discharge are depicted.
In the first phaSe (left plots) the plasma does not reach the fi~limit yet and a (1,1)
mode is unstable. The radial mode amplitude and the contour plot of the. time variable
emissivity Ag can be seen. The next phase is at the beginning of the j3-collapse. Here, we
discovered a (4,3) mode with a toroidaliy coupled (3,3) mode. Finally, in the last phase
during the flvcollapse we reconstructed a (3,2) mode with a toroidally coupled (12,2) mode.
The tomography procedure yields the m numbers while the in numbers are determined
by the relations of the frequencies and by the Mirnov signals.
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Figure 2: Tomographic reconstruction of an high-,3 discharge in ASDEX Upgrade (shot
#7694). Top: radial mode amplitudes. Bottom: contour plots of the time variable emis—
sivity Ag. Left {t = 1.8315): (1,1) mode before the fl-collapse. Middle (t = 1.844 5):
coupling of (4,3) and (3,3) modes at the beginning of the fl-callapse. Right (t:1.887 5):
coupling of (3,2) and (2,2) modes at the end of the fl-collapse,

—0.5 0.0 0.5 —0.5
,0 (308(9')

4. Summary
An innovative tomography method was developed for interpretation of the soft X—ray
data. It has high spatial resolution. For the first time, it is possible to reconstruct the soft
X«Iay emissivity of coupled MHD modes. The necessary assumption is a stationary mode
structure on the time scale of one plasma rotation period (in ASDEX Upgrade: ~ 100 #8).
The main features are the use of rotational tomography in an adaptive coordinate system,
an ansatz for coupled modes with the help of cubic splines and calculation in the Fourier
space. Thereby the mode structures in high-fl discharges have been clarified in detail.
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Characteristics of type I and type III ELM precursors in ASDEX Upgrade
'1‘. Kass, S. Giinter, M. Maraschek, W. Suttrop, H. Zohml, ASDEX Upgrade Team

Max-PIanck—Institut fur Plasmaphysik, EURATOM Association, Boltzmannstr. 2,
D-85748 Gamhing, Germany

lInstitut ftir Plasmaforsckung, Universitdt Stuttgart, Pfafienwaldring 31, D« 70569 Stuttgart
1. Introduction
So far, steady state H—mode has been achieved only with the presence of edge localized modes
(ELMs) providing an efficient particle density and impurity control [1 ,.2] Following the classifi
cation based on the ELM frequency fELM dependence on the energy flux across the separatiix
PM}, =t -— PM — dWMHD/dt, where the radiated powar P.4d, the heating power PM“; and
the stored kinetic energy in the plasma WMHD are considered [1], the ELM types observed 1n the
ASDEX Upgrade tokamali are of type I (dLM/dPsep > 0) and of type III (dLM/dp < 0)
It has been shown, that 111 ASDEX Upgrade type III ELMs are stabilized at edge electron tempe-
ratures somewhat above 300 eV [3]. Therefore their mechanism might be governed by resistivity
Type I ELMs on the contrary are found to be triggered at critical edge pressure gradients close
to the ideal ballooning limit.
In this paper we will show, that an edge pressure gradient close to the ideal ballooning limit is
not sufficient to trigger a type I ELM. In order to understand the ELM mechanism the MHD
characteristic must be investigated further. The following discussion concentrates on the ELM
precursor oscillation, as this phase of an ELM is not perturbed by turbulence emerging during
the enhanced transport phase. Therefore the characteristics and experimental phenomenology
of both types of ELM precursors observed in the ASDEX Upgrade tokamalr (major radius 1%
= 1.65 In, minor radius a : 0.5 In, elongation K = 1.6, triangularity 6 z 0.1) are presented.

2. Experimental observations
2.1 Temporal evolution of the edge pressure gradient
First the temporal evolution of the edge electron pressure gradient VpeledyB taken at r = a -— 2
cm is investigated before and after a. type I ELM. The electron pressure gradient ShOWn in Fig.
1 is obtained from measurements of the electron density by means of DCN Laser interferometry
and Li-beam injection, and the electron temperature detected with the ECE--diagnostic. All data
have been taken at the low-field side

. . .
”'0 ..—~ ____________4,”. :9"? _______ Fig. 1: The temporal evolution of lhe edge electron

l pressure gladienltaken at r: a—-2 cm dunng
+4. I a type | ELM shows the! the pressure gradient
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E 120 _ | _ by the preceding type 1 ELM (not shown).
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transport ' l
. ‘_ l #8595
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It can be observed, that mdge recovers continuously from the drop caused by the preceding
type I ELM (not shown). Several milliseconds before the next type I ELM occurs (solid vertical
line at t = 1.814 s) and well before the precursor arises (dashed vertical line at t : 1.813 s),
View“ saturates at mgye : 136 kPa/m (dashed horizontal line). Thus, Vpelcdge remains
approximately constant for a. significant time period prior to the type I ELM. The normalized
pressure gradient 0: = —-2;10q [HZ -Vp equals 2.57 at this time (p : 3% +17; w 2p. is assumed).
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Infinite-n ideal ballooning mode calculations (carried out with the help of the HELENA—code
[4]) Show that this value lies with an uncertainty of 30% close to the critical value (rm-t given by
the ideal ballooning limit. The main sources of error are the unknown ion pressure pg and the
uncertainty of the relative position of the profile. Another indication for ideal ballooning is the
Ig-scaling of Vpemg found in the experiment [5]. Thus, in the considered case, the critical value
of the edge pressure gradient is reached within the experimental accuracy well before the type I
ELM occurs without immediately triggering a type I ELM. This indicates7 that proximity to the
ideal ballooning limit is not a sufficient to trigger a type I ELM, as suggested in [1]. Thus the
M111) characteristic of ELMs must be further investigated. As the precursor phase of an ELM is
not deteriorated by turbulence or non-linear effects, the following disouseion is focused on their
phenomenology as observed in ASDEX Upgrade.

2.2 Frequency of the ELM precursors
In Fig. 2 the result of a wavelet analysis (temporal evolution of the frequency spectrum) of a type
I (Fig. 2a) and a. type III ELM (Fig. 2b) together with their corresponding precursor oscillations
during a discharge with counteninjection (I? : - 1 MA, PNB] = 5 MW D0 —o 13+) and the
toroidal magnetic field (B3 : + 2.5 T) in the unfavourable field direction (ion-VBAdrift away
from the X~point) is shown. It can be seen, that in both cases the ELM precursor oscillation
starts to grow about 1 ms before the transport increases (type III ELM precursors sometimes
grow much faster). On the other hand the frequency of both types of ELM precursor oscillations
differs considerably. Whereas type I ELM precursors exhibit a frequency of the order of 20
kHz, type III ELM precursors show a frequency of the order of 100 kHz during counter-injected
discharges. Both frequency spectra exhibit quite a narrow band in contrast to the enhanced
tranSport phase of the ELMs, which has a broad band spectrum.
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Fig.2: The result ofa wavelelsnalysls (diflemnn‘al Founeranalysrs) of a type I (left plot) and a lype lII ELM (right plot) during
two different counter-interned disoharges shows that both types of ELM precumor start to grow about 1 ms before the
transport Increases and that their lrequancies diflareonslderably

In the case of coinjection the frequencies change significantly. The frequency of type III ELM
precursors is then shifted to lower frequencies of the order of 60 kHz and type I ELM precursors
are not observed. Despite the absence of a clear magnetic type I ELM precursor a slow electron
temperature fluctuation around 5 kHz is detected by EOE channels resonant near the separatrix
[6}. Here the question arises, whether the magnetic type I ELM precursor is indeed absent or
only undetectable with magnetic probes.
Another feature of the ELM precursor oscillation, which can be seen for instance in Fig. 2b,
is the presence of two apparently periodically alternating frequencies (100 kHz and 120 kHz
in this example). The observation of two clearly separated frequencies in the Fourier spectrum
appears sometimes also during type I ELM precursor oscillations and is also reported from the
COMPASS-D experiment [7].
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2.3 Mode structure of the ELM precursor-I
The mode structure of the ELM precursors can be inferred from an analysis of the magnetic
signal [8]. In ASDEX Upgrade three pick—up coils each measuring B, (a maximum sampling
rate of 500 kHz is provided) are installed in different toroidal positions in the midplane (z = 0),
thus enabling the determination of the toroidal mode number. A mode analysis of many ELM
precursors of both types reveals that the toroidal mode number varies in the range of n = 5
— 10 for type I ELM precursors, whereas for type III ELM precursors n = 10 w 15 is found.
Despite the obvious variation of u there is a significant global difference in the toroidal mode
structure between both types of ELM precursors.
Since the type III ELM precursors are not detected by the poloidal Mirnov coil array positioned
at the inside of the vacuum vessel and the radial pick~up coils are only available for one poloidal
position (outer midplane), no reliable statement about the poioidal mode structure (oz-number)
can be given yet. But as a. very rough approximation m can be estimated by the decay of
the radial magnetic field 3,. As the three additional pick~up coils also have different radial
positions (R1 = 2.267 m. R2 2 2.301 in, R3 = 2.386 m) the decay of E, can be measured.
In cylindrical and circular approximation 110') ~ (mm/flm‘l'l holds, where rm denotes the
radius of the resonant surface at which the mode is located. Thus, the following expression for
the poloidal mode number m can be derived: m = {1n(B,~/Bj)/ln(r5/n)} — 1, where z' and j
subscript different pick-up coils located at difi'erent radial positions. Note. that this method is
not very exact and therefore afflicted with a significant uncertainty due to the poloidal variation
of the pitch. Furthermore, the m-numbers are underestimated in this approximation, since only
coils at the low-field side are used. Applying this method we find in varying from 10 to 15 for
type I ELM precursors and m-numbers between 15 and 20 for type III ELM precursors.
The result that type I ELM precursors show significantly lower m-numbers compared to type
III ELM precursors is also confirmed indirectly by the observation that these modes are also
faintly visible on the coils mounted further away from the plasma. Thus the poloidal m—numbers
of type I ELM precursors have to be smaller than for the type III ELM precursors, consistent
with their lower n-numbers and reduced signal frequency.
Furthermore, both ELM precursor modes rotate in the electron diamagnetic drift direction
consistent with observations from other experiments.
The radial extent of the layer in which the precursor oscillation occurs can be estimated from the
time resolved measurement (Ar = 4 ,us) of the Te at different radial positions in the plasma edge
region. Such an investigation shows that the extent of the type I ELM precursor is restricted to
a thin layer (Ar m 'i — 2 cm) close to the plasma. edge as the precursor oscillation cannot be
seen on the channels resonant deeper inside the plasma [6].

3. Discussion
The detected significant variation of the ELM precursor frequency can partly be understood by
the different spatial structure of the ELM precursors. In the lab frame, MHD modes roughly
rotate corresponding to the present radial electric field E,, i.e. with the sum of the mainly
poloidal diamagnetic frequency w" = 1/(eB'm) -‘\7p and the frequency due to toroidal fluid
rotation cum driven by the tangential component of the neutral beam injection [8}. Thus, the
detected signal frequency equals uMimw : (mwfitn-wmflflr [,,+/—“ for counter/co-injection).
Consequently, the oscillation frequencies are generally higher in the case of counter-injection,
consistent with the higher radial electric field E, observed in these discharges (E, is measured
via the charge exchange flux [9]) [3].
However, the different n-numbers cannot fully explain the frequency difference between type I
and type III ELM precursors. The frequencies differ by about a factor of 4 - 5, whereas for
the corresponding mode numbers only a. factor of 2 - 3 is found. This might point to a finite
frequency of one of the modes in the fluid frame. In the case of type I ELMs with co—injection
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( the usual case in ASDEX Upgrade), the effect of w‘ and mm, almost cancel (note the minus
sign in this case in the above equation). Thus the fact that type I ELM precursors are not
clearly Visible under these circumstances is due to the resulting low frequency yielding a. low
Mirnov amplitude. Actually, the type I ELM precursor may also grow locked and therefore not
be detected by magnetic probes at all. In these cases, they have a Very high growth rate (on
the suhems timescale), whereas the rotating precursors grow on a ms timescale. This may be
due to the stabilizing effect of the wall on the rotating mode, which is absent for the locked
precursor mode. In cryinjected cases, where E,- vanishes in the steep pressure gradient region,
the mode will be most unstable at this position, whereas in counterinjected discharges, Er does
not vanish in the region of high pressure gradient. This difference can explain Why in ASDEX
Upgrade generally, discharges with counter-injection have a significantly reduced ELM frequency
(about a factor 10) compared to discharges with co-injection.

4. Summary
In this paper, we have shown that proximity of Vpedge to the critical value given by the ideal
ballooning limit is not sufficient to trigger a. typeI ELM. In order to get more information about
the ELM mechanism the MHD characteristic of ELMs is investigated. The present discussion is
focused on the experimental phenomenology of type i and type III ELM precursor oscillation
as observed in ASDEX Upgrade. Both types of precursor have a significant different oscillation
frequency in co- (f; g 5 kHz, ff}; 3 60 kHz) as well as in counter-injected discharges (f; z
20 kHz, f!!! N 100 kHz). The mode numbers found for type I (m, n = 10 — 15. 5 - 10) and
type III ELM precursor (in, n z 15 - 20, 10 — 15) are consistent with the observed precursor
frequencies, thus providing a third criterium, besides the ELM frequency scaling with P327: and
the peak power load on the divertor plates, to distinguish between type I and type Ill ELMS at
ASDEX Upgrade. Furthermore, it has been shown, that the type I ELM precursor oscillation
originates from a thin layer (Ar a 1 — 2 cm) close. to the plasma edge.

5. Conclusions
From our point of View, it seems to be likely, that a coupling between the mode responsible for
the ELM precursor oscillation and an ideal ballooning mode can trigger a type I ELM. A possible
candidate for this ELM precursor mode would be the currentdriven peeling mode, which has
been shown can couple to an ideal ballooning mode at high plasma pressure and create a hybrid
mode [10]. However, the major lack of this model is that the ELM-free regime experimentally
found at ASDEX Upgrade is located right in the parameter Space, which is calculated to be
peeling unstable (compare Fig. 2 in Ref. 10). Further hints about the ELM mechanism may
also be given by an observation recently reported from the TCV tokamalr showing toroidally
asymmetric precursor oscillations [11].
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Observation of TAE—modes in ohmically heated plasmas by
drift wave excitation
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The common understanding about the excitation of toroidicity-induced Alfvén Eigenrnodes
(TAB-modes) requires fast particles in the range of the Alfvén speed 1),; = B/W or in
tokamaks one third of the Alfvén speed through sideband excitation.

Recently, in ASDEX Upgrade, TAEnmodes have also been observed in purely ohmically
heated discharges, where only fast particles from the Maxwellian distribution are present,
which are not able to drive these modes unstable. Their frequencies scale with fTAE =
2'1“?e and they are located at the q R: 2.6 surface. They can be observed on Mirnov and
soft- -ray measurements. A new excitation mechanism by coupling of the electromagnetic
part of the drift Alfvén turbulence at the cold plasma edge to the ordinary Alfvén wave
spectrum could explain their appearance.

Model of TAE—modes In the cylindrical large aspect ratio approximation two adjacent
branches of the localized continuum shear Alfvén waves with the dispersion relation wA =
21,10) iklll’ k” = (m—nq)/(qR} have acrossing point at the q : (2m+1)/(2n) surface at which
the modes with subsequent poloidal mode numbers m and m" = mil have degenerated energy
states. Considering the toroidicity with a realistic aspect ratio of tokamaks, eg. 12/2 5: 3.3
for ASDEX Upgrade, the poloidal variation of the toroidal field B; causes a coupling of the
two adjacent branches and two standing Waves are created. The degeneracy of the branches is
resolved by these standing waves and at the corresponding frequency a gap is formed in which
no radially localized continuum Alfvén wave can exist anymore. Within this gap 3 TAB-mode
can exist with approximately the frequency of the former crossing point fTAE : fig)"GAPR '
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Figure 1: a: Dispersion relations for continuum Alfoén waves for n = 1 calculated by CAS-
TOR. b: Antenna absorption spectrum for the presented dispersion relations.

To get. an better description of TAB-modes, e.g. their exact frequencies and full radial
structure, a toroidal resistive MHD»code like CASTOR, [i] has to be used. This code solves
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the linearized MHD equations in the full toroidal geometry and calculates the continuum
Alfvén wave branches and in addition the frequencies and structures of the TAB-modes
within the continuum gaps. The resulting dispersion relations are shown in Fig. la. The exact
frequencies of the modes are determined by an extension of CASTOR in which the power
absorbed by the plasma in response to a wave injected by external antennas is calculated as
a function of frequency [2] (Fig. lb), The maximum of the absorbed power gives the exact
central frequencies of the TAEmodes at which the radial structure can then be calculated. -
The resulting'eigenfunctions have a global structure and are spread over the minor plasma
radius until they cross an Alfvén continuum branch. Their maximum amplitude is still
localized at the position of the former crossing point of the continuum Alfvén waves at

rqP = (2171+ 1)/(‘2n) with a frequency of fTAE 2 fifiéfi.

Observation of TALE—modes in ohmic discharges Recently. at ASDEX Upgrade, TAB-
modes with their characteristic structure in the Fourier spectrum of the Mirnov coils have
also been observed in purely ohmically heated discharges. A typical spectrum of a Mirnov

‘ col] mounted at the high field side of the torus is shown in Fig. 29..
l A clear diiference to the modes observed in NBIuplasrnas (burst—like behaviour with ap
l proximately 1 ms duration) is their continuous appearance throughout the entire discharge
1 with a modulation of the envelope. The amplitude is about one order of magnitude smaller
l 1 compared to the modes with NBI. These TAE—modes rotate in the electron diamagnetic drift
l direction.
‘ If the observed modes were TAB—modes, the frequencies should depend mainly on the

magnetic field B m B“ the mass of the ions m.- and the local density 7343(4) on the relevant
r$0nant surface. Comparing shots with different toroidal field B: and diflerent ion species
mg, eg. hydrogen and deuterium shows a clear dependence of the form f N BMW. A
strong density variation through different rates of gas puffing has been applied to check the
dependence of the frequency on the local density on flux surfaces. The observed frequencies
scale with density as f N 1/ as, as shown in Fig. 2b for measurements of the soft-X-ray
diagnostic. Combining the results leads to f ~ B/W; N fA.

ASDEX 113530. MTH. 009-18 1414004415455 ’[H‘]r i --J v 7:: In: _
ASDEX Upgrade #08630, SXH. 5:3he... ,. _ A i _'5 ig a) 115 M-iz ‘3 — _

_ 5 ran-05 - J — —

1.0 { W‘35 kHz . 151105 _ _‘ -
i y g . M “We,”
‘ ~ ”W I TAE .. (van) (mun/2m) "“-5 CASTOR ; a; as

calculation : WD‘

. . ml: ALL . a F - -- . . .- ~ 1 2 .—
5.o-1o4 1.0-105 15-105 2.0405 1.05 ”a M:

immemypiz] time Is;

Figure 2: a: A typical Fourier spectrum at the highfield side of the torus. The broad spectrum
has a significant amplitude in the range f = 85 — 140 kHz and reaches its maximum at
f m 115 kHz. 6: Dependence of the THE-frequency upon the density as observed on the

. measurements from soft-r‘ay.
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The remaining free parameter for calculating the location of the modes is the q—value
gGAp of the modes which can be fitted to the measured frequency by the equation fTAE :
_1_UA((IGAPl H “1‘ B: 1 _ .
2n zqGAF-R ‘ 2w x/uammetgenp) 296.1123” Where ZEN — 1 has been assumed. The dens1ty
nelqanp) is taken on the flux surface for which 1} : qGAp holds. A fit of the q—value gives
a. value close to the plasma edge of G’GAP z 2.6 at mg”; m 0.84 in a discharge with :95 = 5
(q—value at 95% of the poloidal flux).

Measurements of the soft—X—ray camera system show a. clear frequency peak with fTAE =
127 kHz at t : 1.0 s lying in the center of the observed multi peak structure of the Mirnov
data for the corresponding time. The profiles reveals a m = 0 structure at this frequency.
The maximum amplitudes are reached at the plasma edge consistently with the Mirnov data.

For these type of discharges for several time points a comparison with calculations
of the resistive MHD—code CASTOR was done. The continuum spectrum for a typical
time {#8630,t=1.5s) shows a gap in which TAE—modcs can exist in the frequency range
fT.4E.OASToR = 90 — 135 kHz (Fig. 1). The Spectrum of the absorbed power by external
antenna excitation is shown in Fig. lb For the various peaks the resulting eigenfunctions
have been analysed. All the eigenfunctions are radially peaked near the plasma center, where
fast particles are normally present and are not excited. Only the frequency peaks (c) and
(d) with f m 115 kHz show eigenfunctions, which are clearly peaked in the vicinity of the
q z 2.5 surface. This frequencies are in perfect agreement with the observed frequencies
and the mode location. For difi‘erent times within the discharges the agreement also holds,
besides the fact that different measured densities at the corresponding rational surface have
to be applied to calculate the Alfvén frequencies.

At the L— to H— transition, the TAB-activity disappears or is strongly reduced'in amplitude
when the density fluctuation measured by refiectometry disappears (Fig 3). During the H-
mode the turbulence and also the TAB-modes reappear as bursts. Especially correlated with
the ELM activity turbulence and TAB-mode activity reappears.

Stu-10' . 1 .E _ WM $14415, me. 0091‘!
E; ~ central line averaged density <n__a> ~ ‘ _TAE- (1121:) [V__A(q}f2qR)

n “ ’ {LTA.En!2 Vho_TE .E ‘
- 01.95-4

115mg _ Injaclad neutral beam power

D

- H__rx signal in divamr type IELM '
E 7 mm typellIELMe

LEO mo finals] ' 1.112 ms 1.10 time [s]

Figure 3: Behaviour of the TAEwmou’es at the L- to H—tmnsz‘tion. Correlated with the onset
of the Iii-mode the TAE—modes disappear or are strongly reduced in amplitude.

From TFTR similar mode activity observed on Mirnov coils has been reported [3]. The
modes at TFTR were named Aifvén frequency mode {AFM) and were not consistent with
the present TAE theory. In contrast to the results at TFTR the observed modes at ASDEX
Upgrade could be identified as TAB-modes in the edge region of the plasma with the help of
the resistive MHD—code CASTOR and the observation on the soft—X—ray diagnostic.
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excitation by drift Alfvén turbulence A possible explanation for the excitation of these
TAB-modes is the natural coupling to short wavelength drift Alfvén turbulence in the plasma
edge. This mechanism would take place in two steps. In drift Alfvén turbulence, i.e. drift Wave
turbulence for which the magnetic induction associated with the fluctuating parallel current
cannot be neglected, the parallel electric field is El] = —8AH flit—Wide with the induction term
controlling the speed of the electron parallel dynamics [4,5,6]. This E3} is coupled to the ExB
turbulence by Vnpe in the generalized Ohm’s law. It is therefore unavoidable that electron
drift turbulence and shear Alfvén waves are coupled at short perpendicular wavelength.

The second step is the transfer of this short wavelength Alfvén activity into global-scale
modes via the well known 2D MHD inverse cascade in both ExB and magnetic energy. The
finite range of both perpendicular and parallel wavelengths excited in the three dimensional
turbulence maka it likely that some of this Alfvénic activity can find its way into the TAB-
modes, since the curvilinear flux surface geometry prevents any particular mode number from
being isolated. A broad interaction spectrum is consistent with both the CASTOR antenna
spectrum (Fig. 1b) and the observations (Fig. 2a}.

In addition, the TAB—modes are observed to propagate in the electron drift direction, which
is consistent with the tendency of drift Alfvén turbulence as electron drift dynamics, and the
tendency of edge fluctuations in general to be suppressed in the H—mode is consistent with
the observation that the TAE activity becomes much less prominent in the H—mode.

'All of this differs from the mechanism of the so called AFM activity in the absence of
fast particles proposed by the TFTR group [3]. The activity seen in ASDEX Upgrade can be
confidently identified as TAE activity which could be correlated with plasma edge turbulence.

Summary and conclusions The observation of TAE~modes in ohmically heated plasmas
without fast particles has been reported. A consistent picture of the continuous TAFrmodes
in ohmically heated discharges with the help of the CASTOR code has been presented. A new
idea has been proposed how TAB-mode: could be excited without nouthermal fast particles
by drift Alfvén turbulence in purely ohmically heated discharges.
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Modified high-n/high-m tearing modes in low shear regions
with high pressure gradients and high resistivity

S. Giinter, S.D. Pinches, A. Gude, K. Hallatschek, K. Lackner,
and the ASDEX UpgradeTeam

MP1 fiir Plasmaphysik, EURATOM—Association, D~85748 Garching, Germany

1 Introduction

Recently at ASDEX Upgrade modes with high toroidal mode numbers n and probably
m = n + 1 have been observed in discharges with high impurity accumulation [1] In
Fig. 1 of [1], a. wavelet analysis of the soft X—ray data for the modes of a typical shot
is given. Whereas the lOWer (mm) modes can he observed continuously, one finds a.
cascading behaviour for the higher mode numbers (n 2 5). Within one cascade the
modes follow each other in such a way that each subsequent mode has its own mode
number raised by 1. Comparing different cascades within one shot, one finds that the
highest reachable n—number decreases with time. The aim of this paper is to investigate
the nature of these modes and to find out for which conditions these modes appear. These
theoretical investigations have been performed using the resistive MHD code CASTOR
[2].

2 Theoretical investigations of the observed modes
Once the mode numbers and the location of the modes are known from SXR mea—

surements, one may infer the q—profile. A typical q—profile just before the first cascade is
given in Fig.1 together with the corresponding current and shear profiles. The locations
of the (3,2) and the (11,10) modes are shown. The q~profiles of the shots considered
have a characteristic flat region near the q = 1 surface where the high (mm) modes are
located.

Due to the large current gradient and the small shear all modes (m, n) = (n + 1, n)
with 2 S n S 10 are tearing mode unstable in a circular cylinder, However, in a toroidal
plasma, even for vanishing pressure, only those modes up to medium mode numbers are
tearing mode unstable if one neglects mode coupling. Adding only a very small pressure,
these modes also become stabilized.

Including the coupling between modes with different poloidal mode numbers m, how-
ever, the pressure dependence of all considered modes changes dramatically. The growth
rates for various mode numbers (mm) versus pressure are given in Fig. 2. As can be
seen, modes with low mode numbers are not influenced by pressure at all, except for very
low pressures. For medium mode numbers one finds a stabilizing effect due to pressure
only for extremely low pressures. With increasing pressure mode coupling becomes more
important and leads to rising growth rates.
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Fig. 1. Typical profiles for current (j), safety factor (q), and shear (s) for ASDEX
Upgrade discharge 8529.
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Fig.2. The pressure dependence of the growth rate for the modes (m1?!) =
(3, 2), (8,7), (11,10). The growth rate is normalized to 1/73“), where 114,0 is the
Alfvén time.
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Modes with very high mode numbers would be stable in a torus without mode cou-
pling even for vanishing pressure. Due to mode coupling, hOWever, their growth rates
rise proportional to flpoz- Varying the pressure gradient at the rational surface, keeping
5,0; constant, one again finds a linear dependence between growth rate and pressure
gradient. One may conclude, therefore, that the pressure dependence of the growth rate
is mainly caused by the pressure gradient at the corresponding rational surface.

In order to study the properties of the observed modes one has to consider their
eigenfunctions. The most dramatic change due to mode coupling can be seen in the
radial magnetic field B,. The influence of the mode coupling rises with increasing mode
number and with higher pressure. The influence of the pessure is shown in Fig. 3 for
the {12, 11) mode. It becomes obvious that the radial fields of the neighbouring Fourier
components (m = n, n +2) become very important at the q = (n+1)/n surface. For very
high mode numbers such as that shown in Fig. 3, the radial field at this rational surface
predominantely is given by the harmonics m # n + 1. The radial field of the component
with m = n + 1 may become zero or even change the direction at its rational surface if
the pressure becomes high enough. In this case there would be no radial magnetic field
with the right heiicity at the considered rational surface that could cause a tearing of the
magnetic field lines. Thus, through mode coupling the classical tearing modes change
their properties completely. Nevertheless, the variation of the growth rates with respect
to resistivity of the modes considered is proportional to 773/5 corresponding to the well
known tearing mode scaling.

The investigation of tearing modes with high mode numbers requires the inciusion of
many poloidai harmonics as well as a high radial resolution. To ensure that the results
are reliable. convergence studies have been carried out. Taking the experimental pressure
it has been shown that the inclusion of 12 poloidal harmonics and 100 radial grid points
is suflicient even for the highest mode numbers.

3 Conclusions

The observed highm/high-m modes in ASDEX Upgrade discharges with high im~
purity accumulation have been shown to be modified tearing modes. These modes are
unstable in low shear regions due to mode coupling. High resistivities, high pressure and
current gradients at the corresponding rational surfaces as well as low shear support the
mode growth.

[1] A. Gude, K. Hallatschek et al., this conference

[2} W. Kerner et al., JET report JET—P(97)04, submitted to J. Comp. Phys. (1997)
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Localized ECRH Power Deposition in ASDEX Upgrade

F. Leuterer. A.G. Peeters, G. Pereverzev, F. Ryter,
and ASDEX Upgrade Team

Max Planck Institut flit Plasmaphysik, IPP—EURATOM Association
Garching, Germany

1) Introduction

For ASDEX Upgrade an ECRH system with 140 GHz, 2 MW, 2 sec is in construction [1}. Up
to now experiments with 0.4 MW, 05 sec, 2nd harmonic x—mode were performed, mainly for
heat wave studies. where amplitude and phase of the heat wave are evaluated outside of the
power deposition zone to deduce the electron heat conductivity [2]. In this paper we want to
examine how and which information can be deduced from the temperature rise in the deposition
region.

2) The heat diffusion equation

We assume the piasma as homogeneous within the considered volume and apply the linearized
heat diffusion equation with constant coefficiea to describe the temperature rise after switch-
on of the ECRH

v,(x,r) =nu(x,t)wbv(x,2)+f(x,t) (l)

The subscripts denote differentiation with respect to time or space. The damping term b
describes changes in the local Ohmic power input and in the electron—ion collisions. For the
driving LCIIDflxJ) we assume a Gaussian profile of amplitude fan/(Wit) , width w, and a step
function fa“) in time centered at x = x0. The solution to this equation is

jgtrwmmwtmram} (25
with a : w2/(8x/3); c zfi/w; g = (x- xoiz/wz; and the function

r, a
tilt ,v)=~:m ex (— Z—W 2m 3)M 4;! p <5 5 I: (

v(x,t) = ac

The quantity a is a characteristic time depending on the heat conductivity 9; and the deposition
width w, while c is the temperature rise per time unit atx = x0 and t = 0, and g is a normalized
space coordinate. The function Watt!) can be expressed in the form of usual etrorfunctions as

1 ‘i 1‘I’ww = git—u“ #3” + 6"‘®(#+vlu)+e'“<bot et’/ w} ‘4)
Fig.1 shows the calculated time evolution of temperature at different locations 3. The time is
normalized to the characteristic time a. Within the power deposition region, g S 4, the
temperature rises instantaneously, outside the temperature rise is increasingly delayed. Nonzero
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damping, b e: 0 acting as a sink of energy. leads asymptotically to a finite temperature increase.
Evaluations of ego. (2) show that it takes about 10 characteristic times for the profile to expand

in space by about a factor of 2.
tinny”)

The temperature rise given by equ.(2) depends on the
width w of the deposition profile. However, for t/a
>> 1 the temperature evolution becomes independent '
of w. Therefore the temperature evolution contains
information on the initial power deposition profile0 5 to is 20

Fig. l: Nomaitud tempenlurc rise at we damping (b = 0). only for 1111135 t/a < 1.
at dilfuem lot-slime g = {(x-xoywm

3) Application to ASDEX Upgrade shots

In ASDEX—Upgrade we apply ECRH in the 2nd harmonic x-mode to achieve a stronly localized
power deposition. In addition the Gaussian microwave beam is focused such that also for off-
axis heating by poloidal beam deflection the power deposition remains very localized. Ray
tracing calculations, including diffraction effects to describe the Gaussian beam [3], result in
power deposition profiles with widths w from 3 mm to 15 mm. Assuming a heat conductivity
of x = l mzfsec this corresponds to characteristic times of it = 3.5 to 80 usec. With such a
focused deposition at half radius in ASDEX Upgrade it takes about 50 usec in a 1 keV plasma

to distribute the energy around the flux surface. We will therefore not be able to measure
deposition profiles with w < 10 mm. In addition, for ya < 1 the temperature rise is very small
and comparable to the noise level, and we need a much longer time (# 1 msec) to determine the

rate of change of the temperature. Therefore we cannot expect to reliably determine such narrow
deposition profiles from the slope of the temperature rise in a single switch-on event.

However, assuming that locally a homogeneous plasma slab model is applicable, we may use
equ.(2) and fit it to the experimentally measured temperature rise (by ECE) over a time span At/a
>> 1. From such afrt we can determine the quantities a, b, c and x0, but not w. For the fit we

use several adjacent F2CE channels at known positions x in and close to the deposition region,
and assume a deposition profile w as calculated from ray tracing, but not narrower than 10 mm.
'I'hefit is done over a time span of 10 msec so that magnetic field diffusion can be neglected
Furthermore, to get unperturbed data during the switch-on of the ECRH heating, we used a
time interval in ohmic discharges at the end of the plasma current ramp~up when sawtooth
oscillations did not yet set in.
An example of such a fit is shown in fig.2. The fit was applied to all temperature signals
simultaneously. According to the applied model, we require the quantities a and c to be constant
for all channels, but let b free for each channel. The heat conductivity 1 is then calculated from
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the fit parametera and is multiplied bytr (K = elongation) to take into account the variation of

the temperature gradient around a poloidal circumference of a flux surface.

ECE47498.K323436.373341].“ Values 0f 2’ thus obtained at different
“°° radial deposition centers are shown in

Ta. eV fig.3. Most x values are in the range of l

till/SEC and thus close to the values .
obtained from power balance analysis,
but lower than those obtained from heat
wave studies [2,4]. In some of the shots

the power was deposited close to a

1000

900

resonant q—surface and did excite an
ruhd-rnode.

see From the central temperature rise c as
obtained from the fit we can calculate the
absorbed power

700 Pm =§n502flR0 Zmdepwrr

(5)
with R0 = major radius, rag}, : minor

6 0 0

-10 - 5 0 5 1 0 1 5 2 [I

Fig. 2: Fined ECE~temperature signals. are shown in fig. 4 and compared with
All channels are fitted simultaneously the launched power.

The centre of deposition x0 is also obtained from the fit, These results are compared in fig.5

with those calculated with ray tracing for different poloidal launch angles and cit-axis resonant

magnetic field. These results depend on the precision of the magnetic field reconstruction.

The damping term b was treated as a free fit parameter. ‘So it was different for each ECE

channel. The values were in the range 0.01 to 0.1 msec‘1, and thus of the order as expected

from the local drop in ohmic heating power and the electron—ion energy exchange. The values of

b tend to be higher on the low field side of the deposition centre, as expected because of the

electron temperature gradient

radius of deposition centre. The results

H. X
0

1TDO 1800 1900 1000 2100 1700 1800 1900 2000 2100
H. mm

Fig. 3. Heat oonductivitics determined from 0|: fit Fig 4 Absorbed power as obtained from the fit pammeter 0
parameters as function of the major radius (R0 = 1650 mm a = 500 mm)
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Fits like in fig.2 are not uniquely determined. As
explained above, for r/a >> 1 the information on

am

2100

we the initial deposition profile is lost. Consequently
we can get nearly equally good fits'for different
values of the profile width w. These fits differ

13°“ mainly in the first millisecond, where an
1700 instantaneous rise or also a delayed rise can be

'4" "3° '2“ '1” ° ‘° 1 ° 3 ° ‘ ” fitted to the data within their fluctuations.
F .5.Deposit.ion centresas obtained from tirefit compared ' l ‘
tolgmy tracing results for dillferentpoloidai launch angles Choosmg smaller/larger ‘4 would lead {0

higher/lower values for the heat conductivity, but

the product c*w stays nearly constant We consider our choice of the width obtained from ray

tracing, but w 2 10 mm, a reasonable one.

This fitting procedure was also applied to a test data set, which was created from a modelling of
an ASDEX~Upgrade shot with the ASTRA transport code [5], specifying for xa constant value

of 0.8 Ina/sec. Two cases with deposition (width w : 5 mm) centered at r/a : 0.5 and oh 2 0.8
were fitted. The value of x0 was in both cases within 1 mm of the specified deposition centre.

The value of xwas within 10% of the specified one, The damping term b was as expected with

a radial dependence because of the existing temperature gradient

4) Summary

The response of the electron temperature upon the switch-on of very localized ECRH heating

with Gaussian spatial profile can be well fitted to the heat diffusion equation with constant

coefficients. To extract an electron heat conductivity from such a fit one needs to know the

deposition profile width. This can in principle also be obtained from the fit. However, for

narrow profiles, as we have them in ASDEX Upgrade, this requires better space and time

resolution than available. Taking calculated values for the deposition width we arrive at heat

conductivities close to those obtained from power balance.

The location of the deposition is within a few centimeters at the calculated position. The

absorbed power is of the order of the launched power,

[1] Lenterer F.. or 3.1.. Proc. 9th worksh. ECE and ECH, Bonego Springs, 1995, p. 529

[2] Ryter R, et 31., 23rd EPS Conf. Contr. Fus. and Plasma Phys. Vol.1, ll, Kiev 1996

[3] Peelers A.G.,Phys. Plasmas 3, 4396 (1997)

[4] Ryter F., this conference

[5] Pereverzev G., et 3.1., IPP — report IPP 5/42 (August 1991)



1537

Scale lengths of current flow in magnetized plasmas

NI. Weinlich, A. Carlson, V. Rohde. and the ASDEX Upgrade and NBI Teams
iliax~Plancir—Insiitzit fit-r Plasmcphysik, EURATOM Assoc, 857.18 Garching, Germany

I. INTRODUCTION

When a current is driven from an electrode into a plasma, part of the voltage will drop
across the sheath, the rest in the bulk. It is not uncommon in the ASDEX Upgrade
divertor for an Inlr" characteristic to show a slope near floating of [mt/(1V), even at
densities as high as 1020 m—s‘ The slope expected if all the voltage were dropped in the
sheath is Isac/(kBTe/BJ‘ so the electron temperature cannot then be higher than 1eV.
This puts an upper limit of about Amish : (alliaBTeflmeelcs) 1‘: 13mm on the length of
the current path, since otherwise more than the full voltage would have to be dropped in
the bulk. For typical 1 mm probe dimensions, we see that the cross field current density
can be no more than one order of magnitude smaller than the parallel current density.
Current flowing across a magnetic field produces a force, which must be compensated
by an equal and opposite force or an acceleration If we can identify the nature of this
compensating force, we may also find out whether and how Langmuir probe analysis
needs to be modified to take the voltage drop in the bulk into account.
There are a number of approaches to these questions. Although it would be difficult to
measure directly, the parallel path is certainly shorter than the connection length if all
the current from a probe returns to the surrounding surface. Another indirect indication
of the parallel path is the perpendicular distribution of the return current. which can be
measured directly with passive probes or indirectly through the ratio of electron to ion
saturation current. The connection between the parallel and perpendicular scales can
be understood by considering a small perturbation on a uniform background plasma.
Expressing the solution in terms of Fourier modes1 larger Jr” will be associated with
larger Fri, although the exact relationship will depend on the details of the physics.
Modes with a parallel Scale longer than Ami“ will be dominated by the bulk resistance.
Probes larger than the corresponding perpendicular scale will thus be affected by the
bulk resistivity, although they will seek to minimize the cost by giving more weight
to smaller scales, so that most of the current will flow near the edges of the probe.
Probes smaller than this scale will be dominated by the sheath resistance and may be
evaluated using the classical formulas. Since modes up to the characteristic scale are
associated with little bulk resistance, the probe will use these to minimize the sheath
resistance of the return current, spreading it over a distance given by the characteristic
perpendicular scale. These ideas can be formulated and solved within the framework
of magnetohydrodynamics (Ml-1D) since the ion gyroradius is small compared to the
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perpendicular scale and the parallel mean free path is about «mi/mE times smaller than

Ami“. Comparison with experimental results on the current distribution and saturation

current ratio will help determine what force balances j x B.

II. MEASUREMENT OF RETURN CURRENTS

The first study [1] to measure the pattern of current flow from Langmuir probes in a
tokamak used the divertor plate probe arrays in ASDEX Upgrade. One element was
driven actively, and a passive current was looked for on elements in the surrounding and
the opposing target plates. At most a few percent of the current was found to reach the
opposing surface The bulk of the current returned to the surrounding surface within
about 2mm as measured perpendicular to the magnetic field. A later study used a
specially constructed Checkerboard Probe (CBP) [2] on a manipulator in the midplane
of ASDEX Upgrade. This probe consisted of several elements which could optionally
be driVen together to vary the active area. The surrounding elements were maintained
at vessel potential to measure the magnitude and distribution of the return current. .
In addition, the assembly could be rotated to vary the angle relative to the field and
consequently the projected area. Within the experimental accuracy of about 10%, all of
the current was found to return to the surrounding surface (Fig. 1) despite the relatively
short connection length of LC 2 3m % 10A,,mfp % l/BAmist. The distribution of current
as a function of angle varied in a way that suggests that the width of the return area does
not follow the width of the active area but is characteristic of the plasma conditions.

III. IvIEASUREMENT OF CURRENT RATIOS

The first investigation [3] of the ratio of electron to ion saturation current as a function
of probe size was performed with the Tilting Probe Array (TPA) on DITE. A tendency
of the current ratio to rise with projected probe size was found. A study done with the
CB? on ASDEX Upgrade showed similar results where the projected areas were the
same, but with larger projected areas, the reverse tendency was found (Fig, 2). The
transition between small and large probes in this sense was found to occur when the
projected length was a few ion gyroradii or a few tens of local Debye lengths. We note
here that no promising ansatz has been found to explain a rise of the current ratio with
probe size, and potential orbit and kinetic effects make this branch more difficult to
handle theoretically. If we concentrate on the large probe branch, which is eg valid for
the target plate probes at ASDEX Upgrade, we see that the current ratio is inversely
proportional to the projected probe size (Fig. 2). If the saturation of the electron current
is caused by ion saturation in the return area, then the current ratio can be taken as
a measure of the ratio of the return area to the probe area, These results are again
consistent with a 2mm return current scale which is a characteristic of the plasma.
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IV. ANALYTICAL SOLUTION 0F MHD EQUATIONS

The linearized MHD equations reveal three candidates for the effect opposing j X B:
Braginskii ViScosity [4]1 convective acceleration [5], and interaction with neutrals [6,7].
Viscosity turns out to be too weak to explain most of the ImV characteristiCs seen
in the ASDEX Upgrade divertor. A convection of plasma across the probe, as would
be produced by turbulence, can be thought of as the polarization drift of the ions,
which see a changing electric field as they move across the probe. This mechanism is
much stronger than viscosity, but is not able to explain measurements at the lowest
temperatures and highest densities. In this regime the most powerful mechanism turns
out to be interaction with neutrals. Under most conditions the dominant process is
charge exchange with atoms, but under certain circumstances elastic collisions with
molecules and ionization can be of a similar magnitude. Analysis of the MHD equations
coupled with estimates of the neutral interaction obtained from Monte Carlo simulations
yield a characteristic perpendicular scale of about 1 mm for electron temperatures below
5eV. This is consistent with the observation in the ASDEX Upgrade divertor of 1-
V characteristics with slopes of ISM/(1‘1) at all densities and a 2mm return current
perpendicular scale length.

It is important to point out that no “anomalous" diffusion was added to the MHD
equations, as has been done in some other analyses [45.7]. Tokamak scrape—off layers
are known to exhibit strong turbulence with a scale length of about 1cm, which can be
understood in terms of nonlinear solutions of the MHD equations. On a scale larger than
1cm. the effects of this turbulence may Well be described by an anomalous diffusivity.

A Langmuir probe with a perpendicular dimension of only 1mm, on the other hand,
does not see turbulence, but only a more or less uniform convection of the plasma which
changes its direction with time.

V. IMPLICATIONS FOR ANALYSIS OF PROBE DATA

Whether a correction is necessary to account for bulk resistivity is closely related to the
question of whether the perpendicular extent of the probe is larger or smaller than a
characteristic scale determined by plasma parameters. We have estimated that probes
used in tokamaks are typically smaller than this scale, but not necessarily by a large
factor, so moderate corrections may be necessary. We have also suggested that the ratio
of electron to ion saturation current may be an indication of the ratio of characteristic
scale to probe size. If this is so, then the temperature determined from the slope near
floating and the saturation current might have to corrected downward more strongly
when the current ratio is low. If the I—V characteristic is evaluated as that of an
asymmetric double probe [8], this will occur automatically. In fact, where they showed
lower current ratios, the measurements made with the TPA and the CBP both showed
higher apparent temperatures as determined by a traditional analysis using the data
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below or near floating. A double probe analysis shows a constant temperature (Fig. 3)
in both data sets. regardless of whether the data are taken from the small probe 01'
large probe branch. ‘Whether or not the fluid analysis above is the entirely correct
explanation, this establishes empirically that the double probe analysis is a necessary
and adequate procedure for lr” characteristics with low electron current.
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Three-dimensional simulations of

two—fluid drift-Braginskii turbulence

A. Zeiler, J. Bowman, D. Biskainp
Max-Planck—Institut f'Lir Plasmaphysik1 EURATOM Association

85748 Garching, Germany

1. Introduction

A physicsvbased unclerstandingland prediction of plasmaedge confinement requires the
investigation of the complete two—fluid drift-Braginskii equations [1] in realistic geometry.
In this paper we extend previous approaches (see Refs. [2,3] and citatiOns within) in two
ways. (a) Ion temperature dynamics are self-consistently taken into account. This allows
us to study1 within the same system, turbulence driven by resistive modes, which was
previously treated in the cold ion limit, and m—mode turbulence. It also enables us to
check whether the nonadiabatic electron response at the plasma~edge modifies the 7]!»
mode, since resistive effects usually are neglected in simulations of rig-mode turbulence
(see eg. Refs. [Li-6]), (b) To account for the fully nonlinear self—consistent evolution of
the piasma~edge profile and to make efficient use of parallel computers with distributed
memory architecture, we have developed and applied an anisotropic multrigrid Poisson
solver to Simulate resistive drift-wave turbulence in sheared magnetic geometry.

2. Ion temperature fluctuations

Our investigations of ion temperature effects are based on the electrostatic drift-Braginskii
equations [1] in a flux-tube domain with field«aligned coordinates [3],

vi - (“Evie + mm) + 03:13:}: + 2;: = 0’ (1a)
(:7: + 2—05 — [enéw — 0:272) - aen(1+ fig] : 07 (1b)

die + 71.? fl é [enmqg _ ape) — 1,71aeng1 + fig; + ei%l 2 0, (1°)
‘1n + Hg; _ g [new . cap.) m menu + @273] = 0: (1‘1)

with p8 = n + T9, pi = n + Ti, h : qfi — 04(1),; + 04717;), and Vi, the total time derivative
(1/dt, and the curvature operator 6' defined as in [3]. The time and space units

ARI/”)1” 1 q (VeiRps>1/2 (212)1/4
: — 2 L, — — , L2 3 271‘ 31?,to < 2 C5. LJ. 7% 2% L" q

chosen to balance the three terms in Eq. (1a), are the natural choice for the resistive
ballooning mode (but not for the m-mode which scales like p5, as we will show). This nor-
malization yields the dimensionless parameters oz = (pscstgl/[U + T)LnLL], en = QLH/H,
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’T' = Tao/Ten, K‘il : 1‘6a25ni1 + TL 77:: : LII/LE: ”'2 = Lin/LT; With Cg : (T20 ‘l‘ Ti'fll/Ymiy

p5 : cS/wci, the profile e—foldiug lengths Ln, Ln, and LT” and the magnetic shear para-

meter e.
To calculate the linear properties of resistive ballooning and toroidal m—modes we drop

the electron temperature fluctuations and Fourier-transform Eqs. (la), (11)), (id) in a; and y
keeping only,r the modes with km 2 0. Along the magnetic field we expand in the orthogonal
functions 1/242} = exp{—(Az)2/2}Hn(/\Z) where H,, are the Hermite polynomials. This
leads to a generalized matrix eigenvalue problem for the growth rate ”r, which we solve by
standard numerical techniques.

\Ve perform the eigenvalue calculations in the range of typical edge parameters or N 1,
5,, ~ 0.05, m w 1, s = 1. Three main results are obtained: First, the resistive bal—

looning and the curvature driven ni-mode appear as two different branches at comparable
wavelengths, depending on the parameters. Second, the m—mode is unaffected by the non—
adiabatic electron response, Its growth rate agrees surprisingly well with the one obtained

without parallel resistivity. Third, the ion pressure gradient strongly supports the resistive
ballooning mode. Consistent with Ref. [7] the resistive ballooning mode has a wavelength
which scales like Ly and is restricted to the low-a regime (a S 0.5) by electron and ion
diamagnetic effects. The im—mode is compared to the adiabatic limit (gt = om) where the
dispersion relation can be solved analytically. The analytic solution matches the numer-
ical result obtained for arbitrary resistivity. The analytic solution allows us to show that
unstable roots exist if and only if n, > 2/3. Furthermore, we obtain the approximate

scaling for the spectrum of unstable modes lisp: N l/["r(77 H 2/3)] This shows that m
needs to be sulficiently larger than 2/3 to destabilize the mode in the transport relevant
long wavelength regime. The characteristic wavelength of the mumode scales like p,, in
contrast to the Ll—scaling of the resistive ballooning mode. Thus, we conclude that the
relative importance of resistive ballooning and rig—modes is largely controlled by the ratio
of the two scale lengths ps/LL = all + flea/2 and by the parameter 72,-, since steepening

the temperature gradient boosts the vii-mode due to an increased growth rate at larger
wavelength.

In order to check the relevance of the linear results we proceed to direct numerical

simulation of the complete set of nonlinear equations (1) using the numerical methods

described in Ref. [3] In the low-o: regime the ratio pas/LL = all + 7):}? is always small
for realistic values of En, hence we do not expect the iii-mode to contribute unless m > 1;

this result is confirmed by the numerical simulations. In the high—a regime (a = 1.25),
where the resistive ballooning mode is stable, the ni-mode can become important for

realistic values of 6". At 5,, t 0.2, corresponding to large ps/LL, the transport rates
are high and strongly peaked at the torus outside, demonstrating the importance of the
toroidal rig-mode. Consequently the turbulence level is strongly altered if n,» is changed. If
an is reduced (6,, = 0.1]. the ratio ps/Li becomes smaller and the transport coefficients
are lower until, at 6,, = 0.05, the transition to nonlinearly driven drift—wave turbulence
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occurs (cf. Ref. [3] and citations within). A further reduction to 6,, = 0.02 again strongly
drives the transport. In this regime the inside/outside asymmetry is weak, reflecting the
fact that the nonlinear drive does not depend on toroidicity.

3. Anisotropic multigrid Poisson solver

We have developed an object~oriented three-dimensional anisotropic multi—grid Poisson
solver for simulating nonlocal collisional electrostatic drift-wave turbulence. In the design
of this solver considerable effort was made to ensure that the presence of anisotropy (cg,
arising from magnetic shear) does not lead to a significant degradation in performance.
A three-dimensional slab version of the solver, which can be readily extended to more
realistic geometries, has already been implemented for the Hasegawa—Wakatani equations.
The code has been designed in a manner so that the complete nonlinear reduced Braginskii
equations (cf, Sec. 2), including ion thermal dynamics, can be readily incorporated.

For nonlocal simulations of resistive drift-wave turbulence, we normalize (:5, y, z, t) to
(p,,p,,L“,Q~‘ ) and the total fields (do) to (T /e, n). Here p5 = cs/Qi, Q; = (EB/(mic),

= (Te/771,) 1”, Te'is the electron temperature, m, is the ion mass, L“ = p,[B/(ecn”fi)]1/2,
:nd 7'1 is some characteristic density. In this normalization, the coupled set of equations
for the potential and density studied by Hasegawa and Wakatani (Ref. {8]) appear as

Vi ' (TlgtrVJ_¢) + Vii ' <V|l_ Vunin): D¢VLB¢7 (28,)

I: + W - (V W5 — —'V'”) = Dan. (2b)
In terms of the shear scale length L5 one may express

3 Lil (9 3 i d 6= _~_ _ w 3Vi (3x+zL,6y)i +8yy’ dt =a—t+z><V¢V ()

The hyperviscosity coefficients D¢ and D" are chosen to minimize the range of scales
devoted to modelling small~scale dissipation.

The coupled equations (2) are solved as an initialvalue problem, using a second—
order predictoracorrector scheme. To avoid unnecessary restriction of the time step by the
parallel-gradient terms, we treat these terms implicitly with a second-order trapezoidal
approximation. At the 2"“ time step, this requires the inversion of an anisotropic elliptic
operator of the form

VJ.’(ni-1V,L¢i)+92jvll'(Vllqsi— :.L?:')— f.-. (4%)

At v , n+ li‘ (Vul¢:- '—'n—) = z- ; (4b)
714—1

The advective nonlinearities, treated explicitly, are incorporated into the right-hand side.
The resulting operator, linear in n,- and $6, is inverted with an anisotropic multigrid solver.
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Figure 1: Typical dry—cross section of <25 and n in the absence of magnetic shear.

This solver, which is based on an my-zebra—surface Gauss-Seidel smoother, in turn requires
the solution of

Vi‘i71i—1Vi¢il 2 fi- i5)
Solutions to this 2D anisotropic Poisson equation are obtained with a secondary multigrid
solver based on an y—zebradine Gauss-Seidel tridiagonai smoother (cf. Ref. [9]).

Our algorithm has distinct advantages relative to a pseudospectral Poisson solver. On
a scalar machine, the computation time for our anisotropic multigrid solver is comparable
to. that of a pseudospectral code. However, a multi—grid solver parallelizes much more ef-
fectively over a distributed memory architecture (a parallel version of the code is currently
being developed for a Cray T313 computer). A multigrid algorithm also allows the use of
more general boundary conditions. Furthermore, all nonlinear terms can be retained in
a straightforward manner; in contrast, pseudospectral solvers require linearization of the
712:1 factor appearing in ( 5). While the execution time for a single step of our semi—implicit
algorithm is not substantially greater than that for an explicit code (based on a 2D Poisson

solver), we have found that the implicit treatment of the parallel—gradient terms typically
permits a time step of about four times larger. In Fig. l we illustrate a typical turbulent

state obtained with our multigrid solver,
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A two~fluid moment model for drift Alfvén turbulence is constructed, in
which the electron temperature is allowed to be anisotropic. For weakly
collisional edge plasmas, the fact that only the parallel temperature is
coupled through the Alfvenic dynamics to the ExB flows is quantitatively
significant. Electron dominated edge turbulence throughout typical edge
operation space is drift Alfven turbulence, with weak dependence on ei—
ther collisionality or ballooning efiects. ExB flow generation is significant
if the collisionality is low enough or the plasma beta is high enough, sug-
gesting an important role for magnetic flutter, or magnetic Reynolds
stress, in the LB" transition.

In the construction of fluid drift turbulence models which are valid in hot toka—
malt regimes, the fact that the electron collisional relaxation frequency is slow com—
pared to the turbulence has to be faced in some reasonable way, even if a fully rigorous
fluid model may not be possible to construct [1]. For the purposes of electron pressure
gradient driven turbulence it is sufiicient to carry the temperature and parallel heat
flux as self—consistent, time-dependent variables in order to capture the correct time
scales of the processes involved in the coupling of ExB flows to the things they trans»
port [2} The type of “mode” most prominent in this process is the drift Alfven wave
system, in whose most basic form with fi, i5, and X” as dependent variables the three
eigenmodes are an almost electrostatic drift mode and two almost ideal shear Alfven
waves —— at finite impS each eigenmode has a small amount of admixture from the
other two [3]. In turbulence all these are coupled, and While there are no Well-defined
eigenmodes per se, the turbulence is still well~described as an almost electrostatic
ExB turbulence doing the transport coupled through thermal/kinetic Alfvenic dy-
namics to two electromagnetic transients which do all the dissipation and control the
amplitude of the turbulence; Additional effects such as magnetic flutter or curvature
(i. 2., ballooning) may be important in deciding the level of the turbulence but have
no qualitative efi'ect on its mode structure [2].
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In this work the drift Alfven turbulence model is further extended to weak col—
lisionality by allowing the parallel and perpendicular temperatures to difier. Each
is coupled to dissipation through the corresponding parallel flux of parallel or per»
pendicular energy, respectively, in what can be called a six moment closure [4]. The
only important diiferences to [4] is that the equation system is not a guiding center
system, so that it must reduce to the Brsginskii equations {5] in the collisional limit,
and that since the field lines can be perturbed, k” may not be used as a parameter
in the model for Landau damping. For the present, Landau damping is modelled via
direct damping of the two heat flux moments.

Under drift ordering, with the usual normalisations of drift—wave, drift-Alfvén,
or universal-mode turbulence (t to LL/c8 and perpendicular coordinates to p5), and
under the cold~ion restriction (in which the polarisation drift divergence reduces to
ExB advection of the ExB vorticity and the parallel ion velocity is forced by the
electron pressure), this version of the fluid drift system becomes

Vl¢=VIIJII—’C(TL+”) (1)
fit _ wng+VMJH —u”) 42m was) <2)

édit II = —§~wr% + VII (JII _ “ll — qllli) - 1C (0-5TII) — U (Tn _ Ti) (3)
3?t = —w¢g-E — VHM — mm + n — (,6) + V (TH — T1) (4)

- a . a‘ .71I954” +HggJII =VII (TII “1—43) #V[JII+0175(4IIII + M +0 NW] (5)
d 3 5/2 3— qilll = "§VIITII WWII" *W—Sign“ + 50 71Jli + 1-28 (qllll — 1- 59W] (6)dt

. a! 5 2 2myJ-li: ‘VIITJ." fiaL91II—fiV—/6[9J.II + 507MH—128(qllll"15‘1J-II)](7)
“d63H = -VII (n "t TII) Hilvllull (8)

where d/dt includes edvection by the ExB velocity, Vii includes the contribution from
magnetic fluctuations, J" = —'\7'iA“, and A? is the magnetic curvature operator.

This set is similar to that for transcoilisional drift Alfvén turbulence with an
isotropic temperature [2], and the parameters in the equations are the same. The
main ones are those controlling the ratios of important frequencies:

ether est?) <9>
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giving the relative speeds of the Alfvén, thermal transit, and collision frequencies,
respectively. The ion mass in these units, E, is also normalised by the same two factors
of qR/Ly, reflecting the field line connection length as 27q and baseline parallel
wavenumher of km)? 1:1 1. The other parameters are secondary; can and to: give the
relative strengths of the density and temperature gradients and p" is an artificial
parallel viscosity, all of order unity. The Landau damping parameter is set to 0‘1.

In these equations it is important to note the different roles for T" and TL —
T" participates in the parallel Alfvenic dynamics (through J") while TL is directly
coupled to £5 through the magnetic curvature. With finite collisionality, however,
the distinction between T“ and TJ_ or qllll and qL" disappears and we revert to the
isotropic model of [2].

The computations are done in a flux—tube model tokamak geometry, with the
coordinates aligned to the magnetic field; the treatment is as in [6], but the :2-
dependence of the geometric coefificients is dropped as in The parallel boundary
condition is maintained as in [6], due to the importance of having the correct discrete ‘
spectrum for k“ in the parallel electron dynamics. This self-consistent dynamics is
responsible for the basic mechanism of the nonlinear drift wave [7,8], or drift Alfvén
[2], instability.

Computations in the slab geometry of [2] show the efl'ects of the anisotropy in
the temperature and heat flux. The comparison was done for the nominal case of [2],
with [3 = [1 = 10, 1/ =-- 0.5, and ZLL/R = 0.03 corresponding to the pro-transition
parameters in ASDEX Upgrade, and also for a. “low—density” case with u 2 0.1. The
same drift Alfvén mode structure emerges, and the transport difi'erence at z/ = 0.5 is
only about 6 to 5, with the anisotropic case lower. At 2/ = 0.1 the difference is greater,
4 to 3, so the dependence on V is slightly greater with the anisotropic temperature.
This is consistent with the departure of TJ_ from T", and the thermal wave in the
lqun pair is faster than that in the T, q” pair by a factor of ME, which slightly
reduces the total drive due to the temperature gradient. This is not a. sharp contrast,
but it is enough of one to afiect comparisons between theory and experiment in the
serious first-principles L—H computations of the near future. A tokarnal: like ASDEX
Upgrade should be more affected by this in edge turbulence than one like Alcator
C»Mod.

Another process aflected by the anisotropy is the generation of sheared ExB flow
by magnetic flutter, again because this is mediated by VIIJH (the magnetic Reynolds
stress) as well as vE - VVid) (the EXB Reynolds stress), and only Tl} affects J”. The
comparative studies show that a well-formed shear layer -— a, vorticity profile nearly
flat and a (1) profile nearly parabolic —-— forms most likely for v < 0.2 and ,5; > [1 = 10.
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A parabolic 45(3) is significant since the efi‘ects of the boundaries in the c—domain can
be judged less important than if ¢(:c) has many local extrema (one of the undesirable
effects of periodic boundary conditions in too small a domain). Although these
runs have not yet produced a, self-consistent L-H transition, this efi'ect may have an
important role in one.

We are also developing a. drift-kinetic electron model to more solidly ground the
fluid model in the collisionless regime. This is done by replacing EQS. (2—7) with the
drift kinetic equation:

£5132 2 ‘“T% " “ewllvllfe * WEI! (wufM m 3%) (10)
where are = W, wT = w" ~i-w¢(w2 — 3/2), and 5 = p,/L_L. So far, this has been
done with )3 —> 0 and v —-) 0 and no curvature; extension to tokamak geometry is
in progress. We have found that the velocity space nonlinearity in Eq. (10) has a.
strong effect in the absence of magnetic shear, because it dumps the higher It” modes
which populate the k“ = 0 portion of ti required for significant transport [9]. With
moderate shear (5 = 1), however, there are no purely k" = 0 modes and therefore 45
is coupled to fa at 311 degrees of freedom. The portion with [k] < 1/2 then does
the transport more or less by itself and the damping of higher [6" modes has little
efi'ect. In this case, the Landau resonance is smeared out by ExB turbulence [10].
Since this efiect is captured in the fluid model by the presence of ExB advection in
Eqs. (6,7), there is genuine hope that a. relatively simple fluid model can capture the
important processes in fluid drift turbulence in the weakly collisional regime, even
quantitatively.
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1. Introduction

During hard disruptions, intense vaporization of the divertor plates takes place. The process is

accompanied by the formation of a dense and partially ionized vapor layer over the plates,

which significantly reduces the particle and heat fluxes reaching the divertor tiles and thus

determines the evaporation rate of the surface The energetic plasma particles moving along the

skewed magnetic field lines are stopped inside the layer at different depths, Hence, in order to

produce a return current that compensates the current carried by the plasma particles, a self»

consistent electric field is generated {ambipolarity constraint). Since the temperature of the

vapor plasma is of the order of some eV—s, the electrical conductivity is rather low and the

resulting electric field is of considerable strength, In a tokarnak with conducting divertor plates,

the local electric field has to be normal to the plates, thus creating plasma drifi across the flux

surfaces. This electric field and the resulting drift motion are modelled in a self—consistent

manner. In the code applied, the deceleration of hot particles of diiferent energy groups is

calculated, while the cold layer is described by means of resistive MID) equations by taking

into account all important elementary processes taking place in the plasma [1]. In the present

1-D model, the electric field is calculated from the condition of zero net current through the

plates. The analysis shows that drift velocities of the order of 103 to 10‘ m/s may be expected,

which may notably impair the shielding characteristics of vapor layers and may thus increase

the erosion rate of the divertor plates. Under analogous conditions, this type of drift may

become relevant also for detached divertor plasmas in normal tokamak regimes.

2.Model

The 1D geometry is considered, Fig. 1, 6/ awe/ex :0, BX is assumed to be zero. The

current of hot particles eFi(y)-el'e(y) is parallel to fl, and its projection on y direction is e(l";-

F.)sinct. It is calculated by tracing the depletion of particle groups of difi‘erent energies [l]. The

potential drop between the cold and the hot plasmas [2], [3] is also taken into account.

The current has to be balanced by the return current created by the self-consistent electric

field E. The return current jy is the sum ofthe projections of the B-parallel current jttsinct and

the B—perpendicular current jLoosen. The parallel current is primarily the electron current driven
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by the parallel projection of electric field EH=Eysinotr The perpendicular current j L is associated

with El. The condition of vanishing not current in the y-direction throughout the vapor layer
can be written as

sintt+jlcoscx+e(l"i—I}) sinot=0. (1)

It differs from the corresponding condition discussed in [3] by the second term. The

component j“ is determined from the parallel projection of the electron momentum balance

equation

jn = 0'H sin ot(Ey +eTaaln ne lay +gTeal"a /3y), (2)

where on is the electrical conductivity which depends both on Coulomb and electron-neutral

collisions [3], the coefiicient ET is larger than unity due to the thermal force, From the

perpendicular component of the electron momentum balance equation (neglecting the

perpendicular thermal force), we have

1 will x§1=slrfil +[Vx§]+:;p‘), (3)
where the Hall parameter flccve; a)“ is the electron cyclotron frequency, V5 is the electron

collision frequency, and ‘7 is the ion velocity, ol=constoHi Due to high collisionality, the ion

and neutral gas velocities are assumed to be equal

Another relation between the perpendicular current and plasma velocity is given by the x-

component of the momentum equation V

m+ 6(pVn) :
at 6y

The velocity component Vy is calculated fi'cm the y component of the momentum equation by

[it xfaii (4)

solving simultaneously the complete set of resistive MHD conservation equations, thus

determining the evolution of the vapor layer. The electric field component B" is assumed to be
zero,
3. Results of calculations

A set of typical results is presented for a scenario in which a carbon (or carbonized) divertor

plate is exposed to a thermal disrupting plasma at t=0. The follovving input parameters were

assumed: Teo=5keV, nw=5.5x10”m‘3, B=6T, 0L=5°, A cold and dense shielding layer is
evolving at the surface, The temperature (electron temperature being equal to the heavy
particle temperature) and the density distributions, monitored at t = 50ps , are shown in Figs 2
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and 3. At this time instant, ionization degrees significantly less than unity only exist in a narrow

vapor layer adjacent to the surface (y less than 2 cm} in which the neutral atom density is ofthe

order of loum‘a. The corresponding potential distribution is shown in Fig. 4. The divertor plate

as well as the vapor layer are biased negatively with respect to the rest of the SOL. The

potential difl‘erence is of the order of the energy of the incident hot electrons, In Fig, 5, the

calculated velocity component V1. is displayed for three difi'erent time instants. As can be seen,

large lateral velocities may exist. Outside of the weakly ionized region the value of Vx

practically coincides with the drift velocity Vm=ElfBeEy/B. In another scenario calculations

with Tso=lkeV, nw=6x1019m‘3, which correspond to larger Hall parameter values [3,, lateral

velocities of the same order of magnitude were obtained. Within the ionized part of the vapor

layer, the values of Vx are found to be close to the values of Van-n,

4. Conclusions

Drift velocities of the order of 103 to 104 rn/s may he expected during hard disruptions. This

efl‘ect may notably impair the shielding characteristics of the vapor layer and increase the

erosion rate of the divertor plates.

Acknowledgment
The study was supported in the framework of the Geman-Russlan Scientific Technical
Cooperation in the Field of Peaceful Use of Atomic Energy, Project No, RUS-554-96; by the
RFFI, Grant No. 96-02-16919.

References. .
1. Lulousis, P. et al. in Controlled Fusion and Plasma Physics (Proc. 22nd Eur. Conf.
Bournemouth, 1995), Vol. 19C, Part 11, European Physical Society, Geneva (1995) 285,
2. Lengyel, L.L., Rozhansky, VA, Veselova, I. YU., Nucl. Fusion 36, No, 12 (1996).
3. Rozhansky, V.A., Lengyel, LL, Calculation of Electric Fields in Vapor Shields Evolving at
Ablating Surface, Tech. Rep. IPP 5/53, Max-Planck Institut rm Plasmaphysik, Garching
(1993). .

Fig. 1 The geometry cans! dered



1552

nono‘

amo‘ .

gumu‘ .

Lono‘ -

‘10
0.00 0.05 010

3’0")
015 0.20

VI
(11

15)

0.000 0001 win: win
you)

0.004 0.005

Fig.5 5 ktfimpflngplama: distributions ofV,
(solid lines) and and EJ/B (dotted lines) in the
vapour layer

Fig.2 5 keV disrupting plasma: temperature distribution
in the vapour layer 50 m afierplasmanwll canmm‘.

a)t=3,us,

@0110” -

mm)” -

I 2.0m“ - -

mum” -

. l . 1 I v n«m 0.05 (no 1115 um ‘fioou was 0.1110 mm «on an:
Hm) Hm)

Fig.3 SkeVdimpting plasma: density dlsm‘buflon m b) I = 10 ,m.
the vapour layer 50 ,w afler [alumna-wall contact.

ow v ‘

amo’

8 40nd '

9 4mm?

40m?

mo (ins
you)

5.0110) am [105

Fig.4 5 kei/dlsrupflng plasma: potential distribution
across the vapour layer. (=50 p.5-



1553

Two-fluid MHD simulation of confinement of pellet-produced
hydrogen clouds in hot magnetized plasmas
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Max-Planck—Insfiiutfiir Plawmmhysik, Euratam Association, D-854 7S Garching, Germany
a)Pem1anenr address: Technical University Budapest, Department of Fluid Mechanics,
H-II 1 1 Budapest, Hungary

The structure of dense particle clouds surrounding ablating hydrogen isotope pellets is
invoctigated,,with particular emphasis on the B—perpendicular expansion, ionization, and
deceleration dynamics A time-dependent single-temperature two—fluid 1.5~D Lagrangian
model is used in which the neutral and ionized fluid components are allowed to move with
different velocities.

As is well known, the H.0L and Hp, emission patterns of excited neutrals residing in

hydrogen pellet clouds are cigar—shaped, elongated in the direction of the magnetic field lines
(see, for example, Durst [1]), although the expansion of the neutrals is not affected by the
presence of magnetic fields. Accurate detemiination of the confinement radii of pellet clouds is
of relevance from the point of View of up—to-date pellet ablation models, in which the magnetic
constriction of the cloud expansion plays an important role [2,3,4]. The objective of the
present work was to obtain quantitative information on the magnitude of collisional coupling
between the neutral and ionized species of pellet clouds and on some phenomena not
considered in previous cloud studies such as the inductive electric field associated with the time
variation of the magnetic field during the high-beta cloud expansion phase. The analyses
available on pellet cloud evolution and pellet cloud properties, with magnetic field efi‘ects
properly taken into account, are usually based on single—velocity approximations [3,4,5,6,7,8]

and therefore yield no information on the magnitude of collisional effects. For this reason, a
time~dependent two—fluid single—temperature Lagrangian MHD model was developed in which
the neutral and ionized components are allowed to move with difl'erent velocities but are
collisionally coupled. The cloud is heated by the background plasma: the energy input along
the magnetic field lines is specified in terms of the thermal energy flux carried by the plasma
electrons (with a flux-limiting factor of 0.50), and by anomalous heat conduction in the B-perp
direction (')(,c =1 1112/ s was assumed). The ablated particles are released as neutrals, their
ionization being followed up by finite-rate calculations. The model is based on the usual MHD
conservation equations, Maxwell's equations, and various rate equations. The details can be
found elsewhere [9].
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With respect to the geometry and scenario considered, the fact that the ablated particles
leaving the pellet surface expand with a velocity that is about an order of magnitude larger than
typical pellet flight-velocities (104 m/ 5 compared with 103 m/ s) [10] offers a. convenient way
of analysis: the pellet velocity is ignored and the analysis is carried out in a cylindrically
symmetric, stationary coordinate system whose axis is aligned with the magnetic field. A disc-
shaped mass-source of infinitesimal thickness is placed at the centre, which represents the
ablating pellet. The size (radius) and the strength of the mass-source are given. The space is
filled with a homogeneous hot background plasma of given temperature and density.
At time = 0 the mass-source is turned on and cold neutral particles are blown into the plasma at
a given rate and continuously heated by the incident hot particles. The evolution of the cloud
forming around the mass-source is followed up by numerical means. The Lagrangian cells
(coaxial annuli) receive cold neutral particles as long as they are in contact with the source.
The cell boundaries are propagated in the radial direction with the particular velocity at which
the neutral particle flux crossing the boundary item one side is balanced by the ion flux coming
from the other side, the absolute value of the ion velocity being, in general, smaller than or
equal to the neutral velocity. Hence at each cell interface one has

na Var ' V: + ni("ir _ VI) = 0
where vat and vi, are the radial velocities of the neutral and ionized components, computed

by solving the respective momentum equations, and v, represents the velocity of the cell
boundary considered. Defining the degree of ionization or as at 2 hi / (na +ni), the grid

velocity can readily be expressed as a weighted function of the ion and neutral velocities:
v, = otvIr +(1—ot)va,.

As can be seen, in the case of fully ionized and/or neutral clouds, the radial component of
the grid velocity converges to the velocities of the ionized and/or neutral components,
respectively.

In the axial (field—aligned) direction, it is assumed that, due to sufliciently high
collisionality, the neutral and ionized species move with the same velocity: Vaz = viz = vz.

The axial expansion velocity is calculated in terms of the cloud - background plasma pressure
difference aflecting the B-perp interface of each annular cell. To assure approximately equal
cell masses, the number of cells can be increased during the computations. Artificial viscosity is
used, if needed, in the numerical scheme. The input parameters of the model thus defined are
T60, neO,Bo, size and strength of the mass-source (pellet radius and ablation rate), respectively.

Scenario calculations were performed with systematic variation of the input parameters.
In the following, some representative results are described.

In FIGJ, the radial distributions of some cloud parameters (heavy-particle density in
m'3 (a), ionization degree (b), temperature in K(c), Mach number of the radial expansion
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velocity ((1)) are given for the follciwing set of input parameters:
neo =5-1o19 m4; T60 = SOOeV; BO :21"; as =2410235'l; r5 =1mm

(a)

0
(c) Temperature

of heavy

0.5

0 Ed;

(b) Degree of
l onizanon‘

' 53fl“—

,i
0 2 4 t) 3 10
(d) Mach-number

The three curves shown correspond to
three different time levels: 0.3115 (thin solid
line), 0.6t (dotted line), and 0.9us (heavy
solid line). (The horizontal sections of the
curves represent the thickness of the
Lagrangian cells.) The asymptotic radial

106 ‘ fl flow pattern is inherently subsonic, in

105 1 57:“ l 1*“ disagreement with earlier steady-state
104 49¢ Ak transonic neutral shielding ablation models

.J 0 We:.....wanhm [11,121

1030246810
r[rnrn]

0 2 4 6 810
r[mm]

Since the radial expansion of the
ionized matter is first stopped at the

FIG-L periphery and this deceleration 'wave'
propagates from the periphery into the cloud interior, the efiective channel cross-section for
the axial (It-parallel) momentum transfer defined by the ratio of the volume integrals
Rm r fr-vzlpa +pl)dV / l(Pa +pi)dV may change in time. For the scenario shown in
FIG] the asymptotic value of the 'effective radius’ Refi('c 210m) is about 68% of its initial

(maximum) value The constricted flow of the ablated material in channels whose eifective
cross—sections are less than those defined by the respective confinement radii may be
responsible for the striated structure of pellet wakes observed in tokamaks [10}

At the beginning of the ionization process, the neutral fluid component may move
significantly faster than the ionized component. In FiG.2, the specific radial momenta of the
two components (given in lcgrn'2 's'l) are plotted as functions of the radius at two time
levels: Dips and ZOus.

1609/ 0-3 vus 1300 20 “5 As can be seen, prior to substantial
10+00 1% 1502 “RPM ionization, the momentum of the neutral
muOZ “V111“ 108: \(L component significantly exceeds the ion
10-04 h" 1608 pava momentum During a time interval

0 2 4 6 8 10 0 2 4 6 8 comparable to the residence time of the
r[mm] FIGZ r[m.m] pellet in its own magnetically confined

cloud, the neutrals lose practically all their

radial momentum because of collisions with ions (except in a small region adjacent to the

neutral source).

With regard to the effect of the inductive E-field on the cloud evolution, difl‘erent
approximations were used for calculating the j x B force appearing in the momentum equation

[9].
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With regard to the confinement radius, numerous scenario calculations were carried out

with systematic variation of the input parameters [9]. At low plasma temperatures, the radial
extension of the cloud is determined primarily by the ionizaton time: an increase of the input
plasma temperature causes a decrease of R99% (99 % mass, low-temperature regime: L'IR). At
high plasma temperatures, Rggo/o is controlled by the internal pressure evolving in the cloud:

typical high—beta interaction takes place. The pressure is able to push the ionized outermost
layer of the cloud outward against the 3x13 force. In this case an increase in the plasma
temperature is associated with a corresponding increase in R99% (its and B0 are kept
constant, high temperature regime: HTR). Unlike R9990, the ionization radius (the outermost

radius where on = 0.99) was found to be a monotonic function of T60. The cloud radius was
found to be proportional to B6116 in LTR and proportional to BE“ in HTR (£15,n
constant). Another power—law dependence of R99% on the ablation rate (1'15) was found to be

R9993 0c [ii/3 in LTR and R990”, at n [’4 in HTR.
Concerning the calculated confinement radii, good agreement was found between the

present results and some experimental measurements [9], There is reasonably good agreement
between the results obtained with the present two—fluid model and those stemming from
simpler approximations: single-cell Lagrangian model [4], or multi—cell single-fluid model [3].
The two-fluid model consistently calculates stopping radii somewhat larger than the above

approximations. 0n the other hand, the ionization radii computed with the present model are
very close to the confinement radii of the other models. At higher plasma densities, the
calculated values of the ionization radius, electron density, cloud temperature, etc” agree Well

with experimental observations in the case of both twoafluid and single-fluid models, Further
checks against experimental data, particularly in the low plasma density domain, are needed.
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TAE Studies in ASDEX Upgrade
S. D. Finches, S. Giinter, M. Maraschek

and the ASDEX Upgrade Team
MPI fiir Plasmaphysili, EURATOM-Association. 385748 Garching, Germany

1 Introduction

The effect of toroidicity within tokamak plasmas leads to a coupling between neighbouring
poloidal harmonics and enables the formation of Toroidicity induced Alfvén Eigenmodes
(TAE) These are generally weakly damped Alfvén Waves with phase velocities comparable
with those of energetic plasma particles.

Energetic particles arising from external heating schemes may resonately exchange
energy with a series of Alfvén resonances present in the plasma. These resonances will
approximately occur when

”A.

|2l—1|’
with the strength of the interaction decreasing for increasing 1.

'U” m

The neutral beam injection (NBI) system in ASDEX Upgrade produces a population
of energetic particles with characteristic birth energy of 60 keV. For typical ASDEX Upv
grade parameters this corresponds to a birth velocity of v = 0.85 11,; indicating that these
particles will be resonant for l > 1. The exchange of energy between particles and waves
enables either wave growth or decay to be obtained.

Recently in ASDEX Upgrade, TAB have also been found in purely ohmically heated
discharges [1] Since only thermal particles are present in this case, an excitation by fast
particles as described above is impossible.

2 NBI driven TAE in ASDEX Upgrade

In ASDEX Upgrade TAE are routinely observed in NBI heated plasmas. The HAGIS
code [2, 3] has been used to study the interaction between the population of energetic
deuterons arising from the N31 system and a single TAE in a shaped ASDEX Upgrade
plasma. HAGIS is a self-consistent nonlinear code developed for the purpose of studying
the interaction of fast particles with AEs. it evolves both the waves and particles in time
allowing the linear growth rates and saturation amplitudes to be calculated as well as the
fast particle redistribution/losses resulting from the wave~particle interactions.

The shot investigated is #7692. The plasma. parameters were chosen to simulate the
injection of 60 keV deuterons into a pure D plasma with the fast particle distribution
function used found by splining the experimental NBI deposition profile in radius and
assuming a slowing down distribution in energy. The distribution in pitch angle is assumed
to be isotropic. The radial structure of the n = 3 TAE calculated using CASTOR [4] for
this shot is shown in Fig. 1, Whilst the growthrate of this mode is presented in Fig. 2.
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Figure 1: Plot showing TAE eigenfunctions together with the radial fast particle distribution
and q-profiie.
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Figure 2: Growthrate of n : 3 TAB driven by NBI ions in ASDEX—U.
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3 TAB in Ohmically Heated Plasmas

Besides the well known TAB in additionally heated plasmas7 similar modes have also been
observed in purely Ohmically heated plasmas.

I

In contrast to the bursting nature of the modes in N81 heated plasmas, in Ohmic
shots the modes appear continuously throughout the discharge. Their amplitude. is about
one order of magnitude smaller than those in NBI heated plasmas [l]. Investigating shots
with different toroidal fields 13¢, and diHE‘rent ion species (mass mg) one finds the expected
frequency scaling for Alfvén modes f o< Bra/V771: The same is true for the density
dependence (f o: l/K/fi'é) which has been Checked via a strong density variation within
one shot.

For the theoretical investigation of these modes the resistive MHD code CASTOR. [4]
has been applied. In Fig. 3 the continuous spectrum for a typical ASDEX Upgrade

(1)

VBA M

. u , , " "w . . mi. 5‘ .. .‘t

.00 .20 $0 .60 .80 1,00

p=iuw~ubuwgni
Figure 3: The Alfvén continuum frequencies for n = 1 of ASDEX Upgrade discharge #8630 as
a function of the radius for a compressible plasma. (The slow continuum is not given here.) On
the right hand side the power absorbed by the plasma as a function of the antenna frequency is
draWn.

shot without additional heating is given. 0n the right hand side the power absorbed
by the plasma as a function of the driving frequency of an external antenna is shown.
The resonances in this Spectrum correspond to the global Alfvén waves. In Fig. 4 the
same spectrum is compared to a Fourier spectrum measured by Mirnov coils at the high
field side. It is apparent that only those waves with a frequency of about 115 kHz have
been observed on the Mirnov diagnostics. Considering Fig. 3 and the corresponding
eigenfunctions one finds that the observed modes are located near the plasma edge (at
about q m 2.5) which is in agreement with soft X~ray measurements.

A possible excitation mechanism for these modes is through drift wave turbulence at
the plasma edge [5] Such an explanation seems to be reasonable since the observed modes
disappear at the L-H transition where the turbulence vanishes. Additionally the rotation
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Figure 4: The Fourier spectrum measured by Mirnov coils at the high field side compared to
the antenna absorption Spectrum. The arrows indicate the radial location of the corresponding
Alfvén wave.

of the modes in the electron diamagnetic drift direction further supports this idea. since
the drift waves are. coupled to the plasma electrons.
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Growth Rates of Resistive Ballooning Modes
in ASDEX Upgrade and W7-AS

H.P. Zehrfeld, J. Geiger

Max-Planck—Institut fiir Plasmaphysik, EURATOM Association,
D-85748 Garching

Introduction
Being pressure gradient driven, resistive ballooning modes limit the achievable beta
values in toroidal devices. In particular, the pressure gradient formation will depend on
their growth rates so that it is of interest to calculate the latter in regions with large
gradients. This paper presents the results of such calculations for the tokamak ASDEX
Upgrade and for the low shear stellarator W7-AS using a general treatment which merges
approaches described elsewhere [1, 2].
For ASDEX Upgrade we are interested in the high confinement phases where the plasma.
equilibrium is characterized by steep pressure gradients at the plasma edge. We concen-
trate on the immediate neighbourhood of the separatrix with a plasma pressure profile
characteristic for ASDEX Upgrade.
For W7—AS we consider a sequence of finite fi-equilibria. We look at the dependence of
the real growthrate on the Lundquist~Reynolds number and discuss the marginality of
the equilibria at different ,valuesi

Theory Background

The investigation of the stability behaviour of a toroidal plasma against resistive balloon)
ing modes [3} requires the solution of a Sturm- Liouville problem in two complex functions
w z (W1, w) (the modes) with nonlinear dependence on the complex growthrate 7. The
equations — written in a form suitable for stellarators as well as for tokarnaks _ are

B.v{<l+s->B.VW.}_ { Ms.‘2“0— dp fin —__S_rtg

nlvrfi dW IV‘I'I
1+8w~—1:w} 2

”plzzlvm ““d—r’fl|V\I}l W2=0

dp 4W2n2 n p72 Kn — Slag
B V{BEE W2} ”mariflm + map/do?) lWl W”

47r2n2n( dp ran —— Sicg 1+ 522) (10,072 1 + B}
+ — ‘2 uM——‘ 11 —- w = 0{ #07 P (N! IV‘I’I —# P’Yz IV‘IIIZ B2 5 W2

where we have used the following abbreviations and definitions

47rzn2n B20 + S?)
D E 1+ ——~u——— 3

m 1W? ( l

__ IVVI2 3‘ (VVXB) ‘ r0t(VV><B) B-dx’
S : 3(X05X) = B An iVVF‘l B: (4)

_ s.(VVxB) : E.vV : i{2#gvp+1~ 2}
K23 "‘ IVVIB : Kn -—- IVVI: fl — 2 B2 B3 VLB . (5)
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They must be considered along the field line (described by the position vector X) passing
through the mode—localization point x0. V is the volume enclosed by the magnetic surface
containingxo, \I/ the poloidal flux, n the toroidal mode number and p the mass density.
Further, i3 = #0711){B2 with ch = cp/cv. All other quantities have their usual meaning.
Note that no assumptions on axisymmetry have to be made.
We define small and large radii rs and Rs, respectively, the poloidal Alfvén transit time TA
used for the normalization of '7, the resistive time T3 and an eflective Lundquist—Reynolds
number according to

mail/21's r: 0 Ta(ii—BTW» TR“ 5: Lear-W (6)

where BS 2 27TR5’D’ 2 31-. Further, we transform to 4 real modes u by w I—> u 2
{real(w1),wirnag(w1),rea1(w2), —irna.g(w2)} and introduce a parameter t along the lo-
calization field line by @‘B/Bta B- V, where 'I’ is the toroidal flux and 1F: dlD/dV.
The problem to be solved can then be shown to be equivalent to a consideration of the
quadratic functional in u

TA =

+00

Huffman) : / C(Leff,7,xo.t u( t), u(t) )dt (7)
—\’.\7

with the Lagrange density 13 2 ii“ - P - u H u - Q - u) : Satisfying the stationarity con—
ditions of F with respect to u is equivalent to the solution of the transformed ballooning
mode equations

(P‘u)'+Qvu20 (8)

with the boundary conditions u(t 2 :Foo] 2 0. For a given equilibrium the 4x4—matrices
P and Q have the parametric dependence P = P(LEH,7,XO) and Q 2 Q(Lefi,'y,xo).
Their dependence on x0 is due to the accumulated shear S (4). Using a magnetic coor-
dinate system (V, (9,q S can be written as

W _[—VVi2 nev _ Bfigdpv x
s _ B M+f IVW M (9)

where X is determined solving the 3 ordinary differential equations

92 _ Bgigs‘P) (lie _ Bwigri") dx ¢g{BB98_B¢_ BwaBi} (10)
dt W <I>’ ’ dt H <I>’ ’ d—t = ‘1?” TV 8V

with the initial conditions 60 2 6(xo). goo 2 @(xo) and X0 2 0.

Computational Setup

Limiting the size of the integration region of the Lagrangian to a sufficiently large
value and discretizing on M intervals leads to an approximation of (7) of the form
FM 2 yT-Gn. Here y comprises function values of u on the localization field line.
This way the stationarity conditions for the Lagrangian make up a system of 4(M —- 1)
homogeneous equations for y: GM-y = 0, where GM 2 GM(Lefi,vy,x0). In order to find
— with Leg and the localization point x0 as parameters , those values of ’7 fOr which
there are non—trivial solutions We have used the method of inverse vector iteration. This
way, for a given plasma equilibrium, the growthrate of resistive ballooning modes can be
obtained in the form 7 = 7(Lm7x0).
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Application to Tokamaks: ASDEX nracle

For a particular equilibrium with a steep pressure profile near the plasma boundary a
localization point (LP) of the resistive ballooning modes with a distance of (5.44 cm from
the outer side of the separatrix was chosen.
In this region of high shear (d(lnq)/cl(lnp) E 16. ,0 2
“EL? ‘ lIJAJ/(llla — [I’ADl/za ‘I’A ' flux on mils: We °~°°°5 -;_
— at plasma boundary) we started with a study of
the ideal ballooning limit Lea ——> 00 and 7* —> 0. In
this case the half—bandwidth of the symmetric system
matrix GM reduces to one and the stability bound
aries correspond to vanishing eigenvalues in the me-
thod of inverse vector iteration. Fig.1 shows that the ‘ ,
plasma. is stable for a value of the pressure gradient ‘ 0.0 Min MD em mo mm
of 238 kPa/m. Scaling the explicitly appearing pres~ Prmagodrem Warm}
sure derivative in the ideal ballooning mode equation
with a factor of about 1.52 causes transition into Figure 1: Actual pressure gradi—
the first unstable regime. This result was confirmed ent at X0 and its values at the sta—
by calculations using equilibria with correspondingly bility boundaries 0f ideal modes.
higher edge pressure gradients.
Another confirmation was found in full resistive calculations (Fig.2). With an effective
Lundquist—Reynolds number of Lag = 1.2 x 105 the plasma is nearly ideal and ballooning
stable for an unsealed pressure.
Estimates of the ideal ballooning limit using the sim—
ple a — s model A depending still on how a and s are LM
generalized to be acceptable for a toroidal noncir—
cular plasma 7 indicate lower critical values for the
edge pressure gradient. This fact must be ascribed 1.00902 trim
the combined effects of finite aspect—ratio and ellip-
ticity of the magnetic surfaces, which are significant
for ASDEX Upgrade. For an axisymmetric configu— “30904
ration the accumulated shear S (4) has the form

Ideal Modes. Lowest Egenvom

Real Growhvme 1

1.13090]

hm

imam xru‘

l 2 3
Pressuregladsnt scale_|vv42 x BT \IfRsin6+\Ilzcostl a

B ]VV|2 wRCOSQ _ ‘Isina 9“ Figure 2: Resistive growth rates
for scaled pressure derivatives and
different values of Leg.

S:

It secular part is

_W.vqssz—swuaw), 5: saw (11)

It can be shown that particularly the second term in (11) describing the effects of toroidal
shift and ellipticity and the shear parameter s in S5 have considerable influence on the
ballooning stability of ASDEX Upgrade.

Application to Stellarators: VV'TuAS
From the variety of magnetic configurations allowed by the coil system of WT-AS we
chose a typical one at Lm 9d 0.34 with no vertical field applied. We investigate a se-
quence of equilibria with increasing plasma pressure (,30 z: 0.1 «- 1%) calculated with
the equilibrium code NEMEC [4]. The pressure profile used is p z p0(1 - (Ii/$13], the
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toroidal current vanishes within each flux surface. A stability analysis with respect to
ideal and resistive interchange modes shoWs stability for the considered fl—range. The
following investigations is limited to real 7.
First we consider the dependence of 7 on Left. An-
alytic theory predicts 7 N L;,,""’. For a. standard ex~
tension of the field line of 24 times the long way “at?
around the torus the behaviour of 7 with L9,, is shown 0‘01 l
in Fig. 3 (thick curve). For values of La > 260 we
find no solution, although analytic theory predicts om,
solutions for finite resistivity in any case. However,
deviations from the simple power law for small Len
have been reported earlier [1], but, it was also no— “Mimi m 1 in loo mm
ticed that for small growthrates the mode’s extension
along the field line grows. Increasing the field line Figure 3: Growthrate of resistive
range by a factor of 8 (24 —> 192), we find solutions ballooning modes as function of
with 'y approaching the scaling law for [195' > 60 and, Leg in W7— AS.
additionally, there are now solutions for Leg > 260.
This means that for low resistivity the modes need a considerable range along the field
line to be excited. In the case of low L,,, no change in 7 appears with increasing exten—
sion of the field line range. Thus, the deviation from the power law for high resistivity
is real.
Next, we discuss an intuitive presisure scaling in the
resistive ballooning equations. To predict behaviour
of 7 with increasing pressure gradient we considered
a sequence of equilibria. In order to keep the num—
ber of equilibria small, one would like to predict the
behaviour at higher gradients from equilibria. with
lower ones or vice versa by scaling the explicitly 0‘

u . . . E2appearing pressure gradient in the equations (1,2). D
To check the applicability of this scaling we inves«
tigated the appearance of resistive ballooning solu—
tions in 6 equilibria with different central pressures Figure 4: Scaling to marginal:
for L... = 253, the same field line as above with an p’m... = 3200
extension of 24. Fig.4 shows that in our case equilib—
ria with pressure gradients lower than the marginal one overestimate the pressure where
the first solutions appear whereas equilibria with higher gradients stay ”unstable”.
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1. Introduction
A theoretical basis for understanding the density limit is of importance for a fusion reactor

as high edge densities will be needed for power handling. Basic aspects of the density limit can
be described by a simple two point power balance of the scrape off layer (SOL) [1,2]. This
model assumes pressure constancy and classical parallel electron thermal conductivity along
field lines and stable thermal equilibrium in front of divertor/limiter plates with detachment at
the density limit when power balance in front of the limiter can no longer be supported. The
radiation term in the power balance equation assumes radiation from carbon (coronal
equilibrium) in the SOL. The electron density and temperature measurements at the limiter and

last closed flux surface, together with the bulk density, temperature and radiation profiles are
the experimental quantities of interest. Using the 4 equations of the two point model for a limiter
machine [2] , the edge density, ns, as a function of electron temperature at the limiter, Tum, for

a given temperature fall off length, AT, and not power flux at the last closed flux surface, qL,
can be predicted.

In W7-AS a discharge with rising line integrated electron density reaching a density limit
is shown in Fig.1. The sudden degradation in confinement leading to a decrease in the
diamagnetic energy indicates the density limit. In contrast to tokamaks [3,4], current free
stellarators at the density limit do not suffer from MHD disruptions and can even recover to a
steady state.

This paper is a first attempt to apply the simple two point model to density limit
experiments in the W7~AS stellarator. The time dependent ASTRA code [5] was coupled to the
impurity transport code STRAHL [6] to facilitate modelling of the radiation profile measured by
bolometry. The addition of the simple two point model to ASTRA allowed time dependent
simulations of the measured density and temperature at the limiter.

2. Experiments and comparison with the two point model
A magnetic field scan from 0.6 T to 2.5 T in NBI discharges with 1100 kW absorbed

power, a rotational transform, L, of 0.43 and an upward density ramp was performed. At the
lowest and highest magnetic field the total radiated power is 35% and 70% of the input power
respectively. This procedure was repeated in discharges at 1.25 T and 2.5 T for absorbed
powers from 380 kW to 1440 kW with t = 0.34. The edge densities were taken to be 0.25 of

the line averaged density and these values are in good agreement with those from the lithium
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beam and Thomson scattering diagnostics.
The two point model was adapted for W7-AS and compared with data from these power

and magnetic field scans. From the difference between the input power and bolometer
measurements of the bulk radiated power, Q; can be calculated. The experimental observation
of rising radiated power and decreasing q_L with rising line integrated density means that a
critical edge density will be reached where qi is no longer sufficient to maintain power balance.
Shown in Fig.2, for a typical case in W7—AS with AT = 1,2 or 3 cm. and a connection length to
the limiter plate, LC. of 18 m, this maximum as at the density limit is plotted. It can be seen
from the magnetic field scan that for low magnetic field a A; > 3 cm is suggested, well above
the maximum indicated by scaling studies.

3. Scaling
The scaling of us with q; and Bo found by regression analysis, as shown in Fig. 3, is

ns = 0.52 qLow-0.2 B°0A3+l-°.15. This scaling can be compared to that found in density limit
studies for JET limiter discharges with coefficients of 0.66 and O.33_respectively [2]. The JET
scaling is close to that expected when Bohm diffusion is assumed for the scaling of AT. In the
case of the BD scan on W7-AS, the plasma is pushed up against the inboard limiters. To first
order it is expected that Le remains constant as a function of 130 so that the geometrical heat flux
enhancement factor, LJAT, on the left hand side of the power balance equation is not varying
significantly with Bo. In the case of the power scan series, obtaining probe measurements at the
limiter involves the compromise of using the upldown limiters which are tangential to the last
closed flux surface. This introduces the complication that LG will be a function of AT and Bo. It
may be possible to explain the stronger n5 scaling with B" in W7-AS and the apparently large
AT inferred in the above section by a detailed consideration of the Lc dependence of AT and Bo.

Compared to ASDEX and ASDEX Upgrade density limit discharges, the Greenwald limit
for W7~AS in the large aspect ratio, low beta circular approximation appears to be at least a
factor of 2 greater but because of the discussed configuration considerations in W7-AS, the
usual scaling may not be valid.

4. Transport simulations
The values of n; from the lithium beam and the measured radiation profiles to calculate qy

ware taken as inputs while a constant AT = 1.5 cm was assumed. The time evolution of
temperature and density measured by Langmuir probes in front of the limiter in the density limit
discharge at 2.5 T with 380 kW NBI input power can then be predicted and are compared to the
Langmuir probe measurements in Fig.4. The general features of a rising electron density and
falling electron temperature at the limiter can be reproduced and the collapse of the discharge
begins as the temperature at the limiter reaches 10 to 20 eV in both the simulation and
experiment. From the lithium beam measurements it is clear that the edge density rises
continuously to the point of the collapse in diamagnetic energy and that a sudden increase in the
density fall off length occurs in the collapsing phase of the discharge, while Langmuir probe
measurements indicate that the edge density remains constant for a further 50 ms in the
collapsing phase of the discharge.

Impurity puffing experiments were conducted to increase the radiated power and reduce
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the power flux so that a density limit could be reached in a similar discharge at a lower edge
density. In NBI discharges with 380 kW of deposited power at 2.5 T, nitrogen gas was
introduced. For this impurity, the radiation rate coefficient is strongest at 10 eV and with a
second maximum at 100 eV and total radiation is proportional to the impurity ion and electron
density. The impurity ion density profile for a given impurity flux rate assuming a diffusion
coefficient of 0.2 mzls and an inward pinch of 5r/a m/s as calculated by STRAHL and the
electron density profile measured by Thomson scattering or an 3 channel microae
interferometer allows the radiated power to be calculated. In discharges without nitrogen gas
puffing, carbon was assumed to be the dominant impurity, Impurity concentrations of 15% and
5% in discharges with and without impurity puffing were necessary to reproduce the total
radiated power preceding the collapse of the discharge at the density limit In discharges with
impurity puffing, toroidally separated bolometer cameras indicate that impurity gas injection
produces significantly more radiation in the vicinity of the gas inlet valve and MARFE
formation was observed. In diseharges where the impurity gas puffing was systematically
increased the density limit decreased.

5. Conclusions
Density limit discharges in power and magnetic field scans in W7 —AS have been

compared to the predictions of the two point model. At low magnetic field, a AT greater than 3
cm is inferred, well above the maximum indicated by sealing studies, A stronger n3 scaling
with 130 compared to JET is found. It is speculated that these two observations can be accounted
for by variations in Lc as a function of AT and BO. Transport simulations of the time evolution

of the density and temperature in front of the limiter according to the two point model were

found to reproduce the experimental features of a rising density and falling temperature
preceding the density limit. This implies that the limit to the maximum allowable edge density
for a given q J_ necessary to satisfy power balance, with the collapse occarring for a temperature
at the limiter of 10—20 eV, is the relevant mechanism determining the density limit in W7~AS.

Helpful discussions with K.Borrass and R.Schneider are gratefully acknowledged.
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1. Introduction

In the last years, considerable effort has been made on W7—AS to explore the diversion
properties of the boundary magnetic islands in high L (20.5) configurations for control and
exhaust of the edge plasma { 1]. Besides investigating basic aspects of divertor operation, such
as high recycling, detachment and impurity control, understanding the drift effects on the
particle and energy balance between the contacting plates is essential to improve the divertor
performance.

Poloidal asymmetry of the plasma distribution in the island SOL of low density discharges has
been observed for W7~AS divertor configurations at 1:5/9, with the inboard plates intersecting
the islands through the 0—point. Unlike in most single~null tokamak divertors where,
generally, higher density is found on one divertor plate while higher power flux on the other,
the W7—AS divertor experiments show that the density, the power flow and the particle flux
distributions have the same phase shifts in the island SOL. After reversing the magnetic field
the observed asymmetry is reversed. This asymmetry can be explained by an Ep drift in the
island SOL as follovvs The radial temperature gradient within the open island surfaces, which
are intersected and radially linked by the electrically conducting plates, leads to a radial gradient
of the plasma electrostatic potential and hence to a radial electric field inside the islands. The
Ep drift delivers additional particles and energy in the island SOL along the upper or lower
island fans to the targets, depending on the direction of the toroidal field. This picture is in good
agreement with the experimental observations. In order to understand the drift effects
quantitatively, in a first step the 3D Monte Carlo transport code EMC3/EIRENE [2] has been
extended to allow the treatment of the poloidal drift. Calculations show the same phase shift of
the density contours as observed.

2. Experimental observations

At high 1 (20.5), the edge magnetic structure of W7—AS is governed by inherent magnetic
islands. Having a considerable size and an appropriate internal rotational transform, the 1:5/9
islands have been chosen for the divertor experiments. Ten symmetric diverter plates are
installed on the inboard side of the wall with a toroidal location which is symmetric to the
triangular cross sections (Fig. 1). Each plate intersects poloidally two istands and the radial
intersection position can be easily changed by application of a vertical field shifting the magnetic
flux surface configuration horizontally with reSpect to the plates In this work, however, only a
configuration with the plates cutting the islands through the 0-point is considered, which
allows easy estimation of the radial electric field throughout the islands. Each divertor plate is
poloidally segmented into 8 tiles and calorimetry measurements on each tile give a poloidal



distribution of the power load. In addition. a two—dimensional Ha diode array is fixed
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horizontally at the outside of the toms, looking at a plate poloidally.
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Fig. 1 Right. poioidai cross section offlte i=5/9 configuration at the toroidal plane of an inboard plate Left
caionmeny and Ha data for two discharges with Bfield reversal

The discharges investigated are at extremely low density (<De‘>line<1019 m'3) with ECR heating
power of about 200 kW. The results for two discharges with B-field reversal are compared in
Fig. i, in which the interaction of
the two islands with the plate is well
reflected by the diagnostics. It
should be mentioned that the present
inboard plates are not yet the
optimized ones for W7-AS
divertor operation. This explains
why the power load and recyc~
ling are strongly inhomogeneous
between the two islands. However,
this does not affect the investigation
of the drift problem addressed in
this paper. We pay our attention
only to the lower island, which, due
to the longer connection length,
carries higher particle and power
flows to the plate. This island is out
by the two lowest tiles of the plate.
Therefore, the two lowest
diagnostic channels of the
calorimeter and the Ha array are
best suited to verify the differences
in particle and energy flows
between the upper and lower island
fans, In the positive B—field case,
higher energy and particle

probe array ,

R (C m)
Fig.2. Left. Arrangement ofrhe Langmuirprobe army and the

vacuum structure of the touching islands.
Right. Measured densit} contoursfor two low density
discharges with B-field reverral.
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outflows are found at the lower island fan, shifting to the upper one as the B-field is reversed.

A Langmuir probe array consisting of 16 probes is used to measure the density distribution of
the edge plasma. The probe array is poloidally shaped to follow the main edge structure of the
configuration and toroidally placed on a triangular cross section (Fig. 2). It can be shifted
horizontally inward and outward by a few cm, thus providing 2D plasma density disu-iburion in
the region of interest. The resulting density contours from the probe array for the two field
cases are illustrated in Fig. 2, in which the poloidal structure of the island chain is clearly
identified. However, up/down asymmetries in the density contours emerge, showing a strong
dependence on the field direction. Comparing density contours for the positive B-field with the
vacuum island structure, We find that the plasma density is higher on the lower island fan than
on the upper one. As the B-freld is reversed, the higher plasma density shifts to the upper
island fan, showing a simple correlation with the B-fleld direction.

3. Theoretical considerations and 3D simulations

As the observed asymmetries change with B—field reversal, the classical drifts are reasonably
considered to play an important role because of their close dependence on the B—field direction.
We examine the classical drifts, in order to isolate the candidates which can explain our
experimental observations. The classical drift terms contributing to the fluid equations of
Br'aginskii [3] are the electric drift ExB and the diamagnetic drift BXVP. As has been shown
by Chankin [4]. the diamagnetic drift and the corresponding diamagnetic energy flux are
dominated by divergence-free parts which do not deliver particles and energy to the target, nor
give rise to any particle or energy accumulation or sink. The non-divergence-free components
are due to spatial variations of the magnetic field, i.e. BxVB and VxB. In a net—current-frce
stellarator such as W7-AS, the latter term is directly related to the plasma diamagnetic current
and, in practice, can be neglected for the low density discharges involved in this paper. The
BxVB term is a vertical drift and, therefore, its effect on the asymmetries in the islands is
strongly reduced by the helical path of the islands around the toms.

According to these considerations, we can restrict our attention to the electric field drifts Ep
and EexB. The former is related to the radial gradient of the sheath potential due to the
temperature drop towards the 0-point. The latter is due to the potential drop along the B—freld
line from up- to downstream, associated with the parallel E-field arising from the thermal force.
Following the particle flux estimation made by Chankin for tokarnak divenors [5], We have the
total radial and poloidal particle drift fluxes:

l‘rxN27tR(c'up-kTegdownweJeB and FezNZnRZlkTerdownne/eB,
where N is the poloidal periodicity of the configuration. Since N=1 for single-null divertor
tokamaks, the drift effects in N>l island divertors like W7-AS (N=9) are more pronounced
than in tokamaks. Comparing the radial and poloidal drift fluxes, we find that the condition for
Fe dominating over Fr is Te,down>>(Te,up-Te,down)/3- This is the case for the low density
discharges discussed here. Heat transport simulations with the EMC3/EIRENB code showed
that the temperature is about 90 eV at upstream position, dropping to 60 eV at the target, which
agrees with the downstream temperature deduced from the Langmuir probe array data. A radial
drop in temperature of about 20 eV was estimated from the Monte Carlo code. The resulting
positive and negative poloidal drift velocities were inserted into the code, leading to the same
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phase shift of the density contours as observed (Fig. 3), which can be briefly explained as
follows. In the picture assumed here, the particles created by low recycling in the main plasma
and diffusing outside aerOSS the LCFS experience a poloidal drift in addition to the parallel
mention along the island fans. A particle accumulation results in the upper or lower island fan,
depending on the B-field direction.

The convective power flux driven by the poloidal
drift is estimated to be ~90 kW, which is about half
of the total heating power. This implies stronger
asymmetry of the pOWer fluxes betWeen the upper
and lower island fans than the one observed. One
reason for the discrepancy is that the power fluxes
along the upper and lower island fans cannot be
sharply resolved by the two lowest channels of the
calorimeter. Secondly, due to the large ratio of
connection length to island size, a significant fraction
of the drift power flux can circulate around the island
between the discontinuous plates without reaching
them. A quantitative assessment of these effects for
island divertors needs a selfconsistent 3D treatment of
the drifts, which is beyond the present capability of
the EMC3/EIRENE code.

4. Conclusrons m 186 I75 136
tml

For low density, low recycling discharges, poloidal Fig} 3. 96":i contaurSfmm thepmbe
a t ‘ ‘ I ee , d array (Curves) compared with

Symme' mes m t'he 131M151 89L ha-ve b n Obscwf: the EMC3/EIRENE resulrsfor
for the W7-AS divertor configuratlons at 125/9, With ”mm and negative B-field.

the islands deeply cut by the present inboard plates
through the 0—point. Higher density, power flow and
pmticle flux are measured for the lower or upper island fans, depending on the direction of the
toroidal magnetic field. The asymmetries are considered to be driven by an Ep drift resulting
from the radial temperature gradient in the island. The Ep drift delivers additional particle and
energy fluxes along the island fans to the divertor plates, leading to the same phase shift of the
density, energy and particle flux distributions in the island. 3D Monte Carlo calculations
including the poloidal drift can Well reproduce the density asymmetries measured by the 2D
Langmuir probe array.
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Introduction. Radiative edge cooling by seeded impurities with appropriate radiation
characteristics is widely considered as an option to protect targets in fusion experiments from
thermal overloading. In devices with active pumping capability (divertors, pump limiters).
noble gases (cg. Ne) are preferred as edge radiatiators due to both, their favourable radiation
characteristics as well as their recycling properties [1, 2]. They are not pumped by plasma
facing materials and, consequently, do not build up long~tenn reservoirs leading to
uncontrollable release in particular during long—pulse or steady state discharges. In devices
without active pumping capability as W7vAS, on the other hand, the seeded impurity has to be
sufficiently pumped by the walls to allow control of the concentration. As was shown in Ref.
[3], nitrogen is relatively well suited. It has favourable radiation characteristics, and its
capability to be pumped by the walls enables feedback control of the radiation level over typical
discharge durations (=1—2s) in W7-AS. A shot-to—shot build-up of an intrinsic nitrogen
reservoir was found to settle at a very low, stationary background radiation level which could
be completely removed by ECRH discharges without nitrogen puff. In continuing a previous
study [3], this paper reports results from a nitrogen concentration scan with improved feedback
control of the nitrogen radiation levels and with extended target diagnostics.

Experimental. The study in W7»AS (R = 2 m, a = 0.18 m) was performed at B = 2.5 T and ~t
= 0.34 with the configuration bounded by two horizontal graphite limiters at the top and bottom
of an elliptic cross section. Nitrogen was injected into not current free ECRH (140 GHz, 430
kW) discharges with flat~t0p phases of 1.5 s at a line-averaged density is = 4X10'E'm'3. Feed-
back control of the radiation levels was performed via VUV line emission ('N IV, 765 13.).
Compared to Ref. [3], the control spectrometer was now pesitioned further away from the
nitrogen inlet thus actually enabling quasi-stationary radiation levels. In addition to the
diagnostics mentioned in [3], limiter—integrated, poloidal Langmuir probe arrays allowed to
study in particular downstream parameters in more detail. The limiters are poloidally segmented
by ten tiles per limiter, each equipped with thermocouples allowing poloidally resolving target
calorimetry.

Results and discussion. Stationarity within the injection phase of 0.7 5 could be obtained
up to a central nitrogen concentration of about 2.5% (estimated from CXRS) corresponding to a
radiated power fraction of about 60% (from bolometer), Figs}, 2. Attempts to exceed this limit
lead to radiative instability and to feedback induced oscillations of the discharge parameters
rather than to a complete collapse. CCD camera observations covering three of the live torus
modules indicated strong shrinking of the hot plasma cross section, but did not give any
evidence for MARFE formation during the radiative excursions. Decreasing the prescribed
nitrogen radiation level and thus the nitrogen influx within the discharge duration to below this
stability limit leads to reestablishment of stationary conditions. it was found that relatively
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small nitrogen concentratiOns (=l%) already effectively suppress medium—Z radiation from the
core which is pn'marily ascribed to lower impunity release from stainless steel components due
to lower edge temperature.
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Fig.1: Stored energy, {me-averaged density, nitrogen
radiation intensity, total radiative power (bolometer)
and N2 valve control voltage versus time for a reference
discharge without nitrogen and for nitrogen concm~
nations marginally below (= 2.5%) and above the
thermal stability limit, respectively.

Under quasi~stationary conditions, the stored
plasma energy degrades approximately linearly
with the radiated power fraction (Fig. 2)
because, due to the small size of W7—AS, the
nitrogen radiation zone extends inward to r/a t:
0.4 (Fig. 3), The electron temperattne To is
decreased only at the profile wings, whereas
the value at the centre is not affected by the
nitrogen radiation, A transport analysis (from
power balance, Fig, 3c) indicates slightly
improved confinement rather than a degrada—
tion. The density profiles (not shown) are flat
inside r/a z 0.7 with steep gradients at the
outside (from multichannel interferometer and
Li-beam). They me, within the error limits, not
altered by the nitrogen radiation which means
that the improvement of the central confinement
does no coincide with density profile peaking
as is often observed in tokamaks.
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Calorimetn'c measurements at the two limiters (conected for the injection phases being shorter
than the pulse lengths) show much stronger reductions of the total power onto limiters than
expected from bolometty, Fig. 2. The power accountability referred to PECRHJ’M (with PECRH
and PMI being the heating and radiated power, respectively) is about 70 — 80% without nitrogen
and decreases towards higher nitrogen content. This seems to indicate increasing toroidal
asymmetry of the radiation shell not registered by the bolorneters. CCD camera observations
support this conjecture, but due to the lack of toroidally distributed bolorneter cameras there is
not yet direct quantitative evidence.

Data from the limitcr~integrated Langmuir probe arrays show that the downstream electron
temperature Ted (measured at about 2 mm outside the last closed magnetic surface. LCMS)
nearly linearly decreases forn about 90 eV without nitrogen to 20 eV slightly below the stability
limit, whereas the downstream density ned stays approximately constant, Fig.4. The upstream
temperature Ta" at the LCMS is decreased from about 90 to 40 eV [from a fast reciprocating
Langmuir probe close to the stagnation plane). In order to check the consistency with
calorimetric data, a simple two~point model of the scrape—off layer (SOL) power balance [4. 5,
6] was applied to estimate Tau, Ted and fled from the upstream density ”a. and the calorimetric
power onto the central limiter tile which determines the LCMS. It includes parallel heat transport
by classical parallel electron heat conduction, pressure constancy along field lines and the sheath
boundary condition for the heat transfer to the target:

7/: 7 3’7Teu= Ted +Ifq"L° ; ”ed =nsuTeu/2Tsdl f1n=nedCsYskTea (1)
U

k, cs. 7g, Lc and K“ are the Boltzmann factor. ion sound speed, heat transfer factor (:58),
connection length and parallel heat conductivity coefficient, respectively. The parallel power

flux was derived from the fitted calorimetn'c
100_“* ' """""““‘—‘_72 power onto the central limiter tile, q“ =

' ' ncfllqw. For the power flux decay length
30“ :10 kq an average value was inferred from the

18 poloidal (representing also radial) power
> 60‘ ' mi deposition profiles on the flat limiters, and w
32” _, _ 6 a; is the poloidal tile width (2.7 cm). The
l“ 40“ _ 4 30 upstream density rznu at the LCMS was kept

” fixed at 10” m‘3 (from upstream probe and
20‘ - 2 Li-beam). The results (lines in Fig. 4)

— satisfactorily agree with the probe data thus
0 ' ' Eli 1'0 1‘5 2'0' ' ' '250 indicating basic consistency.

N IV (765 A) intensity [at]. In order to check the conditions near the
stability limit towards smaller Ted in

Fig.4: SOL upsrrcanzand downstream parameters dose somewhat more detail, the sheath boundary

to the LCMS calculated by the two-point model (lines. di , Ci (1 t . l d
see text) in comparison with probe data (symbols) con non was exten e 0 11101] 6 energy
mm: the NIV radiation intensity from SPRED losses to hydrOgen, (1.. = nidcskté‘ + xTed)
spectrometer. The upstream density n,” is 107%", with the temperature and density dependence
E”0’ 1""5 “”3 from "mm“ (”W of LEfltt according to Ref. [7]. These losses
could be neglected for calculating the results in Fig. 4, but become increasingly important
towards smaller Tm. The above model was then applied to calculate densities as functions of Ted
for calorimetric q" values of the discharges without nitrogen and with the highest nitrogen



1021= , , . .. , . . . i . ..t . content below the stabilitylimit (upper and lower
5 “H“"wcalc' ; ”an expat E curve set, respectively, in Fig. 5). Fig. 5

[120 ”ed ca 9' n0“ Ewan suggests that the marginally stable discharge1 _
- Closely approaches to the SOL thermal instability

associated with the existence of a local maximum
of ncu versus Ted [6]. Considering nitrogen
radiative losses at coronal equilibrium from the

‘ - , SOL does not significantly affect this result. The
1018‘ ShUtCIOSEtO “\_\;‘ deviation of the measured Tad from the critical

-3

K shot without N2

E 19an) 1 O .

Emmy Hm” value at the maximum of the calculated upstream
1017 . . I . . . ‘ . ”I density is not too much of a concern because

10 100 probe data generally tend to over—estimate Ted in
Ted leV the presence of strong Te parallel gradients. This

Fig.5: LCMS upstream and downstream nn values SOL instability may destabilize the Core radiative
calculated arfunctionr of the downstream Tmfm' qH mantle With respect to radial shrinking as is seen
values from two shots, and probe damfar campa- - _ , .
risori. The lower crave sex indicates the? fimlwr 1n the experiments L566 also Raf' [8]) However,
reduction aflhe power crossing the LCMS atfixed [O defmitely confirm] this interplay, a more
density would lead to thermal imbalance. refined analysis is needed which will be given

elsewhere.

Summary and conclusions. Radiative edge cooling experiments have been performed in
W7-AS by feedback controlled nitrogen injection into limiter‘bounded, net current—free ECRH
discharges. Within injection phases of 0.73, quasi-stationarity was obtained up to central
nitrogen concentrations of about 2.5%. Bolometer data indicate radiated power fractions up to
about 60% Whereas calorimettic data, together with downstream probe results, indicate target
load reductions by up to factors of five to six. This discrepancy may indicate asymmetries of the
radiation shell not registered by the bolometers. Though the plasma stored energy degrades with
increasing nitrogen content due to the small machine size, the central Te is not affected. A
transport analysis shows improved confinement at r/a < 0.3. Exceeding the nitrogen level
mentioned leads to radiative instability. Downstream data combined with model estimates
suggest that this instability coincides with a SOL thermal histability. More detailed studies in
particular on this latter issue including BZIEIRENE code analysis with selfconsistent treatment
of impurity radiation are in preparation.
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Introduction

Energy diSSipation by impurity radiation at the plasma edge has become the preferred solution
for reducing the heat loads of divertor plates in tokamaks and stellarators. However the
magnetic configuration at the plasma boundary is quite different for the proposed ITER-
tokamak and the W74X-stellarator [1]. Whereas in ITER open magnetic field lines outside the
separatrix are guided to a divertor chamber being locally separated from the main plasma
magnetic islands at the plasma edge are intersected by target plates in the main chamber with
relatively small radial separation from the separatr‘m in W7 X While impurity radiation cooling
in the tokamak edge configuration has been studied already extensively, the influence of
magnetic islands on the properties of the edge plasma is still quite unknown. First investigations
on the stellarator W7—AS are reported in this paper. For this purpose nitrogen pulses of a few
ms duration have been injected into natural islands at the plasma edge of W7—AS discharges by
a reciprocating erosion probe with a radial precision of injection of about 5 mm [2}, The
cylindrical probe head consists of a boronnitrid casing of 5 mm diameter and length and a small
electrode of titanium or carbon of 2 mm diameter and length on the front side. For comparison
similar experiments with nitrogen injection were also made in the tokamal; ASDEX—Upgrade. In
this case a boronnitrid probehead of ‘30 mm diameter was exposed near the separatrix on the
outboard side for 10 ms several times during a discharge using the midplane manipulator.

Modelling of Nitrogen radiation from a magnetic island
The power which can be stationarily radiated by nitrogen from a magnetic island region has
been studied using a simple particle transport model. A continous impurity source at the centre
of a circular plasma region, representing the island with density as, electron temperature T3 and
impurity residence time of "c = r2 i D is considered where D is the cross field diffusion
coefficient. The temporal evolution of the impurity charge states in this region is calculated from
the equation
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dnq/dt = ne (Sq-1nq-1 - (Sq+Rq)nq + Rq+1nq+1) - nql'tq

with nq being the density of the impurity species, q the ionization state; S and R are the rate
coefficients for ionization and recombination, respectively. The radiated power density has

been calculated from the relation p = E Lqfle) nq he in which Lq is the radiation rate function.

Assuming De = 1*1019m‘3, r = 2 mm and an atomic nitrogen source strength of l’t22 m'3
5'1 the results shown in figl are obtained. Considerable nitrogen radiation from a magnetic

island can only be expected if T3 is about 15 eV and if furthermore the diffusion coefficient
within the island is smaller than 0.2 In2 I 8. Using the values of fig.1 a radiated power from
the magnetic island of a 5/9—configuration up to 400 kW are predicted in case of W7-AS.

Experiments in the stellarator W7-AS
The experiments were performed in NBl~heated discharges with a 5/9- island configuration and
limiters on the inboard side {2]. The nitrogen was injected with the reciprocating probe in
upstream position (bottom side). Due to the injection the electron temperature within the island
of W7»AS measured by the probe itself decreased from values up to 80 eV to about 10 eV. The
total radiation raised up to 90 % of the input power, however, particular enhancement of
radiation from island region could not be observed. The spatial distribution of the radiation after
injecting nitrogen was found to be only slightly dependent on the location of the injection (X— or
0-point). Enhanced radiation mainly occurred on the inboard side. When the density was
increased, plasma shrinking induced by impurity injection was observed to start at densities of
about 1 x 10mm"3 . This shrinking was accompanied by partial transient plasma detachment

from the inboard limiters. However. there are strong indications for poloidal asymmetries in
connection with plasma shrinking. In fact, at plasma densities of 1.6 x 1020m'3, the ion current
measured by probes near the 0-point decreased by more than an order of magnitude on the
outboard side (upstream) and less than a factor of two in the equatorial plane on the inboard side
(downstream). Strongly localized radiation zones at the inboard side (MARFE s) were induced

by the impurity injection at this density. In contrast to tokamaks the radiating region is not

toroidally symmetric but seems to follow a helical line within a modular section similar to the

helical edge observed earlier on the outboard side of W7-AS [3]. The power load to the inboard
limiters measured by thermography was reduced by less than 25 % when a Marfe was formed
in front of these limiters. The close proximity of the radiating region to the limiters possibly
prevent a stronger reduction of the limiter loads
Besides the radiation from nitrogen a considerable enhancement of radiation from intrinsic
impurities occurred. This observation is explained by the increase of radiation with decreasing
plasma edge temperature and a deeper penetration of intrinsic impurity atoms due to the low
edge plasma density and temperature.



1579

Experiments in the tokamak ASDEX-Upgrade
Nitrogen was repeatedly injected just inside the separatrix in a 2 MW neutral beam heated L—
mode discharge with programmed increasing plasma density from 4 to 8*1019 m'3. During the
injections the electron temperature at the separatrix measured by ECE on the outboard side
decreased to values between 30 eV and 10 eV depending on the density (see fig.3) while the
line averaged plasma density was transiently affected by less than 10 %. Radiation measured by
the bolometer at a toroidal distance of 2.5 m from the impurity source was enhanced mainly
above the X-point and on the inboard side. The fraction of the total radiated power in the main
chamber to the input power reached about 0.8. Divertor detachment is indicated by the CH—
signal of the divertor spectrometer at all plasma densities. The particle and the power fluxes to
the target plates measured by Langmuir probes and thermography were also found to be
strongly reduced during the injection (not shown here). Most remarkable is the following
observation: Despite the fact that the carbon flux released from the target plates of the divertor
was strongly reduced the concentration of carbon and oxygen in the main chamber increased as
evidenced by the signals from the monitor for these impurities.

Modelling of the plasma boundary of AUG
In order to model the AUG-experiment descibed above an artificial carbon or boron ion source
inside the separauix on the outboard side was introduced in the BZIEuene—code for a discharge
with a plasma density of 5>l=1019m'3 at the separatrix and 3 MW heating power. The diffusion
coefficient was assumed to be 0.2 11123—1. With increasing strength of the artificial impurity
source and decreasing edge temperature the carbon radiation has been found to shift continously
from the divertor to the X—point. Generally, when a MARFE is formed with an electron
temperature of 1-2 eV finite temperature gradients exist along the separatn'x. Thus the electron
temperature varies between 1 and 20 eV on the inboard side whereas the value on the outboard
side is still 30 eV (see fig.4 ). This is consistent with the observed radiation pattern. Evidently,
the intrinsic impurity fluxes of carbon and oxygen produced at the inner wall shield can
penetrate much deeper into the plasma at temperatures below 10 eV‘, 1.6:. the screening of the
SOL-plasma due to ionization is reduced. This reduced screening may explain the experimental
observation of enhanced C and 0 concentration in case of strong nitrogen injection into the edge
plasma of AUG.

Summary:
Despite the quite different magnetic configurations in the stellarator W7-AS and the tokamak
AUG the radiation pattern is similar when the electron temperature at the separatrix is decreased
to values lower than 30 eV. A particular radiation from island regions at the plasma edge is not
observed even after injecting nitrogen into a magnetic island of the stellerator W7—AS. The
experiments in AUG have revealed that a too extensive radiation cooling should be avoided in
order to prevent an increase of the intrinsic impurities caused by loss of screening.



References :

1580

[1] J. Kisslinger at £11., Proc. of the 22nd EPS Conference on Controlled Fusion and Plasma

Physics, Bournemouth, ECA, Vol.19c, Pan [[1 (1995) 149

[2] D. Hildebrandt et 31., Proc. XII. PSI, St. Raphael, 1996, to be published in J. Nucl. Mater.
[3] P. Grigull et al., J. Nucl. Mater.176&177 (1990) 975i

N
ra

di
at

io
n

/
MW

/
m3

0 .. ‘ .

0 20 40 60 80 ‘100
Te/eV

dg.l : Calculated power density radiated dunng nitrogen
injection into a magnetic island in dependencc on the
electron temperature wlth the diffuston coefficient as
parameter

”(
se

pj
le

V

'3
3

§
3

1
.

HP
,

«
a

t?

3
i.

1

3 i .'i ,, _»
E ’ I

a e“; W‘
E D ‘aruon :‘;._i mots ? 9 oxygen ~

3 0.01 E. A , .‘_

9* m ‘ktEWm1 WW. —‘g , _ . v . 7
L k

0 1 as. 2 215 a
time} 3

fig‘ 3 : Temporal traces of diagnostic signals of the
AUGdlscharge # 7738, From top [0 bottom:
electron temperamre at the separatrix
C-lI-siguaJ of me diverror spectrometer.
C-and O-concenu‘alion inside the separatmc

fig. 2 : 2D«plor ot‘ radiated power (holometer) during
nitrogen injection showing a MARFE on the inboard
srde below the equatorial plane of W7~AS

30

20

To
/

cV

S

i’
-2.D - 110 10 1.0 2.0

poinidnl oomdinal:

ELDEA-OB

tigA : Electron temperature and plasma density at the
separarrix in dependence on me pololdai position for a
discharge Md! 3 MARFE near the X-poinr as calculated
horn EZfEireue



1581

RADIATIVE INSTABILITIES IN W7-AS PLASMAS WITH HIGHLY
RADIATING BOUNDARIES
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Asociacién EuratoiIEMAT para Fusion. Av. Complutense 22, 28040 Madrid, Spain

R. Brake], WT-AS Team. ECRH Group
Max-Plairck-Institut fiir Plasmaphysik, EURATOM Association, D-85748 Garching, Germany

Introduction

In low radiation ATF (Advanced Toroidal Facility [1]) stellarator plasmas it was
concluded that the lack of efficiency in the radial energy transfer to sustain the locai energy
balance in regions with enhanced losses leads to plasma collapse [2], The Proctr code [3] was
used to analyse NB heated ATF collapsing discharges with moderate radiation levels (Prad/Pin
: 30 %) finding that radiative instabilities near the plasma periphery may be the trigger
mechanism. On the other hand, low to intermediate Z impurity injection is being considered as a
suitable procedure to cool the plasma edge region and, therefore, protect divertor plates in high
power fusion experiments from thermal overloads. Then, the dominant plasma contaminant
must be the adequate in every device for radiative edge cooling purposes, since cooling rate
profiles determine the local energy lost by radiation.

Nitrogen is widely considered as an appropriate impurity for those purposes because
of its radiative properties and its capability to be sufficiently pumped by the wall, especially
when no active pumping is available {4]. In particular, it is used in tokamaks [5] to get the so

called detached plasmas.

Experimental

In a previous work [6], nitrogen was confirmed to be an adequate impurity to
effectively cool the edge region of Wendelstein 7-tAS stellarator (R = 2.0 m, a = 0.18 In, no

active pumping capability). However, steady state complete detachment from the limiters
could not be established due to the onset of a radiative instability at a radiation level of about
60 % of the heating power. Further nitrogen injection experiments have been performed in
W7—AS stellarator with feedback control of the radiation levels, via VUV line emission (N IV,

765 A), to maintain the impurity concentration under the limit of radiative collapse [7].

For the present studies a series of not current free ECRH discharges are considered,

With flat-top of 1.5 s, at B225 T, Iota/27:20.34, injected power about 430 kW and electron

density n6 : 1019 n1'3. Transport analysis have been done with the predictive transport code
Proctr. Here we are presenting the results obtained for three representative discharges, with
no N2 injection, 1 % and 2.5 % N2 concentrations, shots # 36770, 36780 and 36783,

respectively. In Figure 1 time evolution of line density, plasma stored energy and radiated
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power are plotted for the three mentioned discharges. A fraction of about 60 % radiated power
(measured from bolornetry) is reached in discharge 36783 and the attempts to exceed this limit

lead to a radiative instability and to feedback induced oscillations of the discharge parameters
rather than to a collapse. Decreasing the nitrogen influx and, thus, the radiation level within
the discharge duration leads to re—establishment of stationary conditions.

W7-AS is operated with two carbon limiters and so a moderate concentration of .
carbon is considered to be present in discharge 36770. The experimentally measured density
profile is flat up to ria=0.5, whereas the electron temperature profile is rather peaked for the
three discharges.

Transport Analysis

To simulate the discharge dynamics the following experimental parameters have been
used as inputs for Proctr: total radiated power, stored energy, heating power, line density, and
the dominant species. Density is feed~back maintained with gas puffing plus limiter recycling.
Power deposition is notably localized, according to [8]. The experimental electron temperature
and density profiles have been used to benchmark the transport models chosen. The modelled
temperature and density profiles can be seen in Figure 2, marked with the nitrogen
concentration of the discharge.

In Figure 3 the radial profiles of loacal and integrated power electron balances are
plotted for the three discharges in steady state regime, at time t = 700 ms. Again every plot is

marked with the nitrogen concentration. It can be seen the very different behaviours of the
radiated power profiles, depending on the nature and concentration of the impurity. In
discharge 36770 carbon impurities are accumulated mainly at r/a = 0.6, and the radiation
profile is rather flat. When about 1% of nitrogen is injected (discharge 36780) the global
radiated power increases in the whole plasma column, mainly due to a small increase of Zeff,

but this increment is more pronounced at the edge, where the radiation profile becomes clearly

peaked. For this nitrogen concentration only slight changes appear in plasma transport.
Further nitrogen injection notably modifies the power balance at the outermost region of the

plasma. Due to the strongly localized ECR absorption in these plasmas, almost no changes in

the power deposition profile are seen because 100 % single pass absorption is reached, since
the temperature is still high enough. Differences are found mainly in particle convection and in

the power interchanged with ions by collisions. The edge radiation peak propagates inwards

and increases in intensity. This nitrogen concentration somehow represents the maximum
admissible limit beyond which a steady state discharge cannot be held.

Surpassing this limit leads to a sudden plasma contraction together with an
accumulation of impurities in the plasma core. That is. a thermal collapse occurs. An artificial

discharge has been modelled based on the data and transport parameters considered in
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discharge number 36783. Concentration of nitrogen, radiated power, and stored energy have

been proportionally modified to provoke the appearance of radiative instabilities.

Discussion

Nitrogen injection has been demonstrated as a good procedure for edge cooling in W7— -
AS, provided that feed—back is used to maintain the plasma under the limit of radiative
collapse. In spite of the high radiated power, energy confinement time is only slightly
degraded in discharge 36783 as compared with the reference one. This fact is confirmed by
the diminishing of the estimated heat conductivity in the bulk plasma. This result agrees with
the one presented in [7].

When comparing these results with the ATF NB-heated discharges [2} a difference is
found in the plasma behaviour. As was concluded there, the detailed radial profile of the
electron thermal conductivity plays a key role to supply power to the place where is needed. In
the plasmas studied here this term is not able to cure the local increase of power losses and so
the plasma can only reacts by modifying convection and power transmission to ions, i. e.,
particle transport must be mainly involved. One possible reason for these diverse behaviours
can be found in the plasma heating method, since NEI poWer deposition profile is wider than
ECRH (for high electron density and temperature) and changes according to the evolution of
plasma parameters, such as density and temperature, higher power density is available near
the maximum radiative losses region. Another likely cause may be that the magnetic
configuration, strong sheared in ATP torsatron and almost shearless in W7-AS helias, is the

responsible of the different transport regimes that appear in the two devices.
To clarify this problem simulations of ECR heated ATF discharges are underway. In

particular the fonnatiori of transport barriers is planned to be studied.
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The role of the radial electric field and plasma rotation for
the W7-AS stellarator confinement

J. Baldzuhn, R. Burhenn, O. Heinrich, J. Hofmann, M. Kick,

H. Maassberg. W. Ohlenciorf, W7—AS Team
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Experimental principles and neoclassical calculations
In the advanced stellarator W7-AS [1], the tor0idal and poloidal plasma rotation velocity is

measured by charge exchange recombination spectroscopy CXRS {2] on impurity ions,

mainly on Helium. For that sake, two different spectroscopic systems are available [3], the
first one with observation chords in one poloidal plane, the second one with viewing lines
with an angle of roughly 50 degrees to the magnetic field lines. The CX light intensity is
excited in the beam of a modulated diagnostic neutral beam injector.
From the spectral CX line intensity, Doppler line broadening and line shift, the impurity
density n1+1 (r), the impurity ion temperature T} (r) and the rotation velocities Vq, and V3 (r)

are determined, respectively. Here, 4) and 6 are the toroidal and poloidal angle coordinates.

The CX reaction changes the impurity charge state Z from 1+1 to I. It is assumed that T]- (r)
= T1 (1') = T1“ (r). The radial electric field profile ET (r) is calculated from the simplified
radial force balance equation [4]:

= 8(n1+1(r) ' T1+1(f))_ 1 +T§(F)Y. Bar/31‘
C

E
r a? 321+} 111““) 621

+ (Bevw—Bwve) (l)

Here, B stands for the magnetic field, e for the elementary charge, (,1 is the excitation

probability for the CX Spectral line under consideration. The lifetime 1:1 of the excited state
and the ion gyro frequency (01 are taken into account for the factor 7:

= (03111): (2)
1+(mlt1)

In eq. (1), the first term on the right hand side gives the impurity ion pressure gradient
contribution to 13,. The second term arises from finite lifetime of the excited electronic state V
during the ion gyro motion after CX, for the case that the spectroscopic line of sightl is

perpendicular to the magnetic field, and a gradient of the excitation probability exists,

perpendicular to l and 1—3. In W7-AS this direction is parallel to the minor radius r,
therefore the derivatives are with respect to r. Fig. (1) holds for CX approximately for 7 <<

1, as this is given in our case for He+, and therefore that second term is small. The third
term is the 3X 13 force. In stellarators, the toroidal and poloidal rotation are de-coupled, in

contrast to tokamaks {14]. It is found experimentally for W7-AS that the main contribution
to E; comes from the poloidal rotation, the toroidal rotation is strongly damped because of
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the missing aid—symmetry of the magnetic stellarator field. A fast toroidal plasma motion can
be provoked only by non balanced neutral beam heating NBl, with counteracting toroidal
viscosity which is found to be in good agreement to neoclassical calculations [9]. But even
then its contribution to E is negligible (typically < 5%), because Be<<B¢.
In non-axisyrnrnetrie devices like stellarators a strong dependence of transport from E is
expected from neoclassical theory. The formation of Er is determined by the radial particle
fluxes F from the arnbipolarity condition:

I“:(r,Er)+l“l(r,E,)+ZII‘I(r,Er)=O (3)

Especially in the long mean free path regime LMFP, the differences between tokamaks and
stellarators are essential, because in LMFP the ripple of the magnetic field along the field
lines produces large populations of trapped particles in stellarators, with different trapping
types (toroidally, helically or combinations) with an enhanced radial drift. With respect to
the development of a stellarator‘reactor this unfavourable effect has to be minimized, as this
is done by the so—called optimization concept for the advanced stellarators W7-AS and W7—
X [12]. These drifts are also strongly reduced by the ambipolar Er, an effect which is for the
ions much more pronounced than for the electrons. V
The neoclassical definitions for the particle fluxes F and heat fluxes Q are given by:

ru = n+3: [3’s — 9&5] + D7, T—él
n T Ta]

Q0. = —nflTa{Dgl [& _ E] + Du 2“}

u u.
(4)

nt Ti 22 T.
The subscript a stands for ions or electrons. respectively, q for their electric charge, D are
the coefficients of the transport matrix. For the definition of I‘, a possible Ware's pinch term

proportional to U113 is neglected. Besides the linear dependence of F and Q from Er, also

the D's are functions of Er, for the ions much stronger than for the electrons. For E, an odd

number of solutions is expected from neoclassical theory [13]. Two of them should be

stable, the others are unstable.
For the neoclassical calculation of Er the numerical DKES code [5] is used. Starting from
the specific magnetic configuration, represented by Fourier modes of the magnetic field,
DKES calculates the mono-energetic transport coefficients by solution of the drift—kinetic
equation, as function of the effective minor radius, the collisionality and Er. By energy
convolution, the 3 x 3 thermal transport matrix Dfi is then obtained, which is used to

calculate the radial particle fluxes following eq. (4). The solution of the ambipolarity
condition (3) provides then the solutions for the neoclassical 13,, which are finally compared
to the measured one.
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E,- and transport in W7-AS
For the case of low electron collisionality (low electron density 113(0) below 3 - 1019 m'3,
high electron temperature Teal) above 2 keV) only one strong positive solution is expected

in W7~AS near the plasma center, the "electron root", with BT z + 400 V/cm. For that
particular case, the central electron heat transport is considerably reduced [10], allowing
experimentally for maximum Te(0) up to 4 keV This situation can be obtained only in
conjunction with rather low Ti, typically below 400 eV.
For the case of higher 116(0) (between 4 - 12 - 1019 m3), only one negative solution is
expected near the plasma edge, the "ion-root”. For that type of discharge, with combined
NBI and ECRH heating and high power > 1 MW, maximum negative Er == ~ 1000 V/cm are
obtained in the gradient region which act as a potential barrier, together with maximum 13(0)

up to 1.5 keV. The global energy confinement time exceeds the prediction from the 15895
regression database [1 l] by more than a factor of two.
Multiple field solutions are expected for medium Ila-(0) between 2 - 5 - 1019 m‘3 and lower
heating power, typically with negative Er values ("ion-root") near the plasma edge but
smaller values than described above for E, m -100 to - 400 V/cm, and either strong positive
Er (”electron—root") near the plasma center for sufficiently high Te > 2 keV, or small positive

Er a + 20 V/cm for lower Te (positive ”ion-root"). ,

The comparison between the measured and calculated EF is a sensitive means to investigate
the mutual interference between ET and the particle transport in detail [6]. It is found that the

measured and the neoclassically calculated Er are in general consistent to each other {7].

Thus, the validity of the neoclassical particle transport model for the prediction of E.- in W7-
AS is demonstrated, at least for the central part of the plasma up to r < 0.7-a. The most
striking feature appears when investigating the impact of E, on the shape of impurity density
profiles because of the higher Z. This point is of particular interest for a future stellarator
reactor, because impurity accumulation has to be prevented, and efficient Helium exhaust is
desired. For the calculation of the impurity density profiles, the SITAR code [8] is used
which employs a tokamak axisymmetric magnetic field model. The flux ansatz
F, = ~— DI - n; ~V, - nI with diffusion and convection is used in SITAR in the form:

r1: 32— (0,5+q2)[3§fl—Lfl —Aflafi llama] (5)
21 I Br 21 n1 3r T] a: T1

where p stands for the mean path length between two collisions, ’C is a mean collision time,
q is the tokamak safety factor, A and B are collisionality dependent factors [15], SITAR
fulfils internally the ambipolarity condition, thus taking into account the Er influence
implicitlyi The detailed information on the stellarator magnetic field as required for'the
explicit calculation of the transport coefficients for W7-AS, however, is taken into account

only by DKES. For some discharges, which in principle allow for multiple solutions as
described above, small positive ET 2 + 10 V/cm (positive "ion—root“) are predicted by DKES
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in W7«AS near the plasma center. In the gradient region, the “ion-root" is negative with
values E, = - 100 V/cm. The spectroscopic E,r measurement bars in this case are, however,
too large to confirm the small central positive E, from the evaluation following eq. (1) alone,
see fig. 1 on the left side.’l‘he spectroscopic measurement by CXRS in fact shows a hollow
He++ density profile for that type of discharge, as plotted in fig. 1 below on the right side
(dots and broken line). With the small positive E, = + 10 V/cm taken into account in SlTAR
in eq. (5), the calculated He++ density profile also shows that hollow shape. Thus, an
outward convection for He” is confirmed, as a consequence of the positive Er.

radial electric field V/m He ++ density (cm-3)
1_5104__..i|.|.11...11....7 71011....||...I....l..i.‘

1104_E ' _/ —_ 6101LE E.

5 33 / 3 51011—3 5.
101/ '— 11?’ E()9, (15 410—5 E—

2 W fist: 310“; :—
_ 3" :_ 3 I51": - : 210”; :-
-1104—: E 11011; \:_

4.510:....,,.............t oifl....f..,....,....E
o 5 10 15 20 0 5 10 15 20

effective minor radius (cm) effective minor radius (cm)

Fig. 1: Left plot: E1- profile: CXRS measurement (circles), DKES calculation for the ion—root (solid line)
and the electron-root (broken line) which is not realized. The ion-root solution is positive for r < 6 cm.
Right plot: He '*+ density profile measured by CXRS (dots), least squares fit of a generalized Gaussian
function to the measured points (thin broken line), result of the SlTAR transport calculation without the
small positive Er taken into account (solid line), the SITAR result with E; reproduces the outcome of the
Gaussian fit (thick dotted line).
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Abstract - In the context of transport investigations different heating scenarios have been
studied in W7—AS. When the plasma is heated by NBI (pure as well as combined with ECRH)
the signals from the microwave reflectometer show coherent mode activity in the frequency
range of 20 to 90 kHz depending on the iota profile. These modes have been observed for all
the radial positions probed by the reflectometer and are identified as global Alfvén modes.

Experimental system - At W7—AS (R - 2 m, a < 0.17 m, 5 field periods, modular
stellarator coil system) a reflectometer is installed [1,2] for density profile and fluctuation
measurements. The system uses X-mode propagation in the W-band (75-210 GHz) for probing
radial positions corresponding to densities between 1 to 6 1019 m3. At the toroidal position
where the reflectometer is installed the plasma has a nearly elliptical shape with the minor axis

along the equatorial plane of the torus. Corrugated horns in combination with elliptical mirrors
are used as emitting and receiving antennas resulting in a focused Gaussian beam of 2 cm
diameter at the reflecting layer. Heterodyne detection allows to measure phase and amplitude
fluctuations separately. An Amplitude Modulation (AM) system [2] integrated into the

reflectometer provides a time delay measumment’which is used to obtain electron density profile
information. This time deiay of the signal depends on the cutoff position and on the local

density gradient being, in most of the cases, more sensitive to the iatter one. Therefore the time

delay signal can be considered as a monitor of the local density gradient.

Experimentui results - In the context of transport investigations the microwave

reflectometer was operated in discharges with different heating scenarios: ECRH, NBI, and
combined NBI+ECRH. Two types of discharges are studied in this paper. (1) Plasmas with
combined, ECRI-l (500 kW) and N31 (1.5 MW), heating which show a very high ion

temperature, reaching values up to 1.5 keV [3]. (2) Diseharges with pure NBI heating with

lower injected power (0.5 MW), which reach energy confinement times about twice as large as

predicted by neoclassical theories [3]. Both improved confinement scenarios are achieved under

low wall-recycling conditions and are characterized by a low edge density and high density

peaking factor [4}. Electron density profiles from Thomson scattering and AM—reflectometer for

these two types of discharges are shown in Figure 1. The radial positions probed by the

microwave reflectometer are between 11 cm and 15 cm. Shots with pure NBI heating and very
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high energy confinement time show an electron density profile steeper than shots with
combined heating (ECRH+NBI) and very high ion temperature. '

TECRHtNm Figure 1: Electron density
"";"'NB‘ profiles from Thomson

scattering (circles) and from

microwave reflectometer (lines)

n
iU

"
m

")

in the discharge: of interest:
combined ECRH+NBI heating

‘5 1° andpure NB].rmlgm)

In general, if the plasma is heated by NBI (pure as well as in combination with ECRH)

the reflectometer signals show coherent mode activity. Other diagnostics (X-my, ECE, Mimov

coils, etc.) also observe these modes depending on the iota profile. and have been identified as

global Alfvén modes {5].
The interpretation of reflectometry phase measurements is complicated by an

asymmetry in the phase fluctuation spectra, called ”phase runaway“ [6]. Under both plasma

conditions diseased in this paper this effect is several times lower than in pure ECRH plasmas,

therefore the measured phase fluctuations mainly can be interpreted in terms of density

fluctuations.

7

Figure 2-a: Phasefluctuation 6
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Figure 2-b: Time delay ”g 0'01
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heated plasma for di erent o '
radialpositions. ff a. :23:

o
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During pure NBI heating the coherent modes observed by reflectometry appear in the

frequency range of 10-40 kHz. As an example Figure 2-a shows the power spectra of the

reflectrometer phase Two different modes with frequencies of 27 kHz and 37 kHz are present
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simultaneously in the spectra. The frequency of these modes is independent of the radial
position probed by the reflectometer (l'eff - 11-15 cm) and their amplitude increases towards the
plasma centre.

The time delay signal has been measured simultaneously. The dispersive effects,
associated with the local density gradient, represent the largest contribution to the measured time
delay. Therefore, fluctuations in the time delay signal can he considered as a monitor of the
local density gradient. The spectral analysis of this signal, shown in Figure 2-b, does not
always show the coherent modes. Only in the most inner radial positions probed with the
reflectometer. the highest frequency (f - 37 kHz) coherent mode is seen. This absence of
coherent modes in the time delay signal can be interpreted as a movement of the density profile.

During discharges with combined heating, PECRH — 400 kW and PM“ - 1.5 MW.
where the ion temperature reaches values of about 1.45 keV, the frequency of the observed
modes is higher than during pure NBI heating, appearing modes up to 90 kHz. Similarly to
purely NBI heated discharges, the amplitude of these modes also increases towards the plasma
centre and their frequency is constant along all the probed radii. As an example Figure 3-3
ShOWS the spectra of the phase signal where several global modes are observed at different
frequencies. The coherent mode with the highest frequency appears at 85 kHz in all the probed
positions. The spectra of the time delay signal, Figure 3~b. shows this highest frequency
coherent mode in most of the radii tested while the lower modes are not observed.

“14.70 cm
"' "‘ '1430 cm

1‘2 :353 c’“ Figure 3-a: Phase
:5"; o 1 fluctuation spectra during
u .s
‘4': o e a combined NB] 4- ECRH

E 0‘4 heating for difi’erem radial

02 positions.

0.026

0.02

§ 0.015 Figure 3-b: Time delay

“0- 0““ spectra during a combined
0.005 NB! + ECRH hearing for

o difi‘crent radial positions.
0 20 40 Papa (RBI?) too 120 140 .

Microwave reflectometer results were also obtained during discharges in which the

heating was switched from pure NBI (0.5 MW) to pure ECRH (0.4 MW). In contrast to the
purely NBI heated phase in the purely ECRH heated plasma these coherent modes disappear in
the reflectometer signal in all of the probed radii, indicating that the heating and not the magnetic

configuration is related with the origin of the modes. Similar radial positions were probed by
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the reflectometer in the two heating scenarios. In the NBI heating regime (Fig. 4-3) a coherent
mode with a frequency of about 45 kHz can be observed in all the probed radii while with
ECRH (Fig. 4—b) this mode does not appear. The absence of the 45 kHz coherent mode in the
ECRH regime has been also observed by other diagnostics, e.g. Mimov coils as shown the
figure 5. a

A 2.5
Figure 441: Phaseflucmariari E 2
spectra during a purely NE! E 1‘5

° 1
heated plasma for difi‘erenr 0" 0.5
radial positions. :1
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D.
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Figure 5: Temporal spectrum
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In both heating regimes the low frequency broadband incoherent density fluctuations (f
< 40 kHz) decrease as positions futher inside are probed. In contrast the power of the 45 kHz
coherent mode observed with NBI is nearly independed of the probed positions.

Conclusions _ In NBI heated plasmas coherent mode activity is observed which shows up as
coherent oscillations in the rcflectometer signal if the phase mnaway is low. The spectral
analysis of the phase signals shows very sharp frequency lines. The modes decay with about
200 [as after NBI is switchedwoff and their frequencies scale roughly with the Alfvén velocity

[5]. They are observed in all the probed radial positions indicating a global mode structure.

These observations are in agreement with an interpretation as global Alfvén eigenmodes.
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Role of recycling to achieve high nT‘rE in WT-AS

O. Heinrich, H. Maafiherg, J. Baldzuhn, S. Fiedler and the Vl77~AS Team
Max—Planckdnstitut ft'ir Plasmaphysik, EURATOM Association,

D—85748 Garching, Germany

Introduction High nTTE at WTMAS in pure or combined NBI and ECRH discharges is
only obtained for low edge density. In the case of combined heating, steep temperature
gradients (T; as well as Tl!) in the region of low densities in connection with strongiy
negative radial electric fields are observed [1}. In the bulk plasma, both energy balances
(electrons and ions) and particle balance are in good agreement with the neoclassical
fluXes. In the gradient region the particle fluxes are still anomalous, but are much lower
than in discharges with higher edge densities and lower confinement, Central values of
high confinement plasmas with e. g. 825 kW NBl and 370 kW ECRH absorbed power
are as = 1 . 1020 111’s, T1 = 1 keV and 75 re 22 ms. This is by a factor of about 2 larger
than the one from the International Stellarator Scaling [2].
The same relation between confinement and profile characteristics appears if one consid—
ers the dependence of confinement on rotational transform 1. or density in WWI-XS. The
Variation of the latter leads partly to remarkable transitions in confinement. This points
to a crucial dependence of global confinement quality, edge profiles and recycling.

Particle Transport The influence of re» .
cycling and particle transport is studied in m
ECRH deuterium discharges with moder- X\. 4!
ate heating power (#450 liW') where either \i,“
t or the averaged line density was varied be-
tween shots. In addition, discharges with
a density ramp were performed and these low
are discussed in the next section. The plas— '
mas were limiter bounded (BZ = 23mT) by /’

high rampWa
n

[l
O) l

the symmetric inboard limiters [3], which H 1 5 L
allows particle transport analysis with de- E
fined sources. it was in the range around mu V]
i /3, which shows a resonance—like depen- '/_/
dence of confinement and c in WY-AS (up— 1.0 ' \{
per part of Fig. 1) [4]. At first sight this
behaviour might indicate a direct influence
of magnetic islands on transport, but neiu
ther this nor MHD activity seem to explain

0.330 0.340 0.350
10

Fig. 1: Diamagnetic energy W m and fig-signal
‘ . ‘ at the inboard limiter vs. central to. The Shad~

the observations. P08311316: explanatmns owed lines mark the xnaiues of the discussed
are given on the basis 0f anomalous trans- discharges with law or high confinement and
port effects induced by rational resurfaces density ramps.
and/or z—shear [5—7]. The Ha—signal (lower
part of Fig. l), which roughly corresponds to the particle flux at the edge, shows a strong

‘ anti-correlation to EVE”. This means that the particle transport is very important in this
resonant phenomenon.
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Fig. 2: Plasma profiles in the gradient region for low and high confinement. Below (#29925,
solid line, 0) and above (#299273 dotted, A} density threshold at r0 = 0.338. A: m :— 0.335
(#29928, dashed, D}. High nTTE NBI discharge (#34609, dash do:J x). Explanation see text.

Besides c the density has an equivalent influence on confinement. This can be shown as fol—
lows: if at to = 0.338 the line density is increased the confinement suddenly decreases at a
certain density. Fig. 2 shows the profiles near the confinement transition, Above the den—
sity threshold the density at the limiter increases and the density profile broadens; also the
particle edge flux ( H0,) increases. Simultaneously the temperature significantly lowers over
the entire plasma. radius and as a consequence the energy content decreases by almost 20%.

If then t is decreased to a high confine-
ment value (:9 = 0335, same line density)7
the former state with a narrow density pro~
file and good confinement is re-established.
Therefore at this point a slight change in
c or me have the identical effect. The com—
parison with the high confinement NBI
heated discharge shows a nearly identicai
density profile at the edge (ref! 2 12cm)
although the central density is almost twice
as high. So low edge densities seem to be a
necessary condition for obtaining high con
finement.

1.00 - .‘

D
[m

Z/s
]

0.01

local density 115 [cm‘31
Fig. 3: Effective difiusz’on coefficient D vs. 10» . . . _ _
cal density. Given are the “experimental” radial The particle transport 15 investigated With
D ’s between my; ;: 12 and 17' cm for discharges the help 0f the 3D Monte-Carlo code
(dots, dashed) of low (e. 9, #299271) and high ElRENE [S], which provides the particle
(e. g. #34609) confinement and between them sources. .The adaption to the experimen-
(#29925,#29928}. The lines are rough fits to tal conditions was done with a similar pro-
(one)4 with 43v 1E]13 : 0.92,1.4,2.5 from low to cedure as formerly [9] From a radial 1D
high confinement. diffusion equation (me—distribution in cylin—

7 drical symmetry) radially resolved parti-
cle fluxes and an effective difiusion coefficient are obtained. In fig. 3 the diffusion
coefficients D of the discharges of fig. 2 are shown. It clearly can be seen that
the relative density dependence is the same for all types of confinement. The rte—2‘
dependence found here is in contrast to earlier observations, which scale with Tie—1 [10],



1595

but the discrepancy is not understood so far. However the absolute value of D dif—
fers according to the quality of confinement: better confinement means lower D. The
same applies to the edge particle flux, which in the high nT'rE NBI discharges with
N 1021 part /s is very low compared to ~ 5 - 1021 part [’5 in the low confinement case.
A more astonishing point is that the differences in D can be resolved, if the local T5 is also
taken into account. Then the diffusivities can be described by D N (neT,)‘1. However
the implication is not clear: there could e. g. exist a mechanism, which acts both on He
and Ta profiles, or there is some direct relation between energy and particle transport.
Therefore it should carefully be interpreted as some additional parameter whose value
effects D. ‘

Density ramps In order to investigate

Wm
[H

]
nd

l
[m

'li

. .0
time [s]

Fig. 4: Density ramp-up for two different r at
low (to = 0.354) and high (to = 0.344) confine—
ment. In the low conf. case the edge flux {Ha}
increases with the confinement decrease, whereas
in the other case the particle confinement stays

the dynamic behaviour of the confinement
transition, discharges with positive and

fig. 4 the difference of a density ramp dis-
charge with low and high confinement is

ergy content increases linearly with den-
sity, in the other case the diamagnetic en—

old again. Both energy loss and edge
fiux are increased by a factor of '2 com- 2

excellent wall conditions the typical time
scale of a density ramp-up (~0.5s) could

Since in both cases the transition occurs at 0‘
the same line density, the density can be

ter. Fig. 5 shows a discharge with a density
ramp—down at low confinement to a 0.354

sition to high confinement as the density
decreases. This can be seen especially in constant.

transition the profiles evolve over 150 ms until a new quasi-stationary state is formed.
The energy content increases (due to T5) up to the value, which is observed in an equiw

stays nearly constant, but the line density still decreases. This indicates the change of
the density profile shape. The transition is not always as fast as in Fig. 5. A higher wall

negative density ramps were performed. In

shown. While in high confinement the en-

ergy deteriorates above the density thresh—

pared to high confinement. Dile to the E i ii

to“ M1
also be obtained in ramp-down discharges.

7. 0.4 U 6 0.8 1

clearly identified as the transition parame-

(see fig. 1). It exhibits a very sharp tran-

the edge flux (Ha), which drops on a Ins-scale, but also in ng— and Te—profiles. After the

alent discharge at high confinement t. At the same time the density profile at the edge

recycling e. g. smoothes the transition, because it influences the edge density profile.

From the data, no clear causality between the influence of ng and Te can be drawn. At
the transition the edge Tic—profile (by Li—heam) decreases, which marks the lower edge
density with better confinement, Simultaneously the particle flux is reduced, which cor-
responds to the lower D in high confinement (see fig. 3). Also the sudden increase of
Te as well as the increased negative radial E-fieid (171,91) indicate the better confinement.
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To elucidate the relation between par—
ticle flux and the edge density, the ra—
dial diffusion equation in cylindrical CO»
ordinates has been solved. For the dif—
fusion coefiicient typical “experimental”
dii’fusivities as shown in fig. 3 were used.
The simple “ii—dependence can reprcr
duce broad and narrow density profiles
similar to the experimental ones. How—
ever the edge fluxes were about 10%
higher in the case of a narrow profile.
It was not possible without additional
assumptions to bring down the fluxes
as found in the experiment. This cor-
responds to the observation of the last
section, that a D : D(m) description
is not sufficient to explain the different
particle confinement.

T“,
[5V

]

. 1 Conclusions A low edge density
Nil-m 1 seems to be a rere uisite for hi hM Hwy—«AH P q g

1% confinement in WT-AS. This applies
also to the resonancelike dependence

nc
[no

19
ma

}

6 WW “ of confinement with c. The strong
‘ “Mi 1 t'— 1r fd fl dE. on , ; an 1 corre a ion 0 e ge uxes an m
5" my“ E shows the close connection of particle

3 . MW 7 transport and this resonant phenom“
0.4 0,6 0,3 1.0 enon. There exists a density threshold,

time [S] Where a fast transition of confinement

Fig. 5: Time evolution of discharge #39258 {to 2 occurs. The particle transport analySIS
0.354) with a negative density ramp. Shown are 0]: different coghnenéent statesdiv?” u;
from top to bottom: diamagnetic energy, central t e nown n6“ epen ence an a. itiona
line density from microwave interferometry (line of TIE—dependence for the V“experimental”
sight : 50 cm), pol. rotation speed (by CXRS), difluswities However this should be in—
T8 by EOE at r5” = 1‘71100771! me by Lil-beam. terpreted as the influence of a parame-
at 7‘s}; : 12,14,16cm, Ira-signal at the inboard ter, which could be the temperature or
limiter. The transition occurs at 0.735; only after a related quantity. A causal influence of
1509113 the energy content reaches its maximum. he or Te cannot be distinguished
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Abstract: in VVTHAS, the longest energy confinement times Were achieved in NBI—
heated discharges under low Wall—recycling conditions. Low recycling is needed to control
the density at line averaged values of Ti, m 10:0 In“? Under these conditions, electron
and ion temperatures of up to 1 keV and confinement times of 55 ms were obtained with
an absorbed heating power of P m 0.35 MW. In NBI discharges without density control,
the density rose up to typically 2X1020 Ill—3 and the temperatures remained at 0.3 keV
only.

From the H~mode, Where after a fast transition the profiles broaden, these discharges
can be distinguished by low edge densities and a rather gradual improvement of energy
confinement. The reduction of transport is concentrated to a layer at about 2/3 of
the plasma radius. In this regiOn steep temperature gradients and a strong gradient in
the radial electric field develop. In this respect the discharges are similar to discharges
with stronger NBI and additional electron cyclotron resonance heating (ECH), Where the
highest ion temperatures were achieved [1].

What is specific for the discharges here is the
gradual transition. Since the measured electric ‘00
field is consistent with the neoclassical ambipo—
iar field, this high-confinement mode could be
an example where the neoclassical electric field
leads to a suppression of anomalous transport,
this in turn produces steeper gradients which
lead according to neoclassical theory again to g
a stronger field. This loop is interrupted when
transport reaches the neoclassical level. The re
suit is a transport barrier similar as in high per" 1 1'0 100

Lean-W?formance tokamak discharges like in JET [2] 1 (ms)

'HmweMin“ T,

1(
m5

)
3

Global Energy Confinement Time: In Fig. I: Diamagnetic confinement times of
Fig. 1, we compare the energy confinement time high-confinement NBI, high ion temper-awn:
TE of high~confinement discharges with the W7— and H-mode discharges 0091190d with the
AS dataset contributed to the 15895 scaling [3], 15395 scaling (W7—ASpre-factor) and WT-AS
which covers our previously accessible parame— data contributed to the 15595 database (open
ter range. In the 18895 dataset a trend was al- symbols). Omsses: kinetic values.
ready observed of the kinetic confinement times,
as deduced from profiles, being about 15% higher then the diamagnetic Ones. For the
discharges here, the kinetic confinement time is about 35% higher than the diamagnetic
one. A l5% discrepancy can be understood in terms of the diamagnetic loop picking
up a component of the vertical field generated by Pfirsch-Schliiter currents. The 35%
difference remains unclear at the moment. Since the profiles are well documented for
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these discharges, we have added the kinetic confinement times to the plot. The figure un-
derlines that the confinement time of these discharges is a factor of 2 above our standard
confinement level.

Characteristics: In Fig. 2, the
main characteristic:: of a high-

a

confinement NBI discharge are de— g 1”
picted. The distinct feature is the 3g 5
continuous increase from 0.25 to 0.4 s 7,. “
of the energy content at constant 55 ‘
heating power and line density. Dur— 3/. 4
ing this phase, which corresponds to z 0
three energy confinement times, elec— 9

. . 0.3 c--.,\
tron and ion temperatures increase. in", “a”
Simultaneously, a reduction in the P 0
Ha light indicates improving parti- ET
cle confinement. The slow increase S;
of the impurity content in the core I a
is consistent with impurity transport 3 ”15013.5(!“
studies [4] yielding a. very low parti- g s sham:
cie diffusivity of 0.07 mz/s and in- ”W“
ward convection of 5r/a (In/s).

The improvement is accompanied
by a reduction in the density fluctu-
ation amplitude, which is partly due
to the fact that the reflecting layer
moves 1.5 cm inward during the mea-
surement. We observe the reduction
primarily in the frequency range be- ‘ .
low 60 kHz The radial electric field Z,” from soft X-ray 61121581071, electron temperature from

' EOE and ion temperature from a neutral particle analyzer.
Ha light from a limiter, density fluctuation amplitudes from
reflectometry integrated over the entire spectrum and over
higher frequencies only, radial electric field from passive

charge-exchange spectroscopy.

o
aw

n»
I'u 0

(lm (s)

Fig. 2: Time traces of discharge 39181: Diamagnetic en-
ergy content and heating power, line averaged density and

at a location close to the minimum of
the thermal diffusivity becomes con-
tinuously stronger while confinement
is improving.

In Fig. 3, the temporal evolution
of electron density and temperature
profiles of this discharge can be studied. The increase of the electron temperature occurs
over the entire cross—section and stops at around 0.4 s first in the outer region and later in
the core. The increase of the energy content can be partly attributed to the broadening
of the profile. The evolution of the density profile continues up to 0.55 s. After an
initial evolution from a broad to a more peaked profile, it is primarily the edge density
which continues to decrease. We see that a continuing reduction of the edge density does
not lead to a further improvement of energy confinement. The possibility of controlling
the density seems to be the crucial element rather than the low edge density. Radial
derivatives of the data in Fig. 3 show a pronounced steepening of both temperature and
density gradients in the radial zone betwoen 10 and 14 cm during the initial phase where
confinement improves. The gradients remain unchanged after 0.4 s. The bolometric
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Fig. 3: Temporal evolution of the electron temperature profile from fits to 24 ECE radiometer channels
(left) and the density profile unfolded from 8 interferometer channels (right)

radiation profiles are hollow with a maximum at about 0.14 In and start slowly to fill up
in the centeri At the end of the discharge, this proccss is not yet completed.‘

Power Balance Analyses: The
transport properties of a high»
confinement NBI discharge are com—
pared with those of an ECH dis—
charge at similar density and a. heat
ing power of 0.5 MW. The ECH
discharge serves as “normal” con-
finement case. Although the ab-
Barbed power is higher, the kinetic
energy content is only 13 kJ com—
pared to 17 kJ of the NBI discharge.
The power balance analyses shown in
Fig. 4 were carried out with the same
heat diffusivity x E X2 = x.- for elec-
trons and ions. Electron tempera-
ture and density profiles from Thom-
son scattering serve as input and X
as well as the ion temperature profile
are derived from the powor balance.
They are compared with measure-
ments and neoclassical predictions
from the DKES code [5]. For both
discharges, the calculated ion tem—
perature agrees with the measure-
ments.

The neoclassical diffusivities in
Fig. 4 are total energy fluxes divided
by the temperature gradients, hence
the same quantity which is extracted

in
n.

(Io
wa

n-
5)

s

ll 4.0
1!.
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W
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Fig. 4: Comparison of power balance analyses of a high-
confinement NBI discharge (left) with an ECH disclaims

(right). Thomson electron density and temperature (open
circles) and fits (solid lines), ion temperature as result from
the power balance (dashed lines in the middle) and from
charge-exchange spectmsoopy (solid squares) and neutral
particle analyst's (open squares): Heat diffusivity from the
power balance (solid line) compared‘to the equivalent neo-
classical estimates for electrons (dotted) and ions (dashed),

from the power balance. In case of the ECH discharge, x agrees well with the neoclassi~
cal estimate for the ions and is well above the electron value. Hence, if the ions behave
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neoclassically, the electron heat diffusivity must be strongly anomalous.
In case of the N131 discharge, there is an overall reduction of the diffusivity. X is

below the neoclassical ion diffusivity and touches at its minimum the neoclassical electron
diffusivity. From this result for x for r < 10 cm, we cannot conclude that x; is below
the neoclassical value. A two fluid power balance showed that using the neoclassical
prediction for Xi is also consistent with the central ion temperature measurements. In
such an analysis in the core , Xe drops only by 20%. At the transport barrier (r m 12 cm),
however, the two fluid analysis fails to reproduce the data. Either the ion temperature
is predicted as too high or, if in this region additional anomalous losses are added to the
ion channel, Xe drops well below its neoclassical value. The result at the barrier is that
either Xe or Xe or both are below the neoclassical prediction. Hence this region satisfies
the criteria of a transport barrier in which anomalous transport seems to be suppressed.

E x B and Magnetic Shear: The slow temporal evo-
lution of confinement could also point to current penetra— "9
tion and magnetic shear as an important ingredient. The ' 39:42 1 I
a profile of the highvconfinement NBI discharge has a low
magnetic shear zone in the outer half of the plasma. By
adding positive and negative currents to the discharge it
was shown, that the magnetic shear was not the key pa-
rameter. It can be ruled out too that the existence of neg-
ative shear is, as in tokamaks, a pro-requisite of achieving
the high confinement times. ‘00 .65 .{0 .1'5

In comparison with the transport barriers observed in r.“ (m)
the H-mode and in high performance tokamak discharges
the role of the radial electric field is of special interest. In
W7~AS in general, there is agreement between the electric
field as deduced from spectroscopy and from the ambipolar~
ity of the neoclassical fluxes {6] Fig. 5 shows that this also
holds for the high—confinement NBI discharges. The radial meow
zone of low transport is characterized by strong gradients
in the radial electric field and hence strong shear in the perpendicular plasma flow.

In Fig. 2, it was shown that the electric field increases together with electron and
ion temperatures. The fact that confinement improves gradually rather than through
a fast transition could point to a causality loop where transport is reduced by sheared
flow generated by the neoclassical electric field. The reduction of transport steepens the
gradients, which increase again the neoclassical electric field etc. This loop would stop
when anomalous transport is suppressed and transport is on the neoclassical level. The
time constants of the process would be in the order of the confinement time.

I l

5-
l’1?

n‘i“

Fig. 5: Radial electric field
as deduced from charge-exchange
spectroscopy [6'] and neoclassical

References

[1] KICK, M. et al., Proc. 16”” Int. IAEA Cour, Montreal, 1995.
[2] NAVE, M. F. F. et al., Nucl. Fusion 32 (1992) 825.
[3] STROTH, et al., Nucl. Fusion 36 (1996) 1063.
[4] BURHENN, R. et al., this conference.
{5] MAASSBERG, H. et a1, Phys. Fluids, 135 (1993)3627
[6] BALDZUHN, J. et al, this conference.



1601
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Introduction

In the stellarator W7~AS the Hnmode is characterized by an edge transport barrier which
is associated with a strong reduction of magnetic and density turbulence and a sheared poloidai
rotation in the electron diamagnetic direction [1,2,3]. A specific feature of W7-AS is the
restriction of the H-mode operational range to narrow windows of the edge rotational transform
where the H-mode is obtained even at the lowest available heating power. The quiescent ELM—
free H—mode is always obtained through a phase with quasi periodic ELMs [3]. Once the

quiescent state is reached, edge profile gradients and the spectroscopically measured poloidai
plasma rotation develop on a timescale of about 20 ms while the energy confinement improves
by AW/W=30%.

Influence of edge parameters on the H-mode operational range

In the low-shear stellarator W7~AS Hnmode operation is obtained within narrow

windows of the edge rmationai transform la ( e.g. at 13 = O.525i0.005 and La z 0.48 ) at the

lowest available heating power, 200 kW of ECRH (one gyrotron) or 340 kW of NBI (one
source), respectively. The actual poWer threshold might even be Iowa. At the onset of an ELM-
free quiescent H-mcde the energy flux density across the separatrix is comparable or less to that
found for the L~H transition in tokarnaks [4].

The magnetic field topology within the operational windows is characterized by a
comparatively large plasma minor radius and a plasma boundary determined by the inner
separatrix of a natural island chain ( e.g. 5/10 and 5/9 ). The limiter does not disturb this

LCFS. Under these conditions two mechanisms are believed to contribute to the easy access

into the H-mode: (1) outside the LCFS the connection lengths decrease to a value of some

meters within a radial distance Ar z 1 cm. This allows for the development of a strong radial
variation of the radial electric field and a corresponding velocity shear layer already before a

fully developed H—mode is achieved [5]. (2) the poloidai viscosity is lower than for other values

of la» as the island structures which create strongly corrugated flux surfaces increasing the

magnetic pumping are shifted out of the confinement region [2,6].
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The quiescent H—mode is always reached through a phase with quasi periodic ELMs [2]

with a typical repetition frequency fELM > lld-Iz. Between the ELMs turbulence is strongly

reduced and indistinguishable from the quiescent H-mode phase. Global confinement in this

ELMy H—mode is close to the L—state which only exists outside the H—mode operational range.

Within the H-mode operational windows no stationary turbulent L—mode is found to proceed the

transition. Instead short (<lms) quiescent phases and sequences of periodic ELMs are observed

intermittently even in the early phase of the discharge. For the onset of an ELM-free quiescent

H—mode a threshold density nth is required which depends on the edge rotational transform as

an important parameter. In Fig.1a the operational window around La = 0.525 is marked by the

hatched area and the observed values of nth are given by the squares. The numbers inserted in

the Figure indicate the repetition frequencies fELM observed in ELMy H—rnodes. As the density

approaches the threshold fELM decreases to a minimum of 1 kHz. Stationary ELMy H—modes

have been obtained below the threshold for up to 700 ms if the line averaged density was kept

constant. In Fig.1b the same range of the total edge rotational transform ta is scanned

continuously within 130 ms in a single discharge by adding a small ohmic current

( 0 kA < Itor < 5 RA ). The average density is kept constant at <n>=4 1019 m3. ELMs‘

appear as 1a crosses the operational range and fELM approaches a minimum as the chosen

density is close to the corresponding threshoid density for a quiescent H—mode.
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Fig. 1a: Operational range (hatched area) and threshold Edge electron temperaturefrom ECE (Fig. 1b) and

density (squares) for the quiescent H—mode in the la Horrignal (Fig. lc) as the total edge rotational

window around 1320.525. The numbers inserted indicate transform is tuned over the operational window
ELM repetition frequencies afELMy H-nwdes in kHz. shown in Fig la by adding an increasing ohmic

current. <n> is kept constant at4 1019 m'3. The
time window shown lasts [30 ms.
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The influence of magnetic shear

The H—mode can also be achieved if positive or negative magnetic shear is induced in
addition to the vacuum configuration by positive and negative ohmic currents. An improvement
of the edge confinement can be obtained by magnetic shear even outside the H-rnode operational

windows [7]. With increased shear the fluctuation spectra observed with reflectometry are

found to broaden and shift further into the electron diamagnetic drift direction.

Dynamic behaviour of edge parameters

The ELMS within the ELMy H-mode display characteristics similar to type III ELMs
found in tokamaks [8]. They show up as bursts of magnetic and density turbulence with a
repetition frequency >ikHz and a typical length of 200m followed by an interval with strongly
reduced turbulence identical to that in the quiescent H—mode phase. In most cases at the onset of
the ELM magnetic coils measure a quasi coherent precursor activity with a frequency around
400 kHz. Edge profiles of TC and me are obtained with high time resolution from 130 and SK-
emission, reflectometry and a 10 channel mm—wave interferometer, respectively As the
broadband magnetic and density turbulence level starts to grow the edge profiles of Te and n3
flatten over the first 3 cm inside the separatrix, emphasising the edge localized character of the
phenomenon and the associated loss of confinement As soon as the level of turbulence begins
to decrease edge gradients again begin to steepen.

The radial propagation of the change of density perturbations is followed with
reflectometry on a shot to shot basis using the onset of the Hot-burst as reference. Over a

distance from 3‘ cm inside to 1 cm outside the separatrix the increase of the density fluctuation
level occurs within a time interval as short as 20 us.

The poloidal prepagation of density perturbations can also be measured with the
reflectometer system since the antenna beams are tilted with respect to the normal of the

magnetic surfaces. The measured Doppler-shift of the reflected rum-wave results from the
selected poloidal wavevector component and the poloidal propagation velocity of the density

perturbation [9]. As an example Fig.2 shows a frequency powar spectrum of the reflected wave

during an ELMy H-mode. The spectrum is Scanned over 20 ms, therefore about 30 ELMs and

intermitted quiescent phases are covered Selecting only time intervals during ELMs Fig.3

shows the radially resolved Doppler-shift on a shot to shot basis. The observed Doppler-shift

towards negative frequencies is due to the poloidal propagation of the density perturbations in

the electron diamagnetic drift direction. The poloidal propagation velocity of fluctuations

derived from the Dopplernshift depends critically on the resulting tilt angle Le. on the details of

the complex edge topology. For positions inside the separatrix region a maximum poloidal

velocity of about 20 kin/s is estimated. Note that the observed velocity of the turbulence

structures Vpdl is the sum of poloidal plasma rotation and the intrinsic phase velocity of the

turbulence itself.
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Fig 2 .' Power spectrum ofa rq’iected min-wave measured Fig 3 : Doppler—shift of the reflected rignal
over 20m: ofan ELM)» H—mode consisting of about 30 during ELMs. Each point is an average over 20
ELMS and imennittentquiescent intervals. The imrhifted ELMS. Different radial positions have been
line reflectedfrom the rear tom: wall is given as a reference. probed on a shot to shot basis. The repararrbc

position estimated from an interpolation of
equilibrium calculations is 16 cm. For the steep
edge gradients observed the acmai separarrix may
be shifted more outward.

Termination of the quiescent H-mode

After a quiescent H~m0de of more than about 50 to 100 ms confinement tends to
degrade which is accompanied by an increase of bolometiy and SX radiation. During this phase
strong isolated ELMs can appear as a distinct (duration less than 300115) burst of magnetic and
density turbulence associated with a huge spike in Her-emission and a reduction of 11.3 and Te
gradients at the edge (Le. less than 3 cm inside the separatrix). In contrast to the quasi periodic
ELMS found in the ELMy H-mode the edge gradients do not recover immediately after the event
but remain flat for a typical period of several ms. During that time the decrease of ne and Te
propagates to the inner part of the plasma. In comparison to the quiescent H—phase the
fluctuation level at the plasma edge in most cases remains significantly higher during this
period.

References

[1] Wagner et 21]., Plasma Phys. Control. Fusion 36 A61 (1994).
[2] Holzhauer et al., Plasma Phys. Control. Fusion 38 1267 (1996).
[31 Hirsch et al., Proc. of the 16th IAEA Conference, Montreal, 7—11 Oct 1996.
[41 Ryter et a1. Plasma Phys. Control. Fusion 36 A99 (1994).
[51 Wagner et al, Proc. of the IAEA Conference, Sevilla. V1.1 559 (1994).
[6] Wobig and KiBlinger, this conference.
[7] Brake] et al. this conference.
[8] Zohm. Plasma Phys. Control. Fusion 38 105 (1996).
[9] Hirsch, Holzhaucr. Proc. of IE Workshop on Reflectometry. Madrid, May 5—7 1997.



1605
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Introduction: The confinement properties of stellarators in the long mean free path regime
are determined by the radial component of the VB-drift of particles trapped in local ripples. In
the worst case, the unfavourable neoclassical temperature dependence of the heat flux, q 0: T9”,
leads to rather poor confinement properties. Optimisation of the magnetic configuration - e.g.,
as performed for W7—X - can significantly reduce the averaged radial drift of these localized par-
ticles leading to an essential confinement improvement. A sufficiently strong radial electric field
(the poloidal E x B-drift) will force the trapped particle orbits close to the flux surfaces also lead-
ing to significantly reduced transport. With the neoclassical transport coefi‘lcients in the Imfp
regime depending on Er, multiple roots of the ambipolarity condition, I“, = Zrl‘h may exist:
the “ion root” solution with weak ET for which only the ion transport coefficients are reduced,
and the “electron root” solution at strongly positive E, with additionally improved electron
confinement. For classical stellarators (without optimisation of the magnetic configuration) the
“electron root” scenarios are mandatory to obtain acceptable confinement properties. Further—
more, operation with the positive ET may turn out to be essential for preventing neoclassical
impurity accumulation. 7

Experimental Findings: Recently, strongly positive radial electric fields have been measured
at W7»AS in low density discharges at high ECRH power level (2 400 kW) with 2nd harmonic
X-mode (140 GHz). The electron temperature profiles are highly peaked (with T40) up to
4 hell), and the ion temperatures (with T,- of several 100 eV) fairly fiat, see Fig. l. The density
profiles are flat or even slightly hollow. The finding of the strongly positive ET is related to
an additional peaking of the central Te profile indicating improved electron energy confinement.
The corresponding experimental heat difiusivity, Xe , from the power balance is much lower than
the neoclassical one for E, r: 0. E,- simulations based on the neoelaseical ambipolarity condition
with only thermal fluxes taken into account predict only the “electron root” in the inner plasma
region. The predicted neoclassical Xe with these E, are, however, smaller than the experimental
ones.

This “electron root” feature at sufficient ECRH pOWer is only found for WY-AS configurations
where a significant fraction of the ECRH power at 2nd harmonic X—mode is absorbed by ripple
trapped electrons close to the magnetic axis. For 70 Gllz Osmode launching, an “electron root”
feature was not observed, so far [1]. Equivalent experiments in a configuration without trapped
electrons in the ECRH launching plane neither show these strongly positive ET nor the addi-
tional peaking of the Te profile. In spite of the fact that this'specific magnetic configuration is
neoclassically improved, the central Te are lower than the ones of the “electron root” feature at
equivalent power levels. A strong indication, that the ECRH driven electron flux (related to the
generation of suprathermal electrons as shown by bounce-averaged Fokker-Planck calculations
{2}) is responsible for the “electron root" feature, is found from the ECE temperature measure-
ments after the ECRH is switched all, see Fig. 2. For the configuration with significant trapped
particles in the launching plane (even more than in the “standard” configuration of Fig. 1), the
decay of the central Te is characterized by two different time scales. After a very fast decay
(within less than 1 ms immediately after switch-off), the central Te relaxes on a time scale
similar to that slightly outside of the “electron root” region. For the “neoclassically improved”
configuration, the initial fast decay is not found, and the central Te is lower although the con-
finement (reflected by the time scale of Te(r,t)) is clearly higher. Furthermore, the confinement
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Fig 1 Temperature and density profiles for an ECRH discharge (X—mode at 140 GHZ with
400 kW) in the W7-AS “standard" configuration. The E?r profile is simulated by means of the
ambipolarity condition with only the thermal neoclassical fluxes taken into account (experimen-
tal E, data from active CXRS, loWer left plot). The electron heat difl‘usivities (lower right plot):
the neoclassical ones with the simulated E,- (X), and with E. = 0 (dotted line); the x. from
power balance (dot-dashed line) is given for reference.
properties of high energetic electrons found in the strongly down-shifted ECE channels (with
small reabsorption by the plasma. at outer radii on low-field side) also show the fast response,
depending on the magnetic configuration.

Monte Carlo Simulations: The “convective" contribution of the ECRH driven electron
flux is estimated by Monte-Carlo simulations in 5D phase space [3}. The quasi-linear diffusion
term describing the ECRH in the Fokker-Planck equation is approximated by an explicit source
term, 2,, - LB, - 2,, fMaxl- The quasi-linear diffusion coefi'icient, DLJvL), is obtained from
ray-tracing calculations for the different heating scenarios. in this linear approach, the driven
electron flux is proportional to the heating power. Quasi-linear degradation efi'ects at higher
ECRH power can only be treated by means of the bounce-averaged Fokker-Planck code [2]. The
effect of the difierent magnetic configurations, however, iscompletely taken into account.

Fig. 2 ECE electron temperatures after the ECRH is
switched off for ECRH discharges (400 kW, X—mode at
140 GHz) with me _~. 1.5 1015 m"3 for configurations with
slightly increased (solid lines) and nearly without rip-
ple (neoclassically improved, dotted lines) at the ECRH
launching: central, intermediate (from high field side)
and outer channels (from low field side).

The electron fluxes driven directly by the ECRH are shown in Fig. 3 in comparison with the
neoclassical ambipolar fiuxa for the discharge parameters of Fig. 1. These ECRH driven fluxes
are significantly decreased by Er, but less than the neoclassical ones at the transition region
to the “electron root". Consequently, these “convective” electron fluxes dominate at high E,-
in the ambipolarity condition. Within the traditional neoclassical transport theory (which is
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the basis for the DKES code [4] used at W7~AS), this discrepancy cannot be resolved since
all fluxes are decreased with increasing Er (e.g., the. electron transport coefficients in the W
regime scale with Era/2 which is the case in the “electron root” region). Due to the higher
absorption for the X-mode scenarios, the DLMUMNQ has a maximum closer to the thermal
bulk than for the O—mode case. In case of X-mode, however, the power is mainly absorbed by
deeply trapped electrons whereas in the O-mode case mainly by barely trapped electrons. In
addition to the vvg drift being proportional to energy, the energy dependence of the collisional
detrapping leads to the broadening of the electron fluxes in the O-mode case, These raults are
well in agreement with the findings from the “effective power deposition” profiles by the electron
heat wave propagation analysis [2]

0" .1..l I.

Fig. 3 ECRH driven fluxes from Monte
Carlo simulation for ne 3 2 1019 m‘a,

x 1020’ E Te 2 3.5 keV, and 400 kW heating power in
5 ‘ the W7-AS "standard” configuration: with

E, = D (X—mode: solid, and O—mode: dot-
dashed line), audwith E, corresponding to

1019. Fig. 1 (X-mode; dashed, and O-mode: dot-
ted line). The ambipolar neoclassical fluxes
(purely ti: ermal) are given for reference (open

r cm circles: unstable root).

Effects of strong poloidal rotation: The strongly positive radial electric field within the
region of the “electron root” feature leads to complex effects on the flux surfaces In the con-
tinuity equation, the inhomogeneity of B with Z - 23x3 2 “228x13 -_VZlnB drives a parallel
flow (which is the equivalent to the Pfirsch-Schliiter current) as well as a (lst order) density
inhomogeneity, m. in the ion force balance equation, the (H‘Elfl term is approximately given
by the gradient of the kinetic energy related to the poloidal rotation as well as the parallel flow.
Viscous damping of this parallel flow by, e.g., ripple trapped particla leads to an enhanced
density disturbance in which, in turn, has to be compensated by a (lst order) potential, in,
in the electron force balance equation. These elfects can play an essential role mainly in the
poloicial component of the force balance, and an external energy iiux seems to be necessary to
drive a. strong poloidal rotation, i.e., the “electron root“ feature.
On the other hand, the strong Er leads also to modifications in the neoclassical transport. In
the “usual” ordering, the Ex 8 drift is assumed to be constant on flux surfaces (and terms of
the order of (E X EB) - E, are neglected to allow for a mono—energetic solution). The only
mode coupling in the Fourier expansion of the drift-kinetic equations appears due to the mir—
ror term, _£_l - gosh/0p (with f1 the let order distribution function, and p z U)§/U), leading
to all the neoclassical transport in the lmfp regimes. In addition to the E - 2131 3f1/3p in
the self-consistent approach [5], also the QEXB oflfl term leads to mode coupling, and, as a
consequence, to a let order density and potential, m and in, respectively. As this gun is
partly counteracted by the ”I term, this effect will be dominant in the ion drift-kinetic equation,
whereas the let order potential affects both equations. Although no particle fluxes are driven
by the (In with respect to (the (1th order) fo, the energy flux is directly affected. With respect
to [1 (which leads to the usual neoclassical transport), the strong Er will modify the particle
and energy transport both for electron and ions in this self-consistent apprbach.

The bifurcation in the radial electric field: After fluxeurface averaging of the poloidal
component of the combined electron and ion force balance equation, the contributions of the
pressure as well as of the kinetic energy (from rotation and parallel return flow) vanish. In this
context, only the neoclassical predition of an “ion/electron root’I transition based on the local
ambipolarity condition is analyzed. With the shear viscosity in the divergence of the pressure
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tensor taken into account, the transition between both roots is smoothed out leading to a local
violation of the neoclassical ambipolarity condition, i.e,, to a radial current, e(Z,-F, - Fe), of
different sign on both sides of the poloidal rotation shear layer. With the fin/5t term from ion
inertia, the (time dependent) diffusion equation equivalent to Ref. [1] is obtained (for simplicity,
(in/(9E, = 0 is assumed here for the normalized shear viscosity coefiicient 7})

nmv a 2 8 , HE E3—2‘5 , = 55:13” ( a; — 7’) « e(z,r, _ re).
Under the assumption of a stationary Er, this diffusion equation leads for small r") to the shear
layer position, TSL, Within the region of several roots, see the solid line in the ET plot in Fig. 1.
With the current density, 6(Fg — I‘E), roughly of the form (X (Er w Er') (Er - ET“) (Er — Ere)
where the index refers to the “electron”, an unstable, and the “ion root”, the diffusion eq. for
Er leads to a “bifurcation” problem which is quite similar to lst order phase transitions in
non-linear thermodynamics, erg, see Refs. [6,7]. Within the poloidal rotation shear layer, the
rotation energy is dissipated by viscosity leading to a damping mechanism adding to the one
discussed in the previous section. Here, however, only the radial motion of r51, can be analyzed
(i.e., the fluxnsurface averaged force balance has one degree of freedom).
For the special scenarios with T,- << T.E and the pronounced lmfp transport in WYAAS at the
inner radii (here, the “effective” helical ripple is mainly determined by the toroidal mirror
terms) the region with multiple roots of the ambipolarity condition is radially restricted. The
thermodynamic arguments can only be applied in this region for estimating 1-51,, i.e., in this
picture the Viscous damping of the poloidal rotation within the shear layer cannot be the main
reason for the total disappearance of the “electron root”. Then, in both the transition and the
“electron root” region, the crucial point is related to the “current dependence" on E, within
the “electron root” region, i.e., the neoclassical Z,l“,-(Er) — F.3(Er) dependence.

Conclusions: The “electron root” feature found at VVT-AS with strongly positive radial elec-
tric fields is driven by the ripple~trapped suprathermal electrons generated by the ECRH. After
switching-off the heating, the “electron root” feature disappears nearly immediately, i.e., on the
same time scale as this ECRH driven flux. Monte Carlo simulations in 5D phase space clearly
indicate that the additional “convective” electron fluxes are roughly of the same order of the
ambipolar neoclassical prediction for the “ion root“ at much lower 13,. For the predicted “elec-
tron root” Er, the ambipolar fluxes predicted by the traditional neoclassical ordering are much
too small. These findings indicate strongly, that the traditional neoclassical theory (at least for
the ions) has to be checked in case of very strong radial electric fields.
Due to the variation of the magnetic field strength, a strong poloidal plasma rotation drives
also a Pfirsch—Schliiter—like parallel flow on the flux surfaces, and, as a consequence, density and
potential variations. This Parallel flow velocities can give a significant contribution to the inertia
term in the ion force balance. Although experimental indications of instabilities affecting the
central confinement properties are missing so far, the “free energy” related to the strong poloidal
plasma rotation as well as the parallel return flow may also be responsible for an “electrostatic”
instability which superposes the neoclassical transport in the central region. All these features
of the “electron root” at WY-AS, howaver, cannot be extrapolated to the high density scenarios
with TB 2 T, in next generation stellarators, One essential aspect is the questionable reliabil—
ity of the traditional neoclassical transport predictions for very strong radial electric fields as
obtained in the “electron root” scenarios.
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Introduction - For the decay time of injected tracer impurities (aluminum laser blow-off)
in W7-AS, the electron density is, among others, an important scaling parameter [1], indicating
improved confinement of impurities towards high electron density. Previous impurity injection
experiments (H25 gas oscillation and Al laser blow—oft) [l] at medium density (neo=2-5-1019
m'3) could partially be simulated within the errors by the one-dimensional radiation and
transport code SITAR [2], based on neoclassical and Pfirsch-Schlt'rter transport for
axisymmetric devices. At low density, the transport was found to be significantiy higher than
predicted, whereas at high density (neo=6.5’1019 m'3), the neoclassical fluxes had to be
reduced to fit the experimental data. Analysis of further discharges at different electron
densities, using a simple transport model (diffusion coefficient D(r)=const, inward velocity
v(r)=(rla)v(r=a), a: plasma radius), supports the trend of decreased diffusion coefficients
towards higher density, which cannot be attributed simply to a decrease in Zeff. A similar
dependence of D on electron density was already observed in ECF heated Heliotron E plasmas
[3] and supposed to be caused by changes in D rather than in the flow velocity, the latter being
close to the classical expectations. In order to elucidate the density dependence in W7—AS,
discharges with densities varied by a factor of 2 (neo=3.5/7‘1019 m'3) are analyzed in more
detail (fig.l), together with fluctuation- and MHD-diagnostics and measurement of the radial
electric field. Especially in non-axisymmetric devices like stellarators, the latter can play an
important role for impurity transport [4], but is not yet included in SITAR.

Simulations with simple assumptions about D(r)- and v(r)-profi1es might mask possible local
changes in transport. Therefore, the radial transport coefficients were tried to be directly derived
from the temporal and radial behaviour of spectral radiation, detected by the SX-camera during
the penetration process of injected aluminum by laser blow-off. Indications were expected,
whether the modification of the transport coefficients happens in the core plasma or somewhere
in the plasma boundary.

Transport analysis - Because of its good radial and temporal resolution, the SX-camera
is a proper diagnostic tool at W7-AS for transport investigation. In spite of its energy—integrated
information, the use of at 25pm Be-filter in front of the camera offers the possibility to restrict
the number of ionization states contributing to the measured intensity and simplifies the
reconstruction of the total impurity density profiles. For total impurity density reconstruction
during the penetration process of injected aluminum, the radial intensity profile at each time-step
was abet-inverted (figs.1b,e) and converted to a total impurity density profile assuming coronal
equilibrium (quasi-stationary condition) in a first step. This is considered to be applicable in



"90:3.5-1019 m'3

SHAH-simulation
oi SX-camera'

fly
em

is
sw

SX-camera (25 pm Be—iilter)
#3 8708-38709

em
is

si
vi

ty

: : G)
'12, -0.5‘_‘ '-

‘Q - .
r: _
~. H _
x'1-D .. .
E .. A

-

w .

.15 I . . K . ,

grad n f n 0'5

1u * i v - i i 1 .
1 med. dens” g)
1 fi‘ ‘ ...- high dens.
1 (gr 1.

I .E.
D

“If."

inward"
-6 r i . : “+-

0 4 8 12 16
radius (cm)

1610

neo=7-1019 m".3

SlTAR—simulation
of SX-camera
with derived D.v

ity
'

“I n
V

l/tflé
lwk

if;“
‘

em
is

5iv

llll
1‘ mil

:1;I}:
III M d)I Hi:"i l f

l 311‘ l
"x‘i‘i‘

SX;camera (25 pm Be-fllter)
#38565-38566

flu
xl

n
x1

03

gradn/n

FigJa-f.‘ Comparison between medium densiry (feft)
and high dznsity (right):
(he) .' Temporal evolution of radiation derecred by
SX-camem during rhefim 50m: after aluminium laser
blow-Q6?
(of) .' graphical derivation oftmnspon parameters D
and vfrom reconstructed mm! density profile evolution;
(42,11) ,‘ Simulation (If SX—radi'arion with the derived D
and V;

Fig. lg: Experimemaiiy derived transpon paramerers
D. vfor medium density (Ihin curve) and high density
(thick curve! (doned lines: extravolaliansl



1611

low~transport discharges at high electron density. The transport coefficients at a certain radial
position can then be derived from the local temporal evolution of the total impurity density
profiles n(r,t) {5]. With the ansatz Fz—D grad(n)+vn, D and v can be determined by fitting a
straight line, when plotting the normalized total impurity fluxes F/n vs. the normalized total
density gradients gradtn‘yn for all time points at this radial position (figs. Ic,f). The flux F can
be estimated from the density profile evolution using the continuity equation dn/dt:—div(l’) with
restriction to radial regions where external sources and sinks can be neglected.

In cases where the assumption of quasi-stationarity might not hold, the reconstruction with
coronal equilibrium can cause errors. Therefore, the radial density profiles for each time step
were reconstructed again, now using a reconstruction factor Btr,t):n(r,t)IP(r,t) (Pztotal local
emissivity contributing to SX-camera} obtained from a transport and radiation calculation with
SITAR, using the D- and v—values derived in the first step as input. A repeated derivation
procedure for D and V, but now with the Corrected density profile evolution as described above
provides new transport coefficients (figlg) which, in fact, fit the SX-camera better in most
cases (fig.la,d). The accuracy of this iterative method strongly relies on the quality of abel»
inversion and atomic data base. Possible errors have to be discussed in this context.

Results and discussion - in order to study the density dependence of impurity
confinement at W7—AS, ECF—heated discharges (PECF=400kW) at two different densities
(figs.la,b,c: ngo=3.5-10'9 m'3; figs,1d,e,f: n50=7~1019 m‘3) were compared. The transport
coefficients were derived according to the procedure described above and are plotted in fig.1 g
for both densities.

For the outer plasma region, the last reliably determined value of the diffusion coefficients at
r=10»1 1cm were kept constant up to the plasma edge. They represent average diffusion
coefficients for this region, determining essentially the central time behaviour during the inflow
phase. The extrapolated average diffusion coefficient for medium density approaches values
consistent with neoclassicaliy predicted ones (0.09m2/52D2004m2/s, lUcrrL>.r217cm), but
falls below the predictions (0.2m2/32D20i07m2/s, 10cm2r217cm) for the high density case.
This trend is even more pronounced at higher electron densities of neo=1.2- 1020111-3, eg. in
high confinement neutrai-beam heated discharges [6], where transport coefficients were derived
(Dtr)=0.07m2/s, vtr)=5m/s-tr/a), #38551), being clearly smaller than predicted by SITAR, in
which the fluxes are already reduced by 50% to account for the W7—AS transport optimization.

The convection velocity was extrapolated to vanish in the plasma center and was adjusted in
the outer part to fit better the temporal decay of spectral line intensities from different ionization
states of aluminum, observed by Central—line-of—sight crystal» and VIN-spectrometers (fig.2).
For the high density discharge, only a slight correction in the derived v (fig.1g) was necessary
to excellently fit all experimental data. In the case of medium density, D(r=10cm) was used for
extrapolation and v has to be reduced by a factor of 2 for a good compromise in fitting the
experimental data radially as well as temporally. A reduction of D in the outer region down to
the value D(r=l 1cm) would fit the time traces of the spectrometers only for the case of
vanishing convection velocity, but will lead to a misfit of the radial profiles.

In the two ECF—heated discharges under investigation, no substantial changes as well in the
radial electric field Er (within the error) as in MHD—activity and electron density profile shape
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could be observed from which the difference in transport can be deduced. However, previous
measurements of the density fluctuation level as a function of electron density [7] show some
inverse dependence, but an effect on the impurity transport cannot simply be concluded.

In the case of high electron density, D is overall lower by a factor of 2-3 compared to the
medium density discharge, v being quite similar. The resulting difference in confinement can be
illustrated quite impressively by the change in decay time for the injected aluminium (fig.2).
Consequently, also the time evolution of intrinsic impurity radiation and Zeff is remarkably
different during the flat-top phase for this two densities (fig.3). However, assuming a constant
impurity influx of, eg. intrinsic chlorine from the walls and using just the derived set of
transport parameters, the difference in the time traces of Cl-XIV can be qualitatively well
described (fig 3, fits): compared to medium electron density, where stationary conditions were
achieved well within the pulse length (fig.3 curve b, arrow) due to higher transport, the
reduced transport in the high density case causes longer times to establish stationarity (fig.3
curve a).
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Fig.2: Time traces ofspectral lines from different Fig3: Temporal evolution of impurity radiation
ionization states of alumimmtfier injection by laser and Zefi'SXMor (a) 1130:7-1019111’3: (b) {regal}
blow-ofi’: (a) nw=7-019m-3, (b) neo=35v1019 m-5 1019 m-3 and simulations for Cl-XIV.

Similar behaviour for other intrinsic impurity species might explain the signals of the SX»
camera, the bolometer and nr. Nevertheless, at high density (neo=7-1019m-3) the
extrapolated total radiation (bolometer) at the time when the Cl—XIV radiation should reach 90%
of its stationary level (approx. at 1.75, from simulation). stays well below the critical value of
60% of the heating power [8], where the plasma is severely affected by radiation.
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1. Introduction. The turbulent fluctuations in the SOL and the outer confinement zone
of the W7-AS stellarator are spatially and temporally resolved using Langmuir probe ar~
rays. The main topic is the investigation of the structure of these fluctuations both
perpendicular to and along the magnetic field.
Perpendicular to the magnetic field we apply two different techniques to obtain a. 2d —
representation of the fluctuations1 structure. A right angled probe array, with legs in
the radial and the poloidal direction, allows the calculation of a 2d - correlation function
under the assumption of poloidal homogeneity of the turbulence. A 2d - representation is
also derived using one poloidal probe array and one single probe toroidally separated for
conditions where a high correlation along the connecting field line exists as in our earlier
experiments {1]. Generally, a 2d - analysis is necessary for the investigation of radial
properties of the fluctuations like the radial size or the radial propagation velocity.
Formerly, a very high correlation of about 90% for floating potential and ion saturation
current fluctuations over a distance of about 6 In along a magnetic field line [1] was found.
In these experiments two toroidally separated Langmuir probes were connected by a field
line that stayed on the outside of the torus, where fluctuations are known to be driven
unstable, over the whole connection length. In this paper, measurements along a field
line that passes the inside, Where fluctuations are partly suppressed, are presented. In

general the maximum correlation is observed along the wavefront which is nearly parallel
to the magnetic field since A?“ is usually very small, The inclination between Wavefront
and magnetic field can be observed in our experiments and therefore it” can be calculated.

2. Structure in the radial—poloidal plane. The derivation of a Bd-correlation function
from a measurement using an angled probe array is described in [i] The second method
uses an experimental setup with two toroidally separated probes connected by a field line
of 6 In connection length One of them is a single probe, while the other is a poloidally
resolving probe array. Since for this configuration a correlation of about 90% was observed
along the field line [1] the fluctuations undergo nearly no change along the field Thus
the signal observed by the single probe is nearly the same as it would be in the toroidal
plane of the probe array at the point where the projection of the single probe along the
field line is situated. This point is used as a reference point and therefore defines the
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origin of the 2d-correlation function. During the shot the probe array is moved radially

about 6 cm into the plasma. This movement is relatively slow (400 ms) so that the probe

movement is negligible within time Windows of 10 ms, which are necessary to obtain a

statistically stable correlation function. All the correlation functions betwaen the single

probe and the probe array that can be calculated for the different radial positions of the

array can be combined into a 2d»correlation function depending on time-delay, the radial

distance and - due to the poloidal resolution of the array - also on the poloidal distance

from the reference point. The experimental flexibility of this method is quite restricted

since it needs a specific magnetic field geometry to connect both probes. Nevertheless it

is possible to measure 2d ~ correlation functions that are extended across the LCFS in the

radial direction.

centre

-2

LCFéVacuun-I velocity-shear-layer

Figure 1: 2d-correlation function that extends over the LCFS for constant time-delay

7:0. Radial—poloidal plane.

In the case shown in fig. 1 the origin is very close to the LCFS indicated both by the

LCFS from a vacuum-field calculation which is typically 1 cm inside the LCFS corrected

for finite B and by the velocity-shear-layer which is typically 0.5 cm outwards respectively.

The fluctuating structure of fig, 1 is clearly extended both into the confinement zone and

the SOL.
The 2d correlation analysis in the SOL by use of an angled probe array [I] shows quite sim-
ilar structures for both floating-potential“ and ion-saturation-current—fluctuations. Both
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have the well known oblique structure in the radial—poloidal plane as it has been observed
before in case of floating-potential-fluctuations [1]. Setting up the probe array such that
the radial probe tips measure floating-potential and the poloidal ones ion—saturation—
current, the 2d cross-correlation between potential and density fluctuations can be ob—
tained, The maximum correlation is hereby shifted in time and space indicating a phase
shift between potential and density which causes transport due to these fluctuations. The

obliqueness in the radial-poloidal plane means that the particle flux by fluctuations is not
purely radial but that is has a significant poloidal component,
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Figure 2: 2d»correlation functions ('7' 2 0) obtained by an angled probe array for

floating-potential (left) and ion-saturation~current (middle). The crossworrelation be

tween floating—potential and ionisaturation—current is shown right.

3. Correlation along field lines passing the torus inside. The experimental setup
at W7—AS allows connection of two toroidally separated probes by a magnetic field line
that passes the inside of the torus and has a connection length of 32 m. Due to the
suppression of fluctuations in the regions of good magnetic curvature and due to the long
connection length the correlation observed is only around 40% for both floating-potential
and ion-saturation-current, In these experiments the connection between both probes is



1616

only possible within the confinement zone of “WAS,
In this case the correlation is no longer along the computed magnetic field line but there
is a. shift in the poloidal direction observed. This shift can be explained by a nonzero )3“

since the correlation is observed along the wavefront which is no longer along the magnetic
field, if A?“ is different from zero,

Kparallel

dud - Km,
Kparallel 2

Figure 3: Schematic View of the experimental setup {or the measurement of k”.

The experimental results give 19“ = 0.0098%, which corresponds to a parallel Wavelength

Of A” Fd 320m.

4. Conclusion. Analysing the structure of edge fluctuations in the VV7«AS stellarator

we found that in the radial—poloidal plane these fluctuations look like deformed convective

cells with a longer half width in the poloidal than in the radial direction As mentionend

earlier [1], these fluctuations are oblique in the radial-poloidal plane. The potential-

density cross—correlation showed in addition that the fluctuationvinduced particle flux is

not purely in the radial direction but that is has a significant poloidal component. Along
the magnetic field we observed very long wavelengths of the fluctuations in the order of
Some 300 meters. Good curvature does not suppress fluctuations completely.
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Abstract
Knowledge of the 3-dimensional structure of the plasma equilibrium is a prerequisite for
experiments in stellarators and for the interpretation of the results. Therefore, since the
calculation of equilibria consistent with the experimental data is an important task, we
review the calculations done for WT-AS with applications to high 6 and large toroidal
currents for stellarator-tokamak hybrid operation. We also present a novel method for
fast equilibrium reconstruction for stellarators based on function parameterization.

Introduction
Although the geometry of the flux surfaces of a stellarators is largely determined by
the external coil system, the plasma current densities induced by finite ,6, internal or
external current drive (bootstrap, Ol(hawa-, ohmic» and ECCD currents) may lead to
considerable changes in the equilibrium fields.
To calculate 3-D MHD equilibria with free boundary, we use the NEMEC—code [l] assum-
ing nested flux surfaces. The input consists of profiles for pressure and toroidal current,
an estimate of the magnetic axis position and the plasma boundary, and the vacuum
magnetic field. Based on an energy principle the equilibrium is determined iteratively
using a steepest gradient method. The equilibrium quantities like flux surface geometry
and magnetic field are given in Fourier series with respect to the cylindrical toroidal
angle and a poloidal angle coordinate on a radially discretized grid,
An equilibrium reconstruction of a discharge at a given time point clearly implies an
iterative process of adjusting the input parameters such that the resulting equilibrium
data best match the experimental ones.

Equilibrium Calculations(1) : (3 reflects
Usually, the pressure induced current densities dominate the changes in the magnetic
configuration in net toroidal current free discharges. Although the reduced average
toroidal curvature of W7—AS leads to smaller Pfirsch-Schlfiter (PS) currents (a factor
fl compared to a conventional stellarator) they may give rise to appreciable Shafranov
shifts, changes in the rotational transform (a) profile and a displacement of the plasma as
a whole in the accessible e-range of VW—AS (0.26 < am < 0.56). Very good agreement of
the NEMEC calculations with experimental data was shown in Refs 2 and 3 for the high
[3 cases. For W7—X the higher reduction of the average toroidal curvature as well as the
higher operational range in e (rm z 1) leads to much more stable magnetic configurations
in the sense of finite—,8 equilibrium changes.

Equilibrium Calculations(2) : Toroidal current effects
Internally or externally driven net toroidal currents also affect the cwprofile and the
geometry of the equilibrium flux surfaces, depending on their magnitude and distribution.
At WY-AS, the usual operation is net current free, which means that the toroidal plasma
current is kept at zero by inductive compensation. However, the toroidal current (IN)
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Figure 1: Comparison of Soft~Xray emissivity with NEMEC flux surfaces for lpl : 30kA
(right) and —30kA (left) shows good agreement in the gradient regions. A very flat
central emission profile dominates the central contours for ID] 2 SOkA.

within each flux surface does not vanish and thus alters the reprofile. A large aspect
ratio estimate for the change in s is given by Ashen) = lm(rm)R/(‘Z(I>(rcfi)) with r,fl and R .
the minor and major radii, respectively, and (I) the toroidal magnetic flux. Nevertheless,
for vanishing net current there is generally no influence on the flux surface geometry‘
Therefore, to evaluate s—profiles in net«current free discharges, it is sufficient to know
the finite 19 changes on t and then correct the profile using the toroidal current profile
deduced from neoclassical theory and deposition profiles.
Introducing a net toroidal current also changes the flux surface geometry depending on
the currents magnitude. Calculations show that the excursion of the flux surfaces in R.
increases with positive net current lithe shape tends to be more oblate) and decreases
with negative net current (higher vertical elongation). Good agreement of the calculated
flux surfaces in ‘2 cases with large toroidal currents (iBOkA at 1322.51 rm m 0.4) with
the tomographically reconstructed soft Xeray emissivity measured by the new MiniSoX
camera system [4] is shown in Figs 1.

Discussion of NEMEC calculations
Upto high J3 and rather high currents, the equilibrium calculations for WT—AS with
NEMEC are in good agreement with the experiment. However1 the computational effort
is orders of magnitude higher compared to the calculation of tokamak equilibria. For
fast reconstructions accompanying the experiment on a shot to shot basis or even online7
NEMEC is not suitable with present-day computing power. Therefore, other approaches
like function parameterization, which is discussed below, have to be explored.
Despite the good agreement with the experiment, there are limitations in the NEMEC
applications. The assumption of nested flux surfaces excludes the detection of ergodic
regions or islands. For this. more advanced equilibrium solvers have to be applied,
like HINT or PlES. However, their computational requirements are orders of magni
tude higher again than that of NEMEC. Furthermore, the Fourier representation Of the
equilibrium quantities together with the energy minimization method applied limits the
resolution of boundary structures which require high Fourier harmonics and contain com~
parably small energies. Such 5/m resonant structures (In 2 12) have been seen by video
observations of visible light in high #3 discharges. Nevertheless, NEMEC shows a smooth
plasma boundary without the actual indentation.
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A hybrid FP/interpretive method for equilibrium recovery
Interpretive methods for determining plasma equilibria are widely used in tokamak analy—
sis. Input parameters to an equilibrium code are iteratively adjusted such that simulated
diagnostic signals from the resulting equilibrium best match experimental data. These
methods are generally unsuitable for stellarators since each iteration involves the full
solution of a. 3D equilibrium code, a task requiring roughly one hour of CPU time on the
Cray J-90 at IPP for standard W7uAS equilibrium] calculations using NEMEC.
The application of function parameterization[5] (FF) to WYVAS is under development.
FlJ seeks simple functional relationships between plasma parameters and diagnostic mea—
surements over a database of simulated equilibria. This facilitates rapid equilibrium re»
construction, here in terms of magnetic data and a prescribed pressure profile. We have
developed a novel interpretive method for equilibrium identification based on FF recon-
structions that can be performed in the order of a few tens of seconds on a workstation.

FP database
Here. the database consists of circa 400 NEMEC equilibria with zero net toroidal current.
They are chosen by randomly varying 8 input parameters over ranges appropriate to
W7—AS, namely 3 ratios of the 4 field coil currents, a limiter position and a 4«parameter
pressure profile chosen from the following family (.9 is normalized toroidal flux):

p(s) = W (1 —- s)2 expfas + 5.52 + csa)

Interpretive scheme
The Thomson scattering diagnostic on WY—AS gives electron temperature and density
( and thus the electron pressure pg) on g 20 channels along a horizontal lined-sight
through the magnetic axis in a. symmetry plane (q‘mO) at a. single timepoint during
a discharge, Le. p6 = pfifi’g), Ri being the major radii of the Thomson channels. A
smoothing polynomial in R is fitted to the pE data, allowing evaluation between channels.
The iterative procedure attempts to reproduce the spatial to flux transformation 5(R) in
mid?) since p5 is constant on flux surfaces. Starting from an initial guess, the equilibrium
pressure profile page) is varied to minimize the quantity

/ (prawn assassin: ds
subject to the constraints that peql:s) is non-hollow and the boundary flux surface coin?
sides with the zeroes of 135(7‘). An additional restriction that the kinetic energy content
match the diamagnetic energy from the experiment can be optionally enforced.
The interpreted fit thus depends only on the topology of the p30?) profile and not on its
magnitude. In fact, it could be done separately for the Thomson temperature and density
profile. Clearly7 mismatches between the theoretical and physical magnetic configura»
tions could falsify both the present scheme and the standard calculations. Consistency
checks with additional spatially resolved or global diagnostic data would reveal such
discrepencies, if present.

Comparison with standard calculations
Results from the interpretive method and the standard NEMEC simulation for shot
31909 are illustrated. The upper plots show the Thomson 13.41%) with smoothing polyno
mial and the interpreted peq(s) together with the standard NEMEC profile. The lower
plots show the equilibrium flux surfaces in the Thomson (cl = 0) plane and the final
asymmetry error in pds).
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Though the two fits are of comparable quality, the interpreted fit is better than the
standard calculation in the inner half of the plasma. This is not unexpected since the
standard calculation uses the some optimization criterion with manual intervention re
quired between iterations. rather than an automated least-squares fit. The pa symmetry
can be further improved by varying additional pressure parameters during iterations.
Only three of a possible six were varied here to prevent overfitting. The interpretation
for this case took roughly 20 seconds on a workstation, whereas the standard simulation
required several NEMEC calculations.
Work in progress includes investigation of the efiects of signal noise on the recovery.
Moreover, although scalar equilibrium parameters and flux geometry are Well recovered,
a model that reproduces the t—profile well has so far proved elusive. Once this is achieved,
the procedure will be applied to equilibria with finite not toroidal current,
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Simulation and analysis of neutral particle spectra from W7-AS
in combination with neutron activation measurements

N. Rust, G. Beikert, K. Hubner", M. Kick, F.P, Penningsfeld, U, Stroth, A. Weller, B. Wolle‘l

Max-Planck-Instirut flir Plasmaphysik

Association EURATOM-IPP, D-85748 Garching, Germany

“Institut fiir Angewandte Physik, Universit‘at Heidelberg, D-69120 Heidelberg, Germany

For the inveStigation of confinement of fast ions we present results of an experimentai and

theoretical study at W7-AS. It consists of the analysis of non-thermal neutral particle spectra

and absolute neutron yield measurements combined with theoretical calculations.

The fast ion distribution function is measured with the neutral particle diagnostics. It consists

of four neutral particle energy analysers for spatially resolved measurements. The lines—of—sight

of the analysers cross a neutral particle diagnostic beam which is passing vertically through the

plasma centre. For absolute neutron yield measurement indium activation samples are used

which are irradiated inside the vacuum vessel near the plasma. Their y-activation is measured
with a calibrated germanium detector. Using a fluence factor which is calculated with the

Monte Carlo code MCN'P, the volume integrated absolute neutron yield of the plasma

discharge is determined. — For the numerical simulation of the neutral particle spectra and the

neutron yield the time-dependent 2D Fokker-Planck code NRFPS is used.

The local charge-exchange particle flux S (v, y, I) from the plasma is given by

S (v ,u,r)= gn nof(v, Mt) (axe-v) ~«expl: Jill-(IN(ov)ax +nt(crv>e+n,(av)i):l . (l)
0

Here, f (v, #1,!) is the ion velocity distribution, v the particle velocity, ,u = VII/vl the pitch-
_ angle, g a geometrical factor, n. and 740 are the ion and neutral particle densities, (ca-v)“ and

(av)e are the rate coefficients for charge-exchange and for electron impact ionisation. The

exponential factor describes the absorption of the particles on their trajectory through the

plasma and is calculated with respect to the real stellarator geometry.

The local neutron rate Q from the plasma is given by

(2(1):1;@W_[f(,)vr)f(v,r)a—(lv v’|)lv—v|d3vd3v,' (2)
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where fi(v,t) and fj(v’,z) are the velocity distributions for the ion species 1' andj, iv — v’l the

relative velocity and 0' the fusion cross section, respectively

Measurements and calculations have been carried out for a variety of W7~AS discharges with

H“ and Dfl-injection with average electron densities ranging from 2.8x10lg to 7x10191116},

electron temperatures from 0.5 to 2.8 keV and ion temperatures of about 0.32 to l keVu

Electron temperatures and densities were taken from the Thomson scattering and ion

temperatures from the neutral particle diagnostics. The deposition profile for the injected

particles was calculated with the 3D FAFNER code.

16 g 15
15 " . NPA #34099 #37730

—FP-Cnde 15 ‘ —FP-Code
14 14

E 13 S 13 x X
E 12 3 WWW.12 . .

.. c l e

11 11 . "

to i i i 10 l l . i r T
0 1D 20 so 40 so so 0 10 20 30 40 50 60

Energy [keV] Energy ikEV]

Fig. 1: Comparison of calculated neutral particle flux with experimental data,
. -3 .1a: ne=7,3X101qm 1b: ne= smomm3

Te = 0.5 keV ‘i'E = 2.8 keV
Ti = 0.44 keV Ti = 0.83 keV
7W: 3.5 ms av: 52 m5

Fig.1 shows as an example the calculated and measuredneutral particle flux for two different

plasma discharges. For the high density discharge the measurement and the calculation agree

rather well. However, discrepancies occur for lower densities. The smaller the density becomes

in a discharge, the larger becomes the neutral gas density and the higher the electron

temperature. Increasing electron temperature and decreasing density result both in an enlarge-

ment of the energy relaxation time of the fast particles. As shown in fig.2 the discrepancies

increase strongly with increasing classical energy relaxation time up:

In principle, the observed discrepancies can be caused by three different processes, namely by

reduced particle deposition owing to the high neutral gas density, and by particle or energy loss

mechanisms with time scales comparable to the classical relaxation times.
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Fig.2: Comparison between calculated and measured fast particle density and
between calculated and measured neutron yield in dependence of cm

These three processes will influence the time behaviour of the plasma signals in a difi‘erent way,

First of all it is of interest to investigate the initial rise of the plasma signals at the onset of the

injection To that end it is sufficient to use the relaxation tirne model which takes into account

only the relesation of energy dW/dz = « Witty” and leads to the simple approximation

AW) = LEE?) : ;—,is — 32m] (3)
n

for the energy distribution function of fast particles. Here. my is the total energy relaxation

time, resulting from classical and external energy losses (“Tn/*ZI/TW 'i'i/TnMmgp). S is the

density of injected particles per second and r” the time constant of direct particle losses. From

this expreSSion follows that the initial rises of the plasma energy E; and of the neutron—rate Q at

the onset of the neutral beam injection are solely determined by the particle injection

2 1"= Sne 0(W0)1i%. (4)
mo

Here, W0 is the injection energy, "lfthe mass of the injected ions. An example for the initial rise

properties:

d5; it) 2 S W ‘19 (ti
” ’ dtr—>0

of the plasma energy and the neutron signal. is shown in fig,3. The dotteci lines indicate the

theoretical rise according to eq.4. Agreement with the measured signals is obvious for the high

density discharge but - owing to the statistical fluctuations in the signals — not as clear for the

low density one,
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Although further investigations are required this may be an indication that the observed

discrepancies are not caused by a reduced deposition but by a loss mechanism Moreover, from

the FAFNER calculations it follows that the neutral gas density at the plasma edge has to be at

the level of 2.5xlomcm‘3 in order to explain the observed effects. This seems to be a rather

high value. On the other hand: a direct particle loss owing to radial difliision would require a
diffusion coefficient in the order of 1 111%, this may be a reasonable value Finally, up to now

we have not detected plasma mode activities which correlate with the observed discrepancies

and thus could lead to an anomal energy relaxation by ion—plasmon interactions. Thus, in

conclusion, though We can presently not exclude definitely the other two processes, it seems

that enhanced radial diffusion of the fast ions may be the reason for the observed reduction in

fast particle density and neutron emission in low density discharges,
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Tomographic Reconstruction of Plasma Equilibria and MED-Modes at

WENDELSTEIN 7-AS

C. Corner, M. Anton, J. Geiger. W. von der Linden, A. Weller, S. Zoletnik“‘, W7AS—Team

Mar-Planck-Insritutflir Plasmaphysik, EURATOM Association, D~85748 Garching

o? KFKLResearch Inst, Dept. ofPlasma Physics, R0. Box 49, Budapest-114, HUNGARY

I. Introduction

The usage of soft-X radiation for detection of MHD—activities in a plasma and for map»
ping of plasma equilibrium flux su1faces is a widely applied method on fusion devices. The
specific magnetic configuration of W7~AS is the result of the optimization procedure for the
stellarator design and, compared with the axial-synnnetric tokamak configuration, the flux
surfaces are three—dimensional and are characteristically shaped in a poloidal plane, such that
a tomographic system needs an enhanced poloidal resolution. To achieve proper plasma imag-
ing for the soft~X radiation, a small sized

camera system was installed inside the

vacuum vessel to overcome the technical
restriction of access from the inboard side
of the toms. The system consists of 10
cameras with a total sum of 320 channels
and therefore a good spatial resolution in
both the radial and poloidal direction is
obtained. Together with a well balanced
distribution over the poloidal plane, tom~

ographic reconstruction of the soft-X
emissivity distribution (6pm Be filter)
can be done without additional assump4
tions about the topology.

In this paper we introduce the camera
system and the numerical algorithm,
applied for the tomographic reconstruc—
tion. Additional data processing is also
presented With the Whole tomographic

Fig. I: 10 camera tomographic system at W7-AS. All
system, comprising the hard- and soft— 320 lines afsight are drawn. Typical L2 1/] flux sur-

faces are additional plotted. The surrounding ellipse is
the W7-AS vessel.ware, we show some applications to
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measurements of the equilibrium flux contours and MED-activities, seen in the stellarator
W7-AS.

II. The 10-camera tomographic system at W7-AS

Figure 1 shows an overview of the hardware of the tomographic system together with the
idealized lines of sight of the X—ray detectors. The spatial resolution is comparable with the
separation between two neighbouring lines. Data acquisition is performed with a sampling
rate of up to 2001(Hz in time windows with a typical duration of about 50ms (defined by a
maximum total data amount of 8MByte per shot). A

Three different algorithms for the IO—camera tomography and additional techniques to
extract the relevant physical data are used, because different reconstruction problems may
require an appropriate algorithm. A choice can be made between algorithms using first order
regularisation [1], which tries to avoid steep gradients, a minimum Fisher—infomiation regular-
isation scheme [2} and the maximum entropy [3. 4] solution.

2
A , = l + (X R R : HV “2 1, order regularisationLinReg 2% R P .

2 , -2
AmmshEr : £35 + ctRIF IF = I%dx min. Fisher—information

N9‘l 2 P'AMaxEm = 3X uaRS S = 2 [pi—mi—pi inn—1'] max. entropy
r 1'£21

Maximum Entropy is not a widely used algorithm. because of the long numerical calcula—
tions. On the other side, it is the only algorithm, implemented such, that the result is a real

mathematical result without the need of guessing the regularisation parameter. Additionally,

error bars for the reconstructed distribution are obtained by this method.
For visualisation and quantitative analysis, additional processing is necessary, This

includes the implementation of different meshes and expansion functions of the emissivity to
be reconstructed, singular value decomposition (SVD), filtering in the frequency-space and

error calculations for the case of maximum entropy reconstructions. SVD thereby is the most

important method. to extract the fluctuating part of the emissivity attributed to MHD—modes
from a sequence of reconstructions In order to check the reliability, simulated plasma radia—

tion distributions were used.

III. Equilibrium reconstructions

Concerning equilibrium effects, quantitative measurements of the magnetic surface struc—
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ture were made. Two effects have been investi-
gated in particular: the change of the plasma

shape due to toroidal currents and the effect of
die Shafranov-shift, depending on the plasma
beta. The minimization of the Shafranov—shift is
one of the most important Optimization criteria
of W7-AS. The comparison between recon—
structions and equilibrium calculations [5] was

made for a mean plasma radius were SX~pro~
files have steep gradients. For both cases very
good agreement was observed. Only minor dif—
ferences in the reconstructions was observed in
comparing the three tomographic algorithms
mentioned above.

IV. MHD-activities

at SSE'ZZ D] @6005

clSGMD mam

Figure 2: Four difierent modes with pnlor'dal
mode number»: :3. a) and b) GAE, 5) pressure
driven mode and d) rearing made, The plottedfltu‘
surface is at normalized radius of0.75.

The physics issues addressed in this paper comprise, firstlypdifferent kinds of MHD—insta—
bilities including pressure— and current-driven modes and fast particle driven global Alfvén

eigenmodes (GAE). An example is shown figure 2, where different modes are plotted for the
case of m = 3. GAE—modes usually extend over a large part of the plasma cross section,
whereas tearing modes and pressure driven modes are localized around a rational surface.

lHD 19a 200
R [cm]

Figure 3: GAE with m=9. F0urter~expansion in the
magnetic angle is used. There for only the radian
dependent phase is a measured quantity. The phase
agrees with lines ofconstant magnetic angle.

21C

In the case of GAE modes, the recon»
struction of the radial and poloidal mode
structures, i.e. the determination of the

poloidal mode number (In) and the radial

eigenfunction, a variety of peaks found in
the Alfvén spectrum were analysed. Most of
the peaks correspond to the lowest (m,n)—

modes expected from theory, but also higher
m~numbers and modes with different radial
structure were observed. At Wendelstein 7—
AS, GAE—modes are commonly seen'with

neutral beam heating, and the main features
are compatible with theoretical predictions,
see [6]. With the new tomographic system,
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Figure 4: Radial mode structure found in shot #35982, Left; SVD-filtet‘ed picture of the fluctuating
emissivity. The solid line corresponds to magnetic angle of 8 a 400.
Right: Profiles of the total emissivity profile (LL, left axis) and the fluctuations (1)., right axis) a! difl’erent
time points (at 9 = 40°). For the total profile, rheflucluarions are magnified by afacmr ofIO.

more complex mode structures can be assessed. For example, figure 3 shows an (m=9)-GAE
mode that shows up together with a 011:3) and (m26) mode (not plotted). Another example,
Figure 4, shows two (m=3)-GAE5: one with a radial node at about REFIOm-n and the second
without node are observed simultaneously. In both discharges, m = (3,6,9) and m = (3,3 with
radial node), the modes propagate at different frequencies, that seem to develop independently
during the live time of the modes.
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Fig. 2. Thomson scattering profiles from before
pellet injection (highest TE . lowast n, curves) to
18.5 ms after the pellet (second highest TE curve).

A centrifugal injector was used to inject
deuterium pellets (with 35 x 1019 atoms) at
=600 m/s into currentless, nearly shearless

plasmas in the Wendelstein 7-AS (W‘7—AS)
stellarator. The D pellet was injected horizon;
tally at a looation where the noncircular and
nonaxisymmelric plasma cross section is near»
ly triangular (Fig. 1.) Visibledlght TV pic—
tures usually showed the pellet as a single
ablating mass in the plasma, although the pel-
let occasionally broke in two or splintered into
a cloud of small particles.

Density Evolution Following Pellet
Injection in W7»AS

Figure 2 shows Thomson scattering pr0~

files for the electron density n: and tempera-
ture TC immediately before and at times short-
ly after pellet injection (at 0.4 ms, 0.5 ms,
0.65 ms, 5.7 ms, 7.6 ms, and 18.5 ms) for a
neutral—beam-heated plasma. Pellet injection
leads to a rapid (< 400—us) rise in "e in the

main part of the plasma and to a slow increase
in the plasma edge on a longer (>20-nis) time-
scale. . Microwave reflectometer measure—
ments of the time delay (which reflects the
density gradient) and FIR interferometer
measurements of the linc~avcrage density also
indicate that the density rises in <500 its
(Fig, 3) and then remains unchanged, The
same behavior is seen in the soft X-ray inten—
sity profiles in Fig. 4 (with 1.4 ms between
curves); this signal is more influenced by clen—

sity than by temperature because there was no
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Fig. 4. Soft X—ray intensity profiles from 6.5 ms
before pellet injection to 8.4 ms after a petlet.

filter in front of the soft X-ray diode array.

Neutral lithium beam measurements of ne at
radii r>12.5 cm (Fig. 5) show that the outer

density rises slowly after pellet injection (on a

60-1113 timescale), presumably due to recy—
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cling from the wall, The increase in 715 de»

creases with distance into the plasma.

Pellet ablation calculations using the stan-
dard neutral gas shielding model and the n60)
and Tait) profiles before injection indicate that

the increment in density should be peaked.
However, this is not seen in W7—AS on the

timescale of any of the measurements. The
change in the er) profile in Fig. 2 is not

diffusive. If it were, then the particle diffu-
sivity would have to increase by a factor of
>100 for a relatively short time (<4OO its,

about the transit time for the pellet through the
plasma). There was not a significant loss of
injected particles during the fast density
change: comparing the number of particles in
the pellet with the increase in the number in
the plasma after pellet injection indicates that

>60% of the pellet is retained in the plasma
for times >20 ms. This behavior, where the

density profile after pellet injection assumes

the shape of the preexisting profile without

significant loss, is not seen in tokamaks.

Either the ablation model is not correct and the
deposition profile is the same as the initial
density profile for different initial densities
and field values, or a fast density redistribu—

tion occurs in these experiments in W7-AS,

o . _ . .._
0.25 0.29 0.3 n.32 0.34 0.35 0.35 "9;?“

1(8)

Fig. 5. Increase in the plasma density in the edge
region from 30 ms before to 70 ms after a pellet.



Effect of Pellet Injection on Energy

Confinement and Fluctuations in W7-AS

Figure 2 shows a rapid drop in Ta after
pellet injection because the stored energy W
does not change immediately. Although the

new profile remains at the new (higher) value

for the duration of the discharge following
pellet injection. T60) gradually returns toward

its preinjection value, indicating an increase in
the energy confinement time TE. This is illus—
trated in Fig. 6 where W and t5 increased by a

factor of 2.7 for a factor of 1.7 increase in me.

From the W7‘AS ‘CE scaling expression [1]
W = PTEW7'AS ac rigor-5P0“, the increase in
71¢ should lead to a factor of =13 increase in

the stored energy because P = Pabsorbcd is ap-

proximately constant at the densities in these

experiments. The additional factor of 2 im—
provement in 113 is due to an increase in con-
finement: TE/TEW7'AS is 0.7 before the pellet

and 1.4 afterward. In Fig. 2, the confinement
improvement (1.35) is less: tE/tEVW'AS was
0.8 before the pellet and 1.1 afterward.
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Fig. 6. Response of the plasma to pellet injection
at t a 300 ms.
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A few-ms quiescent period is sometimes
seen in the MHD signals on Mimov coils fol»
lowing pellet injection when the stored energy
starts to increase, as seen in Fig. 3. In all
cases, the Mirnov loop signal (often associa-
ted with degraded confinement) is reduced,
and tE/‘tEVW‘AS is >1 after a pellet. Low den—
sity fluctuation levels, followed by a decaying
high—frequency burst in several discharges,
were seen with the microwave reflectometer
after the rapid density rise (Fig. 3‘). These
oscillations are correlated with the Mirnov coil
signal. An example of pellet injection sup~
pressing MHD activity for a longer period
with a resultant increase in ’EE is shown in

Fig. 7. Without the pellet, the MHD activity
and the associated enhanced energy loss per~
sist for a longer time. It is thought that the
pellet rapidly depletes the fast particle popula-
tion that drives the instability [2].

# 32562

Walla

NB]

dB’dHT/s) pup

it 32564

Wm: (N)

NE!

dBldt (TIS) p-p

.20 .25 .30 .35
Time (s)

Fig. 7. MH'D activity that retards transition to a
high-ti phase (2 top tracer) is suppressed by
pellet injection (2 bottom traces).
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Time sstronger field regions some distance toroidally
Fig. 8. Damped soft X-ray intensity oscillationson either side, which may allow a radial mix— following pellet Injection. »

ing to occur. The process may be different
than in tokamaks because of the low B X VB radial drift in W7—AS. In earlier experiments in
W7-AS [3], the density profile became more peaked, and soft X—ray tomographic reconstruc—
tion showed small—amplitude (=2—mm) internal oscillations in the location of the peak of the soft

X-ray emission following pellet injection. In that case, the soft pay oscillations showed a dif~
ferent (m = 1) mode structure. Experiments with higher shear and the opposite toroidal varia-
tion of the magnetic field strength are needed to understand these observations.

The next steps involve use of a one—dimensional transport code to mode] the evolution of the
density profile and experiments with a more versatile gas gun that allows injection with a larger
range of pellet masses, Improved diagnostics — ThomSOn scattering triggered by the pellet,
fast multichannel ECB and microwave and FIR interferometers, a Cotton-Mouton-effect polar-
irneter, an extensive Soft X-ray array that surrounds the plasma poloidally, improved MHD loop
arrays — should allow better study of the evolution of 2250) and the associated transport.
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INTRODUCTION

The first successful ICRF plasma heating experiments in the WVTAS stellarator [l]
have demonstrated effective plasma heating and plasma sustainrnent7 for 2nd harmonic
and two—ion hybrid heating regimes without significant increase of impurity radiation.
The results presented in this paper establish ICRH as an attractive method to heat and
sustain the plasma in stellarators under steady—state conditions.

TECHNICAL SETUP

The RF system of WY—AS consists of two RF generators with a nominal power of

1.5 MW that are connected to two antennas. For the experiments to be described the
RF power was launched with a broad four—port antenna exciting a narrow kH—spectrum
around It“ 2 6m"1 for n—phasing [23} After a faster arc protection system (full power
switch-off within 20hr: of an arc) and a section of lossy transmission line to avoid generator

self~oscillations {4] had been installed more effective conditioning of the antenna became
possible. Thus RF pulse lengths longer than one second with voltages in the transmission
lines up to 70 kV were reached.

EXPERIMENTAL RESULTS

Plasma heating, sustainment and startup from a seed discharge were investigated
for the twoion hybrid heating scenario for hydrogen minority in a deuterium and 4helium
plasma. Good absorption of the RF power radiated from the antenna was observed only if
the hydrogen concentration was less or about 10%. Such low hydrogen concentrations were
obtained after boronization of the vessel interior with 132136 or after helium glow discharges

with about 5% deuterium. The hydrogen concentration was infered from comparison of

the intensity of the Ha and Do. lines and comparison of the OK hydrogen and deuterium
fluxes. This ratio was uncontrolled and only determined by wall recycling. Good wall

conditions (obtainable only after many hundreds of plasma discharges) were imperative

for keeping the hydrogen concentration sufficiently low during the ICRF experiments.
ECRH generated deuterium and helium plasmas {PECRH2500 kW, ”9(0) 2 3. X

1019m_3, 12(0):?5 keVT TD(U)=450eV, t=0.34, Whim=5 kJ, central heating) were used

as targets. Antenna loading approximately doubled with plasma compared to vacuum
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loading. Thus half of the generator power was radiated into the plasma, the remainder
was ohmically diseipated in the antenna.

Fig. 1 shows the temporal evolution of an ICRF-heated ECRH plasma. During
the ICRF pulse an increase of about 25% of the diamagnetic energy was observed. The
dominant part of this increase is due to an increase in deuterium temperature. Fig. 2a
shows the deuterium temperature profiles with and without ICRF. An overall increase
from 400 eV to 550eV is observed. ' Fig. 2b shows the electron temperature profiles with
and without ICRF. The strongest increase in electron temperature was observed off-axis
at the approximate location of the two—ion hybrid resonance and was mainly due to direct
electron heating. A

Fig. 3 shows the radial profile of the RF power density absorbed by the electrons.
This was evaluated from the change in slope of the EOE electron temperature and the
Thomson electron density profile at the turn—on time of the RF power. The total RF
power absorbed by the electrons was around 30 kW for this case.

The transient drop of the central electron temperature within the first 50,115 is not
understood. It cannot be attributed to a central density increase or an increase in impurity
radiation.

For RF powers up to about 400 kW the increase in diamagnetic energy followed
the stellarator confinement time scaling [5]. From this one can conclude that most of the
radiated power is absorbed in the plasma. For higher RF powers the diamagnetic energy
increased less than expected as can be seen in Fig.4 . There the increase in diamagnetic
energy is shown for different ICRF powers radiated from the antenna. The solid line
is the prediction based on the confinement time scaling for W7 -AS [5]. For RF powers
larger than 400kW, which corresponds to Plow/P5033 m 0.6, a saturation in the relative
increase of the diamagnetic energy is observed. Data at higher ICRF power that should
be available now are necessary to clarify this point.

Bulk hydrogen temperature up to 1.2 keV was measured at the plasma center with
active CX whereas the deuterium temperature was about 400 eV. Hydrogen fluxes with
energies up to 45 keV were observed at an angle of about 45° to the magnetic field lines.
At RF powers less than about 400 kW an increase of the tail temperature with RF power
was observed. Howaver, the tail temperature saturated at about 7 keV for RF powers
greater than 400 kW.

It was possible to sustain the plasma solely with ICRF. Pulse lengths up to 1 sec
(>50 energy confinement times) at RF powers of 500 kW Were achieved. Fig. 5 ShOWs
the time evolution of such an ICRF plasma. The achieved plasma parameters were:
Warm g 4.2 M, T40) S 800 eV, TD(0) g 500 eV, new) S 4.5 >1 1019 1-in—3, PRF S
700 kW. Good wall conditions facilitated density control over the length of the discharge.
After some slightly transient behavior steady-state was reached where all measured plasma
parameters were constant. In particular, no increase of impurity radiation was observed.
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The total radiation as determined by bolometry remained comparable to ECRH plasmas.
VUV measurements showed a slow increase of iron and chromium radiation that saturated

after a few hundred milliseconds in agreement with the long particle confinement times
expected at these densities and power levels.

It was also possible to generate the plasma with ICRF starting from a seed plasma
given by the afterglow of a discharge. The time evolution of such a. discharge is shown
in Fig. 6. At the start of the ICRF pulse the density of the seed plasma was less than
the cutoff density for the fast wave and the antenna loading was equal to the vacuum
loading. Within 100 msec of the start of the RF pulse typical lCRF—plasma parameters
were recovered. The stub tuners of the system had to be set to a compromise setting to
ensure sufficiently low VSVVR during the whole discharge.

CONCLUSIONS

Plasma heating, sustainment and generation from a seed plasma is possible with
ICRF for the two—ion hybrid heating scenario in an advanced stellarator. ICRH—sustained,
plasma parameters were comparable to those achieved with ECRH. The experiments
showed, however, that the heating efficiency degraded rapidly if the hydrogen concen-

tration increased beyond 2030 (Z. Therefore, control of the minority concentration is of

crucial importance for this heating scenario in a large aspect ratio device as the VVY—AS
stellarator. A viable alternative to hydrogen minority could be 3He, whose concentration
can easily be controlled.
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DRIVEN by TOROIDALLY LOCALIZED ECRH in WT—AS

U. Gasparino, Ha], Hartfufl, H. Maaiiberg, N. Marushchenko*, W. Pernreiter, M. Rome

Max—Planck Institut fiir Plasmaphysik, EURQTOM Ass, 085748 Garching, Germany
‘ Institute of Plasma Physics, NSC—KhlPT, 310108 Kharkov, Ukraine

WT—AS is a modular stellarator with 5 field periods. Close to the plasma axis the poloidal Fourier
components of the 3‘D magnetic field tend to vanish and the configuration becomes similar to five
“toroidally linked mirrors”. During on-axis ECRH, the highly focused injected beam interacts,
besides passing particles, with only the trapped particle population confined in the mirror where
ECRH is launched. in low density ECRH discharges in magnetic configurations with high
fractions of trapped particles, strong toroidal anisotropy in the electron distribution function
may arise. Aim of this paper is the quantitative evaluation of the collisional redistribution of
the deposited power between the difierent classes of trapped particles and an investigation of
the possibility to detect experimentally the ECRH driven toroidal inhomogeneities by means of
the ECE diagnostic.

- ECRH DRIVEN TOROIDAL ANISOTROPIES o

The problem has been investigated by means of the bounce—averaged Fokker—Planck code FPTM
/1/ suitable for the study of ECRH in periodic magnetic fields, The analyzed scenarios refer
to second harmonic on—axis heating by a collimated beam of X—mode polarized waves injected
perpendicularly from low-field~side in the “minimum B" and the “maximum B” magnetic con-
figurations characterized by a local minimum or a. local maximum, respectively, in the toroidal
plane Where the ECRH beam is injected /2/. While in the case of “maximum B”, the power
is mainly deposited to passing particles and redistributed toroidally in a rather uniform way, in
the case of “minimum B” strong local perturbations of the distribution function can arise for the
population of electrons trapped in the local toroidal mirror where ECRH is injected, as shown in
Fig. 1 (for a target plasma with density no a 1 - 1013 cm‘s, temperature To 2 1400 eV, ECRH
power density 5 W/cma). in this mirror, the deviations from the Maxwellian distribution are
considerably stronger than those found in the other mirrors where heating appears only due to
collisional energy transfer from passing particles.

In steadystate, the redistribution of density and energy between the different populations
of particles is mainly determined by the balance between ECRH and collisions. The increase of
the perpendicular energy of the electrons resonant with the ECRH beam, has two main Conse-
quences: the power absorbed by “barely“ passing particles can cause their trapping, whiie the
power deposited in the trapped particle region of velocity space tends to create an enhancement
of trapped particles at higher energy and a depletion at lower energy. Due to the velocity depen~
dence of pitch angle scattering, the anisotropy at low velocity is more efliciently counteracted
than at high velocities, causing a net flux through the boundary between trapped and passing
particles. On the other side, as trapped particles of higher perpendicular energy are poorly
confined in Stellarators, losses will also play a role in the redistribution.

The ECRH driven density perturbation is shoWn in Fig. 2. In the "minimum B” configu-
ration, the density of the population of directly heated trapped particles is increased mainly due
to the collisional redistribution driven by ECRH. in the other mirrors loss effects are dominant
and the number of trapped electrons is slightly reduced.

In the “maximum B”-scenario, the deviations are considerably smaller in amplitude (differ-
ent scales are used for the ordinates in Fig. 2), as most of the power is now absorbed by passing
particles and homogeneously redistributed toroidally. A qualitative similar toroidal dependence
is obtained for the ECRH driven energy perturbation (the relative energy perturbation being
three times greater in magnitude for the case under examination).
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Fig. 1 Energy spectra, along the line on a 0, of the bounceAalveraged distribution function.
Solid line: toroidal mirror with ECRH launch; dashed-line: other mirrors; dotted line: initial
Maxwellian (for reference). Fig. 2 Toroldal dependence of the relative density perturbation
driven by ECRH for the “minimum B” (top) and for the “maximum B”—scenario (center). The
small rectangle in these figures indicates the toroidal position of the launching system. On the
bottom the normalized magnetic field used for the bounceaveraging is shown.

The inhomogeneity in the electron density generates toroidal electric fields. The density
perturbation under stationary conditions is determined by the balance between the particle fluxes
driven by ECRH and by these electric fields. As ions remain unperturbed, any perturbation
of the electron density results in the generation of an electric field (proportional to the density
gradient), that1 in a. self-consistent treatment, would tend to reduce the ECRH driven density
perturbation.

- DETECTION BY ECE o
The EOE intensity, 1, can be evaluated from the “radiative transfer equation” /3/:

211. L _ I_(_S_),_f’ l 77(5') -f:,ot(s”)ds”Nrds{Nr2}—n—al => N3 _ Ods _N,?(s’)8 (1)

where N,- is the ray refractive index, 77 and o, the emission'and absorption coefficients, respec—
tively, and s the space coordinate along the ray trajectory.

For a Maxwellian distribution function, r] and a are related by a. simple multiplicative
constant, in agreement with Kirchhoif’s law:

Elba) _ Z sn<£l w r m- (2)(
In the general case the evaluation of n and or requires the determination of the (warm) polariza-
tion of the wave and an integration along the resonance curve w — kilvii — "—‘fiffi : 0 in velocity
space /4/. While for the emission coefficient the integrand is proportional to the electron distri-
bution function, in the expression for the absorption coefficient a differential operator appears
(corresponding to the derivative of the distribution function along the “diffusion path” in ve-
locity space) /4/. In this paper the wave polarization has been evaluated from the Maxwellian
bulk, while for the integration in velocity space the deviation of the electron distribution function
predicted by the FPTM—code has been taken consistently into account.

Q



1639

ELF) lilllilllllillllillllilillillll pg -lillliIllliillllllllllillllLluL gm:ll!lllllllilllilllllli'lillIllH:

U ' - - - ‘ 0 .. - . - x : :\v—l ! .1 - \N—"l :- '— H - r
% _ r I | _ a; 3| I .\. 1 E E, - - :v . : N~ ~3gp}; I V - _! ,- \. _ : :L_, . . ,. _ _ _

-} ! ’l." - ! 1 M t : ~' *-
m-! In, - Pu, ll-‘I t: i5 E

_I I.'I 6 3r 1,3 I ‘3 ems-“E E
F. v ' 2, v I . : _ .

v"! ‘ l I _ -5 L? l _ : z
o I If I c 3r x I 1 _: :—

' .I’ i " . ’i i : :1 r -
O willIHJHIIIHIIIIIIIIIII: O IIIJtHllllllllllililllllflll O lllllllllIlllllllllilllllllll

.97 .98 .99 l.OO .97 .98 .99 1.00 .97 .98 .99 1.00

60/260“ 60/20.)“ 7 59/203“

Fig. 3 left (normalized) emission coefficient, centre absorption coefficient and right “radia-
tive temperature” for the scenario of Fig.1. The same line notation as in Fig.1 is used and the
vertical lines corresponds to resonant electrons with energy 15,10,5 keV, respectively.

The normalized emission 77(_L;,w) = 17(lg,w) - (8n302)/(N,?w2) and the absorption coeffi-
cients are shown in Fig.3, together with the “radiative temperature”, 77(fi, (rd/01$, Lu), for the
distribution function in Fig.1. .

in the ECRH injection plane (“elliptical plane”) the magnetic field topology is rather
similar to that found in a Tokamali (B 0: 1/12). Two viewing geometries have been investigated
for the ECEantenna. The first refers to perpendicular viewing from the low—field—side and
the second to vertical viewing. Low»field-side observation is characterized by a rather strong
gradient of the magnetic field, while for vertical observation the changes in B are weaker and a
local maximum appears close to the crossing of the viewing chord with the plasma axis /5/. In
order to integrate Eq.(1), the distribution function, determined by the Fokker«Planck code only
close to the plasma axis, has to be extended radially. The dominant broadening mechanism is
related to VB-drift of ripple trapped particles. This kind of “convective losses” were examined
in /2/. In this paper we use a simple analytical model, f{r,y) : fM”[r,v) + [p(0,1.1) —
fMflw, 0)] - eop(-r2/0'2), where I'M” is the Maxwellian, p the Fokker-Planck distribution
and a a “broadening parameter” (or = 3 cm, in this paper). The deviation of the distribution
function from the Maxwellian is therefore distributed on the magnetic surfaces in a poloidal
uniform way, only the amplitude of the ECRH-driven perturbation decreases with increasing
radii.

The emission spectra obtained integrating Eq.(1) along these viewing chords, for the case of
2”dwharmonic X—mode emission, are shown in Fig.4. Together with the emission of a Maxellian
plasma the spectra for an antenna localized in the ECRH injection mirror and in a mirror where
no ECRH is injected are shown too. As the deviations expected by Fokker‘Planck simulations are
found at relatively low energies (see Fig.1), the emission detected by the low-field—side antenna,
sensitive to the bulk properties of the distribution function, can be strongly perturbed, especially
for the mirror where ECRH is injected. On the other side, the vertical observation is generally
“insensitive” to perturbations in the bulk of the distribution close to the plasma axis, as this
emission tends to be reabsorbed by thermal optically thick plasma at outer radii, during its
propagation towards the ECE antenna. Only emission at sufficiently down-shifted froqriencies
can reach the antenna. No ECRH power is expected to be directly absorbed at these resonant

energies and collision and radial losses mainly determine the tail population /2/. The vertically
observed EOE-spectrum is therefore determined by the balance between collisions and radial
losses. The response to sudden changes in the injected ECRH power (switch—on, »off, modulation)
can in principle be used to separate the two mechanisms, clue to the different time scales and
energy dependencies /6/.

In case of ECE at optically thin harmonics, reabsorption becomes negligible and the emis
sion from the central region, where the deviation from Maxwellian are expected to be stronger,
can reach the ECE antenna under any VieWing geometry. Fig.5 refers to the case of emission at

,
itiiillJT-l ‘ilrigt‘HfifMl’!wkI-‘ihw‘ l‘h' my“, 1
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Fig. 4 Simulated ECEspectra for perpendicular Viewing ofX—rnode 2’7“ harmonic from a low—
fieId-side antenna (ifs) and for a vertically viewing antenna (Vat). The same line notation as
in Fig.1 is used. Fig. 5 Same as Fig. 4 but for X—mode 4th harmonic emission.
the (optically thin) 4m harmonic (the magnetic field has been reduced from 2.5 to 1.25 T). The
radiation temperature is relatively weak for these frequencies. The interpretation of the signals
related to opticaliy thin harmonics can be made critical due to poseibie contributions from well
reflection, making the presence of a “beam dump" mandatory.

0 CONCLUSIONS 0

Strong ECRH driven toroidal anisotropies are predicted by Fokker—Planck modelling. The devi-
ations in the bulk of the distribution function in the toroidal mirror where ECRH is injected are
expected to be strong enough to affect the EOE detected from low-field-side. The detected “ra— ‘
diation temperature” is expected to be substantially higher than the one detected in the other
toroidal mirrors. Vertical ECE, along B '2 const, due to the relation between emitting frequency
and energy (a; — Bit—"ii 2 0) allows a more direct interpretation of the observed ECEwspectrum in
terms of the “line averaged” distribution function. However, while emiseion at optically thin har-
monies and/or high enough resonant energies can reach the vertical antenna, at optically thick
harmonics, the emission related to low energy electrons located close to the plasma axis, i.e.,
Where Fokker-Planck simulations predict the strongest deviations from Maxwellian. is generally
reabsorbed during its propagation towards the antenna.
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RESONANT ELECTRON BERNSTEIN WAVE HEATING VIA
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Max-PIanck-[nstitutfiir Plasmaphysz'k, EURATOM Ass.

D-85748 Garching, FRG,

ECRH«Group
Institutfiir Plasmaforschung, Univ. Stuttgart, D70569 Stuttgart, FRG

Abstract
Electron cyclotron resonance heating (ECRH) above the plasma cutoff density with electron
Bernstein waves (EBW) was investigated and successfully demonstrated at W7 -AS stellarator.

The EBW's were generated via O—X-B mode conversion heating from an O-wave to an X-wave
and, finally, to an electron Bernstein wave. A narrow power deposition profile could be
determined from a careful analysis of the soft-X emission at the power switch-off. The
deposition could be shifted by changing the position of the cyclotron resonance layer.

Introduction
ECRH with electromagnetic waves is a very efficient method to heat magnetically confined

fusion plasmas. However, the accessible plasma density is limited by a critical density (cutoff

density). On the other hand, the prospectcd large stellarator W7—X will have operational regimes

above the cutoff density of the proposed ECRH heating system. A possibility to overcome the

density limit is the O‘X-B mode conversion process proposed by J.Preinhaelter and V.Kopecky
[1] in 1973. This process is a general physics phenomenon of EC—waves propagating in hot

magnetised plasmas, such as ionospheric or fusion plasmas. Here 0, X, and B represent the

ordinary, extraordinary and electrostatic mode, the so called electron Bernstein mode. The
essential part of this scheme is the conversion of an O-wave launched by an antenna from the
low field side into an X—wave at the O-wave cutoff layer. This mode conversion requires an 0-
wave oblique launch near an optimal angle. The transverse refractive indices Nx of the O-wave

and X-wave along a wave trajectory in a density gradient are connected at the optimal launch

angle with acorresponding longitudinal (parallel B0) index sflp1=(Y/(Y+l)) with Econ/a)
(a) is the wave frequency, a)“ is the electron cyclotron frequency) without passing a region of

evanescence (N3 <0). Therefore power can be transmitted through the plasma cutoff and a fast
X-wave is generated. At the upper hybrid resonance (UHR), where the X-mode branch is

connected to the electron Bernstein branch, EBW’s are generated and propagate, since for

EBW's no density limit exists, toward the dense plasma center. A detailed description of the O

X-B mode conversion experiments at W7<AS is found in [2}. In this paper the propagation and

cyclotron absorption of the EBWs in W7-AS was investigated and successfully demonstrated.
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Ray tracing

Ray tracing calculations were performed in order to get a more detailed insight into the O—X—Bv

scheme and to show the propagation and absorption of the EBW‘s. Density. temperature and

magnetic field profiles similar to that of a typical neutral beam sustained W7-AS plasma were

used for model calculations in a toms. We use the nonrelativistic hot dielectric tensor with a

correction for electron ion collisions given by [3] and an isotropic electron temperature. The ray

trajectories in the equatorial plane are‘ shown in Fig. 1. The beam is launched from the low field

side and propagates through the cutoff, where it is convened into an X-mode, Then it moves back

to the UHR-layer, where the X-B—conversion takes place. The EBW's are absorbed near the

cyclotron resonance at the plasma centre. A small fraction of the beam power is lost at the UI-IR

due to finite plasma conductivity. The power deposition zone for resonant heating strongly

depends on the magnetic field and electron temperature as shown in Fig.1.
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Fig.1 Results afray tracing caiculliotts.

Left picture: Ray trajectories of 70 GHz EBW's in a plasma torus for dtfierent magnetic fields, The central

density was 1.5 1020:71‘3 and the central temperature was 500 El’. In the resonant case the trajectory was

calculated until 99% oflhe power was absorbed.
Right picture: Ray rrajectoriesfor different central plasma temperatures at a central' magnetic field of 2,2 T and a

density ofLS 1020m'3.

EBW‘S experience a cutoff layer (N ~90) at the UHR surface, which in the nonresonant or

higher harmonic (wag/Md) field totally encloees the inner plasma. The radiation is then trapped

inside the plasma like in a hohlraum. The EBW's are either reflected at the UHR surface in the

case of an oblique angle of incidence or are back converted to X-waves which are converted

again to the EBW's at their next contact with the UHR. Radiation can only escape through the

small angular window for O»X— and X-O—conversion, respectively. In the absence of an electron

cyclotron resonance in the plasma the EBW's may be absorbed due to finite plasma conductivity

after some reflections at the UHR—layer. In the resonant case due to the nonvanishing parallel

component N II =N 2a of the refractive index in the oblique launch the cyclotron absorption is

strongly Doppler shifted.
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Experimental set-up
The experiments were performed at the W7‘AS stellarator (major radius R: 2.0m , minor radius
a: 0.18m) with two 70 GHz gyrotrons with 170 KW power each. A detailed description of
W'I-AS and its 70 GHz ECRH system can be found in [4]. The central magnetic field was set
between 2.0 and 2.5T and the edge rotational transform t, taken from the magnetic
reconstruction, near 0.35 according to the experimental requirements. The central density of the
neutral beam injection (NBI) sustained target plasma was up to 1.5 10 20 m'3, which is more
than twice the 70 GHZ O—mode cutoff density. The NBI power was 360 KW in co—injection. At
the ECRH launch position the stellarator plasma has an elliptical shape similar to D-shaped
toltamak. In the equatorial plane the magnetic field as a function of the effective radius reg is
approximately given by the following relation: B(fefir) = BOA / (A — eff / a) with A: 10.5. The
power deposition was estimated from the change of the temperature profile at the power switch—
off. Since the density was far above the ECE cutoff, the temperature profiles were calculated
from the soft—X emission and the Thomson Scattering diagnostic, The central temperature was
500 eV. The X—ray emission was monitored by an array of 36 silicon detectors with a 25 um
beryllium filter. To obtain the radial X-ray emission profile the signals were inverted to the
magnetic flux co-ordinates. The time resolution was 0.1 ms and the radial resolution was about
1cm.
Experimental results
The soft—X intensity s at the detector is approximately given by the following formula:

E .
2 It

s(Te) : Cfil "e Zcflfiexp[_%‘j,
e

where ”e is the electron density, which we take from the Thomson scattering diagnostic, Te is
the temperature, and Efihe, is the cutoff energy of the filter (lkeV for 25 um Be). 285- is
assumed to be constant over the radius At the time of Thomson scattering the linearity of this
relation was checked with the Thomson temperature over the full temperature range and a
proportionality factor cfi, was estimated Assuming that he and Zefi: do not change during the
ECRH power switch-off the temperature difference is then

—1
d] .M; =[ Ms.do

Since for small time scales the radial heat transport is low. the difference of two soft X~ray
profiles with At=3ms immediately after the ECRH switch—off represents the upper limit of the
relative ECRH absorption profile. The local power deposition was estimated from the heat
wave at the power switch~off taking into account the radial symmetry of the temperature profile.
In Fig.2 the absorption profiles for different magnetic fields are shown. The absorption is
strongly Doppler shifted due to the oblique launch and moves from the high field side at 2.0T

through the center (2.2T) to the low field side at 2.3T with increasing magnetic field. which
clearly demonstrates the propagation and the local cyclotron absorption of the EBW's for the
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first time. In comparison with the ray nacing results the experimental absorption is more
Doppler shifted than the calculated one, which may be related to an only rough modelling of Lhe
stellarator magnetic field geometry in the ray tracing code.
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Conclusions
ECRH of an overdense plasma with 70 GHz electron Berstcin waves was clearly demonstrated in
W7-AS, The EBW's were generated via mode conversion in the O—X»B process. The position of
the narrow absorption profile. estimated from the soft-X emission, could be changed by a shift
of the cyclotron resonance layer. Thus the propagation and the local resonant cyclotron absorption
of EBW‘s was shown, which is an excellent test of hot plasma wave theory.
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Analysis of W7—AS Mirnov data using SVD

and correlation techniques
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Introduction: The modular stellarator W7~AS is equipped with three poloidal arrays of

Mirnov probes, two with eight, one with sixteen coils measuring the rate of Change of the

poloidai magnetic field. Data. are acquired at a rate of 333kHz and 250kHz. respectively.

Analysis comprises SVD, correlation and Fourier techniques. The aim is to identify MHD

instabilities, the influence of which on stellarator confinement is often unclear.@
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Fig. 1: Schematic of mode analysis: circles indicate input data/parameters. boxes represent en»

titics of difi‘crcnt decompositions. Triangles describe ways to analyse the decomposition entities,

eg. power spectral density or phase analysis of SVD chronos. Output data are represented by

’eggs’, Further explanations see text.

Data Analysis: Raw data are FFTld and bandwpassed to eliminate parasitic signals such

as pickwup from the thyristors of W7-AS’ power supply.

Singular value decomposition (SVD) or biorthogonal decomposition (BD) [1] splits a

matrix X (.M X N. 111’ > N), containing N time series of 1111' samples of N probes into

three matrices: ULM X N}, VUV x N)‘ and a. diagonal S.

X:U*sw+ (1)
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The columns of V are spatial “eigenvectors” or topos (figs. 2c, d), the columns of U are

temporal “eigenvectors” or chronos (figs. 2e, f), ordered with respect to variance (“im—

portance”) which is reflected by the monotonuously decreasing singular values contained

in S (fig. 2b).

If two of the singular values are approximately equal, the corresponding tapas and

chronios describe one single, but rotating perturbation. In that case, the tapes reveal the

dominant m (figs. 2c, d), as does the relative phase of the two neighbouring topos (figs. 2g,

h), which is analysed in the same manner as phases obtained from FFT [3] The relative

phase of the corresponding chronos yields a time—resolved frequency [1] (figs. 2i, j).

In our example, SVD components with k 2 4 will contain mostly noise (see the

discussion in [1]) A non-Fourier noise—filtering may thus he obtained if the higher order

singular values are set to zero when reconstructing X according to eq. (1.)

The normalised cross correlation function (NCO) [2] is calculated from SVD—filtered

data using selected tapas and chronos k1...k2 *. Probe l (outboard midpiane, fig.3a)

serves as a reference channel and j = 1,. , N:

1 M .. 3 W , ' ,- 'M 2
Girl?) .2 114+1igf-51illxjil P) l l

The correlation diagram, Le. a plot of C] j(p) US. the time lag p and the probe position

reveals the frequency, the sense of rotation and the dominant poloidal harmonic m (figs.

2k, 1, o, p).

For the frequencies of maximum power spectral density yielded by the coherence spec-

tra and the spectra of the relevant chronos, m is obtained by FFT phase 23.1:ua.l},rsisM [3].

A comparison with calculated phases or correlation diagrams which are obtained using

the assumed m and the straight field line angle 0* from the. vacuum configuration is often

extremely helpful. Such calculations are shown in figs. 2g, h, o, p as dashed curves and in

figs. 2k, 1 as overlayed solid curves.

Result of the analysis example: We state the presence of two difierent modes. The

first one rotating in the ion diamagnetic drift direction (fig. 2k) is possibly a beam-driven

GAE mode. The power spectral density of its two chronos is very sharply peaked at

37191172. The poloidal structure appears to be more consistent with m = 4 (see figs 2g,

'An FFT band-pass filter may be used additionally.

”This is not shown here, but looks essentially the same as figs. 23:, h '
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k, 0), although the correlation diagram exhibits some distortions (fig. 2k). The second

mode with m = 3 rotates in the electron diamagnetic drift direction (fig. 21). The power

spectrum reveals a, rather broad pea]; about 25kH2.
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Fig. 2: Ma'mov analysis of WW—AS discharge # «59181, a purely NB}r heated D plasma: PNB! .=

0.5MW, Zine density m 4 - 10mm”, central electron temperature 3 70061”, extraordinary good

energy confinement of TE: m 40s [4] in spite of comparativeiy strong MHD activity. Data were

taken with the lfiwprobe array (compare fig. 3a) at a sampling mtg of QSUkHz. 1000 samples

centered about 370nm were selected. Further explanations see taxi.
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Reliability: Any difficulties arising from noisy data are presumably circumvented by the

use of the analysis procedure described above. Persisting problems are essentially caused

by geometry, Le. by a too high m, a too great distance between the probes and the source

of the magnetic signal or by inadequate poloidal positions of the probes.

in order to quantify these limitations, time series of simulated enov signals have

been produced for the lGrprobe array (fig. 3a). Based on theoretical equilibria1 modes

with 772— numbers between ‘3 and 6 at different radial positions 20m 3’ T's-ff 5 150m

have been simulated. The degree of agreement of the analysis result with the actual m is

displayed in fig. 3b. Identification of modes with m E 6 is impossible, due to the short

decay lengths of high multipoles. It is feasible to identify m = 5 if the perturbation is

located at re” 2 12cm. If the mode is located inside rm: m 106m which is frequently the

case for GAE modes [5,6], m = 3 and m 2 4 may already be hard to distinguish.
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O .

m

M
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Fig. 3a: array of 16 Ba—pmbes (MIR-1). Con- Fig. 3b: fraction of correctly determined

tours indicate fiuz surfaces of a sample vac~ polaz'dal harmonics m as a function of ray;

uum configuration. The dashed contour cor— and m. Contours represent levels of 10% to

responds to re” x 17cm. 90% agreement.
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Correlation between MED-activity, energetic particle behaviour
and anomalous transport phenomena in WENDELSTEIN 7-AS

A. Weller, M. Anton, l, Geiger, C. Gorner, R. Jaenicke,
C. Konrad, F.P. Penningsfeld, N. Rust, D.A. Spongll‘) , C.Y. Teo

W7—AS Team, NBI Group. ECRH Group”)
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D-85748 Garching, Germany
.. *) Oak Ridge National Laborarom Oak Ridge, Tennessee, USA
W) Insrirurfi'r‘r Plasmaforschzmg. Universitfit Stuttgart, D~70569. Germany

Introduction - Energy and particle transport in W7-AS exhibits a resonance—like dependence
on the edge rotational transform (iota) as long as the magnetic shear is relatively weak (low 13,

no significant net toroidal currents), MHD modes at resonant surfaces may cause enhanced
radial transport depending on the magnitude and radial extent of the magnetic perturbations,
In many cases discharges in W7~AS are very quiescent, or in case of mode activity, often no

influence on energy and particle confinement is found. In the high beta regime ((fi) 5 1.8 ‘70)
shear is increased due to the effect of the Shafranov shift leading to the formation of low
order rational surfaces inside the plasma. Pressure driven mode activity appears at
corresponding resonant surfaces. These modes could be resistive interchange instabilities
since the respective stability criterion can be violated at least in the outer part of the plasma.
Only around the highest beta values and in cases, where the magnetic well of the

configuration was reduced. relaxations of the plasma energy are observed, indicating the
vicinity of a soft betawlimit. in most cases, however, the maximum achievable beta is

determined by the available heating power.

Effect of NBI driven global Alfvén Eigenmodes on plasma confinement - Most of the

Ml—{D activity observed occurs during neutral beam injection (NBI) in the lower beta regime.
where low order rational surfaces can be avoided due to the very low shear of the
configuration. Away from but close to resonant surfaces gaps in the shear Alfvén spectrum
are present, where global Alfven eigenmodes (GAE) can be excited by resonant fast ions of
the beam distribution. In NBI heated plasmas GAE activity often coincides with the iota~
range of degraded confinement. However, this is also the range where formation of low (mm)
Alfvén gaps becomes possible. Since the resonant confinement degradation also occurs
during ECRH, where no fast ion population is present and only very weak MED-activity is

observed, it is conjectured, that magnetic turbulence phenomena around the dense high (m,n)
resonant surfaces are causing this effect. From the analysis of iotaprofiles it is concluded,
that the main low (m,n) resonances are less unfavourable because their neighbourhood is free

of resonances. In the period after switch on of NBI very pronounced GAE activity causing
enhanced transport can be excited due to transiently unstable fast ion velocity distributions. In
particular, when the target plasma has very low density or the discharge is initiated by the
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neutral beams, even more

unfavourable fast ion distributions
400 '

can be formed due to charge

a} 300 ‘ ‘ “ exchange effects, In this case in

Q: 200_ addition to the low frequency (20 -
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Fig. 1: Global Aifvén frequency contours (top) during NBI density
ramp. The dashed lines indicate the temporal evolution of the Alfvén

Alfvéh modes in gaps induced by
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(EAE, NAB) could piay a role. ‘
Fig, 1 shows the change of the
frequency spectrum (Mimov coil)

with the change of the Alfvén
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W7—AS # 37734 Plasma Parameters Another regime Where
strong effects on transport
are caused by beam driven
Alfvén modes is at low
electron collisionality

SX achieved with combined
ECRH and NBI heating.
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‘ fast particles and thermal

plasma energy. This has been inferred from data obtained with deuterium injection using the

neutron rate as a measure of the fast particle density since beam-target reactions are the

dominating neutron production process. The magnitude of the stationary neutron flux was

found to be significantly lower titan predicted values (fig. 2'), and in addition, relaxations of

the DD neutron rate and soft X—ray signals in correlation with the MHD bursts are observed

(fig. 3). The loss rate of energetic particles, can be estimated roughly from

tfw : At-(Adp/ofi. where At and Alb/ti) are the average time between bursts and the
average relative drop of the neutron flux, respectively. The fast particle confinement times

derived in single cases are of the order of the slowing down time. Since resonances often

occur with ions of relatively low velocities (< 1/3 injection velocity), which do not contribute

to the neutron production. this analysis may underestimate the total loss rate.

Alfvén modes in the absence of fast particles - MI-[D activity presumably due to GAE

modes is also observed in ECRH plasmas without NBI. These modes are weaker as compared
with NBI driven GAE modes and are preferentially seen under degraded confinement

conditions without being the direct cause of enhanced thermal transport. Whereas during NBI

the propagation is in the (fast) ion diamagnetic drift direction as expected from the ion drift

excitation process, it is opposite during ECRH only. The frequencies are consistent with GAE

modes inside the lowest Alfvén continuum gap (fig.4). The observations are similar to results

of TFI‘R {5] and ASDEX Upgrade [6} where TAB modes were found in the OH phase. A
possible excitation mechanism considered recently is the coupling of Ex B turbulence t0
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Fig. 4: Global Alfve’n Eigenmader (GAE) in ECRH plasma
(Mimov and SX signals top), Alfve’n gap structure (middle) and
beta profile (bottom).

drift Alfvén
turbulence cascading into low kn
Alfvén waves [7,6], The local [3»
values at the location of the modes

electromagnetic

is in the range where such coupling
is expected (fig. 4, bottom). A

correlation between MHD—activity,
broadband turbulence and enhanced
transport is found in many cases
including NBI discharges.

Conclusions - The dependence of
the confinement on the magnetic
configuration cannot be explained
simply by low (mm) magnetic field
resonances (“naturai" islands and

other static field perturbations) or

mode activity. Global Alfvén modes

emerge from the multiformity of
MHD activity in W7-AS as most
prominent instabilities. Since their

propagation requires finite ku (or a
gap in the continuous Aifven
spectrum), GAE modes with mode
numbers (mtn) cannot be easily

thesuppressed by avoiding
corresponding rational surface iota=nlm in the confinement region. The effect of Aifvén
modes on energy and particle transport is significant only during transient phases of bursting
modes and in the low collisionality regime with NBI. Drift Alfvén turbulence is considered
to be an important process to explain both, the resonant anomalous transport and the
excitation of GAE‘s in ECRH plasmas.
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The Shear Alfvén Continuum of an Ideal MHD
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The Shear Alfvén continuum in an asymmetric plasma configuration that is an exact
solution of the equilibrium equations of ideal magnetohydrodynamics is treated, It is
found that the Alfvén continuum has two components: a continuous component that is
characterized by modes defined over the entire magnetic surface, and a discrete compo—
nent characterized by modes localized with a finite decay length on specific magnetic field
lines. The localized modes, the nonsymmetry induced Alfvén eigenmodes (NAE), do not
occur in symmetric plasmas.

l The shear Alfvén continuum of ideal magnetohydrodynamics has received considerable
interest in the past because of its potential importance for plasma heating and current
drive, and because of its possible effects on plasma stability. The key feature of the shear
Alfvén wave in the continuum is its spatial singularity about surfaces of constant pressure.
What is known about the Alfvén continuum has arisen principally from studies of Alfvén
wave phenomena in MHD equilibria with spatial symmetries, such as the one—dimensional
cylindrical screw pinch and the two dimensional toroidal tokamakt Equilibria without
symmetries have received minimal attention, in part because the existence of asymmetric
MHD equilibria has not been clearly established. Recently, however, several classes of
asymmetric ideal MHD equilibria have been found [1]. These particular equilibria are
parallel to a straight, infinite, magnetic axis (3 axis). The magnetic lines of force twist
about the axis and form closed magnetic surfaces. In the limit of plasma ,6 << 1 the
Cartesian components of the magnetic field B are

Bx = —- B0 e’“ sin(rt:r) /2, B1, = Bo e‘“ sin(my) / 2 , '1

Bz = BB is“ cos(it:r) + 6"“ cos(rty) ] / 2 , t )

where Bo is the value of magnetic field at z = 0 on the axis a: 2 y = 0, and K. is a length
scale parameter. The magnetic field lines are embedded in the surfaces F = const, i.e.
B . VF = O, with

F($, y, z) 5 e2“ sin2(.‘cx) + 2[1 — cos(m) cos(K.y)] + e‘2“ 511120;?!) . (2)

see Fig. 1. In the limit 2 —+ $00 the cross section condenses into an infinitely thin sheet.
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The Alfvén continuum, i.e. its frequencies and modes, in the limit of small plasma
(i, is governed by a single second-order ordinary diflerential equation along the magnetic
field lines [2]. If 2 is used as a label along the field line chosen the mode equation becomes

ad; [nag—Z] +As(z)u<z> = 0. (3)
where p = 31/0,, 3 = 4/(BZQ), Q = Liz/(VF)? and A = hoping/35. In these definitions,
[Jo and p are, respectively, the vacuum permeability and the plasma mass density, while
B, and B are, respectively, the 2 component and the magnitude of B normalized with
respect to 80/2. For the time dependence of the mode the ansatz u(z, t) = n(z) exp (iwt)
was made, A equals the frequency squared divided by the square of the Alfvén speed on
the magnetic axis. The coefficients p(z)=— p(x{z), y(z) z) and 5(2) in Eq (3) have to be
taken along the magnetic field line 1;: m(z), y: y(z). The field line orbit'is determined
by the coupled system of diflerential equations

div/dz = Balm. y, Zl/lw, 21, Z) , dy/dz = B‘s/(35': y. Z)/Bz(z,y, 2:) - (4)

If A N we is real, Eq. (3) is self—adjoint, provided R E chino pu‘du/dzlfg is bounded. The
latter condition in practice reduces to the requirement that n(z) be bounded asymptoti~
cally, as 2 —) :l:oo.

Within these premises, the nature of the Alfvén spectrum still depends on the details
of the asymptotic behavior of u(z). Two general classes of solutions and therefore spectral
components can be identified according to whether the integral I E If: u2(z)dz is
bounded or not. If I is bounded, A is a discrete eigenvalue. The associated mode u(z)
is a discrete or localized eigenfunction which falls off to zero asymptotically for lzl —> Do.
If I is unbounded, A is in the continuous spectrum and the associated mode u(z) is an
extended eigenfunction which stretches along the whole infinite length of the field line.

On magnetic surfaces close to the axis, [m], lnyl << 1, Eqs. (4) can be solved analyt-
ically. There results 27(2) = 2:0 [Ze‘M/(em + e"“)] 1/2, y(z) = yo [2e"’/(e’“ + e""‘)]1 2,
where no and yo are the transverse coordinates of the field line in the plane 2 = 0.
Equation (3) becomes

d w, 2 do e“":t0+e“"”yo _d—z [(e"‘xo+e yo) dz~—] + Wooshflaz) Au(z) 0 (5)

For 0;: 1/02/13 = 1, Eq. (5) can be solved by substituting nr(z.)—w arctan[sinh(nz)]. This
yields the equation, dzu/dr2 + A u—— 0, which, for A real, has the solutions,

u(z) = (11 sin [x/A arctan(sinh 2)] + (1; cos [fiarctarfisinh 2.)] , for A > 0 , (6)

21(2) = d3 exp [V—A arctan(sinh 2)] + d4 exp [—\/ -A erotan£sinh z)] , for A < 0 , (7)

where (dhdmdmah) are integrating constants, and a has been set equal to 1.
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On the stable side of the spectrum, where A > D, locaiized eigenmodes do ex—
ist. The boundary conditions u(:l:oo) = 0 for Eq. (6) are satisfied with A = Am =
m2, m = 1, 2, 3,... with the corresponding eigenfunctions n1(z) = l/coshz, u2(z) =
sinh z/cosh'2 z, u3(z) = (1 —- 3sinh2 z)/cosh3 2, etc. In Fig. 2, the eigenfunctions 211(2)
and um(z} are shown, Note that the analogue of Eq. (3) does not have localized solutions
in axisymmetric configurations as follows from the theory of differential equations with
periodic coefficients. In nonaxisymmetric toroidal MHD equilibria, however, provided
such equilibria exist, localization seems to be possible again [3].

In addition to discrete modes, the or : 1 solutions also yieid continuum modes. For
A 35 An., all solutions (6) and (7) asymptotically tend towards a nonvanishing constant,

at least at one end of the configuration. This implies the divergence of the integral
I . Consequently, the continuous spectrum consists of the entire complex to plane. If
Im(w) < 0, the continuum modes are unstable. Symmetric and antisymmetric stable
continuum modes are shown in Fig. 3, while examples of unstable continuum modes
are shown in Fig. 4. The occurrence of an unstable Alfvén Spectrum characterized by
Im(w) < 0 in a static equilibrium contradicts conventional results. However, modes in
the unstable continuum generally will not contribute to the wave dynamics of the plasma
equilibrium because they are tied to specific inhomogeneous boundary conditions that
must be specified at the singular ends of the equilibrium, 2 —> dzoo. If these conditions

are not satisfied, the unstable continuum modes do not appear.
For field lines with 0 < a < 1 the spectrum and the modes have to be determined

numerically. The dependence of the eigenvalues A1 — A3 on a is shown in Fig. 5. For a.
fixed value of A a sequence of continuum modes is shown in Fig. 6, displaying a smooth
transition as a varies from zero to one. For 1 < a < 00 the spectrum and the modes can
be obtained by replacing or with 1/0; and z with —z.

Concerning the global behaviour of modes on the whole magnetic surface the following
picture emerges from Figs. 5 and 6. There are frequency domains (in? ~ A) in which a
single Alfvén continuum mode, i.e. with fixed frequency, is able to cover smoothly the
whole surface, 0 g or 5 00, just as in, for example, antisymmetric equilibria. A phase on
each field line and a poloidal mode number at one arbitrary position z = const are free.
Interspersed between these continuum domains there are frequency domains in which
on at least one field line the mode extension shrinks to a finite value. It is conceivable
that the interaction of the plasma with tag. externally applied waves or fast particles is
concentrated in or excluded from this region.

[1] R. Kaiser, A. Salat, Phys. Rev. Lett. 77, 3133 (1996).
[2] M. P. Bernardin, J. A. Tataronis, Phys. Fluids 27, 133 {1984).
[3] A. Salat, Plasma Phys. Contr. Fusion 34, 1339 (1992).
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Fig. 1: Magnetic surface F = 1.0 for
«~23 < z < 2.3. With four field lines.

Fig 2: Eigenfunctions 111(2:2:) (dashed) and 1110(2)
(solid).

Fig.3 : Stable continuum modes u(z) for eigenvalue
parameter A = I/x/i’: (dashed) and A a NBA/5

(solid).

Fig‘ 4: Unstable continuum modes 11(2) for
eigenvalue parameter A = —-1/\/§ (dashed) and

A = —1flO/fl (solid).

DIS 1 fl ~10

Fig 5: Dependence of A1 (lower curve), A2
(middle curve) and A3 (upper curve) cm field (I'm:

position a.

Fig. 6: Dependence of continuum modes 21(2) on
field line position a: a = 1 (upper thick curve),

a a 10—1, 104, 10'3 (curves in descending
order) and a = 0 (lower thick curve). With

A = 1N5 fixed,
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1. Introduction
Fast (Jr-particles from fusion may destabilize toroidal Alfvén eigenmodes and ballooning
modes in tokamaks, as was found e.g. in ref. [1]. In a 3D plasma confinement device
there are reflected particles which are restricted to the period of the magnetic field.
The latter have also been shown to be destabilizing if they are energetic [2].
Thus, a stability analysis of 3D plasma equilibria from the kinetic point of view is
highly desirable.
2. Ideal MHD Energy Principle
The plasma potential energy of ideal MHD is given as [3,6]:

m :§ / f [a [W —- Ac?» Vsr +”/P(V - e2] (1)
Clearly, the stabilizing terms are the fluid compression term proportional to 7p and
C" = V x (5x J?) + %§s—V§§E¢ Vs, with f the perturbation and s the flux label. The fluid
compression term can be minimized to zero [6]
The only possibly destabilizing term A contains the curvature, local shear and parallel
current density as destabilizing contributions.
3. Kinetic Energy Principle
The guiding center description of a plasma yields an energy principle for low frequency
perturbations similar to the MHD one [4,5]. The kinetic energy principle is equivalent to
the adiabatic conservation of the magnetic moment a, the longitudinal action invariant
J = mvdl, and A in the case of energetic particles - the flux through the drift orbit,
the so called third adiabatic invariant (P = fadfi [5]. The triple (emit!) forms a
coordinate system of flux, poloidal and field line coordinates, respectively.
This energy functional differs only in its kinetic term from the MHD result, i.e. the
latter replaces the fluid compression term in eq. (1):

1 sW, 2 § / f / (13¢ [lolz— AGE-Va)? + Wk] (2)
In the case of thermal plasmas where the particles can be assumed to be attached to
the field lines the energy principle reduces to the well known Kruskal-Oberman result
[4] in which the kinetic term is stabilizing. This kinetic term is given by:

Wk = —%/.dadfidud.l (g?) (H)2 (3)
" chm.)
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The quantity (H) is the mean variation of the particle kinetic energy between the
reflection points whereas F denotes the distribution function of the plasma with e the
particle energy.
Introducing the perturbation 5, the field line curvature vector E and 1/ = 5/}; one

obtains:

1 15 1/3”“ dz ‘1W. : ~fd — a d d f—” tit 2 CESP<J¥ffiDf U( f—l—VB) V

—1 _. 1‘? 2

x (far [\/1-VB(2E-€L+fi-§L)—Z%) (4)

This kinetic energy principle (eq.(2)) is investigated for a sequence (with sequence

parameter t) of 3D magnetic field configurations interpolating between an unstable

121,2 stellarator (t = 0) and the stable Wendelstein T—X (t z: 1). The details of the

interpolation are given in ref. [7].
The stability analysis has been done with a kinetic generalization of the CASsD code

[6]. the numerical field line integration scheme has been adopted from NOVA-K [8] The
eigenvalue problem corresponding to eq. (2) has been solved.
4. Results
For the computation of eq.(_4) the possible particle trajectories along the field lines have

to be catalogued. The torodial periodicity and the special magnetic field structure of

W7-X like configurations allow a categorization of reflected particles on surfaces of

constant 3 and y in not more than three groups (Fig. 1).
The by far most important contributions to the kinetic energy term stem from the

reflected particles. The passing particles average over the whole flint surface and are

therefore almost negligible, see Fig.2. The eigenvalues of the kinetic energy principle

Fig.1: shows a cut through the mag-
netic field strength at the .9 = 0.343
surface at 1/1/ = Bref 2 1.6080.

The mean B is (B) = 1.4752. At 2-0 '
the white spots B > Bref is valid.
Their edges form the reflection m 0.0

4.0

points of the trajectories. It can be

seen that 5’ groups of particles exist:

reflected within 1/5 (block), 4/5
{dark gray), 5/5 (light gray) of the

.4,0
to rus -4.0 -2,0 0.0 2.0 4.0

~20 -



Fig.2: The main contribu-

tions to the kinetic energy

term arise from the reflected
particles which are character—

ized by an e/u value between
I/Bmw and 1/3mm on a flux
surface. (here. for example
the contribution fmm the s =

0.34 surface is given).
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have been calculated extending the CASSD code with eq. (2).
It. can be shown that although the structure of the functional of the kinetic term is
completely different from the MHD structure there exist so called mode families [6] as
in the MHD analysis. The toroidal Fourier indices within a mode family differ by an

families does not exist. Also, the so called phase factor transformation [6,7] to deal
with high mode numbers can be performed as in ideal MHD.
The inclusion of the kinetic energy term into the eigenvalue problem tends to shift the
main contributions from the perturbation to the plasma edge and, simultaneously, to
lower them (Figs. 3,4).

Fig.3: Contributions to the
plasma energy for the unsta-
ble t : 0A configuration and
for both. the ideal MED ease
{broken lines} and the kinetic
energy principle (full lines),

Fig.4: The radial dependence
of the four most prominent
E perturbation modes (out of
12} for the sequence parame—
ter 1. = 0.4. The ideal MHD 3”-
modes are those with broken
lines

en
erg

y

0.2

‘(m=7,n=-11) "
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integral multiple of the number of field periods. A coupling between modes of difierent
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The point of marginal stability is shifted by approximately 0.1 towards lower values
of the sequence parameter t compared to the ideal MHD due to the stabilizing kinetic
term (Fig 5).
A perturbative treatment of TV]; with ideal eigenfunctions yields an eigenvalue which
is approximately 10% larger than that from the exact solution.

Fig.5: Eigenvalues calculated with 1-0
the CASSD—K code. for a sequence of 0.0
3D plasma equilibria. .10a .

_:_1
g ~21]

35‘ so
“e

-4.0

G--»G ideal MHD
-5.o Gym-6 kinetic energy principle

-6.D . .
0,0 0.2 0 4 0.6 0.5 1.0

sequence parameter

5. Conclusions
A kinetic energy principle for thermal plasmas ( neglecting drifts) has been investigated
in a. 3D n‘iagnetic field and the according eigenvalue problem has been solved.

In comparison to ideal MHD the kinetic. energy principle is more stable leading to a.
smell shift of the point of marginal stability in a sequence between stable and un-

stable equilibria. The reflected particles have been found to be the most important

contributors to the kinetic energy term in the functional.
The energy functional will serve as starting point for the investigation of hot particle
instabilities. For the latter particle drifts have to be included as outlined in [5]
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Introduction

Codes for solving the MHD equilibrium equations

J:<B:Vp.V><B=J,V-B=U (l)

for finite-a.spect~ratio, high‘beta, 3-D configurations are necessary for the design of fusion
machines and analysis of experimental data.
Due to the absence of symmetries, which guarantee the existence of nested magnetic
surfaces, in stellarators the treatment of magnetic fields with islands and /or stochastic
regions is required.
The VlVIEC code [1] solves the equilibrium equations by a variational method in which
the total plasma energy is minimized. The VMEC code presumes a. nested toroidal flux
surface geometry. and hence can not deal with the magnetic islands and stochastic regions
mentioned above. However, it is generally believed that the solutions found by the VMEC
code represent good approximations to the solutions including islands and stochastic
regions. The VMEC code is robust and yields an accurate description of the flux surfaces
with a. minimum of computational effort and a minimum number of poloidal and toroidal
harmonics. These features make the VMEC code the the most Widely used of the 3—D
equilibrium codes
The PIES code [2] solves the MHD equilibrium equations (1) by a Picard—like iteration
scheme

V >< Btu“) : Just”). (2)
Bi”J is the magnetic field at the start of the nth iteration, The computationally intensive
part of the code is the calculation of the current density HEW) : J; + J“ from the
equilibrium equations (1) and V . J = 0. Here, J; is the diamagnetic part and J“ is the
parallel part of the current density. These current densities are found from

V ><BJl=— p32 . (3)
B‘Viu—i-V-Jizo with JllzuB. (4)

Using this non—variational method; the PIES code is able to handle systems which do not
have a nested toroidal flux surface geometry.
Due to the use oi'the Picard iteration scheme. the PIES code shows a very slow convergence
rate, eSpecially when large blending parameters (see below) have to be used to avoid
numerical instabilities. in this work, finitewbeta solutions obtained with the VMEC code
are used as initial guesses for the PIES code in order to accelerate the convergence.
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PIES convergence
Using magnetic coordinates (p, 6,1,5) and solving the equilibrium equations (1).

, I F
J : Vt!) >< V6 (WWI) + (if—:2 fificosfitqfi — 1116))

+V¢ x V 3 us ’(fill + EEV‘i—Lj'é'” s( ¢ — m6) (5). 1; g . d¢‘m(nm¢m)co pn .

flab) and 9(a)) are the net toroidal and net poloidal current, respectively, L7,?“ are the
Fourier coefficients of the Jacobian between laboratory and magnetic coordinates. mm
label the poloidal and toroidal mode number, respectively. As seen from equation (2)
and depending on the shape of the local pressure profile, there may occur current density
resonances near rational surfaces with L : m/n . The observed numerical instabilities
mentioned often appear close to these resonances.
It was found to be useful or even necessary in this connection to blend the Fourier coeffi—
cients of the coordinates and fields with those of the previous iteration(s). This blending
is accomplished with the algorithm, A(n.+1) = fl(n+ 1) +174 - (AU!) A A(n.+1)).A are
the coefficients to be blended, e. g. coefficients of B'fi', x and L, and 5A is the blending pa-
rameter for A, Particularly in the case of low shear and/or high values of (/3), large values
of blending parameters are necessary to avoid instability and to achieve convergence The
result is a very slow convergence rate. This slow convergence can be illustrated by the
computation of VVYvX equilibria (for W7—X, see c. g. [3]). For an equilibrium with islands,
([3) = 3.75 ‘76, and using the vacuum field as initial guess, several hundred iteration are
needed for convergence [4] Generally, blending factors of 0.950 to 0.995 are found to be
necessary for VV7~X configurations.
It is possible to improve the convergence rate by using of ’Chebychev’ periodic sequences
of iterations with various blending parameters. Such a sequence allDWs the algorithm to
perform one iteration step with a rather small blending parameter after some steps with
large blending parameter Without loss of stability.

log(ABm,/B)
l u x

—;.m —

44: -

:

'2'" ;
i\ :-2.an 1 -

-a.a -

u n a l

number of iteration

Figure 1: man. correction ABmM/B versus the number of iterations. Iteration # 2 to 5554 3]
with u Chebyshcv sequence from yéé 24 to # 28 are shown. W7—X configuration, (/3) = 4.1 %.

in fig. 1, the convergence of the magnetic field B is shown by plotting the change AB
of E versus the number of iterations. One Chebychev sequence with a period of N = 5
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from iteration N0. 24 to iteration No. 28 is shown. Iteration No. 28 is the one with the
smallest blending factor, the acceleration of the convergence is clearly visible.
Fixed«boundary results
Another method to improve the. convergence rate is to improve the initial guess for the
magnetic field. Here, VMEC results are used as initial guess. The field resulting from
a. VMEC run is transformed into PIES coordinates via an interface code. To illustrate
this method of accelerated convergence, extensive computations of fixed—boundary WT—X
equilibria with (B) from 3 to about 5 % with and without islands were done. The number
of iterations necessary for a PIES run to converge with a VMEC field as initial guess
was found to decrease by nearly one order of magnitude compared with corresponding
PIES runs using the vacuum field as initial guess. For W7—X configurations without
islands, about 30 to 40 iterations were found to be necessary to compute a. equilibrium,
in cases with islands, about 'F0 to 110 iterations were required depending on island size
and possibilities to use Chebychev sequences. The number of toroidal and poloidal mode
numbers used were lnl g 8 and {mi S 10 to 16, The numbers of radial points used
were from 33 for configurations Without islands up to 65 in casias with islands. For all
considered W7—X configurations, the island widths were found to be very small compared
with the plasma radius although the islands were located in the low-shear region of the L
profile, for example at t = 5/ 6. Typical values are in the region of a few percent.

J .3 I J i! .0 r7 l I .9 A ‘1‘;

S

Figure 2: Rotational transforms L versus the normalized radius for W7-X equilibria with
(fl) = 3 2'6 (left) and (,8) = 5 % (right).
Dashed line: VMEC calculations, full line: PIES calculations.

In fig, 2, the rotational transforms L versus the radial flux label for a W7—X equilibrium
with (JG) 2 3 ”/6 and no islands (more specifically, with islands which size are below the
discretization length] and for a case with (13) = about 5 % and (small) islands are shown.
Both PIES and VMEC profiles are plotted in order to illustrate the practicality of using
VMEC inputs. The profiles are quite similar for these configurations. In fig. 3, flux
surfaces of a WT—X equilibrium with (3) = 5 % obtained from PIES for three different
iterations are shown. The left one is the field obtained from VMEC, the right One is the
converged equilibrium field. The corresponding L profile is on the right side of fig. 2. The
island chain is associated with a transform of t 2 5/6.
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Figure 3: Flux surfaces of a '7—X equilibrium with 56> = 5 %, obtained from PIES after the
0th {left}, the 11m (center) and the 96th (right) iteration.
Number ofpoloeidal, toroidal modes: m g 10) [NI 3 8, 65 media! mesh points.

Conclusions
Using VMEC equilibrie as PIES input, a considerable acoeleraition of the fixedvboundary
PIES convergence has been realized. This makes the PIES code a suitable tool to perform
equilibrium and, particularly. island studies for V ”7—K and other configurations.
Our next step, is the calculation of free-boundary equilibria. The NEMEC code combines
the VMEC fixed boundary code and the NESTOR code [5]. The NESTOR code is used
to calculate the Neumann problem in the vacuum region. The NEMEC code can thus he
used to solve the free—boundary MHD equilibrium equations assuming ’good’ flux surfaces
in the plasma region. Combining the PIES code and the NESTOR vacuum code, one gets
a free~boundary PIES code that solves the froenboundary equilibrium problem for a
given external magnetic field.
The use of NEMEC W'7—X results as input for the free—boundary PIES code is under
development in order to accelerate convergence as in the fixed~b0undary case.
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I. Introduction

It is known that a poloidal shear flow in a magnetically confined plasma has in
general a stabilizing effect“. Recent calculations have shown that the dependence of the
phase angle between density (fig) and electric field fluctuations ([339) on flow shear may be

an important aspect of the E, X B shear flow suppressiou3. Simultaneously it is known
that poloidal acceleration will occur if there are radial gradients in the turbulent Reynolds
stress“. The aim of the presented experiments is to investigate the effect of sheared Er x B
flow on turbulent fluxes (coherence and phase angles between density and electric field

fluctuations) and the interaction between poloidal flows and turbulence. The radial
behaviour of the Reynolds stress (both electrostatic and magnetic) in the proximity of the
velocity shear layer in the TJ-TU torsatron has been investigated.

The turbulence (fluctuation levels, cross phase, cross coherence) in the proximity of

the naturally occum'ng velocity shear layer in the TM tokamak (R = 0.3 in, E = 0.1 m, fie
= (l — 3) x 1019 m3. 3,: 1 T, I}, z 30 kA), in the TJ-lU torsatron (PECt: 200 kW, t(0) =
0.23, R z 0.6 m, a = 0.1 In, fig 2 0.5 X 1019 1113,1312 0.67 T) and in the W7-AS stellarator
(P551241: (200 - 400) kW, t(0) = (0.24 ~ 034), R = 2 m, 5 z 0.17 m, fie = 2 x 1019 m'3, Br
= (1.25 - 2.56) T) have been studied.

11. Turbulence and sheared poloidal flows

Data analysis has focused in the evaluation of the coherence and phase angle
between E9 and tie at the plasma edge of the W7~AS stellarator. Fig, 1a shows the radial
profiles of mean values of ion saturation current (1“,) and floating potential (dfl).
measured with a fast reciprocating Langmuir probe and referred to the velocity shear layer
position. The fluctuating poloidal electric field (EB) is calculated as the difference of two
¢fl separated 4 mm in the poloidal direction and the density fluctuations are taken to be
proportional to the 1m assuming negligible temperature fluctuations. Fig. lb shows the
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Figure 1: Radial profiles of plasma
parameters measured with a fast reciprocating
Langmuir probe at the plasma edge of W7-AS
during a typical shot with 1.26 T and 180 kW
ECR heating

poloidal coherence of the rim measured
with two tips placed 4 mm apart in the
poloidal direction as well as phase
velocity of fluctuations (vph) deduced
from the tbfl measurements. As
expected, the poloidal coherence (fig
1.b) and rms crofiswcorrelation

C(¢1—¢2)= Cilia”) , ~be:i
Gian)=(ntr)¢2<r+ri)/cr(¢1)a(¢z)
(fig. 1.e) between floating potential
signals decrease at the velocity shear
layer location where vph z 0. It is
interesting to note that the rms value of
cross correlation Chair) (fig. 1.c)
shows a minimum at the radial location
r/as = 1.05 that cannot be explained as
a Doppler shift effect because in the
radial region 1< r/as S 1.15 the VP}, is
rather constant within the error bars.
Note that ism and 1739 are measured at
exactly the same poloidal position. Fig.
1d shows the coherence between 1m,
and fig. and the cross phase between
these magnitudes. A decorrelation and a
phase change between fie and is are
observed related to the maximum
change in Er, whereas the level of
fluctuations does not significantly
change. The spectrally resolved analysis
shows that these changes occur mainly
for frequencies above 25 kHz.

Statistical analysis of the
probability distribution function (PDF)

of the 17m, signal has been done and a clear departure from gaussian behavior is obserVed

in the SOL. In the plasma edge the PDF tends to show a more gaussian behavior, in

consistency with previous experiments in the TH tokamak and the TJ-IU torsatrons.



a) 4 fl

"3 2 .
C10 A
:a o.

-7- . . . l ,
-1.74 -l.'i v1.66

time (ms)
0)

E
s.
2
v3
a:
.§

ooos , '
0.0 0 2.00

ampim de t s igma

condlio nd average [rt a shear ; 1.04)

4.44 714 -236
time. (ms)

430
condltlo rid average (rt a shear . 0.93)

Figure 2: Normalized Isa: raw data and its conditional average at two

radial positions at the SOL (a) and the plasma edge (b) in the TJ—I tokamak. At

the SOL burst of turbulence growing faster than decaying are clearly observed.

The conditional average plot abciss (c and (1) display the amplitude of the

pulses and ordinate the time delay with respect to the position of the

maximamflninimam of the pulse. The raw data has been normalized removing

the DC component and making the rms equal 1.

In the TJ-i tokamak the structure of the is“, fluctuations is strongly intermittent in

the proximity of the velocity shear layer. That might suggest a competition between the
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Fig 3. PDF of the is“, pulse time
integral at three radial positions in W7~

i

AS showing an exponential decay at
high amplitudes

driving and damping mechanisms of
turbulence. A systematic analysis of the
degree of asymmetry in the shape of the
temporal pulses using a conditional
averaging method has been done. Fig. 2
shows the raw data at two radial positions,
the SOL and the plasma edge, and the

resulting statistical average over different
amplitudes of the pulses, The asymmetry
(in the sense that low frequency pulses
have faster growth than decay time
constants) is significant in the SOL While
the asymmetry disappears inside of the
velocity shear layer. Similar features have
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been found in the TJ—IU torsatron and the W7—AS steilarator.
The better statistics of data from W7—AS have allowed the study of the PDF of pulse

time integrals (areas). The decay of the PDF is aproxirnately exponential outside the
velocity shear layer and at the plasma edge as can be seen in Fig. 3.

II]. Reynolds stress measurements in the edge region of the TJ-IU torsatron
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Fig. 4 Radial profiles afReynolds
stress and velocity propagation of
fluctuations measured a! the TJ~IU
rorsarron using a radialwpoloidal army of
Langmuir probes.

The radial profile of the cross-
correlation between E]; and E), and 39
and Br have been investigated in the TJ-lU
torsatron. The coherence between 39 and
Er is quite high (close to 0.8 for
frequencies below 70 kHz). The magnetic
component of the Reynolds tensor,
proportional to <E9Br >, was measured
and found to be negligible due the low
fluctuatiOn amplitude and the fact that the
poloidai and the radial component of the
fluctuating magnetic field are shifted by
ME. Fig. 4 shows the radial profile of
(1321739) (Fig. 4a) and W (Fig. 4b)
obtained from two floating potential
measurements of tips placed 2 mm apart in
the poloidal direction and 6 mm in the
radial direction. It can be argued that the
radial derivative of (E, EQ> evolves in the
proximity of the velocity shear position
Further analysis of the experimental results

are in progress to quantify the importance of poloidal flow driven by (electrostatic)
Reynolds stress.

1T. Chiuen, P.Wl Terry, PH. Diamond and J .E. Sedlak. Phys. Fluids 29, 231 (1986)

2 Kit Burreil, EJ. Doyle, P. Gohil et al. Phys. Plasmas 1. l536 (1994)
3 PW. Terry, et al. Proc. 16th IAEA (IAEA—CN-64lDP-20) (1996)
4 PH. Diamond and YB. Kim. Phys. Fluids BS, 1626 (1991)
5 E. Sinchez, C. Hidalgo. M.A. Pedrosa. R. Balbin, I Garcia-Cortes, T. Estrada and B. van

Milligen. Transport, Chaos and Plasma Physics 2. S. Benkadda, F. Doveil and Y. Elskens Edsi
World Scientific Publishing Co. (1996)
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Viscous Damping and Plasma Rotation in Stellarators

H. Wobig, J, Kisslinger

Max—PIanck-Institutfur Plasmaphysik, EURATOM—Ass., Garching, Germany

Poloidal rotation with shear flow is one of the key elements in the theory of H-mode

confinement in toroidal systems. There are various driving forces which may excite poloidal
and toroidal rotation: Stringer spin—up, turbulent Reynolds stresses and lost orbits. Viseous
damping is the main candidate to retard the rotation. In a collision dominated plasma viscous
damping is provided by the magnetic pumping effect which arises from the variation of the
magnetic field strength along the stream lines of rotation It only depends on the Fourier
spectrum'of B on magnetic surfaces and not on the details of particle orbits. A comparison of
viscous damping rates of various toroidal configurations has been given in l. The non-
axisymmetric components in the Fourier spectrum of B lead to extra maxima in the poloidal
force which complicates the bifurcation problem as compared to axisymmetric tokamaks.
Enhanced poloidal damping also occurs if magnetic islands exist in the confinement region.
In stellarators islands occur on rational magnetic surfaces if there exists a resonant field
perturbation. Such perturbations always exist on "natural surfaces with the rotational
transform 1 = M/k, k=l,2,3,..M is the number of field periods. The denominator indicates the
number of islands. Symmetry breaking field perturbations introduce another class of islands
which can easily dominate over the natural islands.

In general there is a combination of natural islands and symmetry breaking islands.
Examples are given by the Wendelstein stellarators W 7—A and W 7~AS 2 Islands lead to
enhanced radial transport and therefore also to enhanced poloidal damping. In the neigh-
bourhood of islands magnetic surfaces are modified and the Fourier spectrum of B exhibits
harmonics with the periodicity of the island. Due to toroidal curvature the field variation on
magnetic surfaces is roughly SBIB = r/R .

Even if no islands are present in the plasma region magnetic surfaces at the plasma edge
are modified by resonant Fourier harmonics. This in particular occurs in the boundary region

of Wendelstein 7—AS, Where the last magnetic surfaces exhibit the MIR structure of the natural

islands.

1]. Kisslinger, H. Wobig , " On rotation of collisional plasmas in toroidal systems ", Plasma Phys. Contr. Fusion
37 (1995) 893 - 9’22

2R. .Taenicke, K. Schwoerer, E. Ascasibar, P. Grigull, l. Lakicevic. Mr Zippe, Proc. of 16th EPS-Conf. on Contr.
Fus. and Plasma Phys. Venice 19894 Pt IL 627



Fig. 1: Magnetic islands in the boundary
region of a stellatator.
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field configuration with nested magnetic
surfaces which satisfies the condition of

ideal equilibrium On these nested magnetic
surfaces the Ramada coordinate system is
introduced which is characterised by straight
magnetic field and a lacobian equal to unity.
In this coordinate system the base vectors
are defined by ep = Vs x W, e: = ~Vs x V6.
ep is the poloidal base vector and at the

toroidal base vector. s is the volume of the

magnetic surface. The lowest order rotation
v0 = - Emma}, + A(1|I)B stays on magnetic
surfaces and satisfies the equation Vvo=0.

The two flux functions E and A describe the

poloidal and the parallel motion on magnetic

In the following WC start from a magnetic surfaces. E is the radial electric field.

In a toroidal plasma the forces by magnetic pumping inhibit the rotation of the plasma, these

forces are
VB VB

< eP-V‘TE > = < [pH — my”? > ; <B0V07: > = < [pH - pLJB-F >

In a collisional plasma these equations reduce to (see ref. 1)

— < ep-Von: > = 3‘5? C? Cb E
< 130a > C1) C( A

P = plasma pressure, 1 = collision time. The coefficients are

VB 2 VB 2 VB VB
CF 2 <(CPCF)> ; Ct = <(B' B J) ; Cb = ((999?) (B'Y)>

Thus the damping forces are the product of plasma parameters and geometrical coefficients.
In the following numerical computations of these coefficients CP,C[. and Q) are shown. The

poloidal coefficient CI) is of particular interest, since a small poloidal damping facilitates

poloidal rotation and poloidal shear flow. The results of numerical calculations show large
damping coefficients in standard [:2 stellarators and torsatrons in contrast to optimised
stellarators of the Helias type.
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Fig. 2: Poloidal damping Cp coefficient in This may explain why plasma rotation is

1:2 stellarators and the optimised stellarator mainly observed in the boundary regions.
W 7-X. In W 7-X the coefficient is roughly a
factor 2 smaller than in W 7-AS and standard
stellarators. A similar result exists for the
threshold D=Cp -Cb*Cb/C; of poloidal spin-
up, These coefficients increase towards the u»

WT-BIASFX Pololdul com. S.

w

plasma boundary. However, since these co-
efficients are multiplied by rP which decrea-
ses strongly towards the boundary the vis—

0 0.02 v.06 (JADE n.08 DA 0.12

Invaru “punt mile
cons forces are small in the boundary region.

Magnetic islands may arise in the boundary region of some stellarators like Wendelstein 7—
AS. These islands distort the magnetic surfaces in the neighbourhood and lead to an enhanced
viscous damping (or magnetic pumping). Inside the island region the plasma equilibrium is
not represented by the ideal MHD-theory, therefore the coefficients given here are only
relevant in the region outside magnetic islands.

W 'HIS Paloldal \rlseoua coefficient
1Fig. 3: Poloidal viscous damping rate Cp

(collisional regime) in Wendelstein 7—AS. i
+lota=m61s f
+iola=o.539
immune/s >/The regime of the rotational transform is 20

between 5/10 and 5/9. The absissa is the
average radius of the magnetic surface. Close
to the island the damping rate is en-hanced
by a factor of 2. The coefficient Cb exhibits a ‘0 ,/

similar enhancement. Little effect of magne— / /
tic islands is seen in the toroidal coefficients

04p
rar

e.
un

its]

Cl. In conclusion, mainly poloidal rotation KM
will be inhibited by magnetic islands. 5 5 1° 12 1“ ‘6

Average radius 1cm}

The standard case of Wendelstein 7~X has 5 islands at the boundary. These islands are. the

base of the divertor concept and the issue arises whether these islands suppress plasma rota-
tion in this region. The following figure shows that only in a small neighbourhood of these
islands enhancement of the poloidal damping coefficient occurs.

Fig. 4: Comparison with tokamak. Poloidal
viscous coefficient. The gray rectangular re—

gion is the island at the boundary of W 7-X.
Enhancement of viscous damping in W 7—X
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occurs in a few cm distance from the islands. 0 m Poloidal V‘Iswus mama's!“ C.
The two curves of W 7-AS differ by the
rotational transform Poloidal damping in W “25
7—X and a tokarnak (Tore Supra) are nearly
equal at equal plasma radii.
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Discussion
The viscous damping of poloidal and toroidal plasma rotation depends on two factors, one

factor is ’E P - collision time times plasma pressure — and the other factors are geometrical
factors Cp, Ct and Cb. With respect to the geometrical factor significant differences among the
various stellarators exist. Cp is the relevant geometrical factor of poloidal rotation. In
axisymmetric devices only the toroidal curvature effect gives rise to magnetic pumping and a
finite coefficient Cp. In stellarators, however, additional helical harmonics lead to increased
poloidal viscous damping . Reducing the poloidal variation of B - as has been done in opti—
mised configurations of the Helias type - also reduces the poloidal viscous damping. In the
neighbourhood of magnetic islands enhanced viscous damping arises due to the distortion of
magnetic surfaces. This effect may be of importance in Wendelstein 7-AS. where magnetic
islands in the boundary region strongly corrugate the surfaces. The viscous damping
coefficients (3;, and Ch are enhanced in the neighbourhood of the islands, In comparison to
axisymrnetric configurations standard stellarators exhibit a more complex Fourier spectrum

of B and therefore magnetic pumping effect is larger. The optimisation scheme realised in
Wendelstein 7~X, however, reduces the poloidal damping rate to the level of axisymmetric
configurations. As seen in Fig. 4 the coefficient Cp is. nearly the same in both configurations
The present analysis is based on a collisional plasma model. Such a model is applicable to a
plasma boundary, where the temperatures are below 100 eV and the densities abOVe 1019 [rt-3.
At higher temperatures the plateau regime is reached and the viscous damping must be

computed from a kinetic equation, This will be done in a subsequent paper,
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Time—resolved Transport in W7—X as predicted
by Neoclassical Theory

EXEC Simmet, GD. Beidlsr, H. Maafiberg

Maz—Planck—Institut fiir Plasmaphysilc, IPP—EURATOM Association
D-85748 Garching bsi Milnchen, Germany

In next-generation stellarators such as W7—X, recycling and gas pufling affect only the
edge of the plasma. Hence, an active density profile control via central particle sources,
e.g., NBI and/or pellets, is needed. To reach a certain experimental plasma density, the
central particle source is not only determined by diffusive losses due to the density gradient
as for instance in tokamaks. The OPE—diagonal elements of the neoclassical transport
matrix become essential in the stellarator long mean free path (LMFP) regime which
is mandatory for the central region of W7-X plasmas. Especially the oflldiagonal term
which is related to the particle balance predicts additional particle losses due to the
temperature gradient.[l] Hence, strong temperature gradients together with too small a
central gas refuelling rate will drive the density hollow, i.e. a positive density gradient has
to compensate the off—diagonal losses to fulfil the particle balance. On the other hand,
too large a. filling rate may give rise to increasing density and decreasing temperature.

Neoclassical Transport Matrix

The neoclassical particle and energy flux densities, F0, and Q0, with o: = 8,2', are given
by

a ' E r’r. a _na{nl.(’;—: — ‘1?!) + egg}
I 1 Iso = wows ”— — ‘13?) + 0t 3T“:

with qa being the particle charge and with the ”convective term” (3/2)'1”c,1"a included in
Q3. The radial electric field E, is determined by the roots of Zgri 2 Fe. The neoclassical
transport coefficients D35c (with j,k=1,2) are determined from the mono—energetic trans—
port coefiicients, e.g., Dl/U ~ 1/1», DW N W and 1),, ~ 1/ with n being the collision
frequency [2,3].
In order to show the time evolution of the density and the temperature profile, the AS»
TRA code [4] is used in a stellarator specific version [5} with the full neoclassical transport
matrix for the W’FX high—mirror configuration [6] (see Fig. 1). The ambipolar l5?r is cal—
culated by direct iteration yielding the so‘called “ion root” which is expected for the
plasmas of interest here. For simplicity, n3 = n,- = n is used in all cases. To yield quan~
titative estimates about the central refuelling rate which is needed to reach a scenario
with non—hollow density and pressure profiles calculations are performed at various heat-
ing powers of up to 20 MW (electron heating only) and for diflerent initial conditions of
densities and temperatures.

Need for Central Particle Refuelling
As can be seen from Fig. 2, too large a central heating and too small a central refuelling
rate produces a hollow density profile as expected from theory [1]. In this case, the start
conditions are n = 1 x 1020 III—3, T = 1 keV, P = 10 MW. The filling rate is 1 x 1020
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5‘1. Here, a strong temperature gradient driven by the heating cannot be balanced or
exceeded by the external particle source. While the density gradient becomes positive, the
negative electron temperature gradient is increased by the increased value of heating power
per particle, driving the density gradient more and more positive. Hence, no stationary
situation is reached here and the whole central density may be lost within a few hundred
milliseconds. In this case also an inverted pressure profile occurs with p” > 0, which may
drive MHD instabilities.
Enlarging the central refuelling rate to overicompensate the particle losses which are
caused by the strong oif»diagonal term of the transport matrix coupled to the temperature
gradient yields an almost contrary situation. The hollow density profile is observed only
at the beginning of the discharge owing to the start conditions. At later times, when the
influence of the start Conditions is more and more lost, the high refuelling rate is able to
drive a steep density profile. Close to the plasma edge, however, the high temperature
together with an unfavourable scaling of the transport coefficients result in local particle
fluxes which generally are less than the central refuelling rate. A transport barrier occurs.
Due to this barrier, the central density increases and becomes more and more peaked.
Both. temperatures decrease slowly and become identical, as can be seen from Fig. 3
(refueliing: 15x 1010 S4; n: 2X 1020 m‘s; T: 1 keV; P: 10 MW). As far as an active control
of the central particle source is possible, e.g. via. pulsed pellet scenario, this behaviour
is less critical than the case shown in Fig. 2. This situation does not difl'er much by
changing the density and temperature start conditions, as can be seen from Fig. 4. This
figure shows also that independent from the start situations three different regimes can be
distinguished: The low rate regime, where the whole central density may be lost within less
than a few hundred milliseconds; the high rate regime with highly peaked and increasing
densities and lifetimes of a. few seconds before the pressure profile becomes hollow due to
almost vanishing central temperatures; and the intermediate regime with almost constant
plasmas. The rate needed for this intermediate regime is almost proportional to the
heating power, i.e. the filling rate must be close to l X 1020 m"3 per second per MW
heating power according to the value determined in [1] with stationary calculations.
Further, simulations show that not only the total particle source is linked to the total
heating power. To reach non—hollow pressure profiles, the radial profile of the particle
deposition must be strongly correlated to the power deposition profile. In all cases with
almost stable conditions, both profiles are nearly identical. With a too narrow or too broad
particle source. either the density or the temperatures are driven hollow. depending on the
total refuelling rate. The reason for this behaviour can be found from the strong coupling
of the transport equations in the central region. Assuming sufficiently high temperatures,
the radial electric field can be neglected. Solving the stationary equations for the filling
rate yields an ambipolar particle flux which is roughly proportional to the energy fluxes
of the electrons and the ions. Here the radial dependences of the transport coeffiecients
cancel each other. Hence, the particle refuelling profile is similar to the power deposition
profile.
In VVT—X, this strong coupling is necessary for the high—mirror configuration. Lowering
the toroidal mirror term will change the local behaviour of the transport coefficients
with the effect of broader refuelling profiles which are less coupled to the heating profile.
Central refuelling, lieu/ever, will be mandatory.

Transport Barrier at outer Radii
At outer radii. the neoclassical particle flux must exceed at least the central particle
source. Otherwise the outer density increases and the global density control is lost. In
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this region, however, the neoclassical transport coefficients of the electrons are much
smaller than those of the ions. Solving the transport equations for the particle flux
at outer radii shows that the ambipolar partica] flux can simply be described as being
proportional to Di} and the normalized temperature gradient. For the same reason, the
ion energy flux is close to the whole energy flux1 which should be equal to the central
heating power in stationary plasmas. As far as both the central heating and the central
particle source have to be strongly coupled, a. strong constraint betWeen the particle flux
at the edge and the central heating power can be found which mainly depends on the
ratio D531 /D‘11. In terms of temperatures7 a critical temperature for the edge region can
roughly be estimated (mainly proportional to D‘fl 1' D11 and to the central temperature)
which defines a transport barrier. For T exceeding this critical value, the outer particle
flux is less than the central refuelling rate, and the outer density increases. Additional
moderate anomalous heat conductivity (up to 1 1112/5) or radiative losses (up to 3 MW)
will amplify the problem. '
In Fig. 5, the time evolution of density and particle flux is shown for such a plasma
(refuelling: 15X 1.020 5‘1; 11: 1020 m'a; T: 1 keV; ?: 10 MW). At the beginning, the
whole refuelling rate is balanced by particle losses, The transport barrier which occurs at
about 100 milliseconds reduces the particle losses to nearly two third of the central filling
rate.

The ratio of both transport coefficients depends, in principle, on the magnetic configura-
tion. Hence, in WY—X this problem can be analyzed by varying the toroidal mirror term
over a wide range.
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mod B; p=13.00 cm; += 0.8494 mod 8: p=36.00 em; 1-= 0.8577

Fig. 1: Magnetic field topology of the W7—X high mirror configuration [6] at two radii
with C and 9 being the toroidal and poloidal angle.
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FIRST SURVEY OF FINITE-fl MAGNETIC FIELDS 0F W7-X

E. Strumberger

IPP—Euratom Association, Max-Planck-Institut fiir Plasmaphysik,
Garching, Federal Republic of Germany

The optimized Wendelstein 7~X (W7-X) Helias stellarator is expected to reach vol—
ume averaged fl—values of up to 5%. Part of the experimental flexibility will be achieved
by modifying the rotational transform in the range 5/6 S t S 5/4. in order to optis
mize the divertor geometry for various plasma equilibria and to improve SOL studies,
a detailed knowledge of the corresponding magnetic field structures is necessary. For
this purpose, magnetic fields are calculated for finite—,6 equilibria up to (/3) = 5% and
rotational transform values of L = 5/5, 5 /6, 5/ 4 in the edge region.

For these first computations the following system of numerical codes is need. The
GOURDON code calculates the Vacuum magnetic field, traces field lines and computes
the rotational transform and the magnetic Well. Further, the last closed magnetic surface
(laws) is determined. It lies inside the macroscopic islands (5/6, 5/5 or 5/4 islands)
because these islands are intersected by divertor plates (see e.g. [1]). The data of the
coordinates along the field line forming the icms are used in the DESCUR code [2] to
approximate the lcms by a set of Fourier coefficients, which serve as initial guess of the
plasma boundary in the threedimensional free-boundary equilibrium NEMEC code [3].
The NEMEC code is a synthesis of the VMEC code (Variational Moments Equilibrium
Code) and the NESTOR (NEumann Solver for TOroidal Regions) vacuum code. it
computes free-boundary finite/2’ Helias equilibria. Using the results obtained with the
NEMEC code the MFBE code (Magnetic Field Solver for Finite-Beta Equilibria] [4]
calculates the magnetic field of the finite—[3 equilibrium on a grid inside and outside the
plasma boundary. This magnetic field serves as input to the GOURDON code) which
is used to determine the lcms of the finite-fl equilibrium. If this lcms does not coincide
with the plasma boundary obtained by the NEMEC code, the toroidal flux, which is a
free parameter in the NEMEC code, is modified, that is, the toroidal flux is determined
iteratively [4] Finally, the JMC code [5] yields the Fourier spectrum of the magnetic field
and the stability of the threedirnensional finite/3 equilibrium with respect to Mercier
[6] and resistive interchange modes [7} is studied.

Figure 1 shows the resulting magnetic fields in their dependence on the volume
averaged fi—value for the lOWuiota case (case A; L = 5/6), the standard case (case B:
L : 5/5) and the highviota case [case C: t = 5/4). For case C, which has the largest
aspect ratio (see Fig. 3), finite/3 equilibria could only be obtained up to (/3) = 4% in the
frameWOrk of the used method (NEMEC + MFBE code), but (,3) = 5% may be reached
by a more appropriate choice of the coil currents. The width of the 5/5 islands (case
B) increases with increasing fl, while the remnants of the 5/4 islands (case C) become
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Vacuum magnetic field

case B case C

FIG. 1: Upper halves ofthe
Poincare? pJots at the bean-
shaped cross—section for the
magnetic fields of cases A,
B and Ofor (,6) = 0,3, 4
and 5%.
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smaller because of the increasing ergodization of the edge region. The positions of the
X« and O~points of these macroscopic islands are almost unchanged. The width of the
5/6 islands (case A) decreases up to (/3) : 3%. For (,6) Z 4% phase shifts of these
macroscopic islands and also of the 5/7 and 10/11 islands are observed. As shown in
Fig. 2, the phase shifts of the 5/6 and 10/11 islands occur between ()3) = 3 and 4%,
While the phase shift of the 5/7 islands takes place between (/3) 2 4 and 5%. It will be
interesting to compare these results with those obtained by other codes, eg. the PIES
code [8]

The (fi)-dependences of the rotational transform L0 on the magnetic axis, the nor-
malized shift of the magnetic axis AR/ao (AR : mean shift of the magnetic axis, plasma
radius: (10 = 0.55 In), the aspect ratio .4 and the volume V enclosed by the lcms are
summed up in Fig. 3. For case A the aspect ratio A and the plasma volume V as func—
tions of ([3) show a behaviour different from those of case B and case C because of the
phase shift of the macroscopic islands. The mean shifts of the magnetic axes and the
rotational transform profiles of cases A, B and C slightly depend on the mass profile used
in the NEMEC code as input [9]. Here a mass profile of the form 711(5) % l — 25 + 32
(s : flux lable with s 2“ D at the magnetic axis and s = 1 at the plasma boundary) has
been chosen.

Finally, cases A, B and C are stable with respect to the Mercier[6] and resistive
interchange [7] criteria up to (,6) = 3%. For higher fi—values formal instability prevails
around the 5/ 7, 5/6 and 5/5 resonances. The formation of these resonances may be
suppressed by suitably chosen coil currents [10) and also depends on the mass profile.

A more detailed representation of the computations described in this paper will be
given in [9]
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Introduction
Helias (Helical Advanced Stellarator) configurations have been developed at the IPP
Garching in a long phase of analytical and numerical studies to improve the reactor pro—
spects of a classical stellarator. The current Helias reactor is an extrapolation of the W 7—X
configuration to reactor dimensions. The basic physical features of a Helias configuration
are: its capability to confine an MHD—stable plasma up to <fi>=5%, the low neoclassical
losses which are not prohibitive to ignition and the good confinement properties of highly
energetic alpha—particles. The paper summarizes the computational results of various
activities to improve the concept of the advanced stellarator reactor:

Forces and stress analysis of the coil system, self-consistent computation of plasma
equilibria, a concept of divertor action on the basis of magnetic islands, neoclassical
transport and investigation of alpha—particle confinement, startwup scenarios of the
Helias reactor using ECRH and pellet injection and confinement studies using
empirical scaling laws.

Coil system

The coil system of the Helias reactor consists of 5 field periods with 10 coils per period. In
comparison to a previous design [11 the magnetic field on the coils has been reduced using a

trapezoidal shape of the coil cross section and by reducing the average field by 5%. The
winding pack is split in two parts in order to reduce the overall current density at the location
of maximum magnetic field.
The. maximum field on the coils is now 10 T which is in the range of NbTi—technology at a
temperature of 1.8 K. Furthermore, slight modifications of the coil geometry have been made
to account for the necessary space for blanket and intercoil support elements. Each coil is
enclosed in a steel case, which is designed as a box—type profile with a central web for
mechanical stiffening.
A 0.04 T vertical field is provided by the modular coils and compensates the Shafranov shift
at the outermost surfaces. The minimum bending radius 01' the superconducting cable is 1.4
m. Force and stress analysis of the Helias coil system have been reported in [2]. An optimized
design of the intercoi] support system is in progress.
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Table 1: Parameters of the HSR coil system
Major radius 22 m Windings per coil 288
Number of coils 50 Current in winding 37.5 RA
Average coil radius 5 in Magnetic energy 100 GI
Max. field on coils 10 T Weight of one coil 300 - 350 tonnes
Current density 29.5 MAm'2 SC winding pack 4000 tonnes

Finite-beta-equilibrium

The magnetic field of a finite—beta—equilibrium is computed iteratively using the free»
boundary equilibrium code NEMEC [3] inside the last magnetic surface and the code MFBE
[4] in the region outside the plasma. Starting from a vacuum field with inward-shifted mag-
netic surfaces, a finite—beta equilibrium with <B> = 5% was computed. As can be seen from
Fig. 1 there is a finite Shafranov shift, however the radiating plasma center is still centered
with respect to the first wall, thus avoiding large hot spots from neutron irridiation. The
Shafranov shift is in the expected range of Helias configurations. The effective plasma radius .
shrinks slightly at finite beta leading to a modification of the island region at the boundary.
The remnants of the 1. =1 -islands determine the pattern of plasma flow to the divertor plates.
As shown in Fig. l by Monte—Carlo calculations of particle orbits1 divertor target plates
collect the outstreaming plasma. The finite beta-plasma at <B> = 5% is stable according to

both Mercier and resistive interchange criteria.

4,

Fig. 1: Cross section of plasma and coils at <B> : 5%. Left: (p = 00, right (9 = 360. Width of
blanket and shield is 1.2 m at all locations around the torus.
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Neoclassical transport
The neoclassical transport charactristics of the new configuration are very similar to those of
its predecessors. To summarize briefly, the vacuum magnetic field has an effective helical
ripple ( for lfv—transpott) of 2.5% or less over the entire plasma cross section. Neoclassical
electron losses are thereby small enough to allow ignition even for the "ion root" solution of

the ambipolarity constraint. This is a critical point as the envisaged plasma parameters do not
allow operation at the more favourable " electron root". Finite plasma pressure introduces two
transport—relevant changes of the magnetic field spectrum: the reduction of the mirror term on
the magnetic axis and a significant radial variation of the flux—suface—averaged value of B.
The first is a relatively modest effect and actually reduces the effective helical ripple to 2%
and less by means of improved drift Optimization. The second is critical for the confinement
of highly energetic tilt-particles but of only minor importance for bulk plasma transport.

Alpha-particle studies
Confinement of trapped d—panicles is a critical issue in HSR, however, finite plasma pressure.
produces a true minimum —B—configuration in which the majority of reflected oc-particles are
canfined for at least one slowing-down time [5]. Nevertheless, modular—coil ripple leads to a

small fraction of "very prompt” losses ( with confinement times less than 10'3 sec), potenti—
ally resulting in ” hot Spots " on the first wall of the reactor. To estimate the severity of the
problem, the tit-particle birth profile is combined with the fraction of phase space in which the
birth takes place in a modular ripple. For the <B>=S% case, the total heat load on the first wall
due to very prompt losses is estimated to be S 2.2 MW,

Ignition scenarios
The ignition phase of the Helias reactor has been computed using the 1-D time—dependent
ASTRA~code [6]. The transport model uses the neoclassical model including the non-
diagonal tran5port coefficients and the anomalous thermal conduction corresponding to
ASDEX-L-mode scaling. The radial electric field results self—consistently from the ambipolar
condition. in the envisaged parameter regime (T = 14 keV, n(0) : 3x1020 “1.3 ) the ion root
determines the electric field. Fueiling of particles is provided by D—T-pellet injection. The
results of the computations show that ignition can be achieved within 10 seconds using a net
heating power of 70—80 MW. Typical confinement times of steady-state operation are 1.6 -
L8 5 which coincides very well with the predictions of Lackner-Gottardi scaling. A critical
parameter is the fraction of cold alpha-particles which must not surpass 5 — 6%, >
Another approach to ignition is the extrapolation on the basis of empirical scaling laws {7]
which are deduced from the international stellarator data base. On the the basis of ISS—scaling
(International Stellarator Scaling which averages over all stellarator systems) ignition cannot
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be achieved; as with the LHD-scaling an improvement factor is needed. However. Lackner—
Gottardi scaling and the W7-AS~scaling, which describe the data in Wendelstein 7-A and
Wendelstein 7—AS, predict ignition without any improvement factor.
Table 2: Plasma parameters in a Helias reactor
Major radius 22 [m] Max. beta 15.6 [%]
Average plasma radius 1.8 [m] Average beta 4.6 [%}
Field on axis 4.75 [T] Alpha power 608 [MW]
Temperature T(0) 14 [keV] Fusion pOWer 3040 [MW]
Av. temperature 4.9 [keV] Confinement time ’L'E 1.8 [5]
Electron density n(0) 3.15 1020 m'3 Fraction of a-particles 5 [%]

The wall loading by 14 MeV neutrons has been computed taking into account the geometry of
the finite-B-plasma. Consistent with the data in Table 2 the peak neutron wall load is 1.6

MWm'2 and the average value 0.8 MWm'z. In the region of the divertor plates (see Fig. 1)
radiation by fast neutrons is rather weak at about 0.6 MWm‘Q.

Conlusions
First results of finite—B-equilibria computations in a Helias reactor have verified that the
Shafranov shift at <B> =5% is acceptable and that neutron emission is distributed equally to
the inboard and outboard sides. The magnetic field has been reduced slightly compared to
previous concepts to accomodate the requirements of NbTi-superconductor. Ignition in the
Helias reactor can be achieved on the basis of empirical scaling laws from presentuday
steilarator experiments; assumptions about improvement factors are not needed. In con-
clusion, Helias reactor studies made to date have confirmed the viability of the advanced
steilarator reactor concept.
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To create a region of enhanced cross field transport at the plasma edge. coil sys-
tems Were introduced into TORE SUPRA and planned for TEXTOR generating helical
magnetic fields which are resonant on several of the unperturbed flux surfaces, The de-
struction of the magnetic surfaces due to this helical field determines a. divertor volume
with a radial extent of roughly 5 cm in the TEXTOR DED and 16 cm in the ergodic
divertor of TORE SUPRA.
Some general properties of the resultant divertor are reported. They relate the degree
of stochastization to the design values of the coils and to variations of the equilibrium
parameters. This analysis is performed with the spectrum of the perturbation field [1}
using proper magnetic coordinates which enables a statistical analysis of the. field lines
by the amplitudes of the resonant modes. Full calculations with these coordinates were
done with the code SPECTRE.

The statistical properties of an ergodic layer can be analyzed by the island width 6?
the Chirikov parameter 06):”. which is a measure of overlapping of the islands and of the
ergodization, the Kolmogorov length Li and the field line diffusion coefficient DFL:

g 8r}? 5, 1/2 5.1+5 . ms.(Sm/2 — is: as] ; m... =Ta 6m :7
h 2gig.

Here s : r/q %9 is the shear parameter, Amman 2 ii? is the distance betWeen two adjacent
resonant surfaces and the bmm are the Fourier coefficients of the radial component of the
perturbation field. This field is created by helical coils having the same pitch angle as the
field lines of a given magnetic surface of a fixed equilibrium. In general the coil system has
a finite toroidal and poloidal extent and therefore produce a spectrum of many harmonics.
Essentially the poloidal spectrum of one toroidal component determines the properties of
the ergodic layer. The resulting sine cardindal spectrum is plotted in fig.l.

The center in and the width 6m are given by:

Lt = Mao (Higher/3; DFL = we, }

. _ . A9 _ 2%m — mgcomm r Emmi
__ :x_mmm Aé' mnfl_ 1

5m — A9~ H mm (Ag-l 3’ m _ q * mm!
with A8 the poloidal extension and mm“ the number of periods in the coil system, To
and mgmm are the mode numbers in intrinsic and geometric coordinates resp, 6* is the
intrinsic poloidal coordinate. The actual value of qh‘) 2 m’s/n determines the decisive
Component bmymz. The Width of the ergodic layer is bounded to

—1
7’ .

Aergodic s (—q) (Sq = TM e
7" at}
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l/\\/\/\ Figure 1: sine cardinal spec—
trum of finite sin-periods

2 am my 6m ",1 _ sin m—m’ AB‘ 2
. .............. .. 3(1.) " m—m’)A9'/2

and also by the radial decay of the amplitude (3(7") ~ rmg‘m“1.
For circular cross sections the ratio H = 3%}. it: (1 + 5 cos 6—)“ ' (l + As cos 0—) varies slowly
with r but significantly with A, (A = fine; + 15/2 -— l and 5 = r/R) thus we have:

in: fig _6(A6‘)~ scosfi
5Am q“ A6*~(1+Aecosfi)

9 corresponds to the poloidal location of the coil system. To ensure the same resonance
conditions while varying A or {3n for TORE SUPRA (9 = 0) q has to be increased for
increasing ,8)”; and vice versa for TEXTOR (c9 = 7r).

The TEXTOR DED is designed for Em = 2.25Ts,a = 46cm,R0 = 1.75m,r(q =
3) = 0.43711,n = Mlle/1,319“ = 1 and for m/n = 12/4. For more details see [2]. Sine
mm“ = 4 the spectra (see fig?) are quite narrow 6m = 3. Optimum resonance q z: 3 at r
= 43 cm leads to a small value of 12mm at the boundary (r = 46 cm) and for this case We
have 00M, 3 1.5 and DFL S 10'6 for 43cm S T‘s 460m...

Changing the q-profile to (10* = 46) = 3 moves the resonant point to the maximum
of the right spectrum and this succeeds in a maximum Chirikov parameter of 2.7 and
DFL = 10—5 at r = a. . a
A numerical study by the SPECTRE code confirms that the latter values can be main—
tained during a mpg-variation from 0 to 2.0 by adjusting q at the boundary from 3.5 to
2.5 respl The BBB coil system can be fed by current distributions which excite also lower
modes like the m/n = 6/2 or 3/1 modes. Since the lower modes penetrate deeper into
the plasma a small admixture of 25% of the 6/2 mode to 75% of the 12/4 mode leads to
larger islands at the r = 43 cm surface without destroying the q = 2 surface (r = 39 cm).
The Chirikov parameter is now ash¢,(r = a) = 4. It has to be proved wether the field line
diffusion coefficient is also improved compared to the application of the pure modes.

On TORE SUPRA, the magnetic perturbation is generated by 6 octopolar coils
equally spaced toroidally. The optimum magnetic configuration is therefore such that
the unperturbed magnetic surface tangent to the CFC protection tiles of the coil casing
has the same curvature as the coil, hence R = 2.38m,a = 0.79m. The plasma current
and toroidal field are then governed by the resonant criterion which is determined by the
Shafranov parameter she = ,6”; + 5/2 Routine operation for ohmic shots, she) a 0.7, is
performed with ET 3 ST and I], w 1,5MA. The maximum current in the ergodic divertor
is IED = 4519A leading to values of DFL - ‘09., = 300m2/s at the boundary. The main
toroidal wave number of the perturbation spectrum is induced by the coil periodicity,
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Figure 3: TEXTOR DED: Chirikov parameter of the mixed mode, the horizontal bars
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n = 6‘ The poloidail spectrum7 fig.{4), is close to the sum of two sine cardinal functions
(fig.(1)), the useful part being centred on m = wlQm z —m/n : 3). The width of the
main component is 5m m 6. The fit of the resonant boundar) safety factor in terms of shv
has been computed in i3] qm—— 9. 589/(3. 86 — 51112). The resonance “ 1dth is defined by
the coil design 771:: : 1/3. 5, in good agreement with experimental evidence {4, 5] The
Cliirikov parameter alloiis one to define the location of the separatrix psep,a(p55p) ~ 1
fig.[5) One finds Psep N 0. 8 for ohmic shots and somewhat smaller Values pm, ~ 0."1,
with increasing 8]“), fig.(5). The design parameters of the ergodic divertor are such that
the q : 2 surface remains unperturbed. 0’(q = 2) E 1, While maximising the size of
the stochastic boundary. As a result, the relationship, pm, m pp; generally holdsi In
the divertor volume, p 2 pm transport is governed by the field line diffusion which was
computed with the spectrum of the perturbation, figtfi). For'free particles streaming at
thermal velocity along the field lines the ratio of ionic transport to electronic transport
is (m e/mi)1/2 (assuming Te % 1}) As a consequence, electronic transport is expected to
be perturbed throughout the divertor volume DFL , Uflm<P >> pm) 2 lmQ/s, While ionic
transport only exceeds lmz/s over half of the divertor volume, fig.(6).
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For TEXT0R~943 a Dynamic Ergodic Divertor (DED) is proposed which generates a
helical perturbation field. This field is either static (DCwoperation) or propagating with
rotation frequencies of 50 Hz and 7 further frequencies in the range of 1 kHz to 10 kHz
During static operation, similarities and differences with respect to other devices will be
studied. The DED is unique in its long continuous windings lonated at the high field
side‘The poloidal spectrum of the perturbation field is narrower than that of other ma—
chines In front of the DED-coils a helical near field divertor is built. Important goals of
this project are to optimize the radiative mantle of TEXTOR (RLmode) and to enhance
the particle removal by the pump limiter ALT-H.
During the 50 Hz operation, the divertor strike points are smeared out over the relatively
large area of the divertor target plate {several square meters). Since the higher frequency
rotation is a new aspect, it is more speculative than the more established DC-operationi
It is expected that the inertia of the plasma particles (rotation frequency in the order of
the diamagnetic rotation frequency) adds a ”temporal ergodization‘1 to the spatial one.
At i=1 kHz, the BED-fields may sweep the plasma particles into the throat of the pump
limiter. It is estimated [1}, that at highest frequencies the DED induces a toroidal torque
on the plasma of about 1 Nm which is about the same as the one from NBI. The induced
rotation may unlock modes. delay the onset of disruptions, improve the confinement (clue
to sheared rotation) and stabilize dynamically ballooning modes,
The DED coils consist of four quartets of single turn conductors mounted at the HF‘S
with a helical pitch such that the magnetic field lines of the (123 surface (33,0; = 1) are in
parallel. All coil endings are fed through the TEXTOR flanges such that any connection
of the wiring is possible, The coils are supplied by 4 phases establishing the rotation
pattern mentioned above. 7
In the present contribution the ergodic structure is discussed by field line tracing calcula—
tions. From Poincare plots characteristics like the Chirikmr parameter and the field line
diffusion coefficient are deduced, The results are compared to the results of the harmonic
analysis of [2] and also complement it.
First attempts are described to start modelling of the helical near field divertor.
The coil system is sketched in “Fig.1 and the currents in the coils are:
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31611 : sin hag + wt] with m = 12,6,3 or a mixture of theses modes.

#
0
)“

)

i=13

Figure 1: sketch of the DED coils

Fig.2 shows the Poincare plot of the m/n : 12/4 mode at a moderate perturbation
level. Because of the finite poloidal extension of the coils, also the m = 10,11,13,l4 island
chains are directly induced and by nonlinear interaction of neighbouring chains higher.
harmonics appear such as m/n = 25/8, 29/8, or even 37/12, which leads to stochastizav
tion before the main islands overlap.

r = 50 cm j w «- L_w_‘___] ..... '-ALT

r=350m

Figure 2: Poincare plot of the m/n = 12/4 operation mode; IDED z 5kA

By measuring the island widths of a series of low level perturbations and extrapolating
to the maximum current IDED : lSkA we found a Chirikov parameter of 47cm = 1...? in
the ergodic region 43cm. S r S 46cm of fig.3 which is in good agreement with harmonic
analysis calculations {3]

There are still remnant islands and a barrier was found which hinders field lines to
move from the interior to the divertor target plate. Moving the plasma by m 2cm toward
the coils or moving the resonant q-surface ((1:3) more to the plasma boundary will break
this barrier.
Since the lower modes (such as m/n = 6/2) can penetrate deeper into the plasma, a
mixture of the 12/4 and the 6/2 operation mode can widen the stochastic layer (see
figA).



Figure 4: mixed mode m/n =12/4(75%)+ 6/2('25%]

For an estimation of the field line diffusion coefficient DFL which is described in [2]
and evaluated for several DED situations in [3] we start with an ensemble of field lines
equally distributed along the toroidal angle at r 2 cansf and following it one poloidal
turn (Le. A: 3 toroidal turns). Passing the perturbation zone the lines are spread; using
the standard deviation of the r»distribution 6 in the expression DFL = 62/(27q0) we
get results comparable to those evaluated from [3] For the mixed mode we get at
r 2 46cm[qe;omd = 3) : DFL = 2.10"5m, which is about twice larger than the result from
[3] adding the squares of the two relevant perturbation components.
It has been shown in cylindrical approximation that the near field of the DED creates
a multipolar divertor [4] in front of the perturbation coils, The current required for
establishing a helical near field divertor is about one order of magnitude smaller than the
one required for a classical poloidal divertor. The complicated field line topology resulting
from the ergodization suggests that the modelling is by far more demanding than the one
of a poloidal divertor. '

To investigate the structure of the magnetic field. the field lines are traced during one
poloidal rotation. Depending on whether the field lines intersect a material object (liner,
divertor target plate or toroidal pump limiter ALT-ll), or not the field lines are marked
differently. As a starting plane for the field line tracing, a radial—toroidal cut at the low
field side is chosen. Fig.5 shows the starting points (left) and the end points (right) of the
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field lines for the path along the top part of TEXTOR, One finds three disjunct areas: The
starting points from area (I) do not intersect an object during their path, the field lines
from area (11) hit the divertor target plate and the field lines of area, (111) hit the liner. A
similar picture is found for the path along the lower half of TEXTOR The combination
of both paths finally provides continuous (ive. non fractal) characteristic areas with the
property that a) the field lines do not intersect any object (ergodic area), 1)) field lines
connect the ergodic zone with a. material object, or c) material objects are interconnected
(like in the normal SOL). For a first step of the modelling it is assumed that the source
terms for field lines. from the ergodic zone (1)) are homogeneous; for area of interconnected
magnetic field lines (c) the source terms are assumed to decrease exponentially with the
distance from the boundary of this zone.
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A new confinement regime has been established in 1993 on TEXTOR and confirmed on the
upgraded TEXTOR-94, a tokamak with a circular cross-section, equipped with the toroidal pump
limiter ALT—II, and with a heating system consisting of 2 tangential neutral beam lines (1 co and 1
counter) and 2 antenna pairs. This new regime is called the Radiative I-Mode or RI~Mode,
Originally intended to show the possibility of a radiating zone confined to the edge of the plasma
in order to cool the edge of the plasma and thus to reduce the maximum heat flow to the wall
components, many additional characteristics of interest to a future fusion reactor have been
discovered in these discharges : quasi-stationarity of the plasma parameters, high confinement
close to ELM-free H—mode confinement, high plasma density near the Greenwald limit, high
nomialised [3, and the possibility to operate at low edge q. The RI—Mode has been obtained in
deuterium discharges heated with NBI-co (D°~—->-D+), combined with ICRH and/or NBI-counter
heating (DD—>D‘i‘) and with (i) a minimum of PNI—co/Ptot 2 20-25% (ii) at sufficiently large
central line-averaged densities fieo such that the Greenwald number fieo/fieD,Gr 2 70% (where
new, = Ip/(itaz) with as units 1020m‘3, MA, m [1]) (iii) with impurity seeding such that the
radiated pOWer fraction exceeds about 50% The quasi-stationarity has been obtained with the
feedback control of (i) the radiating power and (ii) the plasma energy content by acting on the
ICRH power level.

This paper wiil address questions related to the choice of the impurity which can be
used for the edge cooling, to the global confinement of the RI-Mode scaling expressed in
engineering and non~dimensional parameters and to extrapolating the RI-Mode to larger
machine sizes.

1. - d t ' ed withArseedin in TEXTOR-94

Rl-Mode characteristics obtained with Ne cooling have'been extensively discussed in previous
papers [2-3]. New experiments have been performed with Ar as a radiating impurity and a
summary of the effects observed is given in Fig. l, where a comparison of the time evolution of
basic plasma parameters of two discharges at a plasma current Ip = 350 kA, with and without
Ar cooling is shown. The discharges are heated by the combination of NBI-co and lCRI-I. and
the diamagnctic energy content Edia was kept constant by a feedback control of the ICRH
heating power. From t=1.5 to t=3.8s Ar seeding is applied and the intensity of the Ar—VIII line
is feedback controlled. Note the similarity to Ri-Mode discharges on TEXTOR—94 obtained
with Ne cooling : (i) increase in the central line—averaged density flee to values close to the
Greenwald limit, (ii) increase in the diamagnetic energy Edia triggered shortly after the start of
the Ar seeding together with (iii) a decrease in the ICRH power (at t = 3.25), when the preset
value of Edja of about IZOkJ is reached, resulting in (iv) a value for the enhancement factor
versus ELM-free H-rnode firm a l; (v) increase of the deuterium particle confinement time; i.vi)
no degradation of the neutron yield [4] but on the contrary. a large increase in the presence of
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Ar seeding resulting mainly from the density increase at rather constant temperatures and from
the (vii) low central dilution [5]. In addition, a decrease of the safety factor on axis is observed,
and an increase in the peaking of the electron density profile. Note also the long duration of the
high confinement phase which is about 50 confinement times (135 s 42 ms), which is terminated
on purpose at t E 3.83, where the Ar inlet valve is closed and simultaneously a fast ramp down
of the plasma current is started, which helps to decrease the density and to terminate the
discharge without disruption.
The principal difference between Ar and Ne cooled discharges is the extent of the radiating
mantle, which is broader in the case of Ar [5]. In addition, from the present experimental data,
y—values close to 90% and densities above the Greenwald limit seem more difficult to obtain
than in discharges with Ne seeding.

2.Confinernent behaviour in RI-Mode discharges seeded with Ne and Ar in TEXT: )R-24

Previous studies [6] have shown that the confinement of RI-Mode discharges seeded with
Ne is well approximated by :

TRI = (Wee/fieofir) TI’I‘ERH93—P (1)

where TITERH93-P is the confinement time as given by the I'I‘ERHQS»P ELM-free H-mode
scaling law. The resulting confinement scaling expression is given by :

TRI = 0.0113 fieo"171p°*°6R1'9a1'39BrO-3tm‘0-67ArO-4I (2)

(where A3 is the atomic mass and where the units used are‘s, 1019m‘3, MA, m, m, T, MW).
Note the linear dependence on the density (as for ohmic discharges) and the near absence of a
current dependence. The usual power degradation remains however. Note also that up to now
only the dependence on fieo. 1p and PM has been checked experimentally.

A similar confinement scaling is found for Ar seeded discharges. This is illustrated in Fig.2,
where data points are selected with fH93 2 0.8 for a broad parameter range, obtained from
discharges seeded with Ar and Ne.

An interesting question is how the RI—Mode can be expressed as a function of non-dimensional
variables. It is well known that the ELM—free H-mode scaling is of the Gyro-Bohrn type (Br cc
p*"2-70V*0‘28B”1-23). If one considers p*, [3 and v* as the only significant dimensionless
parameters [7], then one would obtain for the RI-Mode {B0111 o< 9*‘4-23v’t‘0-48l3] 04610-87.
Note (i) that we have retained the dependence on the minor radius a, because the scaling (2)
does not fulfil the Kadomtscv constraint, in contrast to lTERHQB-P; (ii) the p* dependence
which is even stronger than Gyro-Bohm and (iii) the increase of confinement with B, in contrast
with the usual L- and H—Mode scalings. ‘ '
However, this choice of non-dimensional variables overlooks a possrble role of atorruc
processes in confinement [7]. A way to take these into account is to use the Hugill number Hu,
as an additional dimensionless parameter. proposed by Kadomtsev [B]. This is easily done in
our case, since fieo/fieogy 2 5/11: Hu and We propose : TRI oc Hu Trmm93.p_

This scaling retains the gyro-Bohm property of the ELM-free H—Mode and takes into account
the influence of atomic processes on transport in the RI—Mode.

1. Experiments with [Se and Ar cooling in TFTR.

In View of the extrapolation to a device of the size of a future fusion power reactor, an important
question is whether the RI—Mode can be obtained in devices larger than TEXTOR-94. To this
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end, experiments have been performed recently in TFTR with both Ne and Ar cooling in
deuterium discharges heated with deuterium N'BI-co injection.
in Fig.3, a comparison is given of two discharges with similar basic plasma parameters, with
and without Ne seeding and heated with 9.5 MW NBI-co at a plasma current =l.6 MA and a
toroidal field Bt : 3.9T (corresponding to qa = 3.6). The plasma density obtained in these

discharges corresponds to fieolfieoGr = 70%. It was difficult in the short time available to obtain
larger densities. In order to get a 'soft landing‘, a simultaneous ramp-down of the plasma
current, magnetic field and the NBl power was pre-programmed at the end of the discharge.
Ne injection was not feedback controlled, and a short puff of Ne (injecting about 0.75 Torr l)
was given at t: 3.45. Due to the absence of a sink for Ne the radiation stayed more or less
constant during the phase were the flattop values for 1p, Bt, and PN'BI-co were maintained (t =
3.4 - 4.35).
Nate the similarities with the RI—Mode observed in T'EXTOR-94 during Ne puff [2,3] :
(i) no decrease of the stored energy E with large values of ybut on the contrary, an increase of
E of about 10% corresponding to TE 2 1.1 x TL (ii) increase in “cp‘D (iii) decrease in the carbon
flux, as seen from the intensity of a C—II line (iv) increase in the peaking factor of the density
profile 'yn = ng(0)/<ne(r)> (v) increase in the central electron temperature T60 (vi) no decrease in
the neutron reactivity (vii) low central Zeff value leading to a low central concentration of the
seeded impurity of about 0.7-0.8 %. ‘

Experiments with feedback controlled Ar cooling have also been performed on ’I'FI‘R at higher
plasma current, heating power and toroidal field (11) = 2.0MA, PNBI-co :14.0 MW, Bt =
4.751") and confirm the observations made in the Ar seeded RI—Mode discharges on TEXTOR-
94. They also show a similar signature of Rl—Modc physics. as the discharges obtained with Ne
in TFTR. A wall retention of Ar has been observed, also found in TEXTOR—94, making Ar
seeded operation more difficult.
Ne and Ar seeding experiments have been also been performed on TFI‘R with He as the main
discharge gas. In contrast to the Ne or Ar seeded deuterium discharges. no improvement in
confinement, but sometimes even a degradation in confinement has been observed.

It is important to note that a large confinement enhancement as in RI-Mode experiments on
TEXTOR«94 has not been observed on TFTR (see Fig.4, showing fH93 as a function of the
Greenwald number for 'IFTR and TEXTOR—94 discharges with Ar and Ne seeding) as
densities around the Greenwald limit could not be realised in the very short experimental time
available However, the many similarities between the TFT'R discharges and the RI—Mode
discharges on TEXTOR-94 with Ne and Ar seeding seem to justify hopes that the physical
mechanisms at work in the RI-Mode can be extended to larger machines. A new series of
experiments with Ne seeding is foreseen in the near future on DIED. in order to try to show
the full performance of the Rl-Mode in larger machines.
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Recently, a new confinement regime called radiative I—Mode (RIM) has been observed on the
limiter tokamak TEXTOR-94 [1,2]. This regime is obtained by impurity seeding (Ne, Ar) of a
plasma of D heated with NBI-co injection of D eventually combined with ICRH. The study of the
central impurity content of those plasmas is of particular importance. The analysis of neutron
production during the discharges offers a very straightforward way to study the evolution of
< nD Inc > in the central part of the plasma during impurity injection.

Experimental results
The neutron yield is measured using 6 detectors of different types BF3, He 3 counters and liquid
scintillators surrounded with lead. The calibration of the detectors was carried out using a
reference neutron source and is controlled regularly using activation probes {3]. We present in

figure 1 the time evolution of the neutron yield as function of time for 4 consecutive discharges
with increasing level of injection of neon. Similar results are obtained with injection of argon. The
neutron rate increases at the start of the impurity injection and remains almOSt constant during the
impurity injection phase. In some shots with intense Ar injection where the power radiated reach
values as high as 38 % the neutron yield may decrease during the phase of impurity injection but
this decrease is accompanied by a continuous increase in density (fig. 2).
DiLussion
For the shot of fig. 2 the neutron production calculated from TRANSP code and from a simple 1D
model are compared using the T30") profile from ECE measurements and T10") from CXES. In this
ID model the neutron density production is decomposed into the neutrons produced by collisions
of thermal deuterium ions yth and the neutrons produced by beam-target interaction We

YO”) = yin“) + Ybru‘)
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with ym(r)= (:—:)21—2‘——<cv> and ym(r)= 0.24j(r)—n:K(T)

The reactivity <O'V> is a function of the ion temperature Ti of the plasma, In) and ne are the

deuterium ion and electron density, Te is the electron temperature ,

K(T To“): ”16): e r ———-—0v3+vg('r,)
take into account the toroidal rotation of the plasma), (ov)('I;,v) the average value of (W for

(cv)dv with Vb the injection velocity of the ions (corrected to

mono-energetic ions of velocity v interacting with a maxwellian target plasma of temperature T1.
The beam power deposition profile j(r) is calculated using the DEPON code. The time dependence
of neutron yield is neglected in those high density discharges because the slowing down time is of
the order of 40 ms at the beginning of the injection for the Deuterium deposited in the centre of the
plasma and, due to the increase in density, is becoming lower than 20ms after 100ms of beam
injection. The slowing down time for the ions deposited at higher r is even smaller. This is the
reason why we can also neglect the beam beam interaction and the density of the beam ions. The
critical energy of the plasma is such that the beam ions, during their slowing down, loose first
thier energy in collision with the electron and the isotropisation of the beam can be neglected. The
density of the beam target neutrons is maximum at a radius of 17 cm,the thermal neutrons are

produced at an average radius of 10 cm.
The results of the integration K shows that for the beam injection and plasma conditions of RI
mode of TEXTOR. K is almost proportional to Te. We made the hypothesis Ti=Te . which is
justified because the energy equipartition time is much smaller than the energy confinement time
of the particles [1]. The total number of neutrons produced in the beam target reaction t is

I 3

therefore proportional to <Te>= J j(r)Tc (r)rdr / I j(r)rdr _
o o

The comparison of the evolution of Te(=15crn), <Te> and an average temperature given by the

ratio of diamagnetic energy and line averaged central density Tedia~_.ET" shows that the evolution

of 1j(r)T (r)rdr is better approximated by?w—E than by Te(t=lScm). For discharges where the ybt

>> yth it is therefore possible to have direct information on the evolution of the dilution
< nD Inc > by comparison of Tedia and Y.

The comparison between the run of TRANSP and the 1D model is presented in fig.3. The results
are similar all along the time of the discharge for rather different plasma conditions. The
remaining difference can be attributed to the following differences between 1D model and
TRANS? simulation: i) 1D model calculates neutron production at constant nD/ne=0.9 while

nD/ne is varying between 0.95 and 0.85 in the run of TRANS? in order to match the measured
plasma resistivity, ii) the power deposition profiles given by TRANS? and by DEPON are sligthly
different, (TRANSP code gives amore central pOWer deposition, ybt is proportional to the
temperature SO ybt (TRANSP) is higher), iii) the impact of the rotational velocity on the beam
target neutron production is overestimated in the 1D code. The increase in neutron yield at the
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beginning of the injection of impurities is due to the increase of its thermal component: the
deuterium density increases at almost constant ion temperature. Using the 1D code the evolution of
nD/ne during the shot 70287 can be evaluated,with the hypothesis that HD/Ile in the plasma core is
independent of r and taking into account that yth is proportional to nD/ne and that ybt is

proportional to (%~1:2.) The result of this dilution determination is presented'in fig 4. The value of

nD/ne stays almost constant at .9 during the injection phase. The drop in neutron rate observed all
along the shot is due to the change of the power deposition profile and of the temperatures but not
to the change of the dilution. The absolute error bar on the value of nD/ne is of the order of 30%
due to the uncertainty in the calibration of the neutron detector and on the value of electron and ion
temperatures and error on code predictions, The relative error bar on the evolution of nD/ne during
injection is smaller but remains nevertheless dependent on the absolute value of measured Ti (For
Shot 70287 an increase of T1 of 10% will decrease ac by 10%).
As shown in a sensitivity study [4] the electron temperature has a very strong influence on the
neutron yield for TEXTOR conditions. Therefore it is the plasma parameter best suited for a
determination by use of the fast Fokker—Plank~code NRFPS [5], assuming that the dilution is
known. If the electron density is so high that a determination of Te from 2nd harmonic electron

cyclotron emission (ECE) is impossible, it is especially usefull to calculate Te by that method. The
results of the calculation of Te using NRFPS for discharge #67130 are shown in fig. 6 (with some
parameters of that discharge in ftg. 5). They differ substantially from the also shown 2nd
harmonic ECE measurement for which the cut—off density in the center of 8.95 1019 m'3 is
reached at t=1,7 5. However, they are close to the values from 3rd harmonic ECE which were

available for that shot. In this shot neon injection starts at t=l.53.This agreement can therefore be
interpreted as a proof of the validity of the hypothesis that nD/ne was not changing in the plasma
during the neon injection.
analysis of the neon scan and conclusion

In the RIM mode shots of TEXTOR with N8 injection power of 1 MW the thermal neutron
production can become a substantial fraction of the total neutrons production. This is due to the
rather high ion and electron temperature accompanied with very high densities at moderate beam

energies.
The 1D code was run to determine the evolution of ae as a function of time for different levels

of Ne injection. The uncertainties in the measurement of Ti are quite high but the change in nD/ne

when the Ne injection is increased is not larger than 10% .This result is in agreement with results
of bremsstrahlung and charge exchange measurements.
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Abstract
Edge transport and confinement changes induced by radial electric fields, externally im—

posed in TEXTOR—9/ by means of electrode biasing, were investigated. 4 particle trans
port barrier is found to be built up as the electricfield gradient increases, thus strengthening
the conjecture that EXB stabilization of turbulence is a viable mechanism for improved
confinement in tokamaks.

1 Introduction

In the enduring effort to explain the mechanism of high confinement modes in tokemaks,
many theories on the creation of transport barriers have dedicated a decisive role to radial
electric fields [1—6}. The hitherto favoured explanation for the confinement imp1ovement
in all these circumstances is the stabilization of turbulence [2,4] by the shear rate mm; in
the EXB flow induced by E, [7]
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where R is the major radius, B9 is the poloidal field and ‘11 is the poloidal time
According to the radial momentum equation

1
Er ——~ WVTP - ”93¢ + vsBe : (2)en,-

the electric field can have its cause either'in the plasma. rotation or the pressure g1adient,i
such that the verification of the causality between the shear of EXB and confinement
changes'is aggravated, In the “natural” H mode, for instance, it was found that ET, which
is in those cases negative, can quite often be upheld by the pressure gradient, such that
the discrimination whether E, is the cause or the result of the confinement improvement is
impeded. In our experiments [8] we can avoid this inauspicious circumstance by imposing
positive electric fields in the plasma edge using electrode biasing, Since the contribution
of Vrp, is in such regimes always negative, the electric field is then a consequence of strong
poloidal and toroidal rotation in the plasma edge.
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2 Experimental set—up and Results
The experiments were performed at TEXTOR—94 in deuterium discharges with the pa-
rameters as follows: BT : 2.33 T, IF 2 210 kA and a pre—bias central line—averaged
electron density E900 : 1.0 - 1013 cuffl. The mushroom—shaped electrode is introduced
into the plasma 5 cm beyond the LCFS and is biased positively with respect to the
toroidal belt limiter ALl. The resulting radial electric field profiles were measured by
a recently developed nine—tip probe ( henceforth called rake probe) continuously during
the whole discharge The edge density and temperature profiles were obtained by means
of Li- and He—beam diagnostics, which are located at the same outboard port as the rake
probe with a connection length of 12 cm.

Figure 1 shows time traces of important parameters for a typical discharge, where the
electrode voltage l‘}; is slowly ramped up to 600 V . The electric field, represented by its
maximum, develops gradually until a sudden jump of Earner occurs in conjunction with a
sudden drop in the electrode current IE (not shown). This bifurcation of E, is attributed
to a dramatic decrease in the parallel viscosity [9] Although the gasd'eed of the density
control is closed, the total number of electrons Nglm starts already growing at low fields
(251 = 1.5 s) and its growth accelerates upon the field bifurcation (t2 : 2.13). Also shown
is the HC! emission summed over the total plasma periphery (limiter, wall and biasing
electrode) from which, in combination with New, the particle confinement time 7—,, can
be obtained Increasing Er apparently improves the particle confinement time.

Detailed edge measurements Show the confinement improvement to be the result of the
formation of a transport barrier (is. a zone of finite extent where the particle diffusivity
D is depressed) at the plasma edge, coincident with the radial region where the imposed
electric field is located (the electrical layer). As a measure of D we take the ratio of F (the
net outflow of particles through a magnetic surface and which must be proportional to
Ha) to the local density gradient Vn, Assuming I‘ in first approximation to be constant
with radius, a relative decrease in the local diffusivity due to the imposed field can then
be inferred from a relative increase in the local Vn, a measure of which is 5, the ratio of

vnbias/Vl’lprebias-
In Fig.2b a contour plot of .f —l in the edge region is shown, indicating an enhancement

of f in a zone which turns out to have the radial extent of the electrical layer. Note that
there are two regions of enhanced 5, meaning that the density gradient steepens in two
zones and develops a minimum in between (see also [23,10]). We generally find the radially
innermost maximum to be 2 to 4 times higher than the outer one. Because of this fine
structure, it is impossible to attribute the observed changes directly to E,. If the latter
one were indeed the responsible acting parameter, a single zone of enhanced E should be
present. However a clear correlation is found with the gradient of E,, the absolute value
of which is shown as a contour plot in Fig.2a. The minimum in 5, in between the maxima
discussed earlier, is closely correlated with the location of Eryn”, which is indicated by
the thick solid line in Fig.2b. The obvious temporal link between V771. and VE can still
better be appreciated when showing in Fig. 1 the temporal evolution of both quantities
at the radius of 43.9 cm where the radially innermost maxima of E and of WE are found.
indications are that there might exist a threshold value of VE‘ before .5 reacts, but this
threshold is by no means sharp.

The observed spatial and temporal link between V771 and VB is found to be very
robust. On the one hand, it is found that in discharges where the plasma position is
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changed, both the electrical layer and the enhanced layer move together. Their temporal l
sequence, on the other hand, is maintained even for very short voltage ramps. One is
forced to conclude that WE, which is the imposed quantity in this experiment, is the
cause and V77. the effect in this causal link.

I

3 Discussion and conclusion

In these polarisation experiments the radial electric field is imposed in a controlled fashion.
The positive Sign of the field allows to rule out that the field is developing as a result of
improved confinement. If the local V71 , as we have argued, is a reliable measure of the
local diffusivity, the observed spatial and temporal link between VE‘ and Vn allows to

; conclude that particle transport is indeed improved by shear in the Ex}; flow, as theory
." predicts. As an important test for said theory, we find however that both positive and
' negative field gradients can affect diffusivity.

The local imposition of shear in the edge region leads to the formation of a particle [
barrier in the electric layer. This barrier has an internal structure such that the density [
profile steepens at two radial locations with a minimum in the gradient in between. As |
the radially outermost density steepening in our experiments is found to be weaker than

I
I
|
|

|
l

|

|

the innermost, and in addition its efl'ect on the bulk plasma is attenuated by the adjacent
minimum, it is found (see Fig. 1) that the time and rate of increase of the total number
of particles is practically set by the behaviour of the innermost steepening. Because of
this, we are not in a position to decide on the relative effectiveness of positive or negative
shear in shaping transport. Forthcoming polarisation experiments with imposed negative
field are likely to further improve our understanding.

Acknowledgement

The authors like to thank the ERM/KMS—stafl' and the TEXTORuTeam, especially J.
Boedo, M. Brix, A. Huber, A. Lyssoivan, A. Pospieszczyk, B. Schweer, H, Van Goubergen
and F. Weschenfeider for their assistance.

References
[1] En]. Doyle et al., Paper IAEA--GN—64/A6—4, Montreal, Canada, Oct. 1996. |

[2] S.-I. Itoh and K. Itoh, Phys. Rev. Letters, 60 (1988), p. 2276. i

[3] KO. Shaing and EC. Crume, Jr., Phys. Rev. Letters, 63 (1989), p. 2369. !

[4] H. Biglari, P.H. Diamond, and RW. Terry, Phys. Fluids B, 2 (1990), p. l. l

[5] BA. Carreras et al., Phys. Plasmas, 1 (1994), p. 4014. I

[6] CLM. Staebler et al, Phys. Plasmas, 1 (1994), p. 909.

[7] TS. Hahm and KS, Burrell, Phys. Plasmas, 2 (1995). p. 1648.

[8] RR, Weynants et al, Nuclear Fusion, 32 (1992), p. 837.

l
l

[9 J. Cornelis et al., Nuclear Fusion, 34 (1994), p. 1’?1.

[10 R. Van Nieuwenhove et al., Proc. of 18th EPS—Canf. on Contr. F115. and Plasma Phys,
Berlin, 150 part I. (1991), p. 405.



E

,EzEnnm
E

3mm
umfiuflm

m5
“5

:omfimon
wfi

83%
.:c

an:
Ema

qp
23..

a
Iw

.Eofifiw
Efismv

2:
“5

«max?
3543

E:
3

*0
war.

mmEm
fimmmwgw

Bus
95%

.?—
23

8
Eusomwabé

awn—
3E

haze
«.45

mar?
Efiwfim

Bow
uwfluflm

SE
“6

2:5»
3309?

93
Ta. mo

EOE
335cc

H.»
.mE

[E
3:;

mun
0N

am,mflw

40.1.nl.
.
“
.
_

.
_

.
_

,
,
_

_
0

,
m

.
,
.

3m
9%

:

3
9

::
.N

D.N
m

;
OR

3%,.
_

_-

mm,To;M

_
.
.
_

.
.
f
.
.
_

.
.

.
.
_

.
.
V

_
.
0

.
m

x
.
.

E
E

83.9%
mobs

[V/cmz]

:v
wnmwnoafibou

E?
pd

M
|

w
523%

bfifiw
mg

we
owmafi

m
inim

.
93

6%
MD

flaw
/H

E
95%

m
Emm—

ab
35

anmmhwqmnco
flaw—Em

,Em
m

Em
352‘

m
nofiuflm

*0
$382“

~33
€

3
u

SEE

mama
gum

unwufim
fix»

mmwfig
$5583

23
Mo

$39.5
BEE

A
ME

E
mEE.

Wm
9m

m.N
ON.

mé
o‘r

E
S

Q
".

38.9».
o

W

DON

Dov
‘

353?:
M5.

00w
\

E
S

Q
":

.mB
ll

*
__

homhww
£0.53...

ocm00¢

cow

['n‘E}{020 L][A]



1705
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1 Introduction

Thermal electron diffusivity in tokarnak plasmas is much larger than neoclassical theory
predicts. Possible cause of this anomalous loss are magnetic field perturbations. Because
high energetic runaway electrons are effectively collisionless, their dynamics is mainly
determined by these perturbations and could, therefore, be helpful in the study of those.
Difficulties with deriving magnetic turbulence levels from runaway diffusion arise, hOWever,
from the difference between the topology of runaway orbits and that of magnetic field lines,
as well as the large drifts that could decouple the runaways from the field lines and make
them less sensitive to magnetic perturbations {1N3}.

In TEXTOR—94, runaways in the plasma core with energies up to 30 MeV are detected
by measuring the synchrotron radiation these highly relativistic electrons emit. Previous
experiments on runaways in TEXTOR [4] were limited by the fact that only a small part
of the plasma cross section could be viewed. Here, we report on experiments in which the
field of view was expanded to a full cross section. That allows us the determination of
radial profiles of runaway densities, from which the profile of the radial runaway diffusion
coefficient D,(r) is determined for the Ohmic case. Furthermore, the effect of additional
heating (N131 and ICRH) on runaway diffusion is investigated.

2 Experiments
Experiments were performed at the TEXTOR—94 tokariiak, which has major radius R0 =
1.75 111 and minor radius a = 0.46 m. Typical plasma. parameters for Ohmic runaway .
discharges are: toroidal magnetic field B, 2 2.25 T, plasma current 1,) = 350 Ml‘ line
averaged density 77... < 1.0 x 10‘9 111—3, flat-top loop voltage View a: 1 V. A power scan was
made with NBI (co-injection, with respect to plasma current) and ICRH.

The synchrotron radiation is detected with an infrared (IR) camera, which scans one
image in 16 ms (NTSC-TV standard). The working aelength range of the detection
system is 3 — 8 am. The line of sight of the camera is tangential to the plasma in the
direction of electron approach.

The IR images are processed afterwards. With help of software defined integration
boxes, the evolution of the synchrotron radiation can be determined from subsequent
pictures. With a narrow slit-shaped box at the equatorial plane, a radial profile is obtained
for each image. Note that only runaways with energy Wr > 20 MeV are detected with the
above set-up, i.e. all derived quantities are valid only for these high relativistic runaways.
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3 Results and interpretation

Fig. 1(a) and 1(b) show synchrotron radiation evolution and radial profiles of an Ohmic
runaway discharge, reaching a steady state at about t m 4 s.

We assume that the runaway transport is diffusive. A diffusion coefficient can be
determined from the diffusion equation

an

including a SOurce term 3, and the relation between particle flux I‘ and particle density
gradient Vn. In steady state, with cylindrical coordinates, Dr follows from

%UfS(r')r’dr’

-2—L‘(r)
where S is the runaway source density and n the runaway electron density. To derive
these quantities from the measured synchrotron radiation, several assumptions have to
be made. The intensity from the radiation is proportional to the number and energy of
runaways. In [4], Monte Carlo simulations show a rather peaked energy dependence in
the synchrotron radiation and also the estimation of the energy distribution with help
of different filters do not Show a strong sensitiveness to the exact shape of the energy
distribution. We, therefore, assume a monoenergetic energy distribution, so that the
intensity evolution is a measure of runaway density evolution. This assumption implies

D,(r) :

a constant energy profile, needed to interpret the intensity profiles as runaway density
profiles.

The strength of the source density 3 follows directly from (1.) in case —V ~ F = 0, i.e.
when the synchrotron radiation starts to develop. For the shape of the source density,
first a 6-function is assumed, leading to an upper limit of the runaway diffusion coeflicient
Dnumwr, then a constant source density leading to a lower limit Dflbww. A self-consistent

solution is found by iteration converging to Dnfl, when we assume that the runaway
distribution has a given width at the critical energy (from [4], Ar = 7 cm) and that this
profiie broadens during the acceleration due to diffusion with a constant D,. It is likely
that the diffusion coefficient is a decreasing function 3? runaway energy, so Dr,“ is still
an upper limit. Based on measurements at r E [20, 35] cm, Fig. 1(c) shows the result of
these three different approximations. At half radius, D, < 0.01 mQ/s.

The power scan shows both for NBI and lCRH (Fig. 2(a) and 2(b)) a transient phase
of approximately 300 ms after the heating is turned on. Then, the evolution of radiation
continues to rise or decays dependent on the power of NBI or 10 RH. A very coarse estimate
is made of the rise (decay) times 'r determined after the transient phase. The inverse of 7—
is shown in Fig. 2(c). Unfortunately, in the absence of a steady state, the method used in
the Ohmic case to determine the diffusion coefficient cannot be applied to the case with
additionai heating.

4 Discussion

The runaway diffusion is best compared to thermal transport instead of particle transport,
because runaways are effectively test particles, are not subjected to ambipolar diffusion
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and do not experience recycling effects as thermal particles do. In TEXTOR-94, electron
heat transport typically has Xe ~ 1 Ina/s (Xe the electron diffusivity) (5] The measured
runaway diffusion coefficient is found to be too to three orders smaller than X5. In case
of classical diffusion, a similar difference would be expected, but then, both Dr and X2
would be orders of magnitude smaller than the measured values. Magnetic turbulence is
often Suggested to explain this difference. However, from the commonly used estimate
of test particle diffusion D N 1;”t with v“ the velocity along the magnetic field lines
and DM : adbE) (6] (0 denotes flux surface average, be the radial component of
the perturbing magnetic field normalized to Bl, q the safety factor) it would follow that
b, < 10—6 which is low compared to [7]. An explanation could be, that for low levels
of magnetic turbulence, still chains of islands and good surfaces will remain which will
determine the net diffusion [8] This could explain the large difference between Dr and
Xe- Because no quantitive theory for test particle transport in mixed magnetic field
topologies exists, no estimation of the magnetic turbulence level can be made based on
runaway confinement measurements Differences betWeen the topology of runaway orbits
and magnetic field, and averaging effects due to the drift displacement could also enhance
the difference between D, and X8.

In case of additional heating, the T is only a very rough measure for the runaway
confinement. From Fig. 2(a) and 2(b), it may be stated that runaway diffusion is increas-
ing with increasing input heating power, which is also measured for X: [5]. Changes in
electron temperature Te and 71,5, dependent on input power, effecting the accelerating
electric field E“, i.e. the runaway radiation level, could play a roll too. A deterioration
of runaway confinement can result either from an increase of the turbulence level or an
increase of the correlation length of the turbulence. Remarkable is the difference in T
between NBI and ICRH at higher power. This could be ascribed to the different nature
of heating mechanism and its effect on the plasma (eg. toroidal rotation effects) and on
magnetic field turbulence
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Xe injection experiments in TEXTOR-94.
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1. Introduction

For future fusion experiment, the choice of the materials for the plasma facing components is
still an open question. Until now, usually low-Z elements have been used for limiter, divertor
and wall materials, for ITER, both low and high—Z materials as M0 or W are discussed. To
determine the transport properties of high—Z elements in TEXTOR-94, Xe injection
experiments have been performed. Both short single pulses as well as multiple pulses have
been used, Gas injection is utilised for the transport studies, as due to the high reproducibility
the influx of impurities can be controlled precisely.
Short single pulses (in TEXTOR-94 FWHM < 2.5 Ins), as Well as pulse trains have been used.

Single injection pulses behave similar to laser blow off and depend mainly on the preperties
of the background plasma, whereas multiple injection pulses also depend on the Xe recycling.

2. Experimental set-up

In TEXTOR-94 the plasma dimensions (R0 zf 175 cm, a = 46 cm) are determined by the

toroidal belt limiter ALT H. In addition poloidal limiters can be inserted, The gas is injected
by a fast gas injection system, located at the position of the liner (r = 55 cm). The gas flow is
controlled by a piezo Valve, the tube guiding the gas to the liner position has an exponentially
increasing diameter. The exponential gas inlet system used in TEXTOR—94 is 2.4 times faster
than a tube with a constant diameter of the same length. The gas flow is measured by the
pressure decrease in a buffer volume. To overcome nonlinearities of the valve, the gas flow is
controlled by pulse width modulation with a base frequency between 5 Hz and 200 Hz. The
gas inlet is reproducible to 2 %. The confinement property of the plasma is determined from
the intensity of the Xe XXVI radiation at 17.4 nm, measured by a gracing incidence
monochromator. The detector is a high count rate channeltron, operated in pulse counting
mode. The same equipment is used to measure the quasicontinuum of W3“ in the laser blow
off experiments.

If the concentration of Xe is sufficiently high, the Xe density is evaluated from the increase of
total radiation due to the injection. measured by a 26—channel bolometric system. The line
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integrated emission is inverted to get local values [1]. the Xe concentration is then calculated

assuming coronal equilibrium and using the emissivity data of Post [2].

Changes of the density— and the q~ profile after injection are determined from the 9 channel

Interferometer/Polarimeter[3]. The electron temperature profile is measured by the ECE

system.

3, Injection of single Xe pulses and comparison with W laser blow off.

To study the confinement properties of TEXTOR—94 we injected single pulse of Xe into

plasma heated by neutral beam injection and varied the amount of injected Xe and the edge

cooling by Ne. The plasma current : IF = 350 kA, the electron density : ne = 3* 1013 cm'a‘ and

the heating power : Pm .—. 1.4 MW were kept constant. For short pulses, the radiation behaves

similar to W radiation, indicating that Xe is pumped off quite efficiently by the plasma facing

components (fig 1). The intensity increases by less than 3 % due to Xe recycling compared to

the amplitude of the injection pulse. The pumping decreases if poloidal limiters with higher

thermal load are used (see multiple pulse injection). The discharges are characterised by the

ratio “(m : Pm; I (PM + PQH), the total radiated power over total heating power. 'ynd

temporarily exceeds 1. The decrease of plasma energy is not taken into account. Above mad :

80% the confinement time increases for some shots. For Xe two branches are separated: for

edge cooling by Ne. i. e. 7m > 80%, the confinement increases by up to a factor of 5. For

discharges with low edge cooling, the confinement increases only slightly, even though the

amount of injected Xe is much higher (fig 2).

For discharges with low edge cooling, Xe accumulation with strong peaking in the center was

observed, the maximum concentration exceeded 1.5 * 103. With rising impurity density, the

sawteeth disappear and the safety factor in the center q(0) increases. The concentration decays

with a time constant comparable to the Xe XXVI signal. (115 ms vs. 85 ms) (fig 3).

4, Multiple Xe pulse injection

Multiple (5 with frequency of 5 Hz) pulses of Xe behave similar to single pulses. A strong

signal appears immediately after injection followed by a small background due to recycling.

Whereas the recycling fraction in single pulses does not depend on the amount of Xe, the

background increases from pulse to pulse in the multiple injection. The decay time rises from

pulse to pulse as well. Compared to single pulse injection experiments with low edge cooling

the maximum confinement time is larger, but it is lower than with edge cooling by Ne.

Accumulation occurs at lower values of van. the maximum ym reached was 86 % (fig 4).
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Both. the direct signal and the recycling fraction, depend on the limiter configuration. If the

poloidal limiters are inserted at the same radial position as the ALT II belt limiter, the
recycling is increased by about 50 %, indicating that the pumping of Xe depends on the load
of the plasma facing components (fig 5),

Two different behaviours for the impurity accumulation have been observed. When the
amount of Xe is increased gradually, accumulation occurs with impurity peaking in the center

and concentrations up to 0.2 %. Sawteeth disappear and (1(0) increases, reaching values above

3. With the decay of the impurity concentration, q(0) drops again, after about 500 ms the

sawteeth reappear. This behaviour is similar to one pulse injection (fig 6).

For some discharges peaked profiles have been observed, stable for more than 0.5 s. The Xe

injection was smaller than in the previous shot, the concentration reached 0.] %. After the

concentration had decreased to 0.05 % it remained constant until this condition was teminated

by a break down in the heating beam. The q(0) increased to about 1.5 and remained well
above one. During the whole phase, no sawteeth occured. This phase is characterised by mode

activity with frequencies above the Nyquist frequency of the ECE system (fig 7).

5. Summary

Xe injection with fast pulses is shown to be a powerful tool to study transport properties of
high—Z impurities. Due to the high precision of the amount of impurities added to the plasma

it is possible to reproduce discharges with prescribed impurity concentration. From

experiments with pulsed injection it is found that the particle confinement strongly depends on

the edge cooling by Ne. For strong edge cooling impurity confinement is increased by an order

of magnitude. For low cooling and high impurity injection accumulation is observed. ymd is

found to be close to 100 %.

If Xe is injected into a plasma with a higher background concentration of Xe, accumulation

occurs at a level of 7,“ well below 100 %. The accumulation leads to loss of sawtooth activity

and an increase of the safety factor 11(0). In some cases stable sawtooth free discharges with

peaked concentration profiles have been produced.
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1. Introduction
The scenario of a radiative boundary exhibits some attractive features and is therefore
included in the ITER. operational scheme. First of all the power load on the plasma facing
components is reduced after injection of a suitable impurity (either Neon or Argon). The
line radiation distributes the power flux more uniformly onto the wall thereby cooling
the plasma edge. Additionally, with this edge cooling operation TEXTOR—94 reaches
under certain conditions a better confinement regime, the Radiative Improved (RI) mode
[1]. However, the RI mode or the radiative boundary scenario is only a valid option if
the central dilution, depending on the transport parameters of the seeding impurity, is
tolerable.
The determination of this impurity concentration from CXRS measurements at TEXTOR-
94 is the subject of this paper. After a short overview of the used equipment, we introduce
in section 3 the method employed to obtain the impurity concentration. In section 4 this
method is applied for Rl-mode discharges. In the next section a first attempt is made to
measure several ionization stages of Neon simultaneously. Comparing these profiles with
code calculations couid provide us some information about the impurity transport.
2. Setup of CXRS diagnostic at TEXTOR—94
The experiments reported in this paper are performed on the limiter tokamak TEXTOR—
94 (R0 = 1.75m, a = 0.46m, B¢ = 2.25T) and mainly focuss on the results of the
charge exchange recombination spectroscopy (GXRS). TEXTOR—94 is equipped with two
neutral beams (NBI) which inject tangentially into the plasma in opposite directions.
One of these beams, which for the experiments reported here inject in the direction of the
plasma current (co-injection), is used for the CXRS measurements. The CXRS diagnostic
consists of four sets of Spectrometers with each 15 lines of sight into the plasma covering
the range 7 = [41.02 — 0.43jm. This allows us to measure full profiles of four different
impurity densities, rotation and temperature with a. time resolution of typically 50 ms.
Since the lines of sight are almost tangential to the magnetic surfaces, the radial resolution
is between 3 and 8 cm for the different lines, although the beam has a FWHM of about 20
cm. The NBI can be Operated at 20—50 kV acceleration voltage with hydrogen, deuterium
or helium. The power can be varied by changing this voltage or by partly closing the
beam aperture. The maximum injected power of one beam is about 1.5 MW. The carbon
measurements reported here were performed on the 05+(n = 8 —; 7) transition at A =
529.0nm and for the neon the Neg+(n = 11 —> 10) transition at /\ = 524.9nm was used.

3. Cross sections and effect of excited beam particles
To obtain the impurity density 71.; from the measured CX—radiance L? and the neutrai
beam density in, one has to calculate:

Lin-L?” (1)
7 g=1fnb(Eb/i)dlq:ffiEb/i)

where the integration is along the line of sight and the beam density for all three beam
Species at full, half and third beam energy E, can be either calculated with a beam at—

m:
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Correction due to excited beam particles
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Figure 2: Enhancement of the calculated 'n.z
as a function of E5 when only 0X from H{15)
is taken into account. The solid line results of

and 05+ as a function of beam energy. a. calculation of the contribution of CX from
(Data from R. Hoekstm, KVI-Groningen, H(n=2} with 06+ in case of an H—beam, the
The Netherlands). dashed line for a D-beom, where the species

mix is diflerent.

tenuation code or determined from measurements of the Doppler shifted Balmer-a line of
hydrogen. The effective emission rate q§H(Eb) is given by the product of the OK cross—
section {corrected for cascade processes) and the beam velocity. This is in our case taken
from the atomic data base ADAS [2]. However, by applying eq. 1 to determine the 06+
and N810+ concentrations at TEXTOR—94 in the case of a D—beam (Eb=20-25 keV/amu)
unrealistic high values emerged. Since it is known that at lower beam energies the cross-
section for the charge exchange process with beam particles in the ground state sharply
drops, whereas the same process with the excited hydrogen atoms strongly increases (see
Fig. 1), it is hypothesized that the emission from this latter process has a non-negligible
contribution to the measured L?” and should be taken into account. To test this, experi-
ments were performed Where identical discharges where made differing only in the beam
energy of NBI—l. The change in power for diflerent energies was compensated by partly
closing the aperture, keeping the input power almost equal (Primal = 0.4MW). More-
over, a second beam at PN51_2 was the main heating device and operated at 1.2 MW.
The bremsstrahlung level was identical for the whole series of discharges, so the deter-
mined 06+ and Ne1°+ concentrations should be the same for all shots. Nevertheless, large
deviations at lower beam energy were found by using eq. 1. The resulting nz, normalised
to the value at the highest beam energy (46 keV/amu) is plotted in Fig. 2, which can be
interpreted as a plot of a correction factor F. Making use of the cross-section data of figure
1, the species distribution of the beam and an estimate of nb(n = 2), this correction'factor
for 06+ can be calculated as well for our hypothesis. The excited beam population was
computed with the ADAS package by taking into account only electron impact excitation.
This resulted in a correction factor with a similar trend as the experimental data, but a
somewhat lower value. However, ion impact collisions, which were neglected in the ADAS
calculation since not all cross-sections were available, will enhance the excited beam pop-
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Impurity content in y-scan

Figure 3: Results of Charge cm»
change measurements in the EL
mode. As a function of the radiated

2.0

q ~~~~~~~13.. .- I.) power fraction 7 is plotted: a) the
to O o mun-ac:J21“: central 06+ concentration (circles,

”,uf' ' ”"05“” b) the central Nem+ concentration
r/"' I (squares) and c) Zn” calculated

I/ from (IX-measurements on carbon,
one“ ”’0‘“ am a” Loo neon and oxygen. The dashed lines

1 are only intended to guide the eye.

nlation appreciably since for this energy range this process has the same importance as
electron impact excitation By multiplying therefore m,(n = 2) by 2 the experimental
F could be reproduced as shown by the solid line in Fig.1b. Note that this calculation
depends on the density and the species mix of the beam neutrals. For a deuterium beam
at TEXTOR—94, where a larger fraction of beam particles is at the full beam energy, the
correction factor is expected to be smaller (dashed line in Fig. 2). Because the experiment
shows only little difference in F for 06+ and Non” , we take for neon the same F in the
following.
On several other machines like DUI—D and ASDEX-U conflicts were found in neon concen-
trations as determined from CXRS measurements (using the ADAS cross—sections) and
Zeff measurements [3]. They introduced also a cross-section correction factor for Em,"
below 50 keV/amu. The excited beam neutrals might be the physical justification for this.

4. Neon Concentrations in the RI mode
Having found in the previous section a method to obtain impurity concentrations and
profiles, one can study the dilution of the plasma in the so-cailed Radiative Improved
(R1) mode at TEXTOR—94. Simultaneously achieving high confinement, high me, high
[7’1 high radiative power fraction and quasistationarity makes this RI—mode an attractive
alternative to the H—mode regime of divertor machines, provided the impurity (Le, neon)
concentration stays tolerable To address this, a scan was made in a typical Rl-mode dis-
charge (I1, : 4ODkA, fl: = 6.101971273, PNBI = 145MW (deuterium beam at 24 keV/amu)
Pica < 1.6MW). The neon seeding was varied to increase 7 = Fwd/Hag. The result is
plotted in Fig. 3. It is shown that even for the highest 7 of 85% the neon concentration
stays below 1.5 % and Z5” < 3. Comparison of the dilution calculated with neutron
measurements [4] gave similar results. Also the values determined for Zen were for this
scan within 15% in agreement with bremsstrahlung results (the latter being somewhat
higher) Finally, for few shots a Zen was calculated from polarimetry data giving again
the same results [5]. This shows the reliability of the used method of correction the 0X-
arose—section as described in the previous section.
Even for the highest radiation fraction in the RI~mode the neon concentration stays lim—
ited. No accumulation of neon under normal RI-modc conditions was observed and nf
could be kept below 3, Although rather speculative one might extrapolate this to ITER,
assuming Zgjf ~ 1 scales with Fwd/(Sag) [6], where S is the radiating surface. This would
yield a tolerable Zeff of 1.5.
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Neon profiles
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5. Neon Profiles
To deduce some information about transport parameters of Neon in edge cooled discharges
profiles of Ne8+ N89+ and N810+ were measured by CXRS and compared with results
of an x—ray Bragg monochronlator(XBM) (measuring N69+ and N53+) and with calcu-
lations of the selfconsistent 1D impurity transport code RITM [7']. For the OK of N88+
we have taken the cross--sections for 08+ which has the same isoeiectronic structule. The
contribution of oxygen which radiates at the same /\ = 607nm is subtracted from the
signal before neon was injected. For Aleg+()\ : 648mm) 110 cross-sections were available,
but a relative profile could still be obtained. Discharges were performed in the L—mode
confinement regime. Here we could use a 50 keV/amu H-beam to maximise the OK signal
and minimise the contribution of excited beam particles. Furthermore the XBM signal is
not disturbed by the large neutron flux of the Rlurnode. The radiated power fraction 7
is around 80% for this series, n: = 3.0- 1019172”, and PNBI : 1.2MW. The results are
plotted in Fig. 4. Although the absolute values diller by a factor 1—2 between the different
methods, the similarity is sufficiently close between GK and RITM to continue to study
more systematically the neon profiles for impurity transport investigations.

6. Conclusions
The concentration of Neon in discharges in TEXTOR—94 with radiative edge cooling has
been measured with charge exchange spectCOpy. It has been experimentally demon-
strated that the cross-sections for Neon have to be modified, due to the effect of excited
beam particles. The neon concentration in the Radiative Improved mode amounts to
1. 2 — 1.4% for a radiated power fraction of 85%. Profiles of N610+ Ne9+ and Ne8+ have
been measured with CXRS and compared with results of an x-ray Bragg monochromator
and the 1D impurity transport code RITM, giving a rather consistent result.
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The core plasma and the 1141l rotation frequency have been determined tndnpeu—
dentlg by CXRS and ECE diagnostics. .4 diflerential rotation between plasma and
MHD mode rotation was observed in NBI heated discharges which is expected to be
due to the dinmagnetic drift. This difference disappeared in case aflargc MHD modes
which locally flattened the pressure gradient.

1 Introduction

Individual particle drifts or fluid mechanical properties will cause a toroidal (d) or poloidal
(6) rotation of the. plasma Furthermore, the injection of neutral beams (NBI) will add
momentum to the plasma.

The plasma rotation causes, for example, temperature profile perturbations due to
MHD instabilities, like magnetic islands, to appear as oscillations on the time traces of the
electron cyclotron emission (EOE) diagnostic. In this paper we present an investigation
into plasma and MHD mode rotation on the TEXTOR—94 tokamak (R7 : 1.75,a =
0.46m, 13¢, = 2.25T, [p z 35UkA and qll : 3.8). The purpose is to reveal the difierent
contributions to the magnetic island rotation and MHD frequency.

The toroidal ion rotation profile, representative for the bulk plasma rotation. has been
determined by Charge eXchange Recombination Spectroscopy (CXRS) and the MHD
mode rotation frequency has been derived from the m/ n = 1/1 precursor oscillations,
usually observed prior to sawtooth crashes. The toroidal rotatiOn could be modified in
TEXTOR—94 by means of tangential NBI with a variable beam aperture. In the next
section a short summary on the theory of plasma and MHD mode rotation will be given.
Thereafter the measurements will be presented and discussed.

2 Plasma and MHD mode rotation

Drifts of electrons and ions in poloidal and toroidal direction result in a plasma rotation.
The momentum balance of a separate particle species, :1, predicts drifts due to an electric
field and pressure gradient perpendicular to the magnetic field [1],

1 8 a a .Maw”? - ”em—Urge m
where n and q are the density and charge of the particle. The first contribution differs in
direction for electrons and ions due to the difference in charge while the second, due to the
radial electric field, is equal to both electrons and ions. A difference in ion and electron
rotation results in a current in the plasma. The pressure gradient drives a diamagnetic
current [1]. This current opposes the magnetic field in the plasma and is perpendicular to
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the field, hence7 mainly in poloidal direction. This is added to the usual toroidal plasma
current in a tokamak.

The rotation of MHD modes is observed as an MHD frequency on the time traces of
various diagnostics. This MHD frequency is due to the plasma or ion rotation in toroidal
and poloidal direction. However7 if the MHD mode is coupled to the electrons, it moves,
furthermore, due to plasma currents with respect to the plasma ions [2]. The observed
MHD mode rotation is expected to differ from the ion rotation. As the wave vector of a
magnetic island parallel to the magnetic field lines is zero, it is expected that the plasma
current parallel to the field lines will not affect the differential rotation. The diamagnetic
current. however, which is perpendicular to the field lines, might provide an additional
component to the mode rotation and MHD frequency. This movement is mainly in poloidal
direction.

Under these assumptions the MHD frequency may than be given by,

_ “t v_i . .7firm); — n27rRo 3; err + f S (~l

where mm are the poloidal and toroidal mode number of the mode. The :l: gives the
orientation of the toroidal current with respect to the magnetic field. Assuming that the
diamagnetic current is mainly poloidal, f“ can be given by [l],

.N MW)in N 4mqaa.gB¢(T)' (3)mj_*_fl15
3‘ *w =2'n'f to e. ———-p

cm r enEBr 8r ’

The last formula represents the diamagnetic frequency which has been obtained by as-
suming natural profiles {4]. For an m = 1 mode in the centre of the TEXTOR-94 tokamak
(TE:1 2 900eV) one finds 1:121 m 4.5kHZ. The MHD frequency for an m/n = 1/1 mode
can then be approximated by,

if” R9 229zmpiemrnh. m7' vii

By measuring the toroidal plasma rotation, in“, and the MHD frequency the separate
contributions in eq. 4 may be determined.

farm: 2 l

Figure 1: The m/n = 1/1
MHD rotation frequency, versus

10 ‘ ' the toroidal ion rotation frequency
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. injection. The 9 marks the point

-15 . . given by the ohmic precursor free»
--10 -5 0 5 10 quency of 3.3kHz (where ‘UCXRS

Ion Rotation Frequency (kHz) has not been measured).



3 Experimental observations

The toroidal plasma rotation profile is measured by CXRS Via the CVI-line at 529nm The
Carbon and Hydrogen rotation velocity can be assumed to be equal in the TEXTOR-94
core plasma [3} Several discharges have been produced with a similar density of fig =
2.5 - 10mm"a but with different toroidal rotation. The toroidal rotation was varied by
injecting different amounts of NBI power. Both co- and counter— current NBl have been
obtained by reversing the current direction or using a second injection beam in opposite
direction

The MHD frequency has been determined from the sawtooth precursors on the ECE
signals. According to the reaction of the frequency at switch~on of, either a co—, or counter—
current NBI the ’sign’ of the MHD frequency has been determined.

In fig. 1 the plasma and MHD mode rotation frequency are compared. According
to eq. 4 one expects that an offset due to the diamagnetic frequency while the slope
of the curve might depend on a possible poloidal plasma rotation. An offset of 2.5 :1:
0.1kHz between plasma, and MHD mode rotation frequency is indeed observed which
might resemble the diamagnetic frequency. The diamagnetic frequency is expected to
depend on the temperature according to eq. 3. This is experimentally confirmed in fig. 2.
A specific discharge is shown where, due to a drop in the central temperature, the offset
between the toroidal plasma rotation and MHD frequency decreases.

A 1'5 ' ‘ Figure 2: Rotation pmperiz'es dim
E 1.4 .N - ting part of discharge 63816. The
# W . co and counter beams {Pm =

Ix.)
“
\
O

(ca
n

mu
ms1-3 l ‘ ’ SOOkW and 13.. a 1320kW) were

switched on anti 2 2 and 2.55,
respectively. The plasma current
was I? z 350kA. Plotted are from
top to bottom; the central temm
peratm‘e, pressure, the ion and
MHD rotation freqaencies (closed
and open circles) and the differ—
entfal frequency, respectively. The

“ global temperature drop causes a
Time (5) decrease in this oflset.
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The slope of the curve in fig. 1 was found to be: 0.98 i 0.02. According to eq. 4 a slope
so close to unity indicates that the poloidal rotation. in is negligible. However, note that
the diamagnetic frequency is mainly due to a poloidal movement of the MHD mode with
respect to the plasma.

In case of a zero poloidal rotation the momentum balance equation (eq. 1) can be
simplified. The toroidal rotation then will be inverse proportional to Be and, hence, the
toroidal plasma rotation is therefore expected to be inverse proportional to the plasma
current also in case the pressure gradient, radial electric field and other forces remain
approximately constant. Hence7 the momentum and energy confinement time should be
constant during the ramp. This is experimentally observed by ramping up the current
from IF = 250 to 475kA during NBI in a single discharge. The confinement time (m 501115)
was found to be constant during the ramp phase [H 2.55),

In fig. 3 the dependence of the central toroidal plasma. rotation versus (1.1 (~ I; 1) is
plotted. During a small time window also sawtooth precursor activity has been observed.
Again an offset has been found with the plasma rotation which was independent of the



1720

. . . - 3.. Figure 31 The toroidal ion rota.-
,- 10 ICXRS: [on Rotation " - ' 'N w,“ tron. frequency as a functzon of
g 8 ' Illmma. The data have been ob-
? J/ mined by romping up the plasma
2 6 .0 _ current from Ip = 200 to 475kA
E If during NBI {13331) in discharge
: 4 , 67520. The ion rotation is mea-
é sured by CXRS.
‘5 2 "
a:

0 4. ._ i . .
0.0 1.0 2.0 3.0 4.0 50

plasma current. During the ramp phase the central pressure increased less than 20%.
Because of the broadening of the density and velocity profiles at higher current the total
moment remain approximately constant during the current ramp.
4 Discussion
The observed offset between the MHD mode and plasma rotation can be explained by the
diamagnetic current. It scales with the plasma temperature. The experimentally observed
offset (2.5kHz) is smaller than expected ($5c2), however, the local diamagnetic drift
may be reduced due to the presence of the magnetic island which may locally perturb the
pressure gradient. For large MHD modes, observed prior to major disruptions, no offset is
found, which can be explained by the fact that the pressure is flattened over the magnetic
island [5,6]. The toroidal plasma current did not affect the MHD frequency.

The diamagnetic frequency is mainly due to a poloidaj movement of the island with
respect to the plasma. ion fluid. The poloidal ion rotation was found to be negligible in
the core. This can be explained by the phenomenon of poloidal flow damping [7]. The
central toroidal plasma rotation varied with the plasma current in case the momentum
and energy confinement time remained constant. This was expected according eq. 1.

As the ohmic precursor frequency is known to be approximately 3.3kHz in TEXTOR—
94 the rotation of the plasma in the ohmic case can be derived to be 0.8kHz (z 9km/s).
Using the toroidal momentum balance equation and assuming natural profiles an aver-
aged ohmic radial electric field is found of about ZkV/m, pointing radially inward. Because
NBI increases the toroidal rotation, the radial electric field will be affected too. The field
strength can be increased more than one order of magnitude with respect to the ohmic
level. The observation of the absence of a diamagnetic offset between plasma and mode
rotation frequencies might be an indication of a flattening of the pressure profile over the
rotating magnetic island.
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Recently on TEXTOR-94 a new regime of improved confinement under radiative edge

conditions (RI mode) has been found [I]. In this RI regime the energy confinement time ’55

increases with density and high radiation level up to 90 % of the total input power is possible.

Quasistationary conditions for these discharges are sustained. In a future fusion reactor the

maximum amount of seed impurities depends strongly on the rate at which the helium ash is

removed. As a strong radiative edge may be advantageous for a future reactor, the helium

exhaust for RI mode conditions is investigated for different line averaged electron densities

and pumping conditions for the first time.

For this investigation TEXTOR—94 is operated at a plasma current of 400 kA and a toroidal

magnetic field Bra-2,25 T. The radiation level is increased by injection of neon as a seed

impurity. Particles - i.e. here deuterium, neon and helium - are removed by the toroidal pump

limiter ALT-II [21.

At First the exhaust for different limiter positions is studied. The pump limiter has been

positioned at a minor plasma radius of either 44 cm or 46 cm. Mostly TEXTOR is operated

with a plasma radius of 46 cm; nevertheless the tiles of the limiter system are optimized with

respect to the heat flux distribution for 44 cm. Despite the different pitch of the field lines

(qwgg(lp=400 M, 21:46 cm): 3.4, qwgg(1p=400 kA, a=44 em) = 3.1) the pumping performance

of the ALT-II pump limiter should not change [2]. Due to the different limiter position the

plasma location had to be shifted in order to optimize the RI mode. Figure 1 shOWs the edge

profiles for the electron density m (solid line) and the electron temperature Te (dashed line)

for the different limiter radii. The last close flux surface (LCFS) which is the limiter surface

corresponds to 0 cm. The throat of the limiter is located 2 ~ 5 cm behind the LCFS. Figure 2
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compiles the results for different ratios yof the radiated power to the total heating power at a

line averaged electron density of 5-1013 cm‘3. For all radiation levels the density decay length

0t") between the limiter surface and the limiter throat length is about 1 cm. The temperature

decay length is lower for the reduced plasma diameter (open symbols). A reason for this

decrease may be the repositioning by 2 cm of the plasma which was necessary to reestablish

the good RI mode confinement. Following the analysis in [3], which illustrates the salient

features of the scrape-off layer transport phenomena, an estimate of the change of the fraction

of helium entering the throat of the limited (acumen) can be given. Due to the shorter

temperature decay length, the calculated collection efficiency is about 20 — 30 % lower. In

addition, the absolute value of the electron temperature is 5 - 10 eV lower (ram—n = 44cm).

This lower Te leads to a reduced amount of helium that is actually trapped in the throat.

Assuming the same conditions as in [4-] and taking an electron density in the throat of the

limiter of 1510‘2 cm‘3 the removal efficiency (am) is reduced by about 5% Thus the exhaust-

efficiency (em = emu . am) is about 25% lower for the reduced plasma radius. This tendency

is found experimentally by measuring em. = me I “31.15 with “line as the particle confinement

time and I‘m as the effective particle confinement time.

In a second investigation “5*“: is measured in a series of discharges where the radiation level is

increased from 30% to 90% while keeping the total diarnagnetic energy to about 120 kJ. Three

different methods have been used to determine the decay of the helium signal after the helium

gas-puff: the change of the neutral helium flux on the limiter blades, the change of the charge

exchange resonance spectroscopy signal, and the change of the partial helium pressure in the

pumping duct. The three methods agree within the experimental errors. However, since the

neutral helium flux at the limiter is used to determine the particle confinement time “cm the

values given in this paper refer to this measurement. For comparison a discharge with and

without helium injection has always been performed. 1*He increases from ca. 800 ms at the

lowest radiation level to about 1600 ms at y = 0.9 as shown in figure 3. For the high density

discharges, the energy confinement time increases with the radiation level from 35 ms to

about 60 ms This leads to an increase of critical ratio [5] p“ = {HE/1E of about 20%. This

ratio p~ results from the balance between He-ash production and exhaust and is considered to

be about 5 - 10 for ITER [6], The absolute value of p‘, which is between 23 and 28 in this

experiment, is eg. dependent on how far the limiter blade extends into the SOL. In order to

have a safety margin the limiter tiles have been chosen to 20 mm thickness to accomodate the
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increased heat load to the belt limiter. However, previous experiments on TEXTOR with 12

mm thick tiles show that the collection of particles can be increased by a factor of 2 [7] so

reducing {as and therefore p‘ by the same amount. This agrees with calculations for the

collection efficiency following the considerations of [3].

The increase of T‘Hc with higher radiating boundary can be interpreted in the following way:

As the temperature decay length increases from about 2 cm to 5 cm the collection efficiency

increases by about 20 % [3], improving the exhaust. However, at the same time the

temperature at the throat is reduced from 40 eV to less than 3_O eV for the discharges quoted

here. This reduces the removal efficiency by 10 % [4]. Furthermore a steepening of the density

profiles is observed for the RI—mode and the edge density is slightly reduced, reducing the

total particle flow into the throat. Due to the lower edge temperature 13¢ increases with the

penetration depth of the neutrals and a decrease of the particle diffusion coefficient in the edge

[1]. This leads experimentally to an increase of p‘ of 20 %,

A1 possibility to improve the exhaust could be to apply a dynamic ergodic divertor [8]. This

would increase the radiation potential and together with the higher diffusion coefficient due to

the ergodicity of the plasma edge the particle flow to the limiter edge should be improved.

Furthermore a rotating magnetic field could probably influence the recycling and the local

diverting field structure could possibly improve the particle transport to the edge.

The radiative improved (RI) mode is in reasonable agreement with sufficient helium exhaust.

The increase of p‘ is about 20 %, but as the heat flux is distributed more uniformly new

designs of toroidal belt limiters are possible thus increasing the exhaust. Additionally new

concepts like the dynamic ergodic divertor (DED) could furthermore improve the exhaust.

However, the compatibility of the DED with the RI mode has to be investigated.
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1. INTRODUCTION
The main aim of impurity seeding is the enhancement of the level of the power radiated (Prad)
which can be beneficial for the operational conditions of the next step tokamak generation.
Indeed, if the radiation properties of the selected seeded impurity are such that the power is
radiated predominantly at the plasma periphery, the goal of protecting the targets from highly
localized power loading can be achieved without excessive reduction of the central plasma
reactivity. This might be possible only if the central plasma Zeff is maintained low (typically
below 2 for an ITER-like reactor) at high radiation fraction 7: Frail/Pot (typically above 0‘6).

On the pumped limiter tokamak TEXTOR-94 radiative scenarios are being established since
many years by injection of neon and recently of argon. A wide range of the operational
parameter space of the machine has been explored including low and high 13 operation and low
and high confinement regimes. In ref.[l] it is shown that the ratio between the incremental Prad
(AR-ad) and the incremental Z3ff (AZefi) arising from the injection of an impurity is the figure
of merit for the assess .ment of a radiative scenario. This ratio does not only depend on the
radiation function of the considered impurity ( L2) and on its charge (Z), but also on the plasma
parameters. Indeed, it depends on the tramport properties of the main and impurity ions (which
are represented for brevity by Tp) as well as on the electron density fieo and on the edge electron
temperature Te(a) according to:

[APrad/Azeraon rfieoz = mammals/[22 ~21 (1)

where the plasma volume V where line radiation is emitted is a function of the other quantities,
When, at high level of radiation. the contribution of the intrinsic impurities to Prad and to Zeff is
marginal compared to that of the seeded impurity, one has:

{APrad/AZefKOH / fieo = [Prad/(Zefftol-D] / 5802 (2)
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The quantity [Prad/(ZefiTOJ' 1)] [5302 which does not depend explicitly on the electron density

will be referred as the quality of impurity cooling.The quality of neon cooling (q.n.c.) measured
on TEXTOR-94 depends Strongly on particle transport and increases when trasport is
enhanced. It can be a factor of 2-3 higher for auxiliary heated L-mode discharges (high
transport) as compared to ohmic heating (low transport), as it is shown in ref. [2].
In this paper we report and discuss measurements of the quality of neon cooling during the high
confinement radiative regime, Radiative Improved-mode [3], of TEXTOR-94 . Prad, poloidally

and radially resolved, is measured with a 26 channel bolometric system and the radial Zeff

profile from visible continuum with a new 7 channel diagnostic, However, since the level of
confidence of the reconstructed brernsstrahung emissivity is acceptably high only in the central
plasma (error of the order of 15%), only the central plasma Zeff(0) will be considered in the

followingThe edge electron temperature and density profiles are measured with thermal He and

Li beams.

2. EXPERIMENTAL RESULTS
A significant fraction of all the values of the q.n.c., measured with the new Zeff diagnostic, is

plotted in Fig.1 as a function of the average electron density. The dashed line at q.n.c. = 3.6 [
10 ‘40 m 6 MW ] corresponds to the MattheWs scaling (see Sect. 3 ). Most of the data points

pertain to the high confinement RI-mode discharges, while the few which refer to L-mode

discharges are shown as reference points. Each point represents the q.n.c. measured during the

flat top phase of a discharge. Different symbols refer to different days of operation; for each
density different values of 'y ( = Prad [P100 are considered.
For L—mode discharges the q.n.c. drops from 8 to about 4 when the input power, Ptott is raised
from 1.6 to 3.3 MW with related increase of the normalized beta [5N from 0.75 to about 1.1.

Since the electron density profile and the confinement properties of the two series of discharges
are very similar, the reduction of the q.n.c. by a factor of 2 at higher 5N depends only on the

increase of the electron temperature profile and, more specifically, of the characteristic value of
Tg(a) which increases from about 30-35 to about 60—65 eV. (Since when 7 is increased Tg(a)

decreases, we consider the value of Te,(a) at '1! about 0.6 as the characteristic edge temperature

for the considered series).
Stricting speaking, for a neon seeded discharge to display RI—rnode confinement properties 7

should exceed 0.5, the electron density must rise only via limiter and wall desorption , fieo has
to be higher than 0.7 ~ 08 the Greenwald density and at least 20«25% of Pm; should be

supplied by Neutral Beam co—injcction: for the best conditions an enhancement factor with
respect to the ITER-93 H mode scaling. fH93, above 1 can be achieved, ( The access to

improved confinement in the RI-mode relies on the peaking of the density profile [4]), When

one of these requirements is relaxed fH93 can slightly decrease, typically to about 0.8. The

q.n.c. for the Rimmode does not Show any trend when it is plotted versus density in spite of the

fact that at higher density the characteristic Te(a) decreases typically from 65 to 50 eV. Indeed,
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for most of the Riemode discharges considered [3N is feedback controlled and set to 2.5 so that
the temperature decreases with density. Only for very few of them [3N approaches 2, the beta
limit of TEXTOR-94. The high level of scattering of the data points is due not only to the

accuracy of Prad and Zeff measurements but also to different conditionings of the machine .
However, the experimental data points show (see Fig.2) a dependence of the q.n.c. on the

density peaking factor ne(O)/fieo, fp. At fp = 1.35 the q.n.c. is 60 % higher than at fp = 1.6.
This dependence appears to be related to a change in tranSport since , on one hand fp can be
taken as a measure of particle confinement ( the better fp the higher the confinement ), and on

the other hand i‘Ho3 increases with fp [4]_

3. DISCUSSION
The quality of neon cooling ( qnc. = [Prad/(Zeff(0)—1)] I 5302 ) measured on TEXTOR—94,

ranges from about 8 to about 2.5 [ 10 '40 m 5 MW] and its actual value depends on ( and can

be explained according to) the experimental conditions . When, for L-mode conditions, at a
given fieo, B is increased, also the temperature — and specifically Te(a) — increases so that the

q.n.c. suffers a drastic reduction: from 8 to about 4 ( see ref. [2] ). In contrast to the L—mode,

for the RI—mode Te(a) appears to play only a marginal role, while the relevant parameter is
seen to be the density peaking factor fp. This is for two reasons: 1) for the lmodc We have
considered only discharges at relatively high beta with Te(a) generally in excess of 40 - 50 eV ;

in this temperatute range the neon radiation function is relatively insensitive to changes in Te(a),

and 2) the RI-mode can diSplay, unlike the L-mode, quite a variety of particle confinement
regimes: the density peaking factor fp, indeed, in the Rl~mode extends over a wide range (from
13 to 1.65) offering the possibility to scale the qnc. with fp . The observed decrease of the
q.n.c. versus fp ( and fH93) suggests that optimization of the RI-mode neon seeded discharges

on TEXTOR-94 and its scaling to reactor grade plasmas requires a balance between the benefits
and disadvantages related to any fp. '
The multiwmachine Matthews scaling [5] can be useful to predict Zeff for a reactor grade

plasma at a given level of Prad- In its simplest form the. scaling expresses the quality of

impurity cooling as the product of a constant times the surface of the machine considered. We
extrapolate the TEXTOR—94 data to an ITER-like reactor simply by considering the ratio

between the surfaces of the two machines. Different measured q.n.c. would therefore give
different values for Zeff in an ITER~like reactor at given Pmd and "590. The TEXTOR—94 data
for the RI-mode discharges at fp = 1.35 and at fp = 1.6 would scale as Zeff = 1.5 and Zeff =
1.8 respectively for an HER-like reactor at Pmd (edge) = 150 MW and 590 a 1.2 x 1020 m'3.

Assuming Zeff to be determined by the neon concentration only. one would have name = 95
% and 92 % for the lower and for the higher fp respectively- Since the value of fH93 at low fp

is 0.82 and at high fp is 0.98 the product nd'tE would increase by about 15% at higher fp.
However, the bremsstrahlung radiation losses would increase by about 60% at higher fp. The
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behaviour of the helium ashes , which depends on the confinement regime [6], should also be
taken into account.
[1] G. Telesca et 31., Nuc]. Fusion 36, 347 (1996)
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[6] G. Mank et 21., these Proceedings.
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Introduction
One of the most urgent tasks for plasma research is the development of techniques

which distribute the fusion power over large wall areas resulting in acceptable peak power
fluxes to highly exposed limiter or divertor areas. One promising concept in this field is to
seed suitable impurities into the plasma boundary and to radiate large parts of the fusion
power in a radiative mantle [1], A critical question of this concept is whether the content of
the intrinsic and additionally seeded impurities in the plasma core can be kept at a tolerable
level. An optimum for both, the amount of seeded and the level of intrinsic impurities re-
leased from the walls and limiters. has to be found. In this paper the impurity production at
the limiters under radiative discharge conditions is investigated: How does the Ne-seeding
and the resulting plasma edge cooling influence the impurity release from the graphite limiters
in TEXTOR?

Experimental
Two experimental situations will be discussed in this paper. For line averaged densi*

ties around 4 x 10I3cn'i‘3 and around 6 X 1013mm"3 a r—scan was performed, with 3/ defined as
the fraction of the total power which is radiated due to the Ne-seeding ('y = total power / radi-
ated power). The y-level during all discharges was controlled by a feedback system which
uses the NenVIII line emission as the feedback signal, a fast gas inlet system as neon source
and the ALT-II pump limiter as sink [1]. For the low density case 7 varied between 0.2 and
0.7, for the high density case between 0.5 and 0.9. All discharges were NBI and ICRH heated
with constant NBI-power of ~1.2 MW for both conditions. For the density of 4 x IODcm"3 the
ICRH power was also kept constant to ~16 MW but for the high density case ICRH power
had to be reduced for high y—values (> 0.7) from 1.6 MW down to 06 MW to avoid fl-limit
instabilities or disruptions. The following diagnostics were used: To detemiine the deuterium
and the carbon and oxygen fluxes the main ALT-II limiter (at r=46c1n) emission spectroscopy
of Du, CI and 01 was used across an ALT-II limiter plate in poloidal direction {2]. The ALT-
lI limiter is a graphite limiter. The neon and hydrogen fluxes in the SOL was measured by the
Sniffer probe mass spectrometer [3] which was located for these discharges at a radius of
490m The He-beam diagnostic was used to determine the electron densities and temperatures
in the plasma edge [4].

Results and Discussion
The most important observation is that the deuterium and the impurity fluxes in front

of the ALT-H limiter decrease with increasing 1!. Most significant is the strong decrease of the
deuterium flux which is shown in figl as dashed line. From the electron temperature Tc and
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Fig.1 Deuteriumfluxes measured spectroscopically at the ALT-II limiter compared to
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density l’le measured at a radius of 46cm the deuterium flux FD parallel to the magnetic field
lines can be calculated. Assuming at first a pure D-plasma (CI is a constant) [5]:

FD: ~neV c1~T2u
p

.

The decrease of 11c and especially T: results in a decrease of the calculated D-fltuc FD . Fig.1
compares the calculated fluxes, shown as dotted lines, with the spectroscopically measured
fluxes. A clear discrepancy can be seen which is more pronounced in the low density case.

This suggests that the edge plasma is significantly diluted. To determine the amount of dilu-
tion‘the following relation ‘was used: ‘ “a : "o + E H,» . Z:
(nD IS the deuteritnn. iii an impurity densny, .
Z is the impurity charge state). Assuming that the measured relative impurity fluxes Ti / FD
are almost equal to the impurity concentrations ni / nD , the deuterium concentration nD / he 01‘
the dilution l-nD / ne can be calculated:

r1_D H l

m _1+£9-4+£0m-4+5’£-5
D D D

A charge state of 4 is assumed for carbon and oxygen and a charge state of 5 for neon as

expected for the plasma conditions at a radius of 46 cm. Using the measured flux ratios,
shown in fig. 2, nD/n5 can be calculated ranging between 0.7 at low y and 0.45 at high y in the
low density case (4 x lOlScm'3 ) and between 0.9 (low 7) and 0.7 (high 7) in the high density
case (6 x 1013 cm'3 ). The strong dilution explains mainly the discrepancy between the
measured D-fluxes and the fluxes calculated from tie and Te . With the relative deuterium
concentration nD/ne and the calculated flux I'D the decrease of the hydrogen flux is calculated
as shown in the solid points (a, and the solid line showing the general trend) in figl. They fit
quite well to the measured deuterium fluxes shown as crosses (+, and the dashed line). The
remaining difference may partly be caused by the coarse assumption that the relative fluxes
are equal to the relative densities and that ion and electron temperatures are equal.
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The strongly decreasing D—flux also lowers the impurity production at the limiter i.e. the
sputtering is influenced. Spectroscopic measurements however Show that the impurity fluxes
of oxygen and carbon do not decrease as much as the D—flux. This behavior can be seen in the
increase of the impurity production yields (relative fluxes) shown in fig. 2. The data show that
sputteiing of impurities is getting more important with higher y. By using now the spectro-
scopically measured impurity fluxes from the ALT—II limiter, the electron temperature Te at
the limiter and the sputtering yields from the Bohdansky equations [6] the impurity fluxes
from a graphite limiter clue to D, 05 C and Ne bombardment can be calculated The result is
shown in fig.3 for the high density case (6 x lOlScm'3 ). The decrease in the deuterium sputter—
ing is caused by the decrease in the D—flux. The decrease ofTe has no influence since the
deuterium sputtering yield of graphite is more or less constant for plasma temperatures Te >
40 eV. Sputtering fluxes due to the carbon and oxygen fluxes were also calculated and added
in fig.3 to the D-sputteriug
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creasing neon flux compensates somewhat the decrease in D—sputtering. The resulting total
sputtering flux is compared with the carbon flux from the ALT—II limiter in fig.3. Both curves
decrease less than the deuterium flux and are in good agreement.
Another process becomes impor-
taut With increasing radiated Neutral Pmssure.hertzontalmldplana

power: photon induced release of m 4 PtotGMW 6333768923 m ‘5
. . 13 3

impurities adsorbed at the walls. “by "#55510 l “mm "M
Fig.4 shows an indication for U
such a process. Shown is the 1 .
neutral gas pressure of C0, C02
and of the hydrogen molecules 355$?
measured at the TEXTOR wall
during a series of discharges. As 1 —
expected the hydrogen pressure is
decreasing with increasing y
similar as the flux at the limiter.
Opposite to that the CO pressure 0.: at Q's 0'8 1
remains constant and the C02 Radiation level
pressure is even increasing. This Fig.4Neurml pressures ovdragenmoleczdes. CO andCO; .
demonstrates that the release of
CO and CO2 is not coupled to the deuterium flux to the walls but is due to photon induced
release. The importance of this process has been shown earlier in TEXTOR [7]. Photons
reaching the wall can produce free electrons in the surface which then enable the release of
the ionized CO and C02 molecules attached at wall. This release mechanism may partly ex—
plain the oxygen flux measured at the limiter which remains constant with increasing 1/.

Summary
With an increasing fraction of radiated power due to Ne~seeding a decreasing D-flt' at

the main limiters of TEXTOR was observed. This decrease is partly due to a decrease in elec-
tron temperature but is also caused by the dilution of the edge plasma from neon. Sputtering
of graphite from Dnbombardrnent decreases with the decrease in D-flux. This effect is partly
compensated by an increased sputtering from the seeded neon impurity. The oxygen fluxes at
the limiters remain constant with increasing radiated power which is due to the enhanced
photon induced release of carbon-oxides from the walls.
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1. Introduction
The recycling of hydrogen at the walls and limiters of fusion devices determines particle and
energy exhaust, wall erosion and several other processes. One key question is the proportion of
hydrogen being recycled in form of atoms compared to hydrogen molecules at different wall and
plasma conditions. In recent ion beam experiments it was found that above a temperature of
1000K the reemission of hydrogen molecules from graphite is decreasing with increasing
temperature [1]‘ In that paper a relatively simple model had been developed, which explained
the increasing hydrogen atom reemission with temperature by a thermal process for the release
of hydrogen atoms from carbon. However, the model predicted also a flux dependence, which
would shift the onset of atomic hydrogen emission to extraordinary high temperatures for fluxes,
which are representative in the boundary layer of fusion devices. Therefore, similar experiments
with hot limiters in a fusion plasma experiment were performed. Moreover, the change of the
hydrogen source from molecules to atoms could elucidate the interpretation of the measured total
hydrogen fluxes from the measurement of the atomic Balmer lines.

2. Experiment and methods
A graphite limiter (10 cm long, 6 cm wide and 5 cm high) with a toroidal and poloidal curvature
of 8.5 and 6 cm, respectively, was introduced into TEXTOR—94 through a limiter lock from the
bottom of the torus and had been positioned at the same plasma radius as the toroidal belt limiter
ALTmH (rum: 46 cm). This special limiter (surface 100 cm2) was resistively heated up to a
temperature of 1300 K in order to become independent of the heating by the plasma with varying
loads. The TEXTOR vessel itself was at a temperature of 620 K and routinely boronized.
In order to determine the comribution of molecular hydrogen to the total hydrogen flux, high
resolution emission spectroscopy of hydrogen molecules was performed, The emission spectra of
a several bands (3p3IIu —> Cisj‘F.‘g (Fulcher) and 3t:llE+g 4 2p12+u) were measured in the ranges
6000A~6500A and 4000A—4400A respectively This was done both with a spectrometer with a
resolution of about 0.215. {21] and a spectrometer equipped widi an intensified CCD camera as
detector, which could be used for spatially (0.5mm) and spectroscopically resolved measurements.
The latter wavelength region was particularly chosen for extraordinary high limiter temperatures
in order to minimize the influence of the continuum radiation in the radially resolving
spectrometer. The position of the observation volumes was set at a fixed toroidal position
conventionally chosen near the location of largest power loading or a hole for gas blow
experiments 15 mm from the center. More experimental details can be found in [3].
TEXTOR was operated under the following discharge conditions: Ip=350 kA, Bt=2.25 T,
fie(0)=3.6x1013 cm"3, ne(r:45.5 cm)=6.5[7.5] ><1012 cm‘s, and Te(r=45.5 cm)=45[65] ev.
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The numbers in brackets are valid for the NBI—heating of 1.3 MW, which was applied from 2.1s

to 3.1 s during the discharge. Hydrogen has been used as working gas because the properties of
its molecular emission spectrum is much better documented than for its isotopes.

3. Results
Fig.1 displays examples of the measured molecular hydrogen spectra for normal liner
temperatures (about 600 K). In this wavelenth range, the lines of the R—,Q«, and P-branches of

the (GAO), (lwl), (2-2), and (1—0) vibrational bands of the above mentioned transitions can be

observed. The respective positions of the Ql~Q8 lines are marked at the bottom of the traces. One

can notice that only the higher resolution instrument (Spek_H) is capable of detecting most of the
molecular lines individually; however, for special purposes also a resolution of )tkziiO4
(SpekvL [with radial resolutionl) may be sufficient. In the case of 1b) the spectrum contains also

besides the molecular bands of H2 and CH the atomic Balmer 'y- and d-lines; the latter was used
as a measure for the atomic radiation - originating both from atoms by direct and molecules by

dissociative excitation and because it fits into the same dynamic range as the molecular lines.
There may be influences on this relatively highly excited level by the plasma electrons [4];

however, as the plasma conditions were not changed during the heating of the limiter they remain
constant and can, therefore, be neglected.
Fig. 2 shows the time traces of CH, H2 (23 01-3), and H5 from the spectral lines indicated in

fig.1b. Also plotted is the temperature which has been derived from the continuum radiation

appearing in the spectral range fig.1a. Before the discharge the limiter is uniformly heated to

670 K. During the ohmic part of the discharge, there is only a slight temperature increase of the
surface. After starting the NBI heating the temperature increases to 2000 K within 1 s. in this

latter phase one can already notice a drop in the HT, an even steeper one in the CH-, and an
increased) in the Hfi—emission. After the NBI-heating the signals recover nearly to the same

amount » except for CH, because the surface temperature is still too high for its maximum
formation rate. The latter behaviour has, under stationary heating conditions, already been studied
in [5]. However, quantitative results should not be derived from the NBI—heating phase as the

temperature rise is normally confined to the highly loaded limiter parts, which may lead to
interpretation difficulties in the optical (line integrated l) signals.
The different temperature of the surface is also reflected in the change of the rotational population
of H2, which can in our case be represented by the line ratio Q5/Q1 of the (0~0) band. Fig.3

shows this behaviour for the ohmic plasma phase between 1.4—1.9 s, when the limiter was
gradually heated up to temperatures of 1400 K. However, this changing line intensity displays

aiso the problems in the molecular spectroscopy of H2. In order to avoid misinterpretations due

to changing rotational temperatures it is often necessary to integrate a large number of lines within

one band, which - in the case of H2 - can be rather tedious,
In fig.4 the changes of the H2" CH-, and H‘s-emission as a function of the limiter temperature

in the Ohmic part of the discharge is shown. Whereas for CH the Well known drop occurs again

at about 950 K, the intensity decrease of H2 start first at about 1100 K. Simultaneously the atomic
line emission from H5 increases. One should note that when only a smaller number of individual
Qi-components is summed up (x), this would lead to an earlier drop of about 200 K; however,

the general behaviour remains very similar for both cases of HzAintensities.
In order to elucidate the nature of the hydrogen release, the radial line intensity distribution of
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H2 and H5 is plotted in fig.5 for different surface temperatures.

4, Discussion
By comparing the results of fig.4 with the laboratory measurements of [11, one can notice that the

drop in the H2—production occurs at nearly the same surface temperatures. Therefore, a flux density
dependence may be only marginally present and can certainly not be described by the model used

there, However, the thermal origin of the majority of the released hydrogen is still valid and also

proven by the penetration depths of Hg for the two different temperatures of 670 K and 1370 K,-

which is very equal ( z 1.5 cm) and not very much different from the molecular one.
For a further interpretation of the intensity behaviour of the hydrogen lines in fig.4, one should

have in mind that for constant plasma conditions also the total hydrogen flux (protons from

molecules and atoms) from the limiter has to be constant for all limiter conditions. However, the

atomic Hanintensity increases by 50% when the molecular Hz-intensity drops by 50% from 1100 K

to 1370 K.
Analytically the ratio of atomic to total hydrogen flux can be expressed as follows (a full derivation
cannot be given here): I‘HfI‘ = {2(k1/k2)(IH/1HD) u I} / {2(k1l’k2) — 1}, where k1 and k2 are the
factors for the conversion of atomic and molecular fluxes into Balmer line intensity 1H. 1”” is the
value for high limiter temperatures, when the total flux contains only atoms and can be derived

from 1H =f(IH2) shown in figi4 ( = 0.5). If kllkztl (smaller values are not possible!) the release
of hydrogen from the limiter surface below 1100 K would practically be 9312 by molecules.
However, for kllkz = 2. which may be a reasonable value [6], it is still 67%, but never less than

50% for all possible values of icy/kg. The remaining fraction of atomic flux may be represented
by dotted parts in fig.5, which shows the difference between intensity from the thermal and the
total HsLintensity. As these are the directly reflected hydrogen atoms, their penetration depth does
not change for the two different limiter temperatures. However, the latter statements lead also to

the conclusion that in the past the hydrogen flux may have been considerably underestimated by

using the numbers for the conversion of Hat-photons into hydrogen flux from [7].

5. Summary and conclusions
, until 1100 K hydrogen is predominantly released as H2
- above 1100 K: reduction of the HZ-flux (50% at 1370 K)

-

no flux density dependence in comparison to ion beam experiments (only a slight shift to
higher temperatures similar as for CH is found) .

. the large fraction of molecular hydrogen may lead to different energy exhaust mechanisms
in the boundary or divertor of a fusion plasma

- photon rates for hydrogen atoms and for the two atoms in the molecules are different; this

may lead to an underestimation of the total hydrogen influx from Balmer line measure-
ments
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1 Introduction
Impurity transport is one of the key problems on the way to controlled nuclear fusion. In
addition to particle transport in the plasma core, processes occurring at the plasma edge,
namely the penetration of impurity neutrals released from the plasma facing components into
the confined plasma, have a direct and significant influence on the central impurity density.
Helium and neon are impurities of special interest in this context: helium as the product of
the DT~ fusion process unavoidably present in a burning plasma and neon as a promising
candidate within the concept of power exhaust from a radiating plasma mantel in a next step
device like iTEFi. As a consequence. there is urgent need to investigate the plasma surface
interaction of these species and their penetration into the confined plasma volume.
The velocity distribution of helium and neon atoms has been determined at TEXTOFlv94
from the Doppler broadening of atomic line emissionh]. Two different release mechanisms,
desorption and reflection have been identified. The influence of the plasma wall material
(carbon and tungsten) on the velocity distribution of the neon atoms will be shown.
Finally, the influence of edge processes on the central impurity build-up is investigated by
relating the particle confinement times of helium and neon to their penetration depth.

2 Experimental arrangement and principles of measurement
The experiments have been perforated on the Tokamak TEXTOR-94 with a major radius R =
1.75 m and a minor radius a = 0.46 m, a toroidal magnetic field Bi»: 2.25 T and a plasma
current ID = 350 RA. The plasma was heated by neutral beam co-iniection (PN5[=1.8MW) and
the line average central electron density was varied between 2.5-1D‘acm'a and 501013 cm‘a.
Neon feed-back was applied to vary the fraction ymd of the radiated powar with respect to the
total input power. The measurements shown below have been carried out using test limiters
made of two different materials (carbon and tungsten) which are introduced into the vacuum
vessel with the help of a limiter lock system at the bottom of the torus. The limiter is
observed tangentially using a spectrometer equipped with an intensified CCD camera as
detector which yields spectra of radially resolved line emission in the wavelength range (200
- 800) nm. The Doppler broadened intensity profile of line emission from neutral neon and
helium has been measured from the top by guiding the emitted light with fibers to a high
resoiutlon (Rt/M =105) spectrometer. In addition to the Doppler broadening the line shape
is determined by the Zeeman- effect. For the Nel transition Ss'i‘i/2jdg1 2’» 3p'[i/2]J=0 at l =
582.48 nm and the Hel transition 15 35’s => isZp‘P at 7t = 728.13nm the Zeeman- splitting
of the n— component with AMuO is zero to a first order approximation. This component has
been selected by a polarizer. A neon glow discharge through a Pluecker tube has been used
for an exact in situ determination of the wavelength 10. The remaining Doppler shift
Ni 2 luv/c of a line emitted by an atom moving with the velocity u in the direction of the
observer allows to deduce the velocity distribution f(n) from the Doppler broadened profile.
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The profiles of electron temperature (Te) and density (n9) . which are obtained by means of a
thermal heiium beam diagnostic, govern the excitation and ionisation processes of atoms in
front of the limiter. The density of helium and neon in the core plasma is measured by
charge exchange recombination spectroscopy (CXFiS)[2].

3 Results and discussion
In fig.1 an intensity profile of Nel at a tungsten limiter is shown. Although a polarizer has

been used. still small 6 —
components are visible,

1.0- ‘ i ' ' V ' ' '1,;58;2.48I4A originating from diffuse
light reflected at the rough

0‘5 , surface of the limiter. The
o—components are out

2? 0'. r away for the further
3 calculations, as shown in
%" 0.4 _ ilg.1.
g u~componen1e Fig. 2 shows the
” 0,2 _ dependence of the veioclty

distribution of neon on
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MM material.
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Figure 1: Profile arNe15852.484/i line atthe tungsten consists of a stow
test limiter. with T9=229V and n9=9.6 10“2 cm'3 on LCFS component: which can be
(Tenn. is measured with helium beam diagnostic) attributed TO (39507d

particles (Eo=0.2eV), and a
fast component. The

fraction of last particles is strongly increased at reduced T9 for both materials.
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Figure 2: Velocity distribution of Nei at a carbon (a) and tungsten limiter(b)
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Comparing carbon and tungsten limiters the latter showa a significantly higher velocity of the
fast neon component. This finding can be explained by an increase of the particle— and
energy- reflection coefficients (RN, Fig) when going to low temperatures (= lower energies of

ions hitting the limiter) and
comparing low 2 and high 2
targets. We characterise the
velocity distribution by their
mean velocity. Fig. 3 shows its
dependence on the electron
temperature at the radius of
the test limiter. The average
velocity decreases with
increasing Te. Helium atoms

_ are 1.7 times faster than neon
atoms on the same target.
<n> of neon on the tungsten
limiter is a factor of 4 higher
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the neutral density nA(r)[8] in
front of the limiter, the resulting

ion source distribution Qir) and the penetration depth 24» according to

we = nitmi ftviexp(-*:;,i mini
0 0

dr’)dv (1)Jun

(2)ion

(3)

The weak dependence of the
penetration depth on local plasma
parameters has a reason in
competing processes: with
increasing density the temperature
decreases and therefore the
ionisation rate coefficient
(on )malso decreases. On the

other hand with a decreasing
temperature the velocity of the
particles increases. Both effects
can compensate. as can be seen
from a simplitled expression for the
penetration depth, valid for a
homogenous plasma (in contrast to
eq. 3, which applies to any plasma
profile):

n5<w°>ion

The target material plays a role via different energy- and particle- reflection coefficients,
which influence <1) >.
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In a simple diffusion transport model [4] the particle confinement time of a species depends
linearly on its penetration depth for a given diffusion coefficient and on the peaking factorf of
the density impurity profile. The ratio of helium and neon particle confinement times is given
by

H: N: g ,
rf‘ _ LE. ~ g: f H

N: _ N He N: N1,, up“ I‘p 2‘. f '
The ratio nHe/nNe is measured by CXRS and the flux ratio F5711“ is determined from
measurements with a tangential spectrometer. The resulting data for a series of discharges
with different line averaged central electron densities are given in the table below.

if: i“ am 1013cm”3 f, = a,“ /fi,(r = 40cm)
Alfie TN:

' P

1 .56 2.85 4.8 1 .7
1 .61 3.86 4.6 1 .9
1.65 ‘ 4.29 3.2 2.1

indeed, as expected qualitatively from the model. in all cases the larger penetration depth of
helium causes a larger particle confinement time. But the quantitative difference in the ratios
between penetration and confinement and the fact that in contrast to the penetration depth
the ratio of confinement times varies with central density indicate that the transport of neon
and helium ions is significantly different. A peaking of the helium profiles similar to the
background plasma (1‘ a = ta: 1.7 - 2.1 see table above)[5] and rather flat profiles for neon
(f=1) can explain the measurements.

The measurements of neon and helium velocities at a limiter demonstrate clearly the
influence of plasma-wall—interaction processes (particle reflection, desorption) and atomic
physics (ionisation rates) on the global particle confinement times. This should be taken into
account when considering the materials for plasma facing components in a fusion device.
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1. Introduction
Low voltage tOkal’nflk start-up will be required in reactor scale fusion devices. For the

present ITER start—up scenario, the inductive electric field is limited to E203 V/m in the
breakdowri region to prevent the occurrence of a quench in the superconducting coils. To
perform reliably start-up at such low electric field, non-inductive pro-ionisation, target plasma
production and preheating are desirable.

Reduction of the breakdown loop voltage has been studied in many tokamaks using
ECH [b4] 01' LHH [5]. Pure inductive start-up at low voltage requires a careful control of
prefill gas pressure and minimisation of stray (error) magnetic fields. Assistance by additional
heating leads to improved reliability and extension of the range of prefill gas pressure and stray
magnetic field, as shown with ECH on DIII-D [2].

An alternative to ECH assistance is the use of radio-frequency power in the ion
cyclotron range of frequencies (ICRF). This technique Was used for plasma production and
”currentless" operation in stellarators [6-7] and has been recently successfully applied to
tokamaks: in TEXTOR-94 for ICRF~wail conditioning / coating and start—up assistance [8—10]
and in TORB SUPRA for ICRF-wall conditioning [11].

The initial attempts of ICRF assisted start-up in TEXTOR-Q-l [9] have been pursued and
reliable tokamak start—up at low voltage (E0=0.31 V/m at the vessel centre) assisted by ICRF
power, has been achieved.

2. Experimental results and analysis
2.1 Experimental configuration

TEXTOR—94 is a medium size (R0=1.75 m, a=0.46 in) circular cross-section tokamak.
The vacuum vessel is a continuous resistive shell, with a total toroidal resistance of 1.55 mi).
The OH system comprises an iron core and consists of magnetising (EM) and outer poloidal
coils (Fig.1). The BV coils are used for equilibrium control whereas the K2 and KR coils allow
fast position control. The BF system controls the plasma shape and is suited for stray field
compensation during start—up.

In order to maximise the pulse length, the flux swing of TEXTOR—94 was increased,
leading to operation with saturated iron core. This gives rise to stray fields in the plasma
volume, which have to be properly compensated for successful start-up. Required values of the
current in the BF coils were calculated for different values of the magnetislng current (BM) by a
3—D code and confirmed by electron beam measurements at the centre of the plasma volume
[12]. During the start-up phase, the voltage is produced by ramping down the EM current. This
leads to a drastic variation in stray field which has to be compensated to allow suceessful start-
up. This compensation is perfon'ned by the fast KZ system controlled by signals from vertical
field pick-up coils located around the plasma volume.

However, even for the best possible compensation, a higher voltage is required for
start-up as compared to the non-saturated iron core operation. For normal start—up, the required
high voltage is produced by switching a resistor into the magnetising circuit. This operation is
sensitive to faults and causes mechanical stresses to the machine. The idea is to avoid this high
voltage phase by using ICRF assistance for start—up at lower voltages.

Studies of ICRF assisted start—up have been carried out with the existing ICRH system.
This consists of two low field side (LFS) double loop antennas, one without (A1) and the other
with Faraday screen (A2) [13]. Al was fed in phase (zero—phasing) and A2 out of phase (7: ~
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phasing). The powor (PRFtot=100"450 kW) was applied to both antennas from separate RF
generators in overlapping pulses. The RF pulse lengths were varied from 06 s up to 1.0 5. RF
starts at t S —(0.2 - 0.4) s, producing an RF plasma before application of the loop voltage
if}: 0 s) 8.116d providing afterwards preheating during the start—up and current ramp—up phases

S t S . s .

2.2. ICRF pro-ionisation and target plasma production
ICRF plasma production has been performed in various conditions in TEXTOR~94

[10]. Helium plasma with central line—averaged density up to fieu = 33(1012 cm'3 (in the high gas
pressure case pug z 10'3 mbar) was reliably produced in a wide range of toroidal magnetic field
BT = 0.36—2.24 T (ZmCHe S n) S IZmCHe) with the same RF frequency (f=32.5 MHZ).

The ICRF assisted start-up experiments were performed at the standard magnetic field
BT = 2.24 T and frequency (f=32.5 MHZ). corresponding to 2nd harmonic heating with the

‘20)CHe layer positioned at r 5 +10 cm (LFS). These experiments were usually performed in
He (continuous gas flow) because RF discharges are more reproducible with a high recycling

gas than with deuterium [10, 14} or hydrogen [14}. After a fresh boronisation, an additional gas
puff was needed during the pre-ionisation phase to compensate the strong wall pumpings.

Low voltage start—up generally requires low gas pressure operation (pHe w 10" mbar).
The density achieved at different RF powers is shown in Fig.2, which also shows the coupling
efficiency n = Rpl / (RP1+Rv) _<. 60%. (with Rpl the plasma and. RV the vacuum antenna
resistance). The presence of residual inhomogeneous poloidal stray fields tends to destabilise
the strongly interlinked RF power coupling and plasma production processes. Besides, antenna
coupling is lower at lower gas pressure (l3 : (439))(10‘5 mbar). Both conditions result in a
lower plasma density men at (0.2—7.0)x10 1 cm' ) in ICRF pro—ionisation experiments as
compared with ICRF plasma production in pure toroidal magnetic field [8,10]. The RF plasma
density increases with PRF, while 1} is nearly independent of it. The efficiency of RF plasma
production in deuterium was always lower than in helium (Fig.2, open crosses and triangles for
n and flea, respectively).

2.3 [CRF assisted low voltage start-up (E0 < 0.4 V/m )
The present low voltage start-up experiments on TEXTOR—94 with ICRF pie—ionisation

gave promising results. The production of an ICRF target plasma before applying the loop
voltage allowed to initiate normal OH discharges at voltages as low as 3—5 V (E0 S 0.4 V/m)
Figure 3 shows the discharge with the lowest RF power (100 kW) (coupled by the screenless
antenna only) for which 10w loop voltage start—up has been achieved up to now. There are two
phases in the current ramp—up. During phase I, the loop voltage around the toms is determined
by the maximum voltage of the BM power supply. During phase II, a pre-set current ramp rate
is maintained until the final flat-top level of the current. (300—500 M) is reached (t x 0.35-
0.40 5). Gas feed—back control (helium or deuterium) was usually applied during phase II to
optimise plasma current ramp-up rate and to control plasma density.

Reliable and reproducible operation could be achieved not only with the usual RF power
combination PmAi)=250 kW + PRF(A2)=150 kW [9] but also with the A1 antenna operated
alone at 100 kW (PMA2)=0). as shown above. However, with only 50 kW on Al, the current
did not start. Neither did it with 150 kW on the A2 (shielded) antenna only. Figures 4 and 5
give the dependence of the plasma (+ vacuum vessel) resistance (Vm/Ip. here Vms is the
resistive voltage [9]) and of the current ramp rate versus RF power during phase I and at the
beginning of Phase 11. Several features should be underlined. The plasma conductivity and
current ramp rate increase with the RF power. The plasma conductivity reaches the maximum
level at phase 11, while the current ramp rate has the highest value (> 2 MA/s) already at the end
of phase 1. Below IOOkW, the normal current ramp-up is not initiated, an RF plasma is formed
that conducts a low plasma current in competition with the vacuum vessel. In that case the
plasma is very resistive (RP; ~ 1 m9) and after a modest rise (d/dt ~ 0.3-0.6 MA/s) the small
current becomes stationary and normal ramping—up does not take place. The existence of this
RF power threshold confirms the importance of ICRF assistance not only for pre—ionisation and
plasma build—up but also for target plasma preheating as well.

Figure 6 shows the influence of gas feed-back programming on plasma density and
current ramp—up evolution. The early gas puff (t=10 ms) results in a smooth and slow plasma
density ramping and a reduction in plasma current ramp rate. The largest current ramp rate (for
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the same loop voltage and RF power) was achieved with delayed gas puff (1:200 n15) In this
case the volt—second consumption was somewhat reduced during the start--up and current ramp—
up phases as shown 1n Fig.7. For comparison this figure also shows a former shot (see [9])
with delayed current ramp up and a low current plateau (curve 5) leading to degradation of the
volt—second performance. The plateau has been eliminated by careful compensation of the stray
field (reducing the averaged vertical magnetic field lBVl to about 10-15 G), early start of position
control currents (at 1 ~ 20 ms), appropriate programming of the feedback control systems and
preper first wall conditioning The volt-second consumption is now similar to that of high
voltage (12 V) start—-up (curve 6) or even better by up to 0 2 Vs.

3. Conclusions
* Successful ICRF assisted low voltage start--up (Eo~ 0 3 Wm) was demonstrated for the first
time on TEXTOR 94. Normal OH discharges 1n He and D, with He pre-filling, (Ip-— 300-500
kA) were achieved with the help of a minimum of 100 kW ICRF pre— ionisation
* ICRF plasma production and preheating have been performed 1n the standard 2nd harmonic
ICRH scenario at PRF—- 100 450 kW using the existing RF system
* Reproducible low voltage start——up was possible using, at minimum, only the screenless
antenna at 100 kW (60% coupling efficiency), at gas pressure ~ (4—9)x10 5 mbar and'in the
presence of 10 15 G residual stray field Operational limits are now under investigation.
* These experiments demonstrate the potential of the present ICRF antennas (especially those
without Faraday screen) for plasma production and provide a strong indication of the usefulness
of ICRF systems for low voltage start-up assistance
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1. Introduction
The Radiative Improved-(RI) mode is an operational regime, which features high energy
confinement and strong edge radiation cooling due to line radiation of neon or argon [l]
The compatibility of this Rl—mode with high-Z plasma facing materials as tungsten, which
are intended to he used in future fusion reactors1 is studied in this work. The key issue is
the release and transport of tungsten and their efiect on the plasma performance, which
was already evaluated for L—mocle discharges [2]. Furthermore, the influence of the heating
scenario (NBI and/or IGRH) on those issues Was investigated

2. Experimental set—up
In the limiter tokamak TEXTOR-94 (R0 = 1750772, 0 2 46cm determined by the toroidal
belt limiter ALT-II) a movable solid W test limiter was inserted through a limiter lock into
the edge plasma. The impurity release from this limiter was evaluated from visible Spec-
troscopy, The impurities in the core plasma were observed with VUVepectroseopy and a
26—channel bolometric system, For a discharge with strong central radiation, we evaluated
the tungsten concentration from the radial radiation profiles, assuming coronal equilibri—
um and using the data of Post [3] This W—density was used to calibrate the spectroscopic
W'—qnasicontinuu1n (WSW) taking into account the background signal. Further we derive
the W—density for pairs of discharges with the test limiter inserted and withdrawn.

3. General behaviour of tungsten in the RI-mode
To study the general behaviour of the tungsten source and the tungsten density in the core
we varied the radial position of the test limiter, the total heating power and the radiated
power fraction. In a Rl-mode plasma. (Phat : 12.95t, 5?: = 5.0 - 1013 cm'a, Ip : 350kA)
the position of the test limiter was varied from 48cm (withdrawn) to 45cm (1cm inside
the last closed magnetic flux surface). The W-density in the plasma center increases up to
1.34 - 109 cm“3 for n, = 45cm, but no influence on the energy confinement was seen. The
enhancement factor was at a constant value of fggg : 091, which is as good as ELMy
H—mode. In figures 1 and 2 the evolution of the central W—density together with the W-
flux at the test limiter is shown as a function of the total heating power with and without
neon edge cooling. In this power-scan (IF 2 350kA, fie = 5.0 - 1013 cm”, TL 2 415c the
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IGRH-power was varied at a constant level of neutral beam co—injection (PM = 0.85MW).
Without neon edge radiation cooling the W—source is increasing slightly whereas the W—
density is almost unchanged with enhanced heating powers (figure 1). In this range the edge
temperature (r245cm) rises from Te = 78eV to 87eV, whereas the edge density remains
constant (ne : 8.5 - 1012 cm's). In the case of moderate neon cooling (quad “N“ 65%) the
evolution of the tungsten source is quite similar (as are the edge densities), but the Wm
density is clearly higher at lower ICRH heating power (figure 2) Under these conditions
the edge temperature is constant as well.

The impact of the seeded neon on the W-release and its influence on the plasma core
is shown in figure 3, where the W-flux, the W-density and the confinement enhancement
factor fflgg is plotted versus the radiated power fraction ("rmdl- The edge density ne(45cm)
remains constant, whereas Tet45crn) drops from 87eV to 55eV at the highest "Md. With
increasing 7”,; the ffigg rises and above 1,5,; m 45% the confinement is as good as ELMy
H-mode. After a small increase the W-flux is monotonically decreasing. This shows up also
in a decrease of the central W-density. To understand this behaviour. we calculated the W—
sputtering using the sputter data of the Bohdansky formula {4] taking the measured values
of the deuterium-, carbon—, oxygen— and neon~fluxes. In figure 4 the fractions of the spot»
tered VV—flux caused by the difierent impinging species are displayed. The sum of all those
different contributions results in the total VV—flux, which is qualitatively in good agree—
ment with the observed behaviour of the W—influx with increasing radiation level. Thus,
the reduced W—flux is mostly a result of the reduction of the carbon— and oxygen~fiuxes,
which occurs under RI—mode conditions The contribution of the deuterium sputtering to
the total erosion is negligible and the W—flux released by neon is only slightly increased

4. Difference in heating schemes
The experiments performed previously at TEXTOR-94 with high~Z elements were all car—
ried out in ohmic. and L~mode NBI (H A D) discharges [2] Under these conditions it was
found, that for medium densities m m 3.0 - 1013 cm“3 accumulation of tungsten occured in
radiative cooled discharges with 1”,; Z 65%. No accumulation occured for higher densities
fig 2 4.0 ' 1013 cm“3 at all radiation levels cymd, which was explained by a reduction of the
tungsten source [2], and at sufficiently high ICRH power levels [5].

The Rhmode discharges described here are all carried out with NBI (D ~+ D) and
ICRH. For this reason the difference of D —> D to H —'r D NBI should be pointed out
first. In comparable L—rnode D —> D NBI heated discharges at medium densities fie 9:
3.D<1D13 CHI—3 accumulation of tungsten was observed even in non~cooled discharges (mad m
35%, with the test limiter positioned at 7‘ : 45,5cm). The radiation profile was peaked
with central values of Pmd : 500 mW/cm”. While the central value of the safety factor
rose up to l, the sawteeth disappeared, strong mode oscillations in the plasma core were
observed. Adding neon in those discharges enhanced the central radiation up to Pmd = 1100
m‘W/cm‘3, which led to a stationary (for 2s) reversed magnetic shear (9'0—-« 2. 2, qmm : 1.2)
[6]. For higher densities m 2 4 5-1013 era—3 the threshold for the accumulation Was at
7mg N 63%. Thus the critical neon concentration for the development of an accumulation

instability is much less in D a D operation, than in comparable H —> D heating scenarios.
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Secondly a comparison of NBI heating and ICRH heating in RI—mode operation was
carried out. We compare two different mad-scans (m m 5.0 . 1013 cm”, 1,, = 420kA, test
limiter position 45cm): (1) dominated by NBI heating (PN; = 1.6MW, Pm)“; = 0.5MW);
(2.) dominated by ICRH heating (PN; 2 0.5MW, Pmmq = 1.3MW). In figures 5 and 6 the
evolution of the electron density profile for both heating schemes with increasing 7”,; is
shown. In the case of NBI heating dominating the neon cooling leads to a strong peaking of
the density profile and an enhancement factor na = 1.03, which is as good as ELM—free
H—mode for may; values larger than m 70%. In the ICRH dominated case the electron den
sity profile steepens a little bit and fygg saturates at 0.85. For both heating scenarios the
W-density in the plasma core and the VV-flux at the edge are displayed in figures 7 and 8.
In the NET heating dominated discharges the W—sourCe and W—density do depend on the
radiation level. In the case of dominating ICRH heating we found again a reduction of the
W—source and W-density with increasing radiated power fraction. Accumulation of tungss
ten occured just for c/md : 73% in the N81 dominated case. To rule out a possible influence
of the energy confinement, ICRH heating was compared with NBI heating by applying the
energy feedback system [1]. With increasing NBI power the energy content of the plasma
was feedback-controlled kept constant by acting on the level of ICRH power (’73 : 5Ums).
It was found that for PHI/Piggy : l the electron density profile was significantly less
peaked than in the case with PNI/PICRH 2 2.5. which led to W-accumulation. Thus the
accumulation of tungsten is strongly correlated with the peaking of the electron density
profile, which is significantly more pronounced in discharges with NBI heating dominating.

6. Summary and conclusion
We have showed that the improved confinement of the RI—mode does not necessarily lead
to tungsten accumulation. RI—mode conditions led to a significant reduction of the fluxes
of deuterium, carbon and oxygen, which reduces the tungsten source. We have found, that
RI-mode discharges heated predominately with NBI lead to a significant peaking of the
electron density profile in contrast to discharges which are dominated by ICRF heating.
There is a strong indication that this peaking leads to the accumulation of tungsten in the
plasma core. Compatibility of RI-mode and high~Z materials seems to be achieved, just if
one finds a compromise between improved confinement and density peaking.
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Introduction
Thermal load measurements are an essential supplement for discharges with high fractions of
edge radiation. At TEXTOR—94 a new high confinement regime at high density with strong E
edge radiation impurity seeded (Radiative I-Mode) has been obtained; the RI mode is of
particular interest since it combines features of global confinement with those of low convected
power flux densities to material limiter. A large fraction of the power leaving the plasma is
spread over the Whole wall due to radiation,
TEXTOR-94 is equipped with a toroidal belt pump—limiter (ALT~II) positioned outboard at 45°
below the mid plane; the major radius is 1.75 m and the minor is 0.46 m. The ALT II limiter
consists of eight blades covered with graphite tiles in two rows. Tiles have a thickness of up to
0.02 m; the last closed flux surface is intersected in the central line of the blades. E
Comparisons of the limiter thermal load between discharges at high beta with and without a E
radiative mantel are relevant issues. Aim of this contribution is to show the resulting reduced E
power flux to the ALT~II limiter. E

I
.
lExperimental apparatus

A new infra-red (I—R) system [4] has been installed on the TEXTOR-94 machine in the
framework of a collaboration between Enea Frascati and KFA lPP Juelich. The system is based
on a two dimensions Indium Antimonide (lnSb) detector array with 128x128 pixels cooled at
liquid nitrogen temperature that can be read up to 1000 frames/s. Up to 512 full frame images
can be acquired, stored in a fast cache memory and than downloaded to a PC hard disk from i
where image analysis can be performed. The camera sensitivity can be changed in real time by
using a custom algorithm [5}, but since for TEXTOR—94 the limiter starting temperature is 1
around 350 C and the maximum increase in the order of 500 C, this option is not needed, In
order to successfully withstand the whole temperature increase without changing any parameter
it was sufficient to equip the camera with an ad hoc filter (4.74—4.95 um).

' Partner in the Trilateral Euregio Cluster [TECl
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One of the 8 ALT—2 blades is imaged to the I-R camera via an imaging and a field lens, both
made of Ca. A clear full image of the limiter sector is thus obtained from which the plasma
heating pattern is inferred also during fast events. The spatial resolution of the images is in the
order of 0.007 In, considerably better than that from the I—R scanners previously used on the
same location {6].

Experimental observations and discussion
Figure 1 shows the [R view in TEXTOR-94 including a full blade, a part of the wall (around

2 in2 j and a portion of the retracted bottom poioidal limiter. The image definition allows a
clear sight of all the individual tiles and their holes, where the tightening Screws are located.
The tiles placed at the blade corners are considerably more heated because of the 0.12 In gap
between two neighbouring blades. The power deposition inhomogeneity caused by the
magnetic ripple is clearly resolved.

A comparison betWeen the temperature increase
for shots with the same plasma parameter (fig. 2)
but with and without Ar injection has been
performed. The diamagnetic energy is kept
roughly constant after the transition into RI-rnode
by a feedback acting on the ion cyclotron (ICRH)
input power. The temporal evolution of the
surface temperature for the area marked on fig 1
is shown in fig, 203). At 1 s the tile surface starts

to increase more steeply due to the onset of the
neutral beam injection (NBI), From 1.5 s on, the

Fig “i " The [R camera image af he temperature drops and increases later at a reduced

TEXTOR-94 limiter. The temperamre 810136. This decrease is caused by the Argon
evolution averaged over the marked areas in
thisfigure is reported in figure 3. injection.

The heat flux averaged over the whale blade is calculated through a two dimensional finite
elements program: it is enhanced to 500 kW/m2 in the NBI phase and reduced to 250 kW/mZ
during the edge cooling phase as to be seen in fig 2 (F).
The image obtained at time =0 has been subtracted from the images obtained at time =3.5 s for
both shots, to take into account the different starting temperature of the two shots. These
images have been subtracted again from each other, The results are shown in fig 3. In the
picture the differences between the heating pattern are evident. The surface temperature
reduction is more marked in the more loaded areas, such as the short blade‘s side, the central
area (due to the bump] and the leading edge.
The peaking factor for the two shots, defined as ATmax/<AT> is reduced from 7 to 4 , and the

average surface temperature reduction on the whole limiter is of a factor of two.
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The limiter shape has been planned to match a plasma with a power decay length of 0.007 m
[3], By Calculating the flux along a poloidal section through a twowdimension heat conduction
code it is possible to see a quite peaked pmfile dun'ng the NBI phase, that becomes nearly flat
during the Ar injection. This leads us to the conclusion that the power decay length during the
additional heating phase is shorter than 0.007 m and approaches this value during the Ar
injection phase
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By extrapolating to all the 8 blades the
average flux inpinging onto one individual
blade, it is possible to calculate that 50% of
the input energy is collected by the limiter.
The time integral of the radiated power
signal as measured with the machine
bolornetric system was also taken; then it
was corrected according to the ratio existing
between the liner minus limiter surface and
the liner surface to take into account that die
radiation going onto the limiter has already

Fig, 3 - Differences in the heating patterns
for shots with and win Ar injection at time been measured by the camera In this way
3.5 s. Black: zones where the surface we obtain that 100% of the input power is
temperature is strongly reduced (in between
20°C and 100 3C decrease). Dark grey: detected.
zones with a lower decrease (up to 20%“).
An average small increase was found on the
W” Conclusion

Thermal loads during lode discharges

are strongly reduced, surface temperature peaking factor decreases from 7 for shot We
argon to 4 with Ar, power decay length is increased.
A full power balance is possible by detecting 100% of the input energy.
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Triton burnup measurements at TEXTOR using activation techniques
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1. Introduction

In deuterium plasma discharges 1.01 MeV tritons are produced by the reaction d(d,p)t with a
nearly equal probability as that for the 2.45 MeV neutrons from the d(d,n)3He reaction. A
fraction of tritons will leave the plasma promptly. This fraction depends on the triton birth
profile, the plasma current as well as on the toroidal magnetic field Bt [1,2]. The tritons which

remain confined in the plasma (at TEXTOR about 3%, [3]) will slow down to thermal

energies through Coulomb collisions on electrons. A fraction of confined tritons will undergo
di't.n)oc reactions producing 14.1 MeV neutrons.

The dwt cross section has a maximum at a triton energy of 180 keV and is negligibly small at
thermal energies. Since the confinement time of thermalized tritons is comparable to the
slowing down time of 1.01 MeV tritons, the fusion reaction rate of thennalized tritons is
negligible. The probability of a confined triton undergoing a fusion reaction is about 104 times
larger than that of a triton which escapes from the plasma and encounters absorbed deuterium
in the vessel walls [11. Consequently, the triton burnup, defined as the ratio of the 14.1 MeV
neutron rate (R141) and the 2.45 MeV neutron rate (R145), 35 a measure for the confinement of

fast fusion products as well as for their slowing down in the plasma.
The 14.1 MeV neutron rate is proportional to the deuterium density in, the density of fast
tritons rim”, and the fusion reactivity (5110’):

R144 ="d'1r,fan<6drl”>v (1)

Iffc denotes the fraction of confined tritons and I, is their slowing down time, the density of
fast tritons is Iln‘mxr—ufi-Rgas’fl. For electron temperatures of less than 2 keV and ion temperatures

of less than 4 keV, which are typical for TEXTOR, the slowing down time is 11,1 Tf‘Q/ne [4]i

Thus, for classical slowing down of fast tritons the triton bumup is:

R141 ”(1 ~ ,
R l M fa — Tea/2 (Halli) ‘ l2)7 45 ”ea.
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2. Neutron detection and detector calibration

At TEXTOR activation measurements are being used for calibrating and monitoring the 2.45
MeV neutron counters (3He, BFg and scintillators) as well as for time integrated triton burnu’p
measurements.
The calibration of the neutron counters is verified regularly using the ”5111(11,n')”51n"‘ reaction
which has a threshold at about 0.5 keV. “5mm decays with a half~life of 4.49 hours emitting a
336 keV y—quantum. In order to validate the calibration procedure by means of activation
techniques, three activation reactions were employed, namely mininmfimlnm,

SBNi(n,p)58Co‘“Jrg and 4i’l“i(n,p)'WSc. A comparison between the calibration factors, determined

by means of activation measurements with indium, nickel and titanium samples, shows that

the accuracy of the calibration is presently about 15%. This is mainly due to the uncertainties

in the available activation cross section data. The 2.45 MeV neutron yield is measured with

the calibrated neutron counters.
The 14.1 MeV neutron yield measurements are performed using the 28Si(n,p)23Ai reaction,

which has a threshold at 4.5 MeV. “At decays with a half—life of 134.4 seconds emitting
1.778 MeV yurays. The short half—life of this reaction allows for measurements on a shot-to-

shot basis. The statistical error of these measurements is less than 15%. The systematic error

is mainly determined by the accuracy of the cross section at 14.1 MeV. Three main cross

Section data libraries are knowu from literature [5], which strongly differ from each other in

the energy range around 14 MeV. Therefore, a direct estimation of the systematic error is as

yet not possible and the following error estimations include only the statistical error,

The activation samples were irradiated near the plasma edge inside the vacuum vessel. The

samples were transported between the irradiation position and the 'y—counting station by a

pneumatic transport system. The emitted y-energy spectrum was measured by using a high

purity germanium detector (HPGe). The detector efficiency has been measured with an
accuracy of 1%, which includes the self absorption coefficient of the q{~tays in the sample. The
fluence factor, which indicates the activation of the sample for a certain neutron yield, was

calculated for a standard discharge using a Monte Carlo Code. Thus, the neutron yield of a
discharge is given as the product of the measured activity and the fluence factor.

3. Measurements and Results

The triton burnup ratio was measured for about 60 deuterium discharges with neutral beam

injection, partly combined with ICRH. The plasma parameters were as follows: 892.25 T,

$350500 1;.4, Tc=l»l.9 keV, n,=2-7xio’l3 time, and Zenzl.3-4.3, the main impurity being
carbon. The neutron yield for these discharges varied between 3x1013 and SZXlO14 neutrons.
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The measured triton burnup ratios depend on the plasma parameters and range from 0.025%

to 0.l%, The effective charge number Zen was determined from the electrical conductivity,
hence the error is large. Nevertheless, we assume that for co-NBI as well as for counterrNBI

heated discharges there exists a direct relation betWeen the electrical conductivity and 2,3,7.
A quantitative statement regarding the triton burnup behaviour is, due to an insufficient data
base, not pOSSible, Nevertheless, we can draw several qualitative conclusions. Figure 1 shows
the triton burnup ratios for two types of discharges as a function of the plasma current In
[discharges of each type have similar electron temperatures and effective charges) The

measurements show an increase in triton burnup with increasing plasma current, i.e. increased

triton confinement. A dependence of the triton burnup on the injected heating power (at
TEXTOR '94 up to 5 MW) could not be observed. Figure 2 shows the measured triton burnup

ratios as a function of the electron temperature for two types of discharges with 1,, = 408 kA
and Zeff : 1.8—2.5 and left 2 3.343, respectively. There is some scatter in the measured

values. Nevertheless, an increase in triton burnup with increasing electron temperature can be

observed. The dependence of the triton burnup on the effective charge number is shown in

figure 3 for discharges with IP 2 408 kA and Tc : 1.4-1.6 keV. One can see that the triton

burnup ratio is decreasing with increasing Zeff. In conclusion, the experimental data are

consistent with the classical slowing down theory.

Figures 13 show some scatter in the measured triton burnup ratios. Partly, the ratios lie

outside the indicated error bars. Mainly, this is attributable to the shot—to-shot variation of the.

main plasma parameters. On the other hand, it can be also attributed to MHD~activities in the

plasma Or effects due to ICRH. In the future we intend to investigate these influences in more

detail. A further objective will be a more precise estimation of the systematic error of the 14.1

MeV neutron yield measurement. This can be done by a comparison of the silicon

measurements with other activation materials. Finally, we intend to improve the accuracy of

the absolute neutron yield measurements
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A new compact detector system for collimated
D-D neutron flux measurements

T. Baloui, B. Wolle, K. Htibner
Institut fiir Angewandte Physik, Universit‘at Heidelberg, D-69120 Heidelberg, Germany

1. Introduction
At a given measurement position on fusion experiments the neutron spectrum can consi-
derably differ from the emitted ‘virgin‘ neutron spectrum due to scattering processes in the
vacuum vessel and structural components. Therefore, any measured neutron flu); or spectrum
consists of an unscattered ‘direct’ contribution and a scattered background which can be
substantial and extends down to thermal velocities.
For the design of a comparably small detector system suitable for collimated neutron
measurements close to the plasma an effective shielding material for the 2.45 MeV neutrons is
required. Usually, materials containing a substantial amount of hydrogen are being used for
building shielding and moderator components. However, due to the elastic scattering cross
section which decreases by about one order in the energy range 001—15 MeV, the shielding of
2.5 MeV neutrons requires sufficiently large moderator volumes. Thus, for a compact detector
and shielding design, the contribution to the detector signals from unshielded and unwanted
high—energetic neutrons from outside the line-of—sight is quite large.
Our new concept is to detect moderated neutrons rather than the original 2.5 MeV neutrons.
This offers the possibility to use a detector which is insensitive to the fraction of penetrating
unwanted high-energetic neutrons. We are using Bonner spheres [l], which are comparatively
cheap and commercially available neutron detectors with isotropic and in a wide energy range
slowly varying response function [2]. Bonner spheres consist of an inner active detection
volume sensitive only for thermal neutrons and a surrounding spherical moderator which
determines the response function.

2. New conceptual detector design
Instead of using a 12 inch Bonner Sphere sensitive for 2.5 MeV neutrons positioned behind a
collimator opening for direct measurement of collimated 2.5 McV neutrons we use a 3 inch
Bonner sphere. As shown in figure 1, the 3 inch Bonner sphere is more sensitive to low-
energetic neutrons than it is for high—energetic 2.5 MeV neutrons. Therefore, a different and
novel detection concept can be applied, The conceptual design of our new detector has been
developed and tested by MCNP simulations. The arrangement is shown in figure ‘2. It consists
of Bonner sphere positioned outside the cone—ofsight, a compact shielding arrangement,
dedicated moderator target placed directly behind the collimator opening, and a ‘high—pass’
filter in the collimator opening, respectively. The collimator shielding consists of PE with a
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Figure 1 Schematic sketch of the novel detector design. Incident neutrons are passing a PE plug serving as a
high—energy filter. Detection occur: onlyfor neutrons being scattered in the moderator target.

thickness of several mean ftee—path~lengths (MFP), followed by a layer of 3 cm boron. As

shown in figure 3 this is drastically reducing the background of deep penetrating initially higlb

energetic neutrons which are moderated near by the detector. By introducing a dedicated

moderator target directly into the line-of~sight behind the collimator, the Bonner sphere

measures only neutrons which are scattered in this moderator. The dimension of the moderator

target in the direction ofthe line-of«sightis several MFPs, while its thickness is about one
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a layer of 3 cm boron. This is reducing the background of deep penetrating initially high-energetic neutrons
which are moderated near by the detector. Plotted are the calculated finances behind a 10 cm collimator
shielding with and without boronfora 2.5 MeVpaim source.

order less. Thus, the scattering probability for the small fraction of high-energetic neutrons
penetrating the shielding from other directions is small, while the scattering probability for the
incident neutrons coming through the collimator is close to 1. With increasing scattering angle
the incident neutrons are being moderated to lower energies and, hence, the detection
probability is increasing In conclusion, the detection probability for neutrons passing through
the collimator is large as compared to high—energetic neutrons penetrating the shielding from
other directions.
By filling the rear end of the collimator opening with a PE plug of thickness 1, a
discrimination of high—energetic and low-energetic incident neutrons can be obtained. The

reason is that the scattering probability for the incident neutrons increases with decreasing
energy. As a result, less low-energetic neutrons hit the moderator target. The filter function
relative to 2.5 MeV neutrons is approximately given by:

ftaizm= ME)
1

men . 1 M25MeV)‘ MZSMeV)
was MeV,l) 6* "

where WfE, I} and W(2.5 MeV. l) are the probabilities of unscattered penetration of neutrons

with energy E and E = 2.5 MeV, respectively. Furthermore, 7» denotes the MFPs, The effect of
this filter can be seen in figure 4 where the detection efficiency for incident neutrons in the
line-0f~sight is plotted as a function of the neutron energy.
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3. Conclusions
By means of numerical simulations :1 novel neutron detection concept based on Bonner

spheres has been developed and tested. Our calculations show that collimators and shieldings
with dimensions above 20 cm are required in order to obtain reasonable shielding and
detection properties. We showed that a dedicated moderator can serve as an energetic high-
pass which can effectively suppress the incident neutron scattering background below 0.1
MeV.
The numerical simulations show that the detection efficiency of our detector system is about
1/350 per incident 2.5 MeV neutron. Thus, the counts per fluence are 10'3 counts cm2 at the
center of the collimator opening. This value is nearly independent from the collimator
geometry and the distance to the plasma neutron source. For a neutron production of 1011
neutrons per second within the cone—of—sight, the expected count rate is in the order of 50005'1
can be expected. Therefore, our new detector will be mainly suited for larger fusion
experiments with sufficient neutron production

[1] Bramblett R L, Ewing R I and Bonner T W, Nucl. Instrum, And Math. 9 U960) l

[2] Wiegel B. Alvera A V and Sicbert B R L, Calculations of the ResponSe Funktion of

Bonner Spheres with Spherical 3He Proportional Counter using a Realistic Detector

Model, Report P’TBAN-E 1, Physikalisch«Techriische Bundesanstalt Braunschweig (1994)
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** Institut fiir Plasmaphysik, IPP, Forschungszentrum-Ir‘ilich, Gemany

“‘3‘ Princeton Plasma Physics Laboratories, PPPL, Princeton, USA

1. Introduction

At TEXTOR 94 a high resolution (it/Mt = 6600) soft x-ray crystal spectrometer in Johann-
geometry“ is used to measure [He]-like argon spectra. For this diagnostic a new CAMAO
system is developed permitting measurement and storage of 16000 spectra per discharge
For the investigated discharges at TEXTOR 94 the profiles of the electron temperatures T5(r)
and the central electron temperatures T40) were such that the emission of [He]-like argon is
peaked at the centre of the plasma. Therefore, the measured spectra give mformation on the
plasma centre despite the spectrometer collects the radiation along the line of sight. The central
ion temperature is deduced from the Width of a Doppler broadened line, the central toroidal
plasma rotation is obtained from its shift taking into account the geometry of observation
relative to the toroidal axis of the tokamak plasma. Relative intensities of the main transitions
(resonance line, intercombination lines and forbidden line) of [I-Ie]-like ions and the so—called
dielectronic satellites yield the central electron temperature of the plasma,
Till now we used a time resolution of 1 ms which allows the determination of the above plasma
parameters even during sawtooth activity in TEXTOR 94.
We employed a multi—wire-proportionaI-counter as detector. In order not to exceed the limit
of the counting rate (3-105 counts/sec.) of this detector the amount of argon is controlled
which is be puffed into the plasma. Unfortunately for a time resolution of 1 ms or lower the
statistical errors in the spectra are not sufficient for single fits to deduce the above plasma
parameters with sufficient precision and therefore the spectra are sampled, the respective time
being synchronised to the sawtooth crash.

We present the experimental set-up and measurements with [He]—like argon. A modulation of
the above plasma parameters in the sawtooth activity is shown.

2. The experimental set—up
Figure 1 shows the principle of a Johann type spectrometer. It is a curved crystal spectrometer
with a bent crystal, The whole surface of the crystal collects the radiation at each wavelength



1762

according to Bragg’s law in a solid angle and focuses it at different positions on a Multi—Wire«

Proportional Counter which is a one dimensional position sensitive detector. The position is

determined by the running time of pulses generated by the photons which reached the detector

volume. The pulses are divided in both directions of an internal delay line and the time between

both is measured and registered by a time to digital conversion of a CAMAC LeCroy TDC

4204 module and read in a histogramming memory module STRUCK 621. The time resolution

can be programmed by an extemal clock. The pulses of this clock switched the routing

registers with the programmed frequency, the spectra respectively, from one time group to

another. A scheme of the data acquisition system and the timing are shown in figure 2 . The

technical details of the spectrometer are summarised in Table 1.

Figure I :Principle of (1 Johann [vped Figure 2: Table} : Parameter of the
crystal spectrometer Dam acquisition spectrometer
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3. The measurement

A spectrum with all features obtained with an integration time of 100 ms is shown in figure 3.

The main transitions (resonance line W, intercomhination lines X and Y, and the forbidden line

Z) and the dielectronic satellites and the innershell excited satellites are seen in this figure.

Table 2 gives a listing of all transitions which can directly be identified. The higher n- satellites

which are blended with the main lines are not examined in this work. Figure 4 indicates by a

bar the times of 256 spectra taken in relation to the corresponding electron temperature from
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ECE signals. The time resolution is 1 ms The height of the bar corresponds to the intensity,
and the modulation of the intensity relative to the sawtooth activity is directly seen.

If the time resolution is low (At = 1 ms) and the counting rate of the detector (200000
counts/s) is reached, a sampling procedure has to be used to obtain good statistics for the
fitting procedure. For this purpose the times of the sawtooth crashes are determined and the
duration of every sawtooth is divided into ten time groups. The Spectra of corresponding times
of several sawtooth are added. This procedure is shown in Figure 5.

figure 3: Spectrum affHeI—h'ke argon Table 2: [deny-zed transitions
with integration time [00 ms' and their wavelengths
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4. Results
The ion temperature is determined from the FWHM of the transition Z. When fitting with
Voigt profiles the intensity of the j line is accounted for by comparison with the intensity of the
k-line (also fitted). The position of thej line is taken from available atomic data. The detailed
fitted region is shown in figure 6. Due to the geometrical situation of the spectrometer relative
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to the toroidal axis of TEXTOR 94 (4 10°) the toroidal rotation of the plasma can be
determined from the line shift. This is shown in figure 7‘

Figure 6.7112 spectral region
around a with the k and}

satellite. Emerimemai, fitted

K Figure 7: Taruia'al
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plasma rotation in P

diefectronfc saleliites

The plasma parameters derived relative to the sawtooth crashes are shown in figure 8 for the

flat top phases of an ohmic discharge at TEXTOR 94 and for a neutral beam heateddischarge
at TEXTOR 94. It is seen that the direction of the toroidal rotation in the ohmic discharge is in

a difierent direction than in the case of the neutral beam heated discharge which corresponds to
the orientation of the normal plasma rotation and the direction of the neutral beam injector.

Figure 8: The results
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5'. Conclusion

At TEXl‘OR 94 a high resolution sofi x-ray spectrometer is installed having a high time

resolution. The spectra allow the determination of central plasma parameters like the ion

temperature and the toroidal plasma rotation even during the sawtooth.
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LONG DURATION DISCHARGES OF THE TOKAMAK IST’I‘OK

IN AN ALTERNATING PLASMA CURRENT REGIME

H. Fernandes, H. Figueiredo, C.A.F. Varandas, J.A.C. Cabral

Associacéo EURATOM/IST, Centre de Fusaio Nuclear
Instituto Superior Téenico, 1096 Lisboa Codex, Portugal

1. INTRODUCTION

Alternating inductive plasma current (AC) operation has been referred to as a potential
alternatiVe conceptual scenario to that of a pure steady state fusion reactor [L3]. In
comparison with non—inductive current drive operation, AC discharges are technically
simpler and have higher reliability and efficiency.

AC operation was firstly demonstrated on STOR—lM, with a smooth variation of
the plasma current (IF) from 4 to -4 kA [4] Alternating discharges with sinusoidal or
trapezoidal plasma current (11,). one or more cycles and null or finite dwell time have
been achieved on JET [5], CT~6B [6], CSTN-AC [7] and STOR~M {8].

This paper presents the results already obtained on ISTTOK aiming at the achieve-
ment of long duration, multi—cycle, square Wave plasma current discharges without dWell
time.

2. EXPERIMENTAL CONDITIONS

ISTTOK is a. small size (R=46 cm, a:8.5 cm), circular cross section, iron core transformer

(A@:0,22 Vs), limiter tolramalt {9]. For the work described in this paper We used the
following diagnostics: a Rogowski coil (1],), a single chord microwave interferometer (<
ne >), a loop (VL), a specially filtered fast photodiode (Ho) and a Langmuir probe (124mm)
and Tefir=u))v ‘

ForWard discharges were done using the pre—discharge (1 mF, 5 kV, PRECO) and
the electrolytic (3.8 P350 V, ELCO) banks and the following external parameters: 273:
2 x 10‘“1 Torr; BT = 0.45 T; Vpggca ~1300 V; VELCO ~250 V; transformer ratio N240;

Bv and Br adjusted to maximum current flatness. These discharges are characterised by:

Ip~4 — 5 liA, duration TD ~40 me, m N 7 x 1018 m“3, Te ~180 eV, TACI”) ~ 150 eV,
energy confinement tilne,TE~1.2 ms, yfl(‘r‘:O) N [15% and safety factor on axis 40:0) ~ 1.2

and on the edge q(r=a)~ 5>
The alternating discharges were performed using a specially designed power supply
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based on an H-bridge of four fast IGBTS (Insulated Gate Bipolar Transistors), controlled

by the central timing system {10]. The power supply half-period was limited to 35 ms

(A¢=0.15 Vs) to avoid iron core saturation.

3. EXPERIMENTAL RESULTS

After a series of preliminary discharges with only a few half-cycles of current reversal;

we have attained a maximum of six half-cycles at I? = i4 kA, lasting for about 180

ms. These long duration discharges presented in some cases (#5663) a significant dwell

time (4 ms) in the positive-negative plasma current transition. On the inverse transitions

there was no dwell time and the average plasma density around In = 0 remained at a

high value (1.7x 1018 771—3), when compared to its maximum (4.8 ><1Cl18 m“).

For optimisation of the AC operation it was proved necessary to install a new set of

more symmetric windings for the vertical field (3,) to minimise the error fields and to

feed the horizontal windings by an independent DC power supply. In these conditions We

have achieved a better current evolution, with almost a square wave shape and a plateau

in the positive current direction (Fig. 1).

Shot #5671 reveals, during two half-

cycles: plasma current flat-tops in both di-

or
a

rections at -4.5 and 5 kA (Fig. 2a); a plateaun)

line average density increasing from 3.5x101’3

Pl
as

ma
cu

rre
nt

(R
A)

0
ii: to 4x1018 in‘3 which drops to a. minimum of

0.8x101f‘m‘3 at current reversal (Fig. 2b);
the continuous Ho emission with an intensity

L
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Fig. 1
(Fig. 2c); the decrease of the piasma resistance along time from 1.2 to 0.9 mil (Fig. 2d),

decreasing from 12 to 8 arbitrary units

suggesting a temperature increase of about 20%, if we take in consideration the scaling of

Te (Thomson Scattering) with the plasma resistance (Spitzer resistivity). We note that

the ratio between < n.E > and the Ha intensity increases by about 70% suggesting that a.

better particle confinement in the third half-cycle was achieved.

Detailed analysis of the Ip transition (Fig. 3) reveals that the fastest reversal is that of
the loop voltage (200 [.18). 1,, drops to zero also rather quickly (800 us), while B" decays

in a longer time-scale due to its coil inductance, reaching zero in 2.4 ms, and < m, >

remains, after loop voltage reversal, at a high value for about 400 pa and then drops
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rapidly (200 as} to its first minimum. A second as minimum is observed approximately
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00

at the mid-point between the
instants at Which 19:0 and
Bu=0.
tion leads to similar results.

The inverse transi~

We have seen that, While

II) is approaching zero, < m >
decreases rapidly towards its

first minimum in some 200
,us, It is perhaps interesting
to compare this time with

that-associated with the ma-

gnetic field gradient and cur»

vature drifts, in the absence of any transverse B—fields. The global drift velocity is given,
in tokamak geometry, Em 2-: BTR/(R + r), by ’0); = :lzm(vfi + ui/ZVeRBT. For a
Maxwellian distribution the average values of vfi/‘Z are' both equal to kT/m. Therefore,
the average drift velocity can be written as 2kT/eRBT Where T is the plasma temperature.
The maximum drift timeis attained at r=0, Where the particles, in our tokamek, have to

travel upwards 8.5 cm to the vertical limiter or 10 cm downwards to the vessel well. For

37:20.45 T the drift time is about 49 us for kT=180 eV. Therefore at the first density
minimum (AT N200 as) only a residual plasma-with a temperature below 44 eV would
still be partially confined.

With the Langmuir probe fed
with a 50 Hz voltage (i100 V) we
have seen (#5904) that, at cur~
rent reversal, the edge temper-

ature decayed to one half of its

plateau value (1]. eV) and that
it rised afterwards to the same
level while the edge density has
dropped to 65% of its former va-

lue (4.2x1017 m”) and becomes
higher afterwards (5.8X10” m‘3).
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Finally, by a fine adjustment of the gas puffing system. We hewe obtained in shot #6043

a discharge with seven half—cycles Without any dwell time in a total time span of 220 ms

(Fig. 4). The Ha radiation shows an increasing amplitude While I}, diminishes probably
revealing an increase of ”5 and (or) a slight decrease of Te. However, the plasma current

exhibits in some half cycles slow oscillations, probably related with edge biasing by the

Langmuir probe.

4. CONCLUSIONS3 E 2? Concluding we may state that multi—
W W M cycle alternating inductive discharge

operation with flat-tops in the plasma
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EWfiA r/l/ «l ‘ current and without dwell time was

T Vim“ V achieved on ISTTOK. A maximum

0 . of seven half-cycles was obtained, en-

0 40 80 nmefih) 180 £00 larging the duration of the discharges

Fig. 4 from 40 to 220 ms. The plasma. tem—

porary increases of 115 and T6 were observed during a few half—cycles in some shots,
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I. Introduction
The phenomena of the collapses and the transient responses in toroidal plasmas are the

challenging issues in the physics of high temperature plasmas. In this article we study the
nature of the energy transport of plasma from two points of View. At first we study the heat
transport with the hysteresis characteristics of the heat conductivity and obtain the avalanche
at the energy transport. Secondly we consider the non-local effect in the heat flux and obtain
the hysteresis in gradient—flux relation.

II. Avalanche Dynamics
In magnetically confined plasmas, the rapid crash of the temperature profile has been

observed in many experiments. The examples are the giant-ELM, the sawtooth crash, the
internal collapse, and so on. Recently the model of the transport bifurcation between the
H—mode and magnetic braiding mode (M-mode) was proposed to explain the giant~ELM[l].

We analyze the 1-dimensional dynamics of the heat transport of the edge plasma
inside the separauix with the hysteresis characteristics of the heat conductivity to study the
energy burst of the giant-ELM. We introduce the hysteresis characteristics 0f the heat
conductivities to the energy transport equations and obtain the avalanche at the energy flux
and the rapid collapse of the temperature profile.

II-l. Model of Avalanche
We investigate the energy burst of the giant-ELM as the bifurcation of the transport

coefficients with the hysteresis characteristics, which are mentioned as follows.
It is predicted that the heat conductivities bifurcate between the H-mode and the

M—mode[l]. We assume, for the simplicity, that the heat conductivity at the H—mode, x” , is
constant and independent of other parameters. The electron and ion heat conductivities in the
M-mode are obtained in [l] as, xi” = WM )5” and x’f = WM xi”, where M is
constant parameter and j denote the particle species (j: i,e). The threshold value of the
bifurcation are defined that when the pressure gradient 0t exceeds or“ the transition from the
H-mode to the M-mode occurs, and when the value of 0t reduces to (1,, the back-transition
from the M-mode to the H-modeloccurs, where at is defined as otE—qdB/dr and q, R and

[5 are the safety factor, the major radius and the beta value, respectively. The threshold
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values, OLE and 05,, are the functions of magnetic well. RI a and s, where s is the shear
parameter. Here, we assume that the threshold values, 0t; and 0t ,, are given to be constant.

The hysteresis characteristics give rise to the collapse of the temperature profile
accompanied with the avalanche process, The mechanism of the avalanche is as follows.
When the pressure gradient, Ct, at any point exceeds the threshold value, etc, the transition
from the H—mode to the M—mode occurs and the heat flux in the M—mode region is enhanced
due to the large heat conductivities, therefore (1 decreases. At the region adjacent to the
M—mode region, a is forced to increase due to the enhanced heat flux from the Mamode
region and if or exceeds the threshold value, etc, a successive transition from the Humode to
the M—mode occurs. Therefore, this crash of the temperature profile propagates and the
M»mode region spreads rapidly from the first transition point. it is the avalanche. 0!. at the
region which is subject to the M-mode is decreased due to the rapid outflow of enhanced heat
flux. When the value of 0'. is reduced to or], the hack—transition from the Mvmode to the

H—mode occurs and the value of on starts to increase again.

IIuZ. Calculation of the 1-D Transport code
We include the hysteresis model of the heat conductivities among the energy tranSport‘

equation, We solve the development of the profiles of plasma temperatures, 7",, and T,. The
density profile and the magnetic field are fixed in time. The energy transport equation is .

gene we) = Ethane firm} , (1)

where n, TJ- and Xi are the density, the temperature and the heat conductivities, respectively,
r is taken along the minor radius. X} obeys the hysteresis characteristics. The slab region
near the plasma edge is the region of interest, —L < r< 0. The boundary conditions are as
follows. At the edge (r = 0) we impose the constraint of the constant temperatures of the ion

and the electron. The heat flux from the core plasma (r = ~ L) is constant as Q : Q”. The
background heat conductivity is assumed as 1L = 1.0 mfsz. We choose the standard tokamak
parameters as follows, the major and the minor radii areR = 1.3 m, a r: 0.35 m, the toroidal
magnetic field is E, = 1.3 T. We assume that L = 0.1 m, the density is the linear function of
r and at- L): 2.0 x 1019 and mm = 5.0 x 1018, the safety factor is also the linear function of
r and q( —L) :: 1.2 and (1(0): 2, the temperatures at the edge are Te 3:1",- 5:502V. The input
heat flux Qin is chosen so that Q,” preserves the temperature as Te 0:0.34keV, Tm=a030keV
at m—L under the background heat conductivity, that is, Qm:1.97><104Jm"2.r"1. The H-mode
is imposed at the region from r1 = — 0.03m to r0 = Om, And x” is assumed as the parabolic
function of r, whose minimum value is xfim = 0.11%2 Is at r = r, l 2. The threshold values is
assumed as one = 1.2 and or} = 0.15 and the numerical factor in the M—mode heat conductivities,
M , is assumed as M = 0.5, Each variable is normalized by a, T80 and “tap, where up is the
poloidal Alfven time (”CAP = a W1‘ BF).

At the H~mode region, if on exceeds the threshold value etc, the transition from the



H-mode to the M—modc occurs and the Te , i
avalanche process begins. The 1.0- fl
temperature is decreased by the
enhanced heat transport, In Fig. 1, the
time slice of the profile of the electron
temperature, T2, is drawn, Where the 0.5 _ \\:_‘ (a) __
hat denotes the normalized value. The “ .
curve labeled (a) shows the profile of ‘. x _
Te just before the start of the avalanche (C)\~‘ - *(b)
process and the curves labeled (b) and 0.0 , I N
(c) give the profile of Te after -0.3 -0»2, -01 0.0?
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Fig. I The time slave of the cieclmn temperature. (a) f = 0 ,f:0.84 and f: 5.87 from the start of (b) 5: 0.84! (C) 3:531
avalanche. We see from Fig. l of the
curves (a) and (b), that the pivot point of the profile of 7: appears at the every early stage of
avalanche, and that Tats decreased inside of this point and TB is increased outside by the
enhanced heat flux from the inner region. By the passing of time,‘ when the energy is exhausted
enough by the enhanced transport, then the pivot point disappears, that is shown (a) and (c);
After the back transition completes, the profile (a) is again realized.

III. Non-local Mode] Analysis of Heat Pulse Propagation ,
Recently, the expen’mental data for the transient transport of the heat pulse propagation

has been accumulated, There reported an interesting observation that the heat flux changes
faster than the change of the temperature profile in the experiment of the on-off of the central
heating. The rapid change of the plasma state and its hysteresis nature were successfully
modeled by a transport coefficient depending directly on the global heating power [2]. The
purpose of this study is to propose another way, i.e., to consider the non—local effect in the
heat flux and to investigate its dependence.

III-1 Non-local Model of The Heat Flux
To take the non-local effect in the heat flux into account, we propose the following

model,

q(r) = —J nexL,(T(r‘), VT(r’))K,(r - r’)VT(r’)dr’ , (2)

where q is the electron heat flux, “e is the electron density, 25,; is the electron diffusivity,
Kllr—r’)er/r’lCmcalc‘Xr-r’) + nazml/(~’El)texp{—(r—r’)2/lz}l is the kernel 'which
includes the non~iocal effects and T is the electron temperature. The weighting function r/ r’
is introduced to impose the boundary condition 61(0) = 0. Chm; and Cgbm are the numerical
constants which represent the local effect and the non-local effect, and l is the half width of



1772

the non~local effect. The kernel becomes the q(1019k€y.m.z .54)
delta function when l -> 0. Then the heat flux 100 ' ‘ i ‘
reduces to that in the local transport model. 30 _ / ,
By changing these parameters, we solve the ,/
energy transport equation numerically. We 60 A '
firstly assume x5 I: court to elucidate the non— 40 ~ -
local effect and the deposition profile is 20 > / ,
modeled as P= Poem-{m 1000' / (1)2}. C/

0 t t . t

IILZ. Simulation of Nonnlocal Model 0 20 40 60 80 100tilT,l(10'9kel/' m“)
We use the following plasma Fig.2 The gradient—flux reIation. The parameters

parameters. Major and minor radii are are W = 0'5’ ”a 2 0‘5) to: 0:511,s 0‘93 Crew: 01
R = 2.0 m and a m 0.2 m. The constant electron When I M = 0’ the hymns“ disappears (dashed line) '
density and diffusivity are rte =40 x1019 m‘3 and xe = 1.0 m2 / sec and
mm (12/ xe =1 0.04 sec. The non-local effect little affects the stationary profile, T80”), for the
wide range of parameter I. The hysteresis is obtained in gradient-flux relation in the transient
response, which is shown in Fig.2, A single linear line is obtained in the stationary case.
When the central heating power changes from 0.1 to 1.0 MW (step function), the temperature
gradient increases slowly but the heat flux increases rapidly because of the nonvlocal effect
which is included in our model. When the central heating power changes from 1.0 to 0.1
MW, the temperature gradient decreases slowly but the heat flux decreases rapidly. So the
hysteresis is clockwise away from the region of heat deposition. On the other hand, the
hysteresis is counter-clockwise at the region heated directly (r / a s 0.1). The width of the
hysteresis increases with] and has the peak where the value of r / a is nearly equal to 1/ a
which is the case shown in Fig.2. If i he 0, the width goes to zero because the heat flux is
reduced to the local transport model. The width also depends on the time :6, which is the
switching time of the heating power. When 3c = 0 (the power is changed as the step function),
the width takes the maximum value, and for the re larger than the energy confinement time,
the width behaves as 1 / IS. The hysteresis is prominent when t0 << '55.

To investigate the model of diffusivity dependent on temperature or temperature gradient
is left for our future work.

IV. Summary
In this article we study the characteristics of the heat transport including two model,

i,e., the model of the hysteresis characteristics of the heat conductivities and that of the

non—local effect in the heat flux. And we obtain the avalanche at the energy transport and the
hysteresis in gradient—flux relation, respectively
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Abstract: The purpose of this paper is to show that the large negative radial electric fields

which have by now been measured in front of the separatrix in H—mode discharges were

predictable by a rigorous ,,revisited“ neoclassical theory, including Finite Larmor Radius and

Inertia efi‘ects. The same theory naturally leads to sub—neoclassical energy transport and new

particle pinch terms. The calculation has so far been developed only in the high collisionality

regime. To explain the observations therefore by no means requires assuming step sizes

comparable to gradient-scale sizes!

I. Outline of the theory and improvement with respect to previous work.

The basic theory [1], from which the results presented here are derived, assumed the ordering

A15(q2R3NTi)/ [reBILTi My}; (1)
according to which

(i) gyromviscous (anlp’UuJ / 65c) and collision-viscous (whet/”J. / it”) frictions are allowed to

be of the same order of magnitude if Ll’lv'HLT, whereas the former is systematically neglected in

conventional neoclassical theory (x is the radial variable; A is the space-variable along field

lines; the other notations are from Braginskii [2]); we note that — as is well-known from low

frequency drifi~wave theory w intertia and FLR terms bring about contributions of the same

order of magnitude, but of opposite signs; as a consequence those codes which keep only one

of the two effects into account are likely to give an incorrect answer;

(ii) energy convection and parallel diffusion rates on magnetic surfaces (respectively

T/reB | LT| and zHJ / qR2) are considered on a par, whereas the former is again neglected

in conventional nee—classical theory

The parameter A1 is typically of order 025 in the L (low) mode of confinement and

outside the transport barrier of the H—mode; A121 within the latter. We emphasize that con-
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ventional neoclassical theory is incomplete also when A1<<1, as the ambipolarity constraint is

degenerate (it provides no condition from which to obtain the radial electric field). The pa-

rameter A1 factorizes out of the ambipoiarity condition of the revisited theory in the limit

A1<< 1. The relevance of the high collisionality'regime stems out from that ASDEX edge

density profiles correspond to collisionality parameters of order 10 or more and DHI-D profiles

to $71. qvl, / 01h 1‘ often larger than 1. Extension of the theory to the low collisionality

regime is of course desirable -~ in spite of the tremendous difficulties of a systematic and rig-

orous analytical development — in view ofboth core and edge transport barriers.

II. Main results concerning energy and particle transport.

The results obtained in [1] hold for general axisymmetric configurations.

Particularizing to circular cross-section tokamaks (and letting the parameter Az—tvo , where

A2 is the ratio of the electron-ion temperature relaxation rate to the parallel ion energy diffu-

sion rate on the magnetic surface), it can be shown that the flux surface average of the ,,radial“

component of the revisited neoclassical heat flux is

1.6 92 anq- =«—1+—— x we (2)"’ i 1+Q2/52] l" 5*
where

S=2 (zu..-/rN )Bé/Bi; (224 (B¢U,,_,/B )—s (TleB)5£nNT”1/6V ; (3)
M is defined in [2]; q is the safety factor; 9 and (p are the poloidal and toroidal angles; we note

that Q/S ~ A]. The neoclassical contribution 1.6 q2 mars/5r to q;, is reduced by the factor 1

+ 02/82 leading to the concept of sub—neoclassical energy transport, q, is moreover a multi-

valued function of 7., 0L i L4- i a i atnT/arl 4, as shown in Fig, 1 (condition to have three roots is

q > «E as may be shown by considering await"), Such a property may obviously lead to

bifurcation scenarios. The transition from L to H confinement will however be discussed here

on the basis of the behaviour of the edge radial electric field and rotation velocity profiles.

The expression of the ambipolar particle flux is more complicated and will not be

given in this short paper. It is nevertheless interesting to note that it contains, besides the stan-

dard expression given eg. by Hinton and Hazeltine [3], a series of new terms proportional to
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qzdt’nT/ar and Q2/(Q2 + st), Q[(T/eB)arnN/ar; EJB1/(Q2 + 52), etc, Those generally cor-

respond to particle pinches, a characteristic velocity being a few cm s".

IH Edge radial electric field and rotation velocity profiles.

The non-trivial ambipolarity constraint and the parallel momentum equation of the

revisited theory allow unambiguous determination of the radial electric field and of the parallel

velocity profiles, or of any combination thereof, eg. the polodlal and the toroidal rotation ve—

locities (the radial momentum equation still provides the well-lotown simple relation between

U“, U}, 6P/6r and 13,). Assuming the density and temperature profiles to be frozen (eg. propor-

tional to a power of l + lcx, with x measured from the separatrix inwards), we find that the

general theory [1] leads to a nonlinear first order partial difl‘erential equation for either U| {A or

E1 if (i) A} << 1 and (ii) the conventional orderings E, ~ (T/e)5‘£nP/5r, Ui i,;‘~ (T/eBe) Elfin Plat

and Lg,~ L ~ L”, are postulated The solution of this equation may he expressed in terms of
“tr

a certain function of a particular combination of space and time, function which is to be

determined from the boundary condition, eg. at x = o. ‘It is found that the solution of the

nonlinear equation diverges at some x < o (in the confined plasma) if certain criteria m in—

volving the density of neutrals, the momentum injection rate per ion, their temperature and

density profiles — are fulfilled The postulated scaling assumptions must then be revised in the

neighbourhood of the ”singular“ point, yielding eventually enhanced velocities and electric field

and reduced variation scales thereof; the enhancement/reduction factor is ~ A12 (it should be

noted that Al, being defined with respect to NT and LT, is fixed). The above rescaling leads

now to second order nonlinear equations, of which the solutions E, and Ui 1,; are well behaved,

albeit large, near the former singular point. A schematic plot of ET is shown in Fig. 2. The

large radial electric field is always negative in front on the separatrix, as observed in

experiments; a minimum value of some ~— 20 kV/m has been estimated from DIII-D and

ASDEX density and temperature data [4, 5]. A corresponding maximum value U.“ ~ 200

km 5'1 is found in the direction of the plasma current. Finally, the poloidal rotation velocity

(Ua/B) jumps to some 20 km 5" inside the barrier, the width of which is ~A21LT ~

0.25 cm.
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IV Concluding rcruarks

The question as to which boundary condition should be required at the separatrix is
still open, The particular condition

Ui,‘ (3% / dc m, 2C
has been found to lead either to aperiodic or to periodic solutions of the dit‘ferentiai equations
depending on parameters already enumerated in Section II]. These solutions may correspond
to L, H and dithering H modes. The above b.c. furthermore leads to a transition criterion of the
form Prim or N “Eb where 13% is the power threshold, a > o and possibly b > o, as observed.

The physics contained in the equations leading to the results of this paper suggests
that large electric field and rotation velocities develop locally when the plasma finds no other
way of maintaining the ambipolan'ty of the fluxes. The resulting enhanced shear will ultimately
suppress the turbulence and improve the confinement.

Acknowledgement: I am gratefirl to MZ. Tokar for pointing out the bifurcation character of
the revisited heat flux.
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1. Introduction

Microparticles can play an important role in fusion devices. Their presence and their

possible consequences for plasma operations and performance are only recently being

addressed /1, 2/, although their existence is known since long. Dust and particulates are usually

found in the bottoms areas of fusion devices afler some operation period. Dust is an important

safety issue or lTER and future fusion reactors due to T retention. The finely disperse particles

are chemically reactive and may spontaneously react with oxygen or water vapour in the case

of a vacuum- or coolant leak. This paper focuses on the discussion of mechanisms for dust

formation in fiision devices with large area graphite wall armour and with surfaces treated by

thin film wall conditioning (carbonizaticn, boronization, siliconization). Since the

considerations are very basic, however, they may apply to metal wall conditions, as well.

Samples of dust collected from TEXTOR-94 are analysed visually, magnetically and by

Scanning Electron Microscopy (SI-3M), including Energy Qispersive Analysis of X-rays

(EDAX) for the determination of the composition. The impact of the findings on safety and

plasma operation of fission devices is discussed.

2. Dust Production Mechanisms

Important mechanism of dust formation are evaporation and sublimation of wall

material which is thermally overloaded e.g. in the course of a disruption. Another generation

mechanism is the spaflation and flaking of thin films of redeposited material or of films which

were grown intentionally for wall conditioning purposes /3/. Unipolar arcs can liberate fairly

large particles and droplets of molten metal. In the case of future DT burning devices He

embrittlement due to the decay of T and due to neutron induced spallation becomes probably

important. In addition to these ,,passive" mechanisms dust particles may grow in situ during the

fusion plasma itself fiom atomic or molecular precursors. This mechanism is particularly

important in future long-pulse devices. The initiation of the growth mechanism may occur Via

sputtered atoms or from the seeding of the edge plasma with hydrocarbons from the chemical

erosion of graphite wall components. Under the conditions of a detached limiter plasma, for
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instance, with In ~1015m'3, Te < SeV and a high fiaction of neutral particles one obtains a

concentration near the wall of about 5-10 % methane and higher hydrocarbons assuming an

effective chemical erosion yield of ~ 1-2 % and taking into account that the hydrocarbons are
released at a thermal velocity corresponding to about 100°C wall temperature. These

conditions are close to those of a process plasma where dust formation has been observed by

multiple ion—molecule reactions and agglomeration processes /4,5/. Once negatively charged

particles are formed by electron attachment. they are well confined in the edge plasma. The

sheath potential in front of the limiter surfaces repels them and prevents them fiom reaching

the material surface. The magnetic field confines them in radial direction, the Larmor radii

being small because of their low velocity. A friction force from the background plasma is

acting on these particles, driving them away from the stagnation point. Thus probable locations

of dust particles will be close to the limiter surface, where an effective trap from the

superposition of these forces exists, see fig. 1. It is interesting to note that C1, C2, ..q clusters

and several CXHy radicals exhibit a rather high electronegativity (CH2 = 3.39 eV, C2H = 2.94‘

eV) making their negative ions rather stable.

——+'e’

madam

msafivety clawciusem

Fig. 1 Schematic representation of the efi‘ective potentialfor a negatively charged macromolecule or cluster
in the scrape ofllayer ofa limiter tokamok WIT}: indication (2e sources of C atoms or hydrocarbon

molecules.

3. Analysis of Dust from TEXTOR-94

Dust particles were collected from TEXTOR-94 during a recent opening. TEXTOR

has large area graphite limiters. Wall conditioning by boronization /3/ is a standard procedure.

Covering the wall surfaces by silicon (siliconization) was attempted by a novel technique using

ICRF pulses in He-Silane mures /6/. The dust was collected by means of a vacuum cleaner
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fi-om the bottom porthole areas of TEXTOR-94. Coarse particles were removed fitom the

sticky bag of the vacuum cleaner by shaking them off (coarse fraction); small particles were

linsed off the bag by 2-Propauole (suspension 1). The particles were investigated visually, by

light microscopy and by SEM, including EDAX. For SEM investigations of the fine particles 3

drop of the suspension was put on a silicon wafer.

The main part of the coarse fi‘action consists of particles of typically 0.1 -0.5 mm size

with irregular shape. A very important finding is the fact that about 15 % of the particles -

including the smallest ones — are ferromagnetic as can be seen when using a permanent

magnet. Fig. 2 shows a representative traction of the magnetic coarse fraction, extracted from

the whole ensemble by a magnet. Metal cuttings, spheres with diameters between 0.01 and 0.1

mm and irregular formed pieces can be distinguished. EDAX reveals the composition of

Inconel for the metal cutting with a well noticeable low—Z—overlayer. Surprising is the existence

of the large number of almost perfect spheres ranging in size between 0.01 mm and below and

about 0.1 mm. Their composition is iron-rich with some Ni and Cr and only thin low-Z

overlayers .

0.1 mm
Fig. 2 Metal cutting and iron spheres in the magnetic coarse dust fraction

Their perfectly round shape suggests that, if created from a melt, they must have solidified

before touching the wall surface. The third major constituent of the magnetic coarse fraction

are redeposited low-Z-layers with significant metal incorporation. Their thickness is up to 0.05

mm, the metallic composition iron-rich with varying amounts of Ni and Cr, some Ca and Al.

Many of them have a porous, blister-like surface texture.

Particles not attracted by a magnet have low contrast in SEM. Particles of almost pure

Si have been observed which do not show the typical signatures of redeposited and flaked OE
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particles. They are probably produced by pyrolysis and growth in the plasma edge during Si

injection experiments. Codeposited flaked—off films constitute another part of the coarse non

magnetic fraction and resemble closely that of their magnetic counterparts with the exception

of a lower metal content. The third group of non—magnetic big particles is graphite grains with

sizes of~ 0.1 mm composed ofwell established graphite grains with typical diameters of lum

u 10 pm. They originate fiorn fatigued graphite armour tiles.

Many particles of sub-um size exist (suspension 1), which themselves are agglomerates

of individual particles of about 100-300 nm diameter. The size and structure of these small

particles is consistent with What one would expect from plasma-induced growth SEM

investigations of nanoparticles formed in process plasmas Show similar sizes and a dilfuse

cauliflower—like structure with a tendency to form agglomerates /4,7/. The identification of

these particles in the dust fi'om TEXTOR—94 is taken as a strong indication for their growth in

the edge of the fusion plasma or in boronization process plasmas.

nt.(‘.onolnsions

Dust in fusion devices spans a wide size distribution from nun down to < 100 nm. The

presence of particulates < 100 nrrr requires adequate measures to protect people Working inside

fusion devices. Part of the dust is ferromagnetic. These particles will be sucked into the main

volume of the discharge chamber and accumulate at the inner wall around the midplane and

cause problems during discharge initiation. The small particles identified in this study suggest

plasma—induced growth as a likely mechanism In long-pulse devices this may lead to the

formation of significant quantities of dust. Particles are a sink for electrons and will alter the

balance between electrons and protons in the edge plasmas and change the plasma dynamics.
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Criterion and Destabilization of Tearing Mode in Reversed Magnetic Shear

Tokamak Plasmas

D. Li

Institute of Plasma Physics, Chinese Academy of Sciences, Hefei 23003], P. R. China

Recently, off-axis sawteeth and double tearing reconnection were observed in reversed

magnetic shear plasmas in TFTRm and TEXTOR. This paper presents analytical Work on the

criterion for the double-tearing instability and on the destabilization mechanism.

For single tearing mode, the ideal kink external equation

dig/+10% m2 _£tUO/dr m0, 1
a'r2 r dr r2 B8 m—nq V ()

can be transferred to the hyper-geometric differential equation by proper transform and

approximation. The flint perturbation function Mr) is analytically obtained by inserting the

boundary conditions at r = 0 and at conductive wall 1' = rm, namely, yr(0) = Witt.) = 0 and

and the continuity condition at r = rs.

Consequently, the analytical expression for criterion quantity A’m) is obtained aszm

A“ = ~rflcot[fl'(m1 ~ m”

i F(b)F(—a) (a In)” garb, ~a. b—a+1.. r, m)
r,r(b—a+1) inn/rw 2Fl(1—b,1+a,2,1—r5/rw)’

l
(2) i

where a=m-\/m—2_+7, b=m+m, e=2m+1, 2E(a,fl,y,x) is Gauss l

hypergeometric fimction, and J. = —q2(r,)R0Jé(rs*) / 304'0'5) . In the right hand side of Eq. ‘

(2), the first term is an exact result which depends on poloidal mode number m, the resistive

layer rs, and the dimensionless parameter A determined by the ratio of equilibrium current

gradient and magnetic shear. The second term is an approximated result which is referred to

the stabilization effect of a conducting wall and decays rapidly as r; / rw becomes small.

Without the conducting wall, one can naturally obtain a criterion from Eq. (2) for the

instability threshold of a tearing mode
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my; / 35n x q; — 1 / 4 > m, (3)

In the large-m limit, equation (2) without the conducting wall is reduced to

A“) a —::(2 / r_,) cot (ml / 2m) (4)

which was respectively obtained by Strauss using ballooning forrnalism,[3] and by Hegna and

Callen solving Eq. (1) by l/m expansionj'” here 1/ 2m is equal to their parameter [1.

Consequently, the large-m limit version of the criterion (3) has been obtained by several

authorsm’él as

keen 1’ 39M; /qfil > m.
(5)

In the limit can: as A. -> 0 , the well-known result A“) = —2m / rs is recovered”)

Obviously, A is an essential parameter of tearing instability for both signs of magnetic

shear. The values of TEAM» for the m = 2 mode as function of Z is given in Fig. 1 where the

lower and higher curve is respectively plotted from Eq; (2) and (4). One would find that

Strauss' formula is a good approximation only if m >> 1 and without the conducting wall.

For double tearing mode, it is even more difficult to calculate A' due to double

singularities so that some authors used energy method to develop numerical code to avoid

using M0) .[31 The problem can be solved if the solution could be analytically derived and

satisfy both boundary conditions so that an analytic method could be developed to calculate

A’ for the double tearing mode. The dispersion relation is obtained based on the analytical

solutions, the boundary conditionss and the continuity at both rational surfaces at r; and r2 :

(Al ' Aim " A12) (A; “ Aim] — A’ll) "’ A12 = 0 (6)

,_._.__.

ftrl, m ' ml, r2)
0

where AI“ ”_ flee) f(rl,0)‘ ‘12 ”

A _ [Hero _ new] Am : floored-2)
“ “ f(r2,r) rope) ’ Wm)?

f'(rnnl)df'(n-,0) 4 {from f’(r,,r2)]

f(x55) = y.(7C)y;(Z) - yl(7-).v2(x). f’(-\‘ Z) = y.’(x).v2(2) ” yl(2)y£(x)



1783

in which y,(r) and y2 (r) are linearly independent solutions of Eq. (1). Obviously, two

branches of the double tearing mode interact intrinsically due to the structure of the mode and

resulted islands. A’l (A’g) is different from the uncoupled Aim) (Afro) even in sign.

One can observe from Eq. (2) that A'w’ = f(m, It) / rs for all of rs if Without the

conducting wall. This recovers the well—known result A“) —> f(m) I 2-3 ‘for 2; -> 0 as a

special easel” Therefore, the inner branch of the double tearing mode has a large even

explosive growth in linear phase. The value of A3”) increases dramatically as go is

approaching 2 for m = 2 mode in Figs. 2. Consequently, the new algebraic growthm like #109

I does become dominant in the nonlinear phase instead of Rutherford behaviorm] like time I2

because Ah”) can be several tens even hundred times large comparing with the case in which

the resistive layer is far from plasma core. Hence, the magnetic island width should be

expressed as:[9]

w(!) ac [ W‘O’ r) 1o (7)
3'0 — (00% /‘/§‘7;77)§V’(0a0 / at

In the denominator? total magnetic shear consists of the equilibrium and quasilinear part. The

magnetic island can rapidly become fatter and shorter as the total magnetic shear is near zero.

When the islands of the inner branch rapidly expand and combine as a whole, the hot plasma

in the core cannot be confined any more so that the “core crash” of the off-axis sawtooth

occurs. This explanation is consistent with the experiment phenomena in TFTR.“]. In this

case, Ag”) is much smaller than A30” so that the coupling term A22 is negligible. However,

when go is not near q5 = 2, the magnitude of A3”) and ham) can be of same order so that the

coupling effect becomes strong, The interaction of two branches may cause the overlap of

islands and the “annular eras ” of the ofi-axis sawteeth.

in summary, the analytic expression of A'm and instability criterion are obtained for

arbitrary magnetic shear configuration. The dispersion relation of double tearing mode is

derived by means of the structure of the external solution. The new algebraic growth does

become dominant in the nonlinear phase instead of Rutherford behavior because A in” can be

very large even explosive. The explosive growth of the inner branch may result in the rapid
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expansion and combination of islands which causes the “core crash”. The interaction of two

branches may cause the overlap of islands and the “annular crash”.
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A tWo-dimensional simulation of electrostatic drift
wave turbulence in plasmas

G.J.J. Botha, M.G. Haines, R..l. Hastie
Bleekett Laboratory, Imperial College7 London SW7 ZBZ, UK

Abstract

The generation of electrostatic drift wave turbulence is modelled by the Chimney—
HasegawawMima equation The unperturbed density gradient no : tints) is chosen
so that ring/d3: 51$ 0 and variable (her use is sheared). It is shown that this sheared
flow leads to localised turbulence, maximising at the peak of Vnygi The dual cascade
of the generalised energy and wstrophy is observed, with condensation of the gen-
eralised energy spectrum at the lower mode numbers. When the code is initialised
with one mode, the dual cascade manifests only in the initial models harmonics.

The Hasegmvaeli'limat model of 2D electrostatic drift wave turbulence is welleknown
[1,2] and has been the subject of many numerical simulations which studied drift—waive
turbulence in tokamaks [3]. The model consists of the CherneuveHasegawa~Mima (CHM)
equation [4,5,6] which evolves the perturbed electrostatic potential d1 while the unperu
turbed density no 2 right) is fixed with characteristic length L;1 : (1/710)(dng/d:rl. The
results presented here [7] are an extension of the work by Prakash, Chu and Haisegswa [8]
who considered short runs with a constant Lgl.

The CHM equation is given by

5 can 1 . L_18d1 1 2 _
53(T5 Q—EV:¢1>MBL" (7y llci B" l(2511 Alfillmo (1)

Where Elm- is the ion cyclotron frequency, B :2 Be is the magnetic field, Te the constant
electron temperature, c the speed of light, 6 the electron charge and [ , l = B/axO/By N
B/Byé/Or. This equation conserves the generalised energy

,_ l 171?]; l 2 r .ll "/1 il 5‘ i. E dt (2‘)
- ’72n 2 7770

while the generalised enstrophy evolves according to

away + 05 B32
an 1 c [/8d16o1(l(L_lvdmdy 1 car 527:1 “asldy_J f we— (3)T 0:57? Efiifil M 8m ay

Where ax and as, are the domain lengths along r and y respectively and where the gener-
alised enstrophy is defined by

, ' 1 '1 lvxv 2
L‘2jv [HOT—«:(E"g'mflo'b‘;)+§( 962.5):ldl7’. {4)
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Equation 3 shows that the generalised onstrophy will only be conserved when L: is a
constant and “hen either 0451/51 01 film/(7.731 is zero at the a; boundaries

The CH‘d equation is numeiically implemented on a 2D regular Cartesian grid which
is pe1iodic m y and with It; : 0 at the :1: boundaries. When the ¢-1 perturbations reach
the :2 boundaries the simulation is terminated. The CHM equation is treated spectrally
along 3/ and is finite differenced along m. This results in a bietridiagonal system which is
solved using the algorithm of Von Rosenberg [9] Arakawals finite difference scheme [10]
is used to calculate the nonlinearity. The equation is advanced in time using a modified
Euler predictor corrector method [11],

The accuracy of the numerical simulations is measured by the conservation of the
generalised energ} and enstrophy. During simulations the typical generalised energy loss
is less than D. 75% and the geneialised enstrophy loss less than ‘2 5% The final time is
4.5 X10 4s which is {H.431}. Ir;1 or 14.5 [Qt/madam”) ].

Lgl : Lgltr) implies that the electron gradient drift 12,13 is sheared (figure 1). This
shear influences the m perturbations in that the larger dun/(£2; is. the more localised the
perturbations become. Figure 5 presents the time evolution of

(€01) _ i M [eeiimuyji]:
TE rm: \ A! 33:1 Ts1

where M’ is the number of grid cells along y. The initial perturbation along .7: is a Gaussian
and as time evoli es. thed fluctuations mote towards the m boundaries While the largest
fluctuations develop when: use flows the fastest. B} increasing maxim”) the fluctuations
become more localised near the centre of the .1: axis

The gradient in 11.3 also has an effect. on the behaviour of large structures which form
in the plasma. Figure 2 shows spatial trajectories of coherent structures by following local
maxima as they move on the (:12, yl plane. Figure 3 shows the change in their amplitudes
during this time As they move in the .7: direction, the value of the local u...E change and
this Change is reflected in a. Change in their amplitudes Figures 2, 3 and 5 were obtained
by initialising with modes 7 and 11 in Fourier space.

Initialisation can be done with one mode or multiple modes along the y direction. In
both cases the dual cascade of 2D turbulence [121 is observed. When one mode is used in
the initialisation, only its harmonics are observed in the spectra of the generalised energy
and enstrophy Figure 4 was obtained with initial mode 9. Here equation ‘2 is written as

W: / wa’i" = Z wmae‘mv/w (6)
V man-co

where the definition 1 a»

l’i/‘m = Me * wmtmflm (7)
(11. 0

has been used. Bi" doing the same with equation 4 the generalised enstrophy is written
as Um and presented in figure 4. When two or more modes are used during initialisation.
all the modes in the spectra are present. In all cases the generalised energy condenses
in the lower modes of its spectrum and this condensation is mirrored in the generalised
enstrophy spectrum. A reflecting boundary was created at the highest mode in Fourier
space and this reduced generalised enstrophy losses.
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These results Show the influence of dew/rim on the plasma perturbations. By increasing
niax(u..,.) near the centre of the an axis with no flow along the .r boundaries. the 1)... gradient
is increased and the perturbations are more loualised at the centre of the an axis. The
coherent structures change amplitude when moving in the 1' direction.

The dual cascade of the generalised energy and enstrophy is observed. W’heu the
code is initialised with one mode. the cascade moves exclusively through the harmonics
of this mode. The condensation in the lower generalised energy modes is mirrored in the
generalised enstroplly spectrum.
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THE EFFECT OF LOCALLY ENHANCED RESISTIVITY 0N
RECONNECTION IN A PLASMA

JP. Vi’ainwright. J.Aparicio, M.G. Haines and Rail. Hastie
Blaclcett Laboratory, Imperial College of Science, Technology and Medicine,

Prince Consort Road, London SW7 2BZ, United Kingdom.

Abstract
A 3-D resistive MHD code has been employed to model reconnection at the 211:1J 71:!
surface of o. tokamalc, in periodic cylindrical geometry, Large current densities are
expected at this reconnection layer, In these Simulations when the current density
exceeds a cmtlcol value, the local resistivity is increased by a numerical factor which
is chosen to approximate the efieei‘s of turbulent transport. It is found that the
reconnection times for this type of simulation are comparable to the reconnection
times for a plasma where the resistivity is enhanced everywhere. It is found that it
is only the average value of resistivity in the layer which determines the reconnection

» mic.

Introduction
It is found that many reconnection processes occur on faster time scales than those
predicted using the simplest models. In Tokamaks the basic model of the assumed
reconnection behaviour shown by sawtooth is nonulinear and was developed by
Kadomtsev[l] based 011 the Sweet-Pa.rher[2,3] model. There is now some doubt
as to the MHD nature of sawtooth but much can still be understood from this basic
model and its extensions.

There is experimental evidence that the resistivity in the reconnection layer is
higher than expectedl4] and this anomalous resistivity was believed to be due to
turbulent effects. Turbulent activity has been seen during Tokamak sawtooth ac—
tivityLS] though whether it is cause or effect is not clear. We have constructed a
model where localised turbulence may be triggered by large drift velocities in the
plasma. Large currents are expected at the reconnection layer, so this would seem
to be a reasonable triggering mechanism. We have investigated the consequences of
such a model.

Simulation details
Simulations have been performed using a code written by Peter Kirby[6] which
solves the equations of resistive MHD in periodic cylindrical geometry, It is non-
linear, BD, spectral in the periodic coordinates and called MERCURY. The code
was modified to include ihe temporal evolution of the radial resistivity profile. This
model assumes that the density is uniform and constant and that the resistivity is
a. function of radius and time only.

If the drift velocity exceeds the sound speed by a factor of about 5 or so then we
locally increase the resistivity according to the formula. 77 = 723(1 + NU » JC)/Jc),
where as is the Spitzer resistivity JC is the threshold condition and K is the en-
hancement factor (NW—100).
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The simulation is set up with an initial q profile which is fiat on axis and equal
to about 0.7, rising to about '2 at the edge. The axial magnetic field was set to
1.5T. the total current to SMA and the (mean) deuterium ion number density to
2.5 x 10mm "3. The Lundquist number was set to the computationally comparatively
high value of 2.7 x 107. Although this value is less than that found in experiments ,
it was the highest practical value with which to run the code. The periodic length
of the cylinder was Lu? W R n18.85m. the radius of the cylinder was a=lm. With
these values the radial Alfvén transit time TA is 0.2%, and all times in our results
are normalised to this value.

Reconnection was monitored in three ways. Firstly the energy associated with
the m=l. n21 component of the radial magnetic field is followed in time. This is
representative of the slow destruction of the mode structure. Secondly the poloidal
flux surfaces in the plane of the perturbed magnetic field are examined to follow the
evolution of the magnetic island structure. Thirdly the evoution of the cylindrical q
is monitored in order to see changes in the equilibrium. The relation of this term to
the ‘true’ safety factor can only be made when the magnetic flux forms a symmetric
configuration, (it does not apply if there are two magnetic axes) but it has some
meaning in the final and initial states.

Normalising value of resistivity Mean enhancement factor

EL 7?.) . _

b 60770 7
c no 60
d rig/ti 240
e 770/4 60

Table 1: This table details the simulations used in this paper The uormaiising
value of resistivity was 2.8 x 10—59m.

Computational Results
The reconnection problem was studied by examing the evolution of a perturbed
radial magnetic field applied to the equilibrium described above. The chosen per—
turbation had a magnitude equal to 5% of the maximum axial field and Fourier
components mzl, 11:1, creating an initial configuration with qo < 1, The initial
behaviour of this plasma is to achieve an unreconnected helical state in about 30 TA
(see Rosenbluthli’h. The Lundquist number, defined by the on axis resistivity of 2.8
10'8 Elm"1, was ‘2 10’— and Kadomstsev theoryll] predicts a reconnection time of
1.4 ms or about 9000 TA. This is computationally expensive to follow and it is used
as a reference simulation. Deviations from this simulation can be considered to be
new effects and it will be refered to as the basic case. A configuration is defined to
have reconnected when the magnetic energy in the perturbed mode has vanished
and the island structure is found to have disappeared.

Figure 1a shows the difference in the evolution of the basic case and a simulation
where the resistivity has been multiplied everywhere by 60. With an 5“” scaling
law this situation should reconnect in about 1000 TA, and such behaviour is found.
The basic case shows little decay in the energy stored in the perturbation while the
more resistive case is evolving to remove the mode, Figure 2a and Figure 2b Show
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the flux plots based on B" and the evolution of the new core is clearly seen in the
more resistive case.

in Figure 1b the previous results are compared to a simulation where the resis—
tivity is triggered locally. The condition for the onset of anomalous resistivity was
implemented as a threshold on the current density. If the current density anywhere .
in the grid exceeds the average local current density by 40% then the resistivity
at that radius is multiplied by a factor (1 + l‘C(J — Jc)/JC). The simulation shown
has H260 but it was found that the maximum value of resistivity in the layer is
of order 100 times the axial resistivity, though this settles down to about 60 times
greaterit is fOund that the behaviour of this simulation is essentially the same as a
simulation where the resistivity is multiplied by 60 everywhere and that it appears
to be the resistivity in the layer which defines the evolution of the mode. This
would imply that highly collisionless plasmas could have fast reconnection times if
the reconnection in the layer was dominated by anomalous effects.

Figure 1c compares the basic case with the case where the resisitivity was en-
hanced everywhere by 60 and a case Where the resistivity enhancement was applied
locally with 5:240 but where the hackround resistivity was reduced by a factor of 4.
This has the effect of making the resistivity in the layer comparable to the previous
cases. It is found that the reconnection behaviour is almost identical, implying that
it is the absolute value of resistivity in the layer which is important and not the
resistivity gradient nor the resistivity outside the reconnection layer. This is further
illustrated in Figure 1d which shows that if the enhancement is reduced by a factor
4 a much slower reconnection is observed. The flux plots for the simulations based
on an axial resistivity 4 times lower than the basic case are shown in Figures 2d
and 2e (enhancement factors 240 and 60 respectively).

Conclusions
We have found that the reconnection of a small m = 1 instability in a cylindrical
Tokamak is determined almost entirely by the value of the resistivity in the recon—
nection layer which can be anomalously triggered by a locally high drift velocity.
The effect seems to be independent of the resistivity gradient.
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Neoclassical Theory of Poloidal Rotation Damping

R. C, l\/Iorris, M. G. Haines, Rt .l. Hastie
Plasma Physics, Imperial College, London, SW7 ZBZ, United Kingdom.

1. Introduction
The rate of decay of poloidal flow (Mt) in a tokamak in the banana regime has been a
source of contention since 1972 when the first attempt was made to determine a charac"
teristic damping; time 71,. Since then references {ll-[6] have calculated the value of 7“,, such
that 7,, ~ 6‘7”, Where n = 1,1,5, —.5. O, .5,l. respectively. The present work attempts to
unify the result as much as possible by treating the damping calculation as an initial value
problem.

The tokamal; is modelled in the drift regime 6 << 1, where 6 is the ratio between
the ion Larmor radius p and the plasma scale length L, and also in the banana regime
n << 1, where n is the ratio between the bounce time n and the i0n~i0n collision time
73,. Flux coordinates (timid) are used such that the magnetic field can be written 13 =
Via :4 Vt”! + HIDJVW-

2. Background Theory
To first order in (5 the flows in a tokamak plasma are within a flux surface. Since toroidal
momentum is conserved a. small change in the parallel flow u“ leads to a large readjustment
in the radial electric field '1” and it is this component of the poloidal flow which is seen
to change.

The parallel flow evolves according to the surface averaged parallel component of the
ion, momentum balance equation given by the expression

0
mange—{B . 111‘) : #(B - V , Hgl, {1)

dt ’

where H. The parallel stress can be written as a velocity moment of the gyro~averaged,
ion distribution function f,

«(B-v.11}: (Bm [dwfifivvfl (2)
Now f, is found by solving the Draft Kinetic Equation, which is written

8f; . ~. Elf—i
.01 + W” i: Vcii .f. Elvii + l 3142

= C'tfiii (3)
where w is the kinetic energy, V4 is the guidingvcentre drift, C{f} is the collision operator,
and E is the electric field. The solution of equation (3) is achieved by expanding the
distribution function in terms of the parameters 5 and T] such that

f = f0 + f, + . .- where f1 N (ifo (4)ii 2 Jim + fl” + - ~ where ff” ~ nil“-
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it is well documented (EH—[6]) that the use of these expansions leads to the first order
distribution function fin) being given by the solution to the banana constraint equation

5 " (0) fl — r{Whirl }~ 0: Jo (a)
3. Analytical Solution
The initial value nature of the problem can now be exploited by performing at Laplace
transform of equation (5J. On very short time scaies (Vii/S << 1), where s is the Lplace
parameter, only those particles in a narrow layer of pitch~angle space adjacent to the
trapped passing boundary can contribute to the damping process. Therefore the collision
terms are neglected everywhere outside of this boundary layer. The distribution function
gt at early times in the boundary layer can then be Written

7: — _ HEW—M 112;:q , _ _g{t=0)
Hlniwil e\ iiTlLq’l‘ti ‘1)(t—0JJ ms 7 (6)

where ,X 2 ii/uv is the pitchangle variable D = (B/x/l — AB). Using this expression to
calculate the stress in equation (EJ and taking a Gaussian centred at A = /\0 for the initial
distribution function, the resulting damping rate of the radial potential gradient is given
by

dilj’itl 6 ‘2. i'C‘iAO—Aci672 or \J i e , (7)

where o is an arbitrary constant.

4. Numerical Solution
Equation [5) is now solved numerically for arbitrary time scales so that all collision terms
are retained. Crunch—Nicholson differencing is need together with a forward recursion,
back solve technique outlined in reference [7]. internal boundary conditions express the
continuity of the distribution function and conservation of flux (in /\J at the trapped
passing boundary.

Figure 1 shows two contrasting initial distributions sketched in pitch-angle space. Here
At : l/Bmmr and marks the trapped-passing boundary and Am : l/Bm;n represents the
far trapped region

I.-

f u

Figure 1: Initial distributions 1 and 2 in A-space.

“Am.

in 1) the majority of the particles are situated deep in copassing space whilst in 2)
the bulk are close to the trapped—passing boundary. The decay of poloidal flow for each
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of the initial conditions above is shown in figure 2. In each case an exponential fit has
been attempted and the associated characteristic decay time 7,, is given with the figure.

' ii I n

“-l‘ 1P - 0.4'98 1i M

Va 1).:2

n
=0)

:0) i

”I
ll
“

8
U"

(I)
IU

(l
I . l L l

(Ln I); 0.4 0.6 0.8
Time (ii)

0.0

Tim: “5)

Figure 2: The poloiu‘alflow decay curves for initial conditions offigure I

For each of these runs the inverse aspect ratio 6 was kept constant at a value of 0.3:
However as c was varied the decay curves altered and the variation for initial condition
1} is illustrated in figure 3.

Finally Figures 4 and 5 show the initial condition used by the previous authors and
its numerical evolution.

5. Conclusions
The rate of decay of the poloidal flow in a tokamak has been found to have an analytic
time dependence of l/x/i This singular behaviour arises from the collisional diffusion
through pitch angle space of particles within a thin layer adjacent to the trapped-passing
boundary. The restllt is confirmed numerically by comparison of the evolution curves in
Figure ‘2. Here the decay of initial condition 1 is slow and virtually exponential whereas
condition 2 decays rapidly at t = 0. Indeed as the localisation of the initial distribution
to the boundary layer increases Figure 6 shows the increasing initial decay rate.

The analytic decay is proportional to \/E suggesting a relation to the fraction of trapped
particles. However at later times when the decay is exponential Figure 3 shows a Weak
6'0” dependence which gets weaker still at later times. That is, the asymptotic flow

Figure 3: Variation of decay curves with e.
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Figure '41 Initial condition 3 and its poloidal flow decay curve

tends to independence,
Initial condition number three is that used by the previous authors However they

consider a self—consistent decay reminiscent of the asymptotic decay of the present work.
In fact the initial evolution of condition three exhibits almost singular decay predicted by
the analytic theoryi

’ iu “ T‘H inrrmin; lmuihulmu

ll
“W

U
[i=

0]

i J l v I
H“ H! (5-1 “5 (M H}

Time 11:.)

Figure :3: Decay curves for increasing localisation
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The Inward Heat Pinch

R. C. Morris, M. G. Haines, R. J. Hastie
Plasma Physics, imperial College, London1 SW7 2132, United Kingdom.

1. Introduction
This work is motivated by the experimental results on the Dill—D tokamak [1] in which
electron cyclotron heating (ECH) is absorbed halfway out from the minor axis and yet
the electron temperature profile shows strong peaking on axis. That is, electron heat
energy appears to flow up the temperature gradient.

Whilst linear1 neoclassical theory [2.3] fails to predict such a large result it is shown
here that a nonlinear approach [41 can account for a substantial changes in the neoclassical
transport coefficients.

First, the class of electrons responsible for the heat pinch is defined, and it is shown that
the toroidal electric field EQJ‘ can generate such a population. Subsequently the isotropic
part of the electron distribution function is found to be driven to a non~Maxwellian form
by. the non-linear perturbation fay, and this is used to calculate the neoclassical transport
coefficients.

2. Suprethermal Electron Population
The mechanism by which the electrons move in towards the minor axis of the tokarnak
vessel in the banana collisional regime is the neoclassical Ware pinch [5] of the trapped
electrons. In order that the electrons arrive at the centre with sufficient energy to affect
the temperature gradient they must have energies intermediate to the electron—electron
downscatter and runaway conditions as illustrated in Figure 1 [4].

Fu 1

.9

.B

T I
' IL" lF1I > Fm Strong distortion
_6 _ : from Maxwellian. .‘ ,Fa > Fm

l-5 ' 1 .F E let -electron. 1 J , _ e c Von
: D11” l ”downscanar (slideway).6 - I electrons i
I I|,3 - I : 1eiunaway
! I I electrons.2 — 1 | |
1 l li ~ I ' l' I| l I0 I . . I l .

0 l5 1 D 1 .5 2,0 2.5 3 U
(n) (with? (my? _v_
VTn Va Va V4 V7“

Figure 1: Region of energy space occupied by pinch efecfrons [.4]
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For a Maxwellian distribution the proportion of electrons at such energies would be
insignificant“ hence we require a mechanism to drive electrons out to these energies and
sustain them We consisder the effects of a toroidal electric field on the elelctron distri—
bution function U“). \‘Vhen the latter is subject to a tensor expansion thus [6}

f1(‘u) - v f2(v) : W
,fe = fulvl + qM M- + - - -. (1)

the Fokker—Planck equation to zeroth and first order is written

6% Bria
9 I 1 9 E,»rile r (141,2,f : 0W}, (2)

WI.

and

if" z (E) Ef“ mm}. » (3)dt r m. 3%]

Here f? is the toroidal component of f1 (iv), that is, the part of the distribution function
driven directly by the electric field.

Figure ZzDeparmre of fit from Maxwellian form [4].

We neglect the time dependence of fl; and the electron-electron collision term in equa-
tion (1}) so that the first order perturbation takes the form
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This is now substituted into equation (2 ) to give

all) 4.3.12.4 E‘pi 2 50f0 __ «ea

31 3112811 iiEDl L‘ a ~C {1%}- (5)
1‘

By neglecting the electron-ion contribution to the collisonal energy diffusion and evaluat-
ing the Rosenbluth potentials with a Maxwellian distribution We find that the equation
can be solved analytically [4] to give

. 1' d1W0 — it m (5)
11 here HM) : 4/3 (Em/Enl/[f fi/Z) e1f{\/?E } fiexp{w}]. The departure of this func—
tion from a. Maxwellian is illust1ated 1n Figuie ’2. It shows a non—Maxwellian tail, a result
of the perturbed distribution being non-linear at high energies.

This departure is confirmed by a numerical solution of equation (2), where the Rosen-
bluth potentials are calculated with the actual non—Maxwellian distribution

3. Transport Calculation
The perturbation f1 is non-linear, that is fda 2 f0 only at high energies, hence any
expansion of the distribution function must be velocity dependent.

This is in contrast to the parameter (5 = ML (,0 is the electron larrnor radius and L is
the plasma. scale length) which is used to order the perturbation in neoclassical transport
and is applied independent of energy. Under this ordering the problem is striclty linear
and the electric field terms enter only as a linear peturbation.

in the present calculation we Wish to include the non—linear effects of the electric field,
However our chief interest is in the production of a non—Maxwellian tail in fig. Any other
electric field lelated effects are alieady included in the linear transport calculation at
016) Tl1e1efore as long as the high energy tall 15 established on a time scale which is
short compared to the transport time scale we can use the form in equation (6) for the
neoclassical ground state distribution function.

We note that the non—Maxwellian distribution function is established on a time scale
defined by

0—8}; ~ 1265‘ (T)

where as the transport ordering implies

W n»
a? w 021/95.

(8)

The neoclassical transport calculation is conducted in the thirteen moment approxi—
mation [3,7] and is analogous to its illaxwellz'an counterpart. The noteworthy differences
between this and standard neoclassical transport fall into two categories.

(i) All friction and viseosity coefficients are altered These modifications are in gener-
ally sniailfa few m) and affect all the tiansport coefficients similarly The effects of these
changes have not been cinalitativel}r determined but do lead to the breaking of Onsager
svmmetrv.
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(ii) A new thermodynamic driving term appears in the heat flux equation, leading to
the. appearance of new components int the tranport coefficients.
The transport equations can be expressed thus:

n“ t T." .- T.’ .3 a P5([3) = — [0‘11 (7) + “13(E) + an (f) + aniEHBl +01 (“P—)il (9)

. n" T“ , T! [31'(42> = w [as (”l + (r) + (Te) + ag4iEHBl + (15(FJ]: (10)
Here the extra terms are given as gradients of the electron pressure tensor and the

coefficients, oi and a; will formally he added to the density and electron temperature
gradient terms. For a value of E/ED : 0.03 the new CoePricients are related to the VTE
thus coefficients a"; 2 —D.29o-§3 and a; : —0.‘29a§3

4. Conclusions it has been shoWn that a nonlinear treatment of the isotropic compo
nent of the electron distribution function can significantly alter the neoclassical transport
criefficients.’ with new inward heat flux terms appearing in the final flux force equations.
The new tcrnls act to reduce the outward diffusive component of the heat flux and to in—
crease the inward density gradient driven component. There is also a similar effect in the
particle flux equation although the effect is smaller due to the smallness of the underlying
non-diffusive coefficient.

The transport matrix no longer exhibits onsager symmetry. The symmetry breaking
occurs between the friction and viscosity coefficients separately. Also the extra terms in
the transport equations introduce asymmetry.

Whilst more work is required to find the electric field required to reverse the heat
flow it is clear that the non—linear theory preented here makes a significant impact upon
neoclassical transport.
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Beam Tracing of Electromagnetic Waves
in Inhomogeneous Plasmas

G.V. Pereverzev

hilax—Planck~lnstitut fiir Piasmaphysik, EURATOilcl Association
Boltzmannstr. 2, D-85748 Garching, Germany

1. Introduction

A number of papers [1—8] have been published recently which are devoted to the role
of diiiraction effects in the propagation of RF waves in plasmas. Most of them [L4] are
based on the concept of the complex eilconal and are therefore restricted to a particular
form of the wave packet. In [6] a general solution is found which is, however, restricted to
the special case of electrostatic oscillations only. In [7] the consideration is quite general
but the resulting equations are still rather complicated. in this report we present a method
for describing electromagnetic waves in an arbitrary anisotropic inhomogeneous plasma.
The relation of the method to other knOWn techniques is also discussed,

2. Asymptotic solution
Consider the Maxwell equation

[axEfi—szénxo (1)
where E is the dielectric tensor ofa cold plasma, V 2 LV , L is the characteristic length
of the medium inhomogeneity and r: : wL/c >> ] is a large parameter. An asymptotic
solution to Eq. (1) is sought in the form of the Gaussian beam of the n—th order

E(r) :2 5mm ($738414) +in'1/2w;b(r} — %N'14,0:c(r) - {it“cond(r) + Oped/2)) , ('2)

where Lpn : can(\/Ew(r)) is the function of the parabolic cylinder. Expression (2)
contains two unknown scalar functions 5(1‘), Mr) and four vector functions afirj, lair),
C(r), dfr]. it is assumed that all these functions together with their spatial derivatives
are of order no. However, 6”,, (fiwfl = \fE 92;, $11) = 0(fi).

Expression {2) gives a particular solution to Eq, (1) In the 2D case, the general
solution to the problem can be constructed as a linear combination of the beam modes (2)
In some special cases, Eq. (2) can also yield a particular 3D solution. However, the
general solution for the 3D case requires some additional terms in expression (2) This
generalization will be considered in the extended version of this report. Here we restrict
ourselves to the simplified expression (2) and investigate the existence of the solution in
the form (2). A solvability condition is found which provides a set of equations for the
unknown functions 30') and w(r). Explicit expressions for the vectors a and b are
also presented. With minor changes the derivation given here is valid also for a general
3D case. Moreover, the method can be easily extended to the case of hot plasmas.
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On straightforward substitution Eq. (2) into Eq. (1), using the property of the
functions of the parabolic cylinder [<pfl + (232 +1 — mugfianl Na 2 0, with N being
an arbitrary nonzero function, one obtains

e290,, (L m five?) a ~— z‘ica/Zipfi, (Lia + Lb) - §ngo§f (Lina-Jr 2Ltb + LC _ Na)
. (3}45% [Ld + M[a] + 2‘N (n + g) a] + coo/Q = 0

where the differential operator M[A] = 2 (Vs - V) A— Vs (V - A) — V (Vs - A) +AV25
and the algebraic Operators

LA:(s(AXVSD—éA=(Vs-V3)As(VslA)—éA, (4)

LLA = 2 (Vs . Vw) A — V10 (Vs - A) —- Vs (Vw - A), (5)

LLLA : 2 (V10 . Vin) A — Vw (V111 - A) __ Vw (Vin - A) (6)

are introduced.
Equation (3) is fulfilled within the accuracy of Obi—3”?) if the coefficients at higher

powers of x are equated to zero I

La : %Nwza, Lb + Lia : 0, Le + 2Lib + Lita = Na, (7)

rd +i1i[a]+iN (n + t) a = owl/2). (8)
“We investigate now the solvability of the set of equations (7MB).

3. Solvability conditions
Consider first an auxiliary eigenvalue problem for the algebraic operator L

Le = (Vs » Vs) e — Vs (Vs ‘ e) — 5e 2 [\e. [9)

with B being a unit vector. The operator L is Hermitian and, therefore, it has three
real eigenvalues A0,/\1, (\2. We assume that only one of them, eg. A0, further denoted
as H, can vanish. In general, H is not necessarily zero, and Eq, (9) represents an
identity in some domain of a 6-dimensional phase space {r/L, Vs} : {:c“, 55}. It
means that the identity can be differentiated in this phase space with respect to any
of 6 Variables x", 5,9, while holding the. other 5 fixed. Hereafter it is assumed that
all Greek indices take values 1, 2, 3. The summation convention with respect to every
repeated index over the range a = 1,2,3 is implied. Let the Greek subscripts denote
partial derivatives with respect to 1", so that so = 65/65:", wa : Bur/8:22“, and so
on. The Greek superscripts Will denote partial derivatives with respect to so, at :L‘Q
fixed: no 2 (SH/6.5m Hm? = EZH/asaasm e“ = tie/asm ta : ail/as“, H. Making
use of these notations, one can express the operators LL and LLL in Eqs. (5)»(6) as
LJ' 2 wO‘L" and LLL = wanmg, respectively, and aiso introduce the new quantities

H'L = MOI-1°“, H‘Li : wawfiHC’p, eL = wee“, eJ‘i = wawgeafi. (10)
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Sequential differentiation of Eq. (9) with respect to 3m followed by inner multiplication
with my, yields

liJ‘e—l- tel = Hie-l- HeJ', Liie+ 2Liel +iteii = iliriiei-2irrieL + He“. (11)

Turn now to the solvability conditions for Eq. (7) Comparing the first of them with
identity (9), one sees that a nontrivial solution given by a(r) = A[r)e(r) exists if

H : %Nw2. (12)

it is seen that the right hand side of Eq. (12) vanishes if and only if ur(r) = 0. Conse-
quently, H|w=0 : 0 and1 conversely, H = 0 implies w(r) = 0,

A solution b to the second equation in (7) obviously exists when detfi) % 0
(which, in our case, is eqnvivalent to H ¢ 0 or w # 0 ). Otherwise, if det(_£) = 0, the
solvability condition reads e*1:La = Ae’hte = 0, Making use of Eq.(ll) and e’“ - e : 1,
one rewrites the condition as e‘hie : HL + He* ret = 0. It follows that the sufficient
condition of solvability is HL| V = 0‘ As long as b exists, it is natural to require
in addition that a“ - b a 0, thus ensuring that the first order correction in Eq. (2) is
orthogonal to the main term, It is easy to show that the additional requirement results
in the extension of the validity domain for the previously found solvability condition to
the Whole space

L _ 8H 6w
7 295—0 (913°

If e (13) is fulfilled then b is given by b(r) m A[r)et(r).
In a parallel fashion one finds that the solution to the third equation in (7) exists

when N : HJ'J'l _ which determines the function N and can he used in Eq. (12).
Finally, one shouldflhonsider the solvability condition for equation (8) with respect to the
unknown vector function d. This gives a differential equation to the scalar function A(r)

= o. (13)

similar to that of the conventional geometric optics [9]
We conclude that the sufficient condition for the existence of the solution (2) to the

Maxwell equation {1) reads

1 02H 8w 8w .2 6H 6w __
(“ ) U1 7 507% — U (14)H = a massage LU=0

Equation (14) represents the main result of this report. The problem of solving the second
order partial differential Maxwell equation (1) is now reduced to the much simpler set of
two first order partial differential equations (14) with respect to the unknown functions
s{r)7w(r).

It is easy to check that, similar to the conventional geometric optics, Eq. (14) is
invariant with respect to multiplying H with any nonzero function f(:r“,55) 990. In
particular, taking into account that D 2 detUZ) : HAQQ and MA; 74 0 one can
replace H in Eq. (14) by D. We will show now that other known asymptotic methods
are included in Eq. {14) as particular cases.
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4. Relation to other asymptotic methods
Geometrical optics. The approach of the geometrical optics i9] can be obtained

by noting that Eq. (14) admits the trivial particular solution w(r) E 0. Then Eq. (14)
reads H(Vs,r) : 0, or, which is the same data?) = 0. The latter, in turn, is the
welluknown dispersion relation of the geometric Optics for a cold plasma.

Parabolic equation. In the method of the parabolic equation [10,7] the full wave
equation is reduced in such a way that the corpuscular description is adopted along the
direction of the group velocity while across this direction the usual wave description is
retained. In our approach, the reduction is equivalent to the transition from Eq. (1) to
Eq. (3).

Complex eikonal. The well-known solution in the form of a complex eikonal {11]
is a particular case of Eq. (2) for n = 0 so that E(r) = exp {276.9(1) —- 51(r)} a(r) Where

E %[w(r)]2 . In this case, Eq. (14) can be easily reduced to

“1 am 51 31 BE 61
” swagger 3;? = 0 (15)

which coincides with the solvability condition of the complex eikonal method. For the
anisotropic medium this result was first obtained by Mazzucato [1] who used the expansion
technique requiring that IVI| << ]Vs]. The derivation above shows that this additional
requirement is not necessary,

Beam tracing. The first order partial diflerential set of equations (14) coincides in
form and sense with that obtained in [6] for the electrostatic case. Therefore, the consid
eration of [6‘] is fully applicable for the more general case of electromagnetic waves treated
here. It is shown in [6] that without loss of generality the problem (14) can be further
reduced to a set of ordinary differential equations similar to those of the geometric optics.
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Introduction

In the antisymmetric device PSI-l an electric high-current arc is used to produce a magneti~
cally confined plasma column of 1.8m length and about 5 to 10 cm diameter outside of the anode.

Because of the particular ring-shaped design of the anode-cathode system and the effect of
the magnetic field the plasma is actually generated off~axis within a narrow shell near the inner
anode surface. As a consequence, pronounced hollow radial profiles are built up for the plasma
density and temperature which may essentially be modified downstream the plasma column due
to radial diffusion. axial streaming and the interaction with the neutrals background (recycling).

Previous modelling of the plasma by the authors using the B2—Eirene code package I l [have
been resrticted to the plasma column outside the anode since the actual version of the B2 code
does not allow for electric fields and currents. In these calculations the radial plasma profiles
at the anode exit (electron and ion densities. electron and ion temperatures, ion velocities) are
boundary conditions of the code which must be prescribed in any way.

In order to avoid this large set of mostly unknown boundary parameters. the anode-cathode
region has been included in the present model in a simplified manner by prescribing explicitely
die electron energy source due to the discharge current The latter is strongly localized (bound
to the magnetic field) and may reasonably be estimated. The plasma state is thus directly related
to external discharge parameters (input power. gas influx rate).

PSI-1 model

Fig. 1 shows an axial cross-section of the device and the geometrical assumptions of the
model. '
Like in the experiment, the neutral gas (atoms or molecules) flows in through a concentric hole
in the cathode bottom and is pumped in the target chamber and the differential pumping stage
according to given pumping efficiencies. Under steady-state conditions (which are considered
here). both, the net influx and the pumping rates are equal.

The B2 calculations] grid is defined by the magnetic flux surfaces and its orthogonals and
incloses axially the Whole plasma volume between the cathode bottom and the neun‘alizer plate.
As boundary conditions in the radial direction the decay length (z\ = 1cm) of the ion densities, the
electron and ion temperatures and the parallel velocities are prescribed; in the parallel direction
(neutralizer plate, outer anode surface, cathode bottom) Bohm conditions are used.
The anomalous radial transport is described by the transport coefficients: D,- = 0.5m2/s (ion
diffusion), Ke’i/ne'.‘ = 1.0m2/s (heat conduction), ng/mm; = 0.2m2/s (viscosity).
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In order to simplify the boundary conditions, the inner anode surface is assumed to be
identical with a magnetic flux surface (axial co-ordinate line) and the geometrical structure
of the cathode is neglected. Both approximations should hardly influence the plasma results.
particularly in the column outside the anode. 0n the other hand. the assumed electron energy
source (see Fig. 1), in this approximation; excludes parallel components of the discharge current
hitting the anode surface and is not representative, therefore. for the total discharge power.

In this paper the source will be characterized by a constant electron temperature Tamara;
in the specified region or by the corresponding energy Perm”e transfered there to the plasma
electrons. The electron temperature in the source region and the neutral gas influx rate are the
only external parameters of the model.
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‘3 Fig. 1 Fig. 2 Radial and axial plasma profiles for a D2 plasma
i Model system of the The radial profiles at the anode exit (dotted lines) are projected

plasma generator PSI-1 aloug the magnetic field lines to the target plane. The axial profiles
are along the magnetic flux surface just through the source region
(full line) and at the column axis (dashed line).

Deuterium Plasma

We consider a steady state deuterium plasma for the following parameters:

Net gas influx rate: FD, : 0.63 x 10193“1

Electron source temperature: Twourcc = 12e‘i" (Pmoum = 560W)

The total ion and energy fluxes leaving the anode exit are in this case Fm = S x 1018s”
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and Fe = 250W. The corresponding fluxes onto the neutralizer plate are Fm = 1.7 ><1{J195"1
and F, = 140W showing an enhanced ion flux due to local recycling. Some axial and radial

profiles of essential plasma parameters are given in figs. 2.

In the target plane one gets radial plasma profiles which are in good agreement with exper-
imental data (fig. 2). Comparing m in the target plane and at the anode exit one finds only a
rather small flattening of the hollow profile. The relaxation effect of radial ion diffusion along
the plasma column is largely compensated by two processes: (i) considerable ionization rates in
the outer column layers with high electron temperature and (ii) near the symmetry axis. axial
ion loss to the neutralizer plate but also — in the case of a deuterium plasma — to the anode side.

In this case an axial ion flow inversion back into the anode occurs near the column axis. The
reason is a pressure gradient which is built up by “ion sources" due to radial inward diffusion
and “sinks" at the neutralizer plate and the cathode bottom. If this flow reversal is artificially
blocked or inverted by appropriate boundary conditions of the code (cf. / 1 I), a much steeper
density profile at the anode exit (n5 max Inc m, R: 5) would be required to produce a profile
like that of fig 2 for the target plane.
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2.30 1.82
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2.10 1.74

205 1.72

—5 L 200
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Fig. 3
Contour plot and arrow plot of the axial ion velocity showing flow reversal back to the anode.

1.10 '—.oe.uo .02 .04 .os .cs .10

Neutrals

The D and D2 densities have steep gradients in the anode-cathode region but rather flat
profiles in the column outside the anode due to the long mean free path of the neutrals. In
the target chamber np increases radially in inward direction while my, deceases due to the
dissociation of molecules and the action of the wall (source for molewles and sink for atoms).
The densities vary radially as 711) z (1 + 1.6) x 1017m-3 and 71172 e (2 + 1.3) x mum—3,
which roughly corresponds to an dissociation degree of 10% in the plasma column. The atom
density agrees with mesurernents with the two—photon spectroscopy but is smaller than results
obtained by passive Ha spectroscopy. This discrepancy need still to be clarified. Uncertainties
result in particular from the dissociation rates of vibrationally excited molecules.

The Du. radiation of the atoms has a clear hollow profile (as a consequence of the hollow
Te profile) with a maximum intensity of about Pa = titll/V/m3 in the target chamber.
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Argon Plasma

The experimentally achieved densities for an argon plasma are usually higher than for
deuterium. We consider here the following high—density case, but the principal results apply
also for lower densities:

Net gas influx rate: FA, z 7.8 x 10193—1

Electron source temperature: am,” 2 12eV, (Emu?ce = 25kW)

The total ion and energy fluxes out of the anode are Rm 2 1.3 x 10193—1 and Pa = 1.5kW
and onto the neutralizer plate FA,+ = 3.5 x 10193"1 and F,3 : 250W. The total radiated energy
is P,“ = 22kW, the most part being radiated between anode and cathode.

In contrast to the deuterium plasma no hollow profiles for the electron density are found
(even just outside the anode exit) and no ion flow inversion is built up. This is partly due to the
more effective radial relaxation (smaller axial velocities) and the contribution of higher charge
stages. Typical for the argon plasma is a very steep density decrease in the anode region.

In the target chamber the neutral density is nearly constant, m, z 1.0 x 1019m‘3, and
comparable with the ion density.
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Fig. 5 Radial and axial plasma profiles for an Ar plasma
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Sputtered Tungsten Atoms Investigated in
a Linear Plasma Generator

J. Steinbrink, U. Wenzei, W. Bohmeyer, G.Fussmann and the PSI—Team
Mar-Planck-Insiitut fir Plasmaphysik, EURATOM Ass, 1110117 Berlin, Germany

Introduction
High Z materials are currently tested as an alternative to carbon as a plasma facing
material [1]. Parts of the ITER divertor for instance are planned to be covered with
tungsten. These activities call for reliable measurements of eroded fluxes. Most easily
these fluxes can be determined by passive spectroscopy, provided the crucial atomic data,
i.e. S/XB values, are available. In order to determine this important coefficient, that
links the particle flux I‘ to the photon flux I by

5'
WE

particular experiments have been performed in the plasma generator PSLL

r = 4 1, (1)

The use of formula [11) is restricted to an experimental situation where the ionisation
length Am is small compared to the characteristic scale length of the plasma (for more

details see {ED In the experiment with Am : 20m v 4cm this condition was only
marginally met. For this reason it was necessary to model measured intensity profiles in

front of a tungsten target to obtain the ionisation S and the excitation rate coefficient X
separately. Since the branching ratio of the considered line is known { B m 1 taken from
[3]), the S/XB—value can be calculated

ExpBriment
A negatively biased tungsten target [1cm x , ~
lcm) was exposed to the cylindrical plasma

A _ highersndlo err;
(radius re 5cm ) in the target chamber of
the PSI-1 generator. The electron temper~
ature TP3 ranged from ZeV to 20 eV and

the electron densities ne from 6 v llillcm3
to 7 - 1012cm37 measured by a fast recipro
cating Langmuir probe The radial profile Ito-400 V

front 7 side
Figure 1: A negatively biased tungsten target was

a maximum at the plasma. rim. By plac— exposed to the stationary plasma of the PSI-I linear
generaton To obtain intensity profiles spatial scans
parallel to the y- and the z-afis with the line of szght

the plasma [see figure 1), we were able to were made

of the electron temperature tends to have

ing the target at this temperature peak of

measure the radiation of the eroded tungsten atoms up to electron temperatures of 17 eV.
Diiierent plasmas (D, He and Ar) were used to sputter the target. The target was biased
negatively (U ranging from ~35V to ~330V) to give the plasma ions a kinetic energy (above
threshold) to produce sufliciently high sputtering rates.
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To determine the S/XB value, the tungsten flux PW into the plasma has to be known.
This flux was determined by the loss of weight of the target and dividing by the exposure
time (z 1h). The reduction of target mass was typically 0.5 to ‘2 % of the total target
mass (m 2g) and could be weighed to an accuracy of Sn.
By measuring the ion flux Fm, to the tar— 10‘
get one can determine the sputtering yield
Y 2 f2}: For the difierent plasmas used
the measured sputtering yields are com~

_. 0:.

pared to results obtained with ion beam
experiments [4] in figure 2.

D Argon
O Demefium
OHBlium

sp
ut

te
rin

g
yie

ld.

With a Czerny-Turner spectrometer and
an attached multi-channel analyzer, spec»
tra from 350 to 550nm were measured in 102 103 104 105. . V
front of the target. We observed 28 neu- energy OHM Ions m e

tral tungsten lines induding the, most in— Figure 2: The obtained sputtering yields {filled
, . black) compared with results from ion beam experi—

tense line at A : 400.9nm. The lines Of ments (open grey) [.5]. x’lllfits were obtained using
sight were scanned perpendicular (z—axis) the "em“ Bahdam’iy’formula [4' -
and parallel (ymaxis) to the target surface. The intensities were calibrated with an inte»
grating sphere.
An example for an intensity profile perpendicular to the target surface (z-axis) is presented
in figure 3. Most of the tungsten atoms leave the target in the ground state and are excited
in the plasma. Within the electric sheath which can 7 depending on the bias voltage
of the target - reach up to 2mm into the

. . i , “W1?“ . 12
plasma, the electron density is very low. :3 3.06Hi 4. "“ I 203+

. . . Hm I
Consequently. the excrtation IS weak and E a08+11g$ 15942
the intensity rather small in front of the 2 ' 1, ' D5

. . 0 o _ ,
target. The decrease of 1ntens1ty further E 4.09m: '. WIMWQM 1.09m

away from the target is dominated by the E E 1;; 109V .1
_ , ii

ionisation of the neutral tungsten atoms ‘5 2mm a“ Bilgfm 5.02m
and by the divergence of the neutral flux. % 5 a .
Therefore, the decrease of the intensity °°wstanc’g‘z,mmfigmmetffifmm
includes information about the ionisation ‘

. ‘ . Figure 3: Intsnmty profiles perpendicul'ar to the tar-
length )‘ion and the absolute mtensrty 1n- get. The decrease close to the target (5 = O) is due

to the poor excitation in the electric sheath. The re—
duction of the WI intensity away from, the target is

cient. The intensity profiles parallel to the due to iom‘sm‘on of neutrals and the divergence of
the flur.

formation about the excitation rate coeffi-

target surface (y-axis) strongly depend on
the angular distribution of the tungsten atoms. Due to the radial dependence of electron

temperature. however, the determination of this distribution is not straight forward.
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Model
If we use. a simple three—dimensional model to describe the intensity profiles, we can
determine the ionisation rate coefficient 5' and the excitation rate coefficient X by fitting
to the measured profiles. In the model the 4am
following assumptions are made:

.maflsulemnl

m model with tomsaiicn
m— modal wimnul lanlsaiim

S? t

I The atoms leave the target with an

under-cosine (kidney-shaped) angu—
lar distribution f9. For such a dis-
tribution we achieved the best fit to

1a+t3

int
. i

n
ph

oto
ns

/ s
r

cm
“

s

the measured profiles. We choose a m l 2:, so
a fitting function of the type f9 : (04‘9“3 Z nmm
If C05 0 EXP (613311 tomcat”, were If is g ID K D maasuwrnam
the normalization factor and 9mm. the 2 36+” m mm'm'mmsam

U)
angle under which the flux is maxi— g 2mg
Ina}. %

E 19¢18
0 Within the electric sheath (2 < £0) E

the electron density is taken to be 0 5 1o 15 :3
yin mm

Figure 4: The modeled intensity profile fits
within the observed plasma region the measured ualues (here for an argon plasma

zero, whereas nB : const is assumed

- n5 2 3101307113 and Ta : 43V vev~ ood.
(Z > 20}. ) y g

a The atoms leave the target with the average velocity v on a. straight line (with
coordinates m9). The reduction of the neutral density it along the line 9 = const is
described by the equation %} = Egén : fi Where v is calculated by averaging over

the Thompson velocity distribution using the results from [5] to scale to the needed
parameter for tungsten.

a After the atoms have entered the plasma, the density m of all excited levels is
stationary.

The above assumptions lead to the following integral

1(5) z 1e f f (innit—j exp (v r; to) (2)
ion

for an intensity profile. The pathlength of the atoms in the electric sheath is To 2 539—).
The integration is carried out over the target surface (dF) and the line of sight ((1!)
considering the given geometric situation. The factor in front of the integral is given by

, _ 1 , 3was “renew, (3)
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it can be obtained by comparing the absolute values of the measurement with the calcu—
lated ones. The parameters 0mm and AW are varied over a large range and the squared
difference between model and measured profile is calculated . We find one single minimum
for the squared difference as a function of the parameters for all results presented. An
example for a fit is shown in figure 4. Using this method the coefficients of interest (S,A
andr%) are given by

v 1) ,‘a' FXB=WM4 _ d +=w_’ ”mar an AB commit; (4)
S = w

Tbs/\fon

The maximum error of these coefficients is dominated by the uncertainty in measuring the
electron density £30070 and by the uncertainty with respect to the angular distribution of
the neutral atoms. The latter case produces a maximum error for the ionisation length
Aim, of i20%.

Results
The experimental S/XB—values for the VVl-line ,\ = 400.9nm and the ionisation rate
coeflicients S are presented in figures 5 and 6. S/XB has a maximum value of 24 :t 8
in the given range of the electron temperature. Note that the measured ionisation rate
coefficient 5', is substantially smaller [up to a factor of eight) than predicted by the Lotz—
formula. Our values are about twice as large as the ionisation rates for Wli measured by
Montague et a1 [6]
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Figure 5: S/XB is defermmea' wot}: a maximum Figure 6: The ionisation rate coeflicient
value of 2418. is substantially smaller than predicted by the

Lam-formula and a factor of two above the mea-
sured rate coefficient for W11 (taken from [6])
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Cross-Field Diffusion by Charge Changing Collisions
G. Fussmann
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Introduction
Transport of particles and energy across the magnetic field is still a poorly understood process
in nuclear fusion research: The experimentally determined particle diffusion coefficients in such
plasmas of typically D = 0.1 - 1 mzls are more than 100 times as large as those derived from
classical theory which considers the random walk due to momentum exchanging collisions.
In this paper we consider a completely different type of transport which is caused by the
sequence of ionization and recombination. For the multiple ionized ions the transport results
from the fluttering of the gyro-radius. Most important, however, is the transport of protons
initiated by recombination.
In the past the effect of recombination on transport has been investigated only with re5pect to
charge transfer from impurity ions [1, 2], leading to very small effects. In contrast, the radiative
recombination process considered here can produce substantial diffusion coefficients in
hydrogen boundary density plasmas. In this paper we concentrate on the basic physics and
demonstrate the importance of this particular transport mechanism by discussing the density
build-up in the boundary region. A more extended description and the derivation of some of the
expressions is given in [3].

Basic transport relations
In first order the particle flux densities are proportional to the gradient of the density n and the
relation 1":«D‘\7n defines the diffusion coefficient D. It is well known that the diffusion
coefficient can be associated with a random walk process as follows:

1;D=——lv 1x 2 . ()

where f: (<Ax2>m)“2 is the average step size and v is the characteristic frequency for the
occurrence of the event causing the random walk. In a magnetized plasma the transport of the
charged particles in the perpendicular direction is then associated with a change of their gyro-
orbits and we obtain D1 = 1/2 (Ap)2 v. The gyro—radius is connected with the perpendicular
momentum pi, the magnetic field B. and the charge q according to p = pl/qB. Hence, there are
two possibilities to produce diffusion: changing either the particle momentum (classical
diffusion) or its charge,

Ion diffusion caused by fluttering of the charge state
Because the particles loose their identity (an atom may become an ion or vice versa) as a result
of a charge changing collision, only the joint ambipolar transport of all particles according to

ZN ZN
I: = —-DVn with n : 2/12; and D = 202 (2)

2:] 2:!

is defined in general. The partial coefficients DZ describe the diffusion due to the fluttering
between two neighbouring charge states. With the fractional abundancies fZ = nZ/E 112 and the
collision rates for ionization and recombination (v“’“, v‘") they are obtained to

1 ~" rec 1 2 ion 2 Mr I'MDz = 5(Apz»>Z—t JsVz +:(ApzmI->z) f2-1Vz-I: m<fzvz + fZ~l~i) (3)
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These diffusion coefficients are generally yery small [3]. Even for high energetic (it-particles the
typical values are as small as D2 :10‘3 m‘/s. Clearly, the case Z = 1 needs a special treatment
Since pO ~> Do .

Recombinative induced diffusion in hydrogen
According to Eq. (3) this diffusion coefficient consists of two parts

I 2 [an 1 m
D]: Eli] fovo +§Zl2flvl (4)

The first term describes the diffusion of the neutrals on account of ionization, Le. shift by a
gyro-radius (l0 : pl). It is negligible compared to the second term which describes the transport
of the particles while they are in atomic state.

I 2 2
D1=—2~<vi Tia”) "rec (5)

With <vf> = Ti/mi, “210? = 2/(nESm) 2 and vrec = ne Sm we obtain
T‘ fl Srec 7i - 'D =4 —T =~—~—F T 6

1 mg ”8 SE»: mine ( ”J ( D

where 5m = <omnv=>c and Sm = <6,“ ve>e are the rate coefficrents for ionization and
recombination and the fractional abundancies are given by ionization equilibrium f0 = n0/(n0+n,)
= vm/(v + v ) and fl = nr/(UOWI) = \im/(vm + vim).rec ion

Inclusion of charge exchange collisions
CX-collisions will reduce the transport coefficients because they introduce additional changes of
direction of the atoms. A more detailed analysis [3] shows that the average square length is to
be replaced by 1'02 = (2 T‘I’IIli)/((Vu+\'iw) Via“) yielding

I 1 a 'r. 5Cl _ 1 l we (7)

° —;(nS. +n.s )‘ ' =m—,-S- (nS +n.S )’
E mil 1 CK Arm 9 10!! l (”X

where we have distinguished between the fully neutral (1°0 : l) and fully ionized case (fi = 1).

Results
The rate coefficients for hydrogen and the resulting diffusion coefficient DI are shown in the
Figs. 1 and 2 as function of temperature (T = Ta 2 Ti).

Fig. I: The rate coefi‘icients
for hydrogen as a function of
temperature.

The reduction due the charge
exchange effect is seen to be
important for the low and high
temperature range. Note,
however, that even with the ox—
effect included the recom-

T[eV] binative induced coefficient
1C 10. mg, may 10000, Df’ is much larger compared to

the classical one.
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Edge profiles and fluxes
To elucidate the diffusion process discussed before we analyze in the following the plasma
build-up in the edge region by means of the continuity equations for electrons and neutrals

an; Elli =
“8‘; = _V 4 is + ”allusion “ ”35,“; a? —V ' i:0 _ nenosion + "Esra: ‘ (8)

Adding the two equations yields for the stationary state with 100% recycling

i + to = o. (9)

Assuming anomalous transport for the electrons (with Dan = const.) and our previous result for
the neutral fluxes (eq. (7)), the latter equation reads with rtJ = nE

an, Bng_ #4.“ ...—=0 10
Dear “ax ' (l

where D0 is proportional to nc'l. For T = const, this equation can be integrated and solved for
the neutral density

2

no: Dan M1" lie" Jar—um, (11)
21)“ ‘ n”, Sm ’

which is an extension of the expression given in [4]. By putting this into the first one of
equations (8) We obtain ‘

d2 ‘)Dr"¢§1”=—nenosm+n;sw=e. (12)
Here Qo is the effective source of the neutrals. With y = name” 51 and y = 2 Sta/Sion DWI!)an 2:
2 Dlw/Da,‘ and the scale length 7L = (4 DOM/Si n )”2 this is written asrun a,»

22 l d y _7 aw —y[(1—y2>+7]+yy1 =-y(1—yZJ-7y(l-.v) (13)

We notice that the term induced by recombination (y) is also an effective sink for the neutrals
(caused by a flux in the ion—electron channel) which is compensated by an enhanced recycling
influx. Multiplying eq‘ (13) with dy/clf; where i: X/lt allows a second integration
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ctr 1 2 (H230 . , 'y (1_v2)(1+2,,3w: 1— 1 ~ : 1_ -%,
d5 ( _V )\ +3y(1+y)2 ( y )+ 3 (1+)’)2 (14)

which tells as that the slope of the density and hence the net fluxes, and finally the density
profile proper de end only weakly upon recombination. With 7 = 0 we get the approximate
profile y = tanh( ). There is, however, the problem that the net fluxes do not represent the
directed ion and neutral fluxes which are of particular interest at the target boundary x : 0. We
can determine these fluxes by integrating the recombinative part of the neutral source Q0. 2 —2
3? Dan 7 y(1~y) = 4 Dyllt2 yt lay) over the edge region

m:-—i;ax=39J~Ei&1j:y(1—yldé=50'—im lrfwdy=flz~fllll~y+logfll+yflzfl
J i: .“ y

(15)
yielding a flux at the target of Fo*(0) = 1.24 Dimnwllt. This flux is actually the opposite one that
we estimated in the last section for the ions. According to eq. (2) we expect an ion flux of F, = —
Dane/3x = —D,mn lit y‘lcly/dt“= = — DlwflW/K (l~y3)/y which diverges at x = 0 because the
assumption (0 << Threaks down, ie. the produced neutrals reach the target before becoming
ionized again. It is therefore reasonable to use the edge diffusion coefficient D1: Di... yielding

,* z - Dhanem/l (l—yz). In Fig. 3 the three expressions for the fluxes are compared.
In conclusion, the anomalous plasma outflow I":m = - Dan and/Bx is enhanced by recombination
and additional fluxes of order Dream ant/ax are produced. Indications for the concomitant

enhancement of the impurity
influxes are found in detached
ASDEX—Upgradc diseharges
(see D. Hildebrandt et al., this
conference).

Fig. 3: Comparison of the
recombinative induced flux
relations I?“ (dashed),

-T,*(solid), and J", (dotted).

Summary
The perpendicular diffusion coefficient associated with the recombination of ions into atomic
state can be expressed as D, : FO‘QTp‘n-ri me; it is thus independent of the magnetic field and
inverse proportional to density and ion mass. Its temperature dependence is determined by the
rate coefficients for ionization, recombination and charge exchange.
We find that the diffusion coefficient attributed to these processes is much larger than the
classical one over the Whole temperature range (1 eV < T < 10 keV) if the density is below
1020 nr3 and B > 2 T. This perhaps surprising result is a consequence of the large atomic step
sizes compared to the small gyro—radii.
Of practical importance is this recombinative induced diffusion in the cooler edge regions of
tokamaks and stellarators wherein particular the chemical sputtering rates may be increased by
the enhanced outflow. In general, this cross~tield transport mechanism is assumed to prevail for
many magnetized plasmas of sufficiently low density (116 < 1018 m3).
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Time Evolution and Bifurcation of Temperature Profiles
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Introduction. Multiple stationary solutions of the one-dimensional heat conduction
equation and bifurcation phenomena are known to be caused by the non—monotonic de-
pendence of the impurity radiation function on the temperature [1], and the non-linearity
of the heat flux in the high—recycling regime in front of the divertor target plates [2]. In
this paper we report on bifurcation and time evolution of temperature profiles owing to
localized heat sources and energy loss due to impurity radiation which are described by
simple Gaussian model functions. The main result is that in dependence on the impurity
density there may exist one7 two or three stationary profiles. A linear stability analysis of
stationary temperature profiles leads to a. Schrodinger-type equation for the temperature
perturbation. The solution of this equation shows that one of three temperature profiles
is unstable. Finaly the fully time-dependent problem is solved.
Problem. Solutions to the following problem for the time dependent one—dimensional
diffusion equation for the temperature T(:~:, t) are considered:

263—1; = reg—{Mm — no. a: e X==[0.1],16[0,oo) (I)
T(a:,0) 2—" T1(x)(a); T(0,t) = co, T(1,t) = c1 (11) (2)

T1 is a given function characterizing the initial condition (2a); (2b) represents a simple
Dirichlet boundary (2) condition with the constants 00,]. It is the constant heat conduc-
tivity. The localized heat source function 3(a) and temperature dependent radiation loss
function q(T) are assumed to be given by the simple Gaussian model expressions:

_ $x)2 (T w flu-)2]
5(17) 2: fsexp [_{iK'—— Ag (3)

a
l . q(T) := fqexp [-

where the fM denote the strengths of the sources, 3:", 7" their localization and AM their
Widths. Dimesionless quantities are used in what follows.
Stationary solution and bifurcation. Bifurcation of steady solutions Told?) are consid-
ered. In order to elucidate its mechanism we analyse the simplified case A, >> 1 of a
nearly constant source function (s 2 fa)- Then the steady solution of (1) is implicitly
given by

[Wm-sf; + 9(m-wm)</.§+fll ‘Hfi—T ‘4)
9(T) '= 3"“i ” Aqerf Tmu _. Tl 7' := “To— 7'01 i= CM (13- iii—-

”Ag , Tmaa' ’ I Tm” fiTmnz
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Tm“ 5 Town‘“) follows by inserting 7' : Tl, :r = 1. (0(a) — step function, erf(.v) ~ error
function). Its dependence on the parameters K, fq‘a, T‘, m“, A“ shows that the solution is
not unique, in the sense that l, ‘2 or 3 values mayexist. Assuming K = 0.5, A, = 0.1. T“ =
1. this multiple Valuedness is demonstrated in Fig. 1 for different parameters, where the
high- and low—temperature bifurcation points (Tflfllr, fqll‘l), (115,32, ff”) are determined by
the relation dTmux/dfqlféhl‘fyl = 00 appearing above a threshold value f“)... (Fig 1a).
Stationary temperature and radiation profiles are displayed in Fig. 2. The larger the
maximum temperature the more the radiation is shifted to the boundary,
Stability analysis. Suppose that the boundary value problem (2b) to eq. (1) has
the steady solution T = Tg(x); its stability will now be investigated. Expressing T =
T0($) + 6T(:r,, t), and linearizing eq. (1) with respect to the small perturbation 6T, leads
to the Schrédinger—like equation

6 -2
wdT z ACE—>67“ — q'(TD)5T, q'(T) ' dat 6:52 .= EfflT). 6T 2 D at 9: = G, 1. (5)

where no) plays the role of the effective potential. Taking normal modes of the form
6T 2 T(3:)e"”, the eigenvalue problem

”I“ ~ - -”W + [A ~ «(at T = 0. Tm) = mm) = o (6)
results. Since the operatom are Hermitian, the eigenvalue is real and can be found by a
minimisation procedure

n y; dz: r0 + I; do; gramA := Min fo‘ d1 1“? , (7)

where q’ z «2(TD~T*)q(To)/Aq can change its sign and depends Hemlinearly on the radia~
tion factor fq (To = To(:c,fq)). Expanding T in harmonics of sin 711:, f’ = Znan sin(mr;r),
the dependence of /\ on fq shows that the low- and high«temperature profiles are stable
but the middletemperature branch is unstable. This is demonstrated in Fig. 3 where the
effective potential and the eigenvalues /\ as a function of fq are displayed.
Time evolution. Solutions of the fully timedependent problem (1), (2) with the initial
temperature profile

T1($) = 4:1:[1— :c)[ug + 111 sin(u97rx)] (8)

Show that in dependence of the parameters on (n=0,l,2) either the low or the high—
temperature state can be attained. This is demonstrated in Fig. 4.
Summary. In the frame of a simple time dependent one-dimensional model we have
shown that (i) bifurcation phenomena strongly depend on the parameters of the syS-
tem, especially on the impurity radiation factor fq, (ii) multiple stationary temperature
and radiation profiles may exist, (iii) in the case of three stationary states the middle-
temperature branch is unstable. (iv) solutions of the fully time—dependent problem in
dependence of the initial temperature profiles attain either the stationary low— or the
high—temperature state.
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Electric stopping in hot plasma wall interactions
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1. Introduction
Results from numerical modelling of ITER typical hot plasma divertor target interactions
[12] and from disruption simulation experiments [3] have shown that evaporated divertor
material forms a dense rather cold plasma shield which protects the target from further
excessive evaporation, For the energy deposition of the hot plasma onto the initially
unshielded solid target and later on into the plasma shield and the target behind, the energy
flux carried by the hot plasma has to be known. An electric potential formed in the cold and
hot plasma region influences the energy deposition profile, deflects the hot plasma by ExB
drift and results additionally in self compression of the plasma shield edge.

Recently an analysis of electrostatic shielding was reported for perpendicular impact
of a hot plasma onto a cold plasma shield [4]. However to prevent unlimited propagation of
cold electrons from the plasma shield into the hot plasma a reversed potential drop had to be
pestulated at the coldmhot plasma interface.

A realistic estimation on electric shielding in hot plasma wall interactions has to
include the inclined impact of the magnetized hot plasma. The analysis to be reported here
was performed for perpendicular and inclined impact of the magnetized hot plasma into the
cold dense plasma shield.

2. The problem
Perpendicular impact of the hot plasma
schematically is shown in Fig.1. The spatial
coordinate x is directed from the target to the
core (poloidal direction). The dense and rather
cold plasma shield consists of ionized target
material of density nu] and temperature Tc and
Cold electrons of the same temperature and

I ‘ density “5t with Z the average charge. The
Um I ‘3 . . cold plasma is described by the hydrodynamics

' 0’" "'5 1;: 1"" 2'" equations. The energy transfer in the plasma
Fig.1 Density distributions of hot and cold Shield. , by radian“, 1““ Plasma 6‘16nparticles. For x<l the length is given in deposition and electron heat conduction

units of 7%“ for x>l in units of 10 Tn- establishes rather constant values of Tc and Z in
most part of the plasma shield. The hot

collisionless plasma consists of electrons of temperature Th and density nm and of hydrogen
like ions of density nhi which are assumed to be mono-energetic, their energy is given as
wm=GTN G~l. The process of hot plasma interaction with the plasma shield is both electrical
(for hot electrons) and collisional stopping of the hot particles in the plasma shield. The
stopping length 7% of the hot ions is assumed to be much shorter than the electrical XE and the
hot electron stopping length it“. Moreover it is valid 113(<)t,..«?\.5«7the with In the Debye length
and 7th: comparable to the thickness of the plasma shield.

hot core—p
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A part of the hot electrons is reflected at the sheath. Those who overcome the sheath
potential continuously loose their energy till they finally approach the temperature Tc of the
cold plasma and then they join the subsystem of the collisional cold electrons.

In case of inclined impact of the hot plasma along the guiding magnetic field line the
cold electrons of the plasma shield only compensate the x-component of the electric current of
the hot electrons, its z-component (toroidal direction) is not compensated because there is no
electric charge accumulation in this direction. This arises because electrons undergoing
Coulomb collisions with ions may jump between magnetic field lines within the distance of
the electron Lannor radius. In the transverse (lateral) direction (y~direction) the plasma shield
is limited in size, thus the current in this direction is zero for cold and hot electrons separately.
The net electron flux is given as:

j. = it au- (1)
Outside of the collisional region the electric current is zero. The ion current and current loops
initiated in the core region of the hot plasma are neglected.

3. Mathematical description
For perpendicular impact in addition to the zero current condition (1’) the Poisson equation for
E=-dtp/dx is used:

dE/dx=4rte<3n, 5n=nm +ci —nhe ence (2)
together with the boundary conditions of quasiuneutrality E—>U at X—éLfiroo. The indexes L
and co denote the inner (FL) and outer (X—)+CO) side (if the sheath. The necessary requirement
forjoining together the collisional region and the sheath is the isothermal sound speed of cold
electrons at the sheath entrance: V:e(L)n((Z+1)TJm)I/2. The hot electrons Maxwellian
distributed at x=+oc because of their uncollisionality keep their Boltzmann distribution at
arbitrary x. Thus it is obtained for mix) and jbc(x):

nhu (x) = e‘“l:§g‘ fM (V)dv aenfi’ee'“k(uL — u), k(t) =1 — -;~erfc‘lmax(0.t) , (3)
he 2 e—u lLZ'VfM (05‘, =_(e/2J;) Vnteniil; exp(max(uL,u)) (4)

with uz-erp/Tm B=exp(min(0,(x—L)MM) the ‘attenuation factor’ of collisional stopping,
vm=(’.lTh/1rt,)1/2 the thermal velocity of the hot electrons, and Vm=(2e((p-tpL)/m.) I , vm
guaranties that no hot electrons are coming back from the slowing down region x<L. Density
nti(x) and flux j,,, of the mono-energetic hot ions in the sheath are obtained from the flux and
energy conservation equations as

nhi = n'fll + u/vz, jhl x nfiJti/ml. (5)

Cold electrons are descn'bed by the following hydrodynamics equation:
mevce dvcc/dx = _(Tc/ncc)dnce/dx T 8E _ me Vce/I ce (6)

with "l:cc the momentum relaxation time of cold electron—ion collisions. In the collisional region
eq (6) results in Ohm’s law ~eju=oE with o the electric conductivity. In the sheath the
pressure gradient and the collisional terms are neglected. For n“ and it is obtained:

= nsu— u/uJ‘”. u = nave. v2: = (am/me)“. (7)
Cold ions are described with an equation similar to (6) in the'rest frame, resulting in the
Boltzmann distribution: n=i=nLflexp(Z.e(tpVim/Tc).

For inclined impact a Vlasov~Polsson model is used. The Hamilton function is used
for solution of the Vlasov equation. H is given according to

2
H(t,x,z,p) = (l/Zm)[pi + (p). - B0(e/'c))()2 + (p2 m(e/c)Az(t,x)) )‘l‘ alibi), (8)
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with p the canonical momentum, X the coordinate directed perpendicularly to the vacuum
magnetic field Bo, and A: and o the magnetic and the usual electric potential.
The Maxwell equations for the y-oomponent of the magnetic field and for the z-component of
the vortex electric field generated by the net current jc have been used additionally:

any/ax : —4v:(e/c)j.. asy /at : canz jet. (9)
The distribution function of hot particles depends on the motion integral p}, and the adiabatic
invariants l and H’. l and H' are given as:

l=(t0/Tl)lii;‘$ pd, H” = Heel; Ezvzdt’ (10)
with m=eB0/nic the gyration frequency. The integration over X is carried out between the
turning points Xm, X"m of the particle’s gyration projection onto the X-axis. The integration
overt is carried out along the particle’s trajectory. The time integral in eq (10) is mainly a
function of x, what allows to introduce the effective potential (D according to

legt— l Ezvzdt’ (11)
in terms of the effective potential the expressions for the density and the flux of the hot and
the cold electrons and for accelerated at the sheath entrance remain the same as in eqs (3), (4)
and (7). Only the expression for the density of the hot ions is too lengthy to be given here.

4. Main results
The whole set of equations was solved consistently for both cases. For pependicular impact
the obtained characteristic behavior of the densities is given in Fig.1. The behavior of the
potential in the collisional region is described by the simple formula:

um) +in(i+K(1-e"t)) (12)
with the dimensionless parameters g and K where i=(L-xli’ltm and K is given as

Ks Th/Tc(z+1)e"‘L/(2‘/E./G+1¢L)>>1 (13)
Values of uL as function of the parameter G are given in Table 1. The range of validity of the
parameter G was checked by applying the Bohm criterion at u—>oo. As a result of this analysis
it was obtained that for G<0.55 the electric potential will be nonumonotonic.

The normalized distribution of the
Table l.uL(G) energy deposition of hot electrons into the

G 0.55 1 2 5 shielding layer is shown in Fig.2. The energy
UL. 0.90 0.69 0.58 05'; fractions deposited separately by electrical and

collisional stepping are 11% for collisional
1a stopping, 80% for electrical stopping and 9% forr[—————_#«—— . 7 _ _

l the stopping of hot tons (for the case G~l, Z—-6,
. mTtc=102,(m./me) ‘ =70).Normallzed energy depusflioncu

othmalactmnslnlhnlactdc For inclined impact the analysis was
potonllal stapnlng raglan07

performed for the sheath and the ion subsheath
region. The calculated distributions of electron and
ion densities and of effective potential are sown in

dO
d

A

g0 02 04 05 05 to Fig.3 for the sheath and in Fig. 4 for the ion sub-
‘ ,[ ammo) ‘ sheath. The behavior of the effective potential is

Fig.2 rather close to that one for perpendicular impact if
the spatial coordinate is shortened by the factor

sincr. with or the inclination angle, The potential in the ion subshcath changes only slightly in
contrast to the traditional subsheath problem [5] where the main potential drop occurs in the
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subsheath. For inclined impact hot ions cannot be absorbed irnxnedately by the cold plasma
because their stopping range 7th, is much larger than their full path of immersion into the cold
plasma. Thus their density doesn't decrease significantly in the ion subsheath region. The
Bohrn criterion is valid if GL=Gsinn>1.75 with n the pitch-angle of the monoenergetic hot
ions at x=oo. To fulfill this condition acceleration of the hot ions in the magnetic presheath is
required [6],

121i Langmuir sheath G[1:73 1'2 lon sub-sheath

' .. 0.5—
o = 2 Lite)

on 73 __o__ a014 ”L “(5)

010m

Fig.3 Fig.4
5. Discussion and conclusions

From the quasineutrality equation 6n=0 it follows that the effective potential (13 is
constant in the transition region between the sheath and the hot core. Hence it follows from eq
(11) that the potential at1t) changes significantly in this region Le. a strong electric field
E =6¢lax arises which causes an E><B drift of the'mourning hot plasma 1n the y--direction The
drift velocity vd given as c‘Ex/B0 is about 1 5 x 10' cm/s

The increase of thex magnetic pressure gradient caused by B could 1esult in a sell-
compression of the plasma shield edge. After the time t[us]~30(TJl OOcV2I B reaches a value
which 15 comparable to the cold plasma pressure. thus becoming a substantial feature of the
cold plasma expansion. If the temperature of the cold plasma is less than ~102 eV this time
becomes much smaller than the characteristic disruption time. Therefore the dynamics of the
cold plasma shield is influenced by the time evolution of By. A substantial part of the
incoming energy is spent for the generation of By.

A more detailed description of electrical stopping should analyse the Knudsen layer
between the collisional region and the sheath with the aim to describe the escaping of the
cold‘run—away’ electrons. Additionally reflection of hot electrons from the electrical barrier in
the collisional region should be considered In this case the inclined motion of hot electrons
with respect to the guiding magnetic field has to be taken into account. The Coulomb stepping
of hot electrons should be described by using the Boltzmann kinetic equation. Moreover the
shock wave dynamics of the self-compression of the edge of the shielding layer by the
magnetic field By and the dynamics of the EXB drift of the hot plasma should be studied in
detail.
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Abstract

Measurements of the power distribution of a 140 GHz gyrotron beam have been performed by

recording the temperature profiles on a target plate by an infrared camera. On the basis of these

measurements, a reconstruction of the phase distribution of the beam has been performed using

an iterative technique. From the knowledge of the complete electric field distribution. phase—

correcting mirrors have been designed in order to couple the beam to an HE“ mode in an

oversized corrugated waveguide.

Introduction

At the stellarator experiment W7-AS of IPP Garching new gyrotrons operating at 140 GHz with

an output power of 0.5 MW and a pulse length of up to 2 s have been installed. In these tubes the

output power is coupled through a laterally mounted single disc boron nitride window which is

circmnferentially cooled. In order to reduce the thermal stress of this window during long pulse

operation these gyrotrons have special mirrors inside the tube to produce a flattened power

profile instead of a profile peaked in the centre of the window. This means that the emitted beam

contains not only the fundamental free-space mode (Gaussian beam, TEMOO) but also higher

order free-space modes. 'I’hese modes are not useful for further transmission of the millimetre

wave power in a corrugated waveguide system. To get optimum coupling to the HE“ mode of a

corrugated waveguide. a transformation of the gyrotron output with two phase-correcting mirrors

to a single—mode beam (fundamental Gaussian beam) is necessary. To calculate the surface of

these mirrors, the amplitude and phase profiles of the output beams of the gyrotrons are required.

Experimental set-up

Figure 1 shows the experimental set-up for the measurement. A PVC-plate has been used as

microwave target for the temperature measurement. This PVC-plate has a corrugated surface in

order to minimise reflections back to the gyrotron. Four light emitting diodes serve as markers

for the alignment of the pictures to each other and to be able to rectify the pictures from the
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oblique view of the camera. Since the microwave absorption of PVC depends on temperature, a

calibration is required. The measurements of the beam profiles focussing
mirror

have been performed with a PtSi focal plane array camera with

a thermal resolution of 0.1 DC and a spatial resolution of the to?

order of 0.5 mm. The images have been recorded digitally (244 1 ELM?

x 320 pink, 12 bit). A typical gyrotron pulse with a reduced ”3mm”
Poll-plate

power of 200 kW and a length of 9 ms heats the target plate up

to a maximum temperature of 70 0C. Thermal convection and

cooling down of the target can be neglected during the frame

time of the camera of 40ms. The transmitted power of the

gyrotron beam has been absorbed in a dummy load. At the end

of the measurement procedure a series of 8 thermal images

taken at different distances 2 from the gyrotron window were

available for reconstruction of the phase and amplitude

distribution of the beam (see Fig. 2).

temperature (”C)
= . -- 79.
n ; I: ;

Wrotmn- I . -- g3.
ndow = . .. 5.

u j I: :
lcrowave =3§EI '

g 7: -- I
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u : .— 53:8
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1:0 241 296 470 605 755 935 1085 1243 2(mm)

Fig. 2: Temperature profiles of the PVC-target, measured at different distancesfrom the gyrotron window

Phase reconstruction

The reconstruction of the phase on the basis of the amplitude distribution at two different cross

sections is possible with an iteration algorithm [1,2]. This algorithm is schematically shown in

Fig. 3. A
The amplitude distributions IE1(x,y)12 at z] and |E2(x,y)l2 at 22 are given by measurements. Ex is

multiplied with a complex phasor, u1 = Elem' , which is arbitrary in the first step, and the free
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space prepagation of this field to z = 22 is calculated, resulting in h2 = Elem . Replacing E by

propagation in Ireespace the measured amplitude E2 (u2 =E2ei'“) and
"' x 2:22-- ‘

calculating the free—space propagation back to 21

yields n] 217316“. This procedure is repeated
several times, In each step one combines the phase

factor with the measured amplitude pattern and

neglects the calculated amplitude pattern. The

convergence is defined by means of a matching

qfl: 6" propagation
VI. hm free space’

__-

coe iotcntm — “Eklzdx dy-iiEkizdxdy .

Fig. 3: Phase Reconstruction algorithm A typical value for 11;.» of 97-98 % is achieved.
Figure 4 Show the comparison of two measured amplitude distributions with the corresponding
patterns resulting from the reconstruction.

2:605mm z=1085mm A 'e I _
measurement reconstruction measurement reconstruction _mp':“; “few“

»-» " ' '"'12:: ~13_“ 1.2 -- 1.4u .0 -- 1.2are; 0.8 -- 1.0
. 82 -- 53

0.2 -- .4fl __ 0.2

Fig. 4: Comparison ofrwo measured amplitude distributions with the corresponding patterns resulting from the
beam reconstruction

Design of the matching mirrors

The reconstruction algorithm has been also used to find the distribution of phase shift for the two
matching mirrors with given field at the position of the first min-or and the wanted field ('l‘EMoo)

at the position of the waveguide input after the second minor. From the phase (p(x,y) the mirror
surface zlx.,y) is given by

J. 1 . yzminor(x’y) " 47E ' (305(0) .Q(h,flos(a)]

where a is the angle of incident. To get a smooth surface without steps it is possible to add

multiples of 27:. Since the amplitude measurement is not perfect and since we work in two

dimensions it can happen that the reconstruction leads to a continuous complex phase factor that
can not be transformed to a real continuous phase shift. This may lead to steps which cannot be

.
._

__
_.

._
._

.
_

_
-4
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smoothed afterwards, However, by filtering of high Fourier components during the free space
propagation it is pOSSible to avoid these steps.

87 mm

Fig. 5a: Surface afphase correcting mirror MI Fig. 5b: Bum pattern a: the
waveguide entrance

Results

Since the measured temperature pattern is changing its structure with increasing distance 2 from

the output window due to enhanced divergence of the higher order modes it is most

advantageous to evaluate pictures taken as Close as possible to the window flange. The

calculations showed that the Gaussian content of the gyrotron output beam is 78 %, this value

has been theoretically increased up to 96 % with the technique described above. Figure 5a shows

the contour of the first phase correcting mirror installed in the system. The burn pattern at the

entrance of the corrugated waveguide is given and in Fig. 51). Up to now the system has been

tested with a power of up to 680 kW and a pulse length of up to 2 s with 500 kW using mirrors

designed on the basis of these measurements by the Institute of Applied Physics, Nizhny

Novgorod.

Summary

Thermographic measurements with high dynamic range allow a precise reconstruction of the

complex field of a gyrotron beam. Based on this field, mirrors have been designed to convert the

multi—mode output beam to a nearly Gaussian mode.
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RESPONSE OF THE ELECTRON DISTRIBUTION
TO MODULATED HEATING

V. Krivenski
Asaciacio’n EURATOM/CIEMAT para Fusién, CIEMAT, Madrid

The reaction of the plasma to a variation in the strength, or nature, of the external forces
acting upon it, is a major source of insight into the microscopic plasma dynamics. As such. it
has been the object of a good deal of measurements and calculations. Focusing on the electron
component, and on regimes where the electrons are weakly coupled to the ions, both the
macroscopic response to the modulation of the RF power, and the microscopic transient
response to an abrupt modification in the RF power level have been measured and analyzed
(see, e.g., Refs. 1—4).

This paper reports on the establishment of petiodic-in—time, non-thermal distribution
functions, when the RF modulation frequency is of the order of the collision frequency of the
resonant electrons.

In this regime one may assume radial transport to be negligible, and can focus on the
dynamics of the electron distribution function resulting from quasilinear and collisional effects.
We find that, for finite power-levels ECRH, non-thermal features appear in the tail of the
electron distribution, the amplitude of which is periodic, but, in general, out of phase with the
RF modulation, the phase-delay being a function of the electrons energy.

The paper considers only the dynamics of the tail of the distribution. One can argue,
however, that under certain conditions similar features can 3.150 appear in the bulk of
distribution function. when ECRH is modulated to perform transport studies.
1 . Kinetic Equation

In order to get a qualitative understanding of the problem, it is useful to consider a
simplified kinetic equation, which just describes the quasilinear diffusion, and the collisional
drag and energy diffusion of the electrons in the tail of the distribution. Of course, the effect of
pitch—angle scattering is not negligible, and should be included when making quantitative
comparisons with experimental results, together with an accurate description of bulk collisions.

We consider the following kinetic equation: '3 f/at=(8f/Bt)EC +(af/L9t) I, with

(7= 1+u2/M.u=mecz Law/Pm):

[3i] —fl_‘;-iu1 D2!—
EC

col

at _76’7uuL 3? 7h(cu/2mc)ui' l2=const.

1 ‘9 zuDif.g.___uduy ay
and V __27rAe4 n2 .

C011 min Tail/2 '

( for w = 2(1),, ) ,
ufieconst,
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The distribution function is nonnalized according to: Joe-dun f :1. The model diffusion
coefficient is written for 2nd harmonic, X'mode heating:

dD = “771:2 exp[—(u — um)2/Au2].

The spirit of the previous approximations is to keep, as much as possible, the 1D equation
identical to the 2D kinetic equation near the resonance, u z um, where the quasilinear effects
are strongest, and to modify it near 14:0, where the distribution function is practically
Maxwellian.

In order to visualize the distribution function, we also make use of the following
“emission coefficient”: [3 = u4/72 f.

The numerical results discussed in the next section are computed using the following
parameters (temperature and density are those of Ref. 5): i

T, =220 eV,ne = 3.2m)” cm‘3,u,,,=3.9. Au=o.5,d=>d[1+o.1sin(2m/:m,d)],
2 . Sinusoidal Heating

Figure 1(a) shows the time evolution of the non-Maxwellian component of ,8, for
energies below, at, and above the maximum of the diffusion coefficient. The average power
absorbed by the tail, for r—9 on, is 0.2 W/cms, compared to 0.3 cm3 for the initial
Maxwellian distribution, i.e., we are in a weakly quasilinear regime. At higher modulation
frequencies [see Fig. 1(b)] it is apparent the decrease of the modulation amplitudes. This is
shown in more detail in Figs. 2 and 3.

Figures 1(a) and (b) show clearly the existence of phase-delays between the oscillation of
the distribution function at different energies and the modulation of the power. These delays are
computed by using the cross-correlation with the input power, and are presented in Fig. 4 as a
function of the modulation frequency. Figure 5 shows their surprisingly weak dependence on
the average input power, which is caused by strong quasilinear saturation of the absorption.
This effect is shown in detail in Figs. 6 and 7: the ramp—up of the power decreases, via
quasilinear flattening, the absorption coefficient of the tail, decreasing as a result the amplitude
of the perturbation on the tail for increasing power inputs‘(see Fig. 8), which is quite the
opposite one may have at first expected.

The numerical results suggest that the characteristic time evolution of the gradient of the
distribution function at resonant energies triggers the delays in the oscillation of the distribution
function observed at higher and lower energies, these delays being propagated by collisional
drag and diffusion mechanisms, and amplified at lower energies by stronger collisionality.
3. Conclusions .

We have showu that modulated heating - even when considered inrthe absence of
transport, as a simple local kinetic process — modifies the distribution function and bestows an
amazing time and energy structure upon it. Recently, modulation experiments performed on
TJ-IU5 have shown the existence of phase-delays in the electron cyclotron emission spectra,
increasing with the modulation frequency, that can be considered a signature of that structure.
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Comparison of reflectometry techniques for density profile
measurements in turbulent plasmas

T. Estrada, V. Zhuravlev, J. Sa’nchez, E. de la Luna and M. Frances
Asociacr'a’n Euratom-CIEMAT, 28040 Madrid. Spain.

Abstract
A two dimensional code based on the WKB approximation is used to simulate the ability of the
different reflectometry techniques to reproduce the average density profile in a turbulent I'I'ER
size plasma. Analysis is performed for Pulse Radar, Amplitude Modulation .(AM) and
Frequency Modulation (FM swept frequency) systems. The effects of turbulence with non-
perpendicular reflection and plasma rotation are analyzed.
The code has also been used to analyze the feasibility of correlation measurements. In addition
to the use of these studies for turbulence analysis, these measurements can be used as a robust
method for the determination of the signal time delay and therefore of the density profile.
Introduction
It is well known that the reflecting layer for microwave frequencies in fusion plasmas shows a
complex corrugated structure which can lead to strong interference in the reflectometer beam.
This interference causes strong amplitude oscillations and random-like phase behaviour which
difficult the density measurement. Previous work [I], simulating the reflectometer signals with

a 2»dim WKB code, has shown that the three reflectometry methods are able to produce
acceptable profiles in turbulent conditions ("frozen“ turbulence with perpendicular launching).
One of the major points of concern when comparing reflectometry techniques is trying to
evaluate the limitations that a given choice for the ITER reflectometry front end would impose.
In principle, AM and Pulse Radar systems are less affected by turbulence (time delay
measurement corresponds to a frozen plasma) but are more demanding on the waveguide
performance. FM systems can tolerate some parasitic reflections and dispersion in the
transmission line, but the measurement of the time delay is done in a (short but finite) time
interval while turbulence is evolving. In this context, it would be very useful to simulate the
operation of FM systems in conditions of non-perpendicular launching and rotating turbulent
structures (identified as a possible cause for the ”phase runaway" which can introduce
systematic errors in the profile measurement).
The knowledge of the turbulence structure is critical for modelling reflectometry measurements
because of the strong dependence of the results on the parameters of turbulence. The spatial
correlation of the reflectometry signals may be used to obtain information about these
parameters, but there are still some difficulties in the interpretation of these measurements.
Simulation results for non-perpendicular reflection and plasma rotation
Using the 2—dim WKB code [1], the phase delay and amplitude of the reflected signal are

computed as a function of the carrier frequency for a 2-dim turbulent density distribution, and
from these data the measurement of different types of reflectometers are simulated. Two

Maw-planckulnstitul lllr Plasmannvnik
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elements are considered in order to simulate the ITER conditions which could cause phase
runaway: oblique reflection and rotating turbulent structures. These calculations are performed
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Fig. 3.- Density profile for AM and FM system
for a rotating turbulent structure with 11:12.5.
Solid line: original average density profile

for the gradient zone of the ITER plasma
(R:8.l4 m, 2122.8 m): with n;—;(0)=1014 cm'3
and Bo: 5 T (frequency sweep: 105-165 GHz
for the X-mode), the average poloidal
wavelength of the turbulent structure, 1,9. is 6
cm and its amplitude, f1, is constant along the
radius (ii/n raises to the periphery).
As a first study, oblique reflection on a static
plasma has been considered with a moderate
turbulence level (1.5 % (rrns) of the central

density). In addition to the possible higher
level of interference in oblique reflection, the
effect of refraction could be also a source of
error when using 1-dim reconstruction
algorithm. Angles of horn axes are tilted from
the position of normal reflection to 3°, 6° and
9”. Fig. 1 shows the error in the reconstructed
density profile for the case of the Pulse Radar
reflectometer. Errors of the order of 1.5 cm are
found for all the analyzed reflectometry
techniques with no significant dependence on
the angle of tilting.
In order to perform simulations with rotating
plasmas we have chosen the parameter ”V" as
relative speed, being the number of turbulence
wavelengths passing in front of the antenna
during the (linear) sweep time. For example,

v=2.5 corresponds to a sweep rate of 4
GHz/tts and 200 kHz turbulence. The results

of the simulations with an antenna tilt of 5° for
FM technique with FF? analysis are shown on
Fig. 2. For small values of the parameter v the

the

reconstructed density profile. With increasing v
effect of the rotation is small in

the systematic error increases reaching

unacceptable levels. Opposite direction of rotation leads to the inversion of the error. The same

calculations for the AM reflectometer do not show such errors (see Fig. 3). This result could be
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expected being the AM an instantaneous measurement of the time delay (with the three spectral
components reflecting simultaneously in the plasma).
Simulation of correlation measurements
Simulated rotating plasma reflection layers, separated in radial direction, are used to generate
reflectometer signals for each incident frequency. Simulation results compare cases with
different perturbation parameters: 1.9 = 1—6 cm and film = 2~16 %, with a radial correlation
length of the order of 1 cm. The beam size at the reflecting layer is abOut 2-3 cm and the
frequencies are 75-77 GHz with O-mode propagation and perpendicular launching.

1 In the cases of long he (longer than the beam
‘ . W , . i . —0— K :33e . .. .\......... x‘tl 5cm Size) and low_nln, 2-dim effects are very weak

a 9— ' . . .0‘8 f. g and the phase fluctuations are Similar to the
E 0.6 h, M _. denstty fluctuations. For shorter he and iugher
E . xxx“. . fi/n, destructive interference effects become

' 'xx“ . .'50-“ ' ‘x‘e‘m: x x 7 stronger: Simultaneous reflection from
_ x1 ‘ . “K ‘ . . -0‘2 ‘_ x “ Vac-“xix“ _ different polordal pomts takes place and the
I LEM”, WWW" _ phase variations do not follow the density

0 i l I i i l l l l l i i I n ' - I '

0 0.1 0.2 0.3 0.4 fluctuations. Fig. 4 displays the comparison
Arm“) b ak d 2d' ff -' hFig. 4— Radial correlation of the phase fluctuations etween we an Strong ' 1m 6 ecm' m t e

for two cases with 11:3 and 1.5 cm (FW=8 9%.). first case the radial correlation of the phase is
l' ' : ' lat' d ' , .south“ radwmm to" 0mg MSW comparable to the radial correlation of the

density but it drops faster as the interference effects become stronger. As a consequence. using
the phase signals, big errors should appear in the determination of the radial correlation length.
The radial correlation of the amplitude of the reflected signals is very close to the correlation of

i_ .1 . . . .. . . . . .. .. thedensityonlywhenMandthebeamsizeat
0 8 Z_ a 6‘ E X X _. the reflecting layer are of the same order.

3 ‘ : o O : x xM Under these conditions the poloiclal structure
g 0-.6 j 0 0 o E 2 g g :3 x x x ‘ of the cut-off layer acts like a lens: focusing
€04 -_ A =Scm 0°05 .: the reflected beam when the layer has a
“ 5:361“ concave shape and vice versa. As a result the

0'2 E” x 12:15am 7 amplitude presents maxima associated with the
00 - 0|.1' . . -0<'2 . . ‘0,L3 . A4014 minima in the density fluctuations. The

Ar (cm) behaviour of the amplitude is different when
Fig. 5.- Correlation of the amplitude of reflected
signal for difierent perturbation wavelengths. ' ‘ _ .
Solid line: radial correlation 0mg density longer is the amplitude in average is higher

and is almost independent of the density
fluctuations and for shorter he the amplitude falls due to destructive interference effects (except

for very low density fluctuation levels: fi/n S 2%). In both cases the radial correlation of the
amplitude drops faster than the radial correlation of the density. In Fig. 5 the radial correlation
of the amplitude for filn=8 % and different he (5, 3 and 1.5 cm) is displayed.

19 is shorter or longer than the beam size. For



1836

To properly measure the radial correlation with a two channel homodyne reflectometer one of
the frequencies must be swept around the other one which is fixed. In this way a maxima-
minima structure in the correlation is obtained as the incident frequency is swept [2]. The
simulation results show that in case of high destructive interference the radial Correlation

between the homodyne signals is closer to the correlation of the density than the one between
the phases. This effect could be explained considering that during the time period in which the
correlation is evaluated the intervals with destructive interference have lower amplitude than
those with weak 2-dim effects and consequently their contribution to the correlation is smaller.

In this structure the distance between consecutive maxima corresponds to increments of rt in the
1 phase offset of the reflectometer as the, . ,

: ' i? incident frequency is swept, thus, the time
(18 — ’03 j delay can be derived, Even in the cases of

0 .
E 0.6 : _ strong 2—dim effects, in which the maxima
E O 4 _ A 1 in the correlation of the homodyne signal are
e ' nu . L 0 g lower than the density correlation, this time

0'2 E Z «3 delay is in very good agreement with the
0 ' . . . . z . . "'i . . i Tu" . . ' _1 time delay obtained from the unperturbed

0 0.1 0.2 0.3 0.4 . .A, (cm) densrty profile. As an example two cases
Fig.6.- Conelwian ofthe honwdyrre signalsfor with different fi/n and the same Re are
fi/n=4 and 16 % (i=3 cm) andpiwse demyfmm
the unperturbed density profile {broken line) displayed m Fig, 6 together With the COS 0f

the phase delay of the unperturbed density
profile.

Conclusions
The 2-dim WKB code, able to compute interference effects, was used for qualitative

investigation of the perturbations in reflectometry measurements induced by turbulence. The
different reflectometry techniques (AM, Pulse Radar and FM) are able to measure the density
profile in a turbulent I'I'ER size plasma with acceptable accuracy. Plasma rotation together with
nonvperpendicular reflection lead to systematic errors for the FM reflectometer. These errors
could be eliminated by extremely fast frequency sweep.
Correlation measurements using the reflectometry phase signal may provide a useful tool to
obtain information on radial correlation lengths of the turbulence only in cases in which the 2-
dim effects are weak. The time delay deduced from the radial correlation of the homodyne
signals is in very good agreement with the time delay obtained from the unperturbed density
profile. This kind of measurements can be used to obtain the density profile in turbulent
plasmas with parasitic reflections due to poor access and complicated waveguides.
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Helium beam diagnostic: a discussion of line intensity ratios
M.Brix and B.Schweer

Institut ftir Plasmaphysik, Forschungszentium Julich GmbH, EURATOM Association,
Trilateral Euregio Cluster, D-52425 Jiilich, Germany

Introduction
In the boundary plasma of TEXTOR~94, thermal helium beams are used to measure

routinely profiles of electron temperature and density with high radial and temporal resolution
(AtSlms, Ai=l.2rnm, examples are presented in [1]). Three helium lines are detected simul-
taneously: the singlet lines ll =728.1nrn, M=667.Snm and the triplet line 1.3 =706.5nrn. The
line intensity ratio King/Iota) is a strong function of Te whereas 109/10”) depends mainly on
ne(fig.1). A comparison of the line intensity ratios with the results of a collisional radiative
model (cr~mode1) allows to determine To and n, [2]. The temperature measurement is only
possible for sufficiently large electron densities ne>lO”m'3. The electron temperatures are
overestimated for smaller densitiesI because the triplet states have not yet reached their equi-
librium population density. The penetration of the beam is limited by the ionisation of the he-
lium atoms. Figure 2 shows the ionisation length of a monoenergetic helium beam penetrating
into a uniform plasma with a velocity v=l .7 hills. The radial extent of the helium line
emissions in an edge plasma depends also on the gradients of Ta and n5 (see Fig. 3 for the
'I'EXTOR—94 boundary plasma).

The quality of the derived TB and ne values depends essentially on the accuracy of the
cr-model. The aim of this report is the discussion of the cr—model and of the atomic data.

line intensity ratios ionisation length / cm
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fig. 1 line intensity ratios fig. 2 ionisation length of a helium
dashed line Te ratio 10“) I 10,3) beam penetrating into a uniform
solid line 112 ratio 10.2) / I(?t.,) plasma with vb”: 1.7 km/s
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Analysis of the collisional radiative model
The rate coefficients for electron impact excitation from the ground state to the singlet

states have a different energy dependence than those for excitation to the triplet states. There-
fore. all singlet to triplet line intensity ratios depend mainly on “l.”c [3].

Only a few line intensity ratios are a strong function of n6, c.g. 10oz) / HM) , 1(501nm)/

l(505nm). A detailed analysis of the cr—model in the Tina-range shows, that some states are
depopulated mainly by electron impact (depopulation pmportional to 11:), others are emptied
only by spontaneous emissions (depopulation independent of tie).

o 50 100 150 20 I20 , t p . go Elev A Is 1p 1D 1F 1 SS 3? 3D 3F
discharges With .
“WWW 24‘5— - r “15— ,_ __. _
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fig. 3 range of Ta and n6, where the fig. 4 level diagram of helium
helium beam diagnostic has been success- dashed arrows indicate the helium lines
fully used for the measurement of To and used for the measurement of Te and n5
n3 profiles in the boundary plasma of solid arrows indicate important rate
TEXTOR~94 coefficients between the highly excited

states

The crumodel calculates the population densities of the states with principal quantum
number r134 regarding spontaneous emissions, electron impact excitation and electron impact

ionisation [4]. The accuracy of the rate coefficients influences the population densities signifi«

cantly. First calculations have been carried out on the basis of the electron impact rate coeffi-
cients calculated (with the computer code ATOM) by Abramov et a1. [51. These calculations
made reasonable predictions for the line intensity ratios mentioned above. Nevertheless, devi—

ations occurred in some Tame-ranges and the predictioris of other {-161 line intensity ratios dis-
agreed with measurements .

Meanwhile, the accuracy of the rate coefficients for electron impact excitation from

the ground state [6] and from the metastable states [7] improved significantly . Among others,
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these rate coefficients are provided in ADAS [8]. However, the situation for the electron im-
pact excitation rate coefficient between the highly excited states is not yet satisfying. In par-
ticular. the rate coefficients for dipole allonIed excitation between two states with the same
principal quantum number play an important role for the excitation and depcpulation ( hori-
zontal arrows in tig4). Figure 5 compares the calculated values for the rate coefficient 3‘8

—3’P given by two different groups: Abramov and Vainshtein (code ATOM [9]) and
H.Surnrners (ADAS). Large deviations are typically found for TD<lOeV because the fitting
formula used in ATOM is not adequate in this range [9}. Above IOeV, the deviations are
smaller than 30%. A comparison of other rate coefficients shows deviations up to 100%.

The influence of the states with n>4 has been estimated by extending the cr-model for

the n=5 states. The necessary data for electron impact excitation from the ground and metast—
able states were found in the literature whereas some dipole allowed excitation rates had to be
calculated with ATOM [9]. The influence on the relative population densities (population
density of the excited state normalised to the ground state) of the s and p states is negligible,
the influence on the d states is less than 10%. Therefore, the states with n>4 can be neglected

for the calculation of line intensity ratios.
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8 - \ .. i_\_ -- m, helium
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.3 ' ' 5‘cu 4 ‘ '
H ll 1 I lllllll 1 lillllli 1 I 0

l 1 100 042 44 46 48
Te eV r/cm

fig. 5 comparison of the electron impact
rate coefficient 3'8 -3‘P

fig. 6 comparison of profiles
Tc and “a helium beam diagnostic
Ta and nE fast scanning probe {10]

na HCN interferometer

Measurement and Discussion
The helium lines chosen for the diagnostic at TEXTOR—94 are a good choice, because

they are sufficiently intense to measure electron temperatures and densities with high tem—
poral resolution, Usually, background line radiation does not significantly influence the
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measurement. Nevertheless, in some cases (eg. experiments with additional helium injection,
edge radiation cooling with argon) the background light has to be measured separately.

The results determined with the helium beam diagnostic were compared in a wide
Tc~n;range (fig.3) with a) T2 and no profiles measured with a fast scanning probe [10], b)

profiles and time traces of 11C measured with a thermal lithium beam and c) na profiles and
time traces measured with the HCN—interferometer (fig. 6). The results obtained with the he-
lium beam diagnostic are in good agreement (deviations less than 30%), if the line intensity
ratios are calculated on the basis of the rate coefficients provided by ADAS.

Additional HeI line intensities in the visible spectral range were measured and com-
pared with the predictions of the cr—model (based on the ADAS data). The singlet lines
lizSOljnm and h504.7nm agree within the experimental errors. the measured values for the
singlet line M92.2nm and for the triplet line 1:447i1nm are 10...30% smaller than ex-
pected. The Weak triplet line 1:471.3nm was superimposed by an impurity line. However,
the consistence comparisons do not yet cover the whole Tyne-range mentioned in fig. 3.

Conclusion
The accuracy of the method has been improved significantly by using a more accurate

set of rate coefficients.
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1. Introduction
For the first time, non~ambipolar particle flows in the SOL plasma of a closed magnetic trap

drew attention in the single-null divertor experiment on the JET tokamak [1]. Similar electric
currents were also observed in the diverted SOL plasma of the DHI—D tokamak [2]. A possible
explanation of these currents is based on thermoelectric effect [3,4], Among other driving
mechanisms mentioned are loop voltage, outward magnetic helicity transport, and the
bootstrap effect (see [2] and the references therein).

The study of electric currents in the SOL plasma is of interest for many reasons. In particular,
these currents correlate with the boundary plasma stability and L—H transitions [1,2]. The
associated potentials should be taken into account, when controlling boundary plasma stability
and divertor flow distribution by applying a bias voltage to special electrodes or divertor
plates. As an intrinsic element of the mechanism of particle and heat loss from the bulk
plasma, these currents can create an appreciable energy load on the grounded divertor plates.

In the Heliotron E heliotron/torsatron, with ”currentless” plasma production and heating
(ECH), an evidence of electric current generation in the SOL plasma (divertor plasma) has
been also obtained [5,6]. The object of this work is the search of some links (mainly
qualitative) between floating potential and electric current in the divertor plasma, on the one
hand, and characteristics of the divertor field lines and plasma heating (NBI, NBI+ECH). on
the other hand.

2. Experimental conditions
An ECH produced target plasma is supported and heated by NBI with Pm, s 3 MW and

pulse length up to 200 ms. An ECI—l pulse (typically 30 ms) with frequencies of 53 GHz
(fundamental EC frequency, generated power $0.4 MW) and of 106 GHz (2nd EC harmonic,
0.3 MW) can be imposed on NBI. Typical plasma parameters are: a, ~ (1.5—2.5)X1013 cm‘3,
Te ~ 0.5-1 keV, T,- ~ 0.3505 keV.

To study the divertor plasma, 50 collecting plates (CPs) 5x08 cm2 [5] working as electric
probes are used. 8 arrays of these plates, 6 or 7 plates in each array, are arranged poloidally on
rounded parts of the vacuum chamber (i.e., in the clearance between the helical windings) at
the distance of 1.5 cm from the wall in 4 poloidal cross-sections with the 1/8 field period
interval. The position of an array is determined by the pololdal angle 0 of its center: 90° (top),
45°, 00, 3150 (outboard side of the torus), 2700 (bottom), 225°, 180°, 135O (inboard side).
Thus, using all CP arrays, it is possible to examine plasma flows, which hit the wall in 8
segments of one field period. In the course of measurements, the floating potential of the
isolated plates, Vf, the ion saturation current to the plates (with the ~120 V bias), fs , and the
current to the grounded plates, jp ,‘are recorded.
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3. Experimental results and their discussion
Earlier [5,6] it has been already observed (in ECH conditions) that the potential V} has

different polarity, depending on (9 and position (number) of plate for a given 8 in accord
with the sign of I f, an ion or electron current jp comes to the grounded CP. As an example in
Fig. 1 shown are jp and If distributions over CPs (in fact poloidal distiibutions) at 8=00
during NBI (shaded rectangles, i = 3 MW) The CP positions are indicated by numbers
1,2,...,6 and by fat segments on the horizontal axis (ii-axis), Also, the calculated dependence
on 8 of the connection length L for open field lines, with the statting points of calculation
(0,50 is the step) laying on the line of CP disposition, is drawn in Fig.1. The families of field
line sections starting from CPs in the toroidal magnetic field B direction and oppositely are
indicated as A and B, respectively. The locations of measured maxima of the divertor flows
(current jg) correspond to the calculated locations of L manima it follows from Fig. 1 that the
positions of the b'pl maxima also are close to those of the L maxima. fhe maximum values of
the current ]p (tens mA/crnv) are comparable Withj5

In relatively simple conditions (NBI, a low injection power Pinf x 0.7 MW, the injection
angle is 62°, a single inlet is positioned nearly toroidally symmetric about CPS), a periodicity
is observed in behaviour of the jp and Eymaxima variations with G) on the top: bottom and
outboard sides of the torus (Fig. 2). With this, the Vfl'é?) and 1,48) variations along the field
lines belonging to different families (A or B) are in antiphase. '

To set a link between the Fig. 2 dependencies and the characteristics of the longest diveitor
field lines (L22 In), some calculated parameters of these field lines are presented in Fig. 3: the
azimutal positions of starting points (P2, P3, P5, P6) and ends (and), the numbers M and N of
field periods and poloidal turns, respectively, passed by the field lines (MN for 9, it??? for
+, M<0 for the B direction, N>O for counterclockwise rotation). The signs i indicate the If}
and jp polarity, according to Fig.2. It follows from Fig. 2 and Fig. 3 juxtaposition that under
conditions considered the observed periodicity of 15(8) and 5(0) variations results from the
combination of 3 factors: (1) a specific symmetry of divertor field line trajectories in a
heliotron (symmetry of poioidal positions of starting points and ends about the midplane for
field line bundles traversing in A and B directions); (2) the location of the heating source
almost toroidally symmetric about CPs; (3) a constancy in the character of poloidal
distribution of SOL plasma potential along the torus (the potential of the upper part is
everywhere higher than the potential of the lower part). Basing on thermoelectric effect and
the formulae (12,17) in [4], an 1.2-1.5 excess of the SOL plasma temperature in the higher
part over that of the lower part might be a possible reason for the deduced nonuuriiforrnity in
poloidal distribution of SOL plasma potential.

When going from the NBI source with the inlet being almost toroidally symmetric about
CPs, to an NBI source of comparable injection power (0.5 MW) but located nearer to CPs on
the side B, then those WO) (and jp(®)) variations undergo larger changes, which are
measured along the field lines coming from the side B (Fig. 4).

Comparing the changes, which PKG) variations undergo with transition from the oblique
NBI (62°, :1) to (1) pure perpendicular NBl (90°, perpendicular ion energy increase, 3 Fig.4)
or to (2) oblique NBI + ECI—i combination (perpendicular electron energy increase, ®, Fig. 5),
we see that these changes occur in opposite directions. This could be considered as an
evidence of trapped particle species effect on potential and electric current distributions in the
SOL plasma. In contrast to the oblique NBI only case (Fig. 2), in the Fig. 4 and Fig. 5 cases a
trend can be observed to formation of SOL plasma regions with alternating directions of the
poloidal electric field E3 within one field period,
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Qualitatively, the effect of heating power on [6(9) (and jp(®)) variations is made clear by
Fig. 6, where the V,(E)) dependencies are compared, as measured in the cases of (1) low power
NBI (PW = 0.7 MW), (2) low power NBI + ECH (0.56 MW generated power), and (3) high
power NBI (Phil 2 2 MW). Contrary to the low power NBI cases (Figs 2,4), with transition to
the high power NBI, the changes in 16(6)) variations occur in the same directions as in the case
of ECH imposed on NBI (Fig. 5). The addition of 056 MW ECH results in stronger changes
of Iffand jp than the NBI power rise to 2 MW. Presumably, this can be associated with an
essentially collisional character of thermoelectric effect and a stronger influence of ECH on
the electron temperature in SOL.

[1] HARBOUR, P.J., et 3.1., J. Nucl. Mater. 162-164 (1989) 236.
[2] SHAFFER, M.I., LEIKIND, B.I.. Nucl. Fusion 31 (1991) 1750.
[3] HARBOUR, P.J,, Contrib. Plasma Phys. 28 (1988) 417,
[4] STAEBLER, J.M., HJNTON, F.L., Nucl. Fusion 29 (1989) 1820.
[5] MIZUUCHI, T., et al., in Controlled Fusion and Plasma Physics (Proc.
' 18th EPS Conf, Berlin, 1991), Vol. 15B, P. 111, EPS, Geneva (1995) 111-65.
[6] ZUSH], H., et 511., Paper presented at LAEA TCM on H-Mode Physics -

5th Workshop on H—Mode Physics, Princeton(1995).
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DOMINANT ION HEATING SCENARIOS AND TWO ION
HYBRID RESONANCE SCENARIOS IN ITER

V.Vdovin, RNC Kurchatov Institute, Moscow
A.Fukuya.ma, Okayama university, Japan

T.Watari, National Institute of Fusion Studies, Nagoya, Japan
Abstract. In the work we propose and validate with full wave code [ l ] scenario for a
reactor grade plasma: "heavy" minority rTritium fundamental harmonic RF heating
with outside of magnetic axis displaced IC resonance. With that IC resonance
displacement the D-T ion hybrid resonance is out of plasma. Transport calculations
have shown new operational scenario for the ITER with Hot lon mode, possessing a
reliable burn control, easy satisfaction to Greenwald density limit and more 100 MW
of Alphas power help for L—H transition in ITER plasma. Usual second tritium
harmonic can also deposit up to 80% of RF power to ions again with outside
displaced IC resonance In another regimes with some higher frequency the D—T
hybrid resonance provides possibility off axis well localized driven current drive
density control.

In present ITER design [ 2 ] it is expected to have in burning plasma 944% of He
ash and 2% of Be9 (surface material of the first wall), so amount of tritium and

' deuterium content fT (=fD) is 33-37 %. And interesting to evaluate in driven burn
conditions the "heavy" minority heating scenario with w = co” resonance (to = cow is
not appropriate to strong Alphas absorption competition) displaced in some extent
outside of magnetic axis to eliminate from
plasma D-T hybrid resonance. Very important that Fast Waves (FW) absorption by
electrons is strongly decreased in this scenario due to small FW parallel phase velocity

to / k1,, < VT”, the decreased size plasma boundary - IC resonance layer Aa = in with

its significantly lower off axis averaged electron beta, as it is seen from optical
thickness for electron absorption:

“shimmy-51> <<1= lkfl=a//

Here<...> means space averaging over boundary ~ resonance distance.
In Fig.1 we show power deposition of 17W to the tritons at ion temperature Tie:

27 keV (TeO = no, a7: 1.0), plasma density neo=8.5 1019m-3, <ne>= 7 1019 m-3,
impurity content 9% He, 2% Be and Argon seed to keep Zeff=17 for a divertor
operation needs. Also shown are quasi poloidal FW electric field contour plots (
Abs(ReEN)). The full wave calculations have been done at ITER DDR [ 2 ] high beta
equilibrium plasma with parabolic pressure profile ( Ro= 814 cm, Bo=5.7 T,
f = 25 Mhz, Ntor=42) and real antenna configuration. In this run up to 98% of RF
power was absorbed by tritons. The code self consistently treats parallel electric
field, kinetic plasma response is described by usual "reduced order“ scheme.

The transport calculations with a dominant ion RF heating reveal new HOT ION
operational ITER regime, one example of that is given in the Table 1, showing high Q
= 20 driven burn with Palpha =300 MW in sawteething He ash and Be deluted
plasma, with a density below Greenwald's limit, The ion temperature twicely
exceeds the electron one, even without internal transport barier creation. Decrease of
RF power from 70 MW to 35 MW leads to about 200 MW of Alphas power,
providing reliable burn control.
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Fig.1a Power deposition to tritons Fégflh Poloidal electric field

Usual second Tritium harmonic can also provide up to 80% of RF power to tritium
and deuterium deposition at conditions of displacement resonance off axis outside to
the same position as in previos fundamental harmonic scenario, Power depositions to
the tritons are given in Figs.2 at frequency 50 MHz, plasma density <ne>=l 1020m“3
tritons temperature 40.5 keV (due to tail formation), deuterium one 27 keVS N=4L

It was shown that in L mode at lower plasma density 4 1019 in”3 the dominant ion
heating provides 100 — 160 MW of Alpha power help for L - H transition,
depending on transport conductivity assumptions It has occurcd that this help at
lower density only possible to realize with a broad RF power deposition to ions
(several frequencies, kn shaping, etc.)

The D~T hybrid resonance appears in ITER plasma at some higher frequencies (36 —
30 MHZ") and provides very localized RF driven current density control (for example,
near q = 1 and q = 2 surfaces) as shown in FigsS/ti Contour plots of poloidal
electric field reveal fine structure at two ion hybrid resonance region, manifesting
slow electrostatic wave excitation due to FW convertion. We stress that in this case at
a) / 1cH < V72 the first converted wave is not Ion Bernstein Wave, but kinetic
electrotastatic wave with its more larger perpendicular wave lengths Typically about
50% ofRF power is absorbed by electrons, remaining part ofRF power goes to ions.
Control runs have shown that if parallel electric field was enforced to be zero (code
permits such an option) — then RF power going to electrons approaches ~ l00% and
fine structure near D-T hybrid resonance disappears, We conclude that
selfconsistent treatment of parallel electric field of waves is a crucial element in
large scale high beta reactor plasma where electron absorption dominates in usual high
frequencies lCR ITER scenarios [ 2 ] and must be especially correctly treated at low
frequencies



Table l.

representative ITER in driven Hot Ion mode (case Z. = 0.61.)

Volume averaged ion temperature,

Volume averaged electron temperature ‘

Volume averaged density

impurity fractions

Effective Z

Radiated power

Transport confinement time
in the run

Transport confinement time, 1;

Central ion temperature

Central electron temperature

Alpha particles power

RF power to tn'tons

Q factor

<nDT>(<Tc>DT triple product
F

35
00

0
30

00
0

25
00

0

< 12> 23 keV

< T? 12.9 keV

< n¢> 0.7x1020 In"

file, face 0.09, 0.02

Zen 1,70

Pm 82 MW

Tnm ' 4.29 Sec

OASSIE'mELM‘E‘” . 4.27 sec

Tia . 50 keV

Tco 27.5 keV

Pa 299 MW

PR; 70 MW

Q 21

+ <Ti>)rg/2 3.2x101‘m'3kev s

w =2wcT
773: 2.7" Kev
Tit/as {61/

< “a: wwmfifi
N=1r2

7 Right: averaged power
to tritons and deutons

5%

0...

§

Flg.2 Left: powerto tritons 3
at W=2WcT n
w D. 1E5 :‘ra 2E0 2'22 2H
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The computations have shown that
current drive efficiency gamma strongly
depends on equilibrium magnetic structure.
Range of values Mode Converted CD
efficiency gamma varied from 016 to
006 (in usual SI units) and more extensive
calculations must be done.
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Toroidal broadening of IC resonance [ 3 ], not treated by us, will increase ion
absorption rate furthen From other hand finite Lannor radius effects can decrease this
rate in fundamental harmonic scenario in some extent. We plan to investigate these
effects.

Referencies. l. V.Vdovin. T.Watari,A.Fukuyama, NIFS 469, £996
2. ITER Doournent Design Report, San Diego, ITER JCT, 1996
3, M.Brambilla, Physics Letters 188A, 1994
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Observation of Improved Ohmic Confinement in Highly Elongated TCV
Discharges

C.Nieswand, F.Hofmann, R.Behn, I,Fumo, J.-M.Moret. Z.A.Pietrzyk, A.Pochelon,
H.Reimerdes, H.Weisen

Centre de Recherches en Physique des Plasmas
Ecole Polytechnique Fédérale de Lausanne

Association EURATOM-Confédération Suisse
CH-1015 Lausanne, Switzerland

1 Introduction
The primary goals of the TCV tokamak are to produce plasmas with high elongation and to
investigate confinement behaviour for a variety of plasma shapes [1]. A spontaneous transi»
tion to an improved ohmic confinement regime has recently been observed in moderately
and highly elongated discharges limited by the central column. The observed features are
similar to those observed in ASDEX (IOC regime).

2 General Observations during Improved Confinement
The transition to improved confinement is characterized by a spontaneous increase of
plasma density, by about 10%. even when the external gas fuelling is reduced and a simulta-
neous increase of the electron temperature by more than 15%. Thus the total stored energy
grows and the loop voltage and consequently the ohmic heating power drop. Both effects
yield an improvement in B and the global energy confinement deduced from the equilibrium
reconstruction code and confirmed by Thomson scattering measurements. The neutron rate
and the Soft X-ray emissivity grow substantially and Zeffis only moderately increased from
1.8 to 2.2. .

Unlike ohmic ELM-free H—modes, where in general the density rises uncontrollable, this
confinement mode can be maintained for the entire current flat top of more than one second.
The plasma density saturates after the transition since the density feedback reduces the gas
fuelling. Changes in the D“ emission can be attributed to this reduction of fuelling rather
than to a change in particle transport or recycling near the edge. A slight change of the inter—
nal plasma inductance 1h modifications of density and temperature profiles and changes of
the sawtooth behaviour indicate that particle and energy transport are affected in the whole
plasma volume.

2.1 Low Plasma Current

The transition was first observed in discharges at low current and moderate elongation (240-
300kA, q95 a 5, K=l.6-l.9, 6 z 0.25, Bt = 1.43T). In these plasmas the transition occurres
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Figure 2: Electron density profile peaking
during improved confinement at low current

0,2 DJ 0.4 0.5

Figure I: Comparison of an 106' plasma (solid

lines) and a non 10C plasma (broken lines). . >
(255M, 495 g 5‘ mm, 5 = 0.28, B! 3 M32") configuration 18 fully established (see figure

during the current flat top when the plasma

1). The electron energy confinement time

deduced from Thomson scattering data increased from l6ms to 30ms after the transition.

The equilibrium reconstruction reveals higher values, For “normal” confinement the energy
confinement time saturates at high density, while plasmas with improved confinement do not
show this behaviour.
The sawtooth period grows after the transition and in a few cases the sawtooth activity disap-
pears completely. Soft X—ray tomography" does not indicate a significant change in the q=l
surface position.
The electron density profile clearly peaks after the transition, caused by an increase of the
central density whereas the edge density remains constant (figure 2). The central electron
temperature increases slightly. This indicates a small change of the current density profile
also suggested by an increase in the plasma inductance,

2.2 High Plasma Current
In highly elongated plasmas at high current (500-800kA, qgs = 2-3, K 22-25. 8 z 0.35) the
transition occurs during the shaping phase of the scenario and sometimes even before the
current flat top is reached (figure 3). Changes due to modifications of the configuration and

due to a transition are therefore difficult to distinguish. An improvement of the electron

energy confinement time from 12ms up to 20ms was observed. The highest value of B“), of
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2.9% ever achieved in TCV (as obtained 5'1“"“mama““WWIOC-mcnunel
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from purely magnetic equilibrium recon-
struction) was obtained under these condi-
tions.
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In contrast to the low current case the saw
tooth period usually shortens and strong
MHD activity often leads to minor or even
major disruptions. Analysis of the signals of
poloidal and toroidal magnetic probes sug-
gest an (n=2,rn=3) structure for the dominant
mode, which grows during a few millisec-
onds and disappears shortly before the dis~
ruption (figure 4). Presently the operational
domain of TCV at high elongation is limited
on the low current side by the vertical insta- =1
bility and on the high current side by non- """""

. . . "'3 ms 0.9 xaxisymmetric MHD actmty [2]. “mm“
Figure 3: Comparison afar: 10C plasma (solid
lines) and a non IOC plasma (broken lines).
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‘ 3.Cond§tions for 10C
Up to now improved confinement was
only observed with plasmas at elonga-
tions above 1.35. Low tfiangularity seems
to be favourable as well as a slight tilt of
the plasma. Both of these modifications
reduce the extent of the plasma—wall
interaction zone. This is consistent with
the observation that wall conditions have
a large effect on aceessibility and quality
of the imprQVed confinement mode. Betv
ter improvement in confinement and
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also favourable for H—modes in diverted TCV plasmas. A few discharges in a series of
improved confinement shots switched to H—mode!
4.Conclusions
Transitions to an improved confinement regime for limited ohmically heated plasmas have
been observed. Some of the observed features are very similar to those of the IOC regime
observed in ASDEX in diverted discharges [3]. .

TCV Data Base The Rebut~Lallia~Watlcins scaling
0M-.......... .. ,,,,,,,,,,,, . ............................. .5 vvvvvvvvv i ‘‘‘‘‘‘ _ was found to be appropriate for

» ohmic TCV discharges [4,5].
Plasmas with improved confine—

0.0I!E _,

DA’E' _

01°25“ ‘ , .. .. _ ment do not deviate from RLW-
in? » r. ,. .. .-§ 6:. scaling more than plasmas with
E ‘ -‘ ‘ i 5 “normal” confinement (figure 5).

ms»- » 2' v.3! . " ' ' " ‘ The RLW—scaling predicts the con-
om , , , *-“ - . »- ~ - finement time in the improved

m5. . , . ‘2 , .' . . . . .. . . confinementmode reasonably well
- 7 because of its strong power depen-0 i r . . K . . ;

0 0.005 Dim out 5 0.02 0.025 0.03 0 035 0,04 .
«pmlsm Ta RLW dence (P 1) and because of theU-

Figure 5; Rebuz-Luiiia-Watkim scaling for non 10C reduced ohmic heating power in
discharges (grey) and 10C disharges (black)

improved ohmic confinement.
High elongation and wall conditions with low recycling are favourable for reaching this
regime. Profile changes, changes in internal inductance and changes in the sawtooth behav-
iour suggest a global change in the current density profile.
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Nonnlocal plasma response
induced by peripheral perturbations in the RTP tokamak
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Evidence from transient transport experiments in tokarnaks suggests that the electron heat
transport cannot be adequately described in terms of a diffusivity coefficient depending only on
local plasma parameters. The non~local character of electron heat transport appears more clearly
when fast electron temperature (Tc) perturbations are induced at the plasma periphery.
Experiments of this kind have been performed in the RTP tokamak. The new findings confirm
and extend the evidence from other tokamalcs, particularly TEXT and TFTR [1 ’2,3,4].
In these experiments in RTP, different types of peripheral perturbations have been used : l)
Oblique injection of frozen H2 pellets to induce a rapid and localised cooling of the plasma
periphery ("cold pulse”); 2) Either modulated ECH with very external resonance location or fast
1;, ramps to induce positive IFc pulses in the outermost plasma region. In both cases a distinct
nonulocal behaviour in transport is observed, namely a fast reaction of the temperature in the
plasma core Opposite in sign with respect to the induced edge perturbation (Figs. 1 ,2). This kind
of response is inconsistent with purely local transport models.
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Fig.1: Te time traces during an oblique pellet Fig.2: Te time traces with peripheral MECH.
injection at low density. ‘The power was deposited at i=12.5 cm.

In the case of Fig.1, the pellet impact parameter is 1:112 cm (r/a=0.7}. The region of direct
particle deposition is limited to 10.5 cm around the pellet trajectory. However, as discussed in
[5], a fast anomalous density increase is observed in a larger region. In the present case these
effects should be limited to i=1 1211.5 cm. The density increase in the peripheral region
induces a rapid cooling of the plasma periphery (Fig.3). The central Te rise is delayed with
respect to the edge Te drop by about 600 us. It is very interesting that, apart from this delay, the
time evolution of the central Te mimics well the time evolution of the edge T6. In fact. in cases
where the pellet is vaporized before reaching the plasma (Le. only a cold gas puff is injected) the
observations are similar to those in Fig.1, but on a slower time scale. A scan of the pellet
deposition radius has shown that the central Te rise is present for deposition radii 2 7 cm
(r/a=0.4). The time evolution of the Te and p5 (pressure) radial profiles (from ECE
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measurements) for the case of Fig.1 is shown in Figs.3,4 and has been confirmed by high
resolution Thomson scattering measurements. One can see that the Te profile shows a fixed
point which identifies the region of the rise. The positive Tc variation (AT3) is maximum in the
centre. Ape vanishes near the edge (adiabatic pellet cooling). This suggests that it is the edge
ATE, rather than Ape. that triggers the non-local Tc rise.
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Fig.4: Pe profile evolution for the shot
of Fig.1 from :2205 ms to 1:209 ms.

r lm]
Fig.3: Te profile evolution for the shot
of Fig] from t=205 ms to t=209 ms,

Scans of various plasma parameters (ne, 1p, BT, PECH, Te ) have been performed, showing a
crucial role of the plasma density in controlling the non-local rise. Figs.5,6 show that the region
of the rise shrinks and the relative change in central temperature decreases with increasing
density. The region of the rise is definitely larger than the q=l surface. At a given density, it
increases with increasing plasma current. Application of EC power does not reduce the non-
local effect. EC heated discharges, allowing to decouple mg. and Te, show that the parameter
controlling the non-local rise is n3 rather than rte/Te as suggested in [4]. =
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f ?ml rto (10‘g m'a)

Fig.5: Behaviour of Te perturbation with
increasing density. Ip was kept constant (qa=5.2).

Fig.6; Dependence of relative central Te
variation on line averaged density.

Above a line average critical density value ne=2.7 1019m'3, the central Te rise disappears and a
rapid Te drop is observed instead. In Fig.7 one can see that the negative perturbation in the
central channels is too fast to be due to the propagation of the cold front from the edge.
Therefore the central Te drop also has a non-local character. This is similar to what has been
observed in JET [618}, where always negative but instantaneous reactions of the plasma core
to edge cooling induced by laser ablation have been observed. Evidence from RTP suggests that
such negative non—local reaction may always be present, but below the critical density it is
masked by the huge non-local rise. Actually, the positive reaction is slightly delayed with
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respect to the negative one. so that signs of the presence of both a positive and a negative central
reactions can be seen already in low density cases (Fig.1), but more clearly in cases near the
density critical value, such as shown in Fig.8.
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.31. .92,
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S

Fig.7: Te time traces during an oblique
pellet injection at high density.

Fig.8: T3 time traces during an oblique
pellet injection at a density near the critical value.

In sawtoothing discharges an immediate (also non-local) increase in the sawtooth period and
amplitude is observed (Fig.9). The reheat rate remains unchanged. As suggested in [3,4], such
changes may be important clues to understanding the non-local mechanisms. However,
evidence from RT? suggests that they may rather be related to the nominee] dmp than to the
non—local rise, since they are observed also in high density discharges where the non-local rise
is damd and only the non—local drop is present (Fig.10l.

1200 l l 1

MW
800 MW

300 E
—' NWJ

a l-w
400 W

sou WK.“-

0 l l l O I l l

0.2 0,205 0.21 0.215 0.22 0.2 0.205 0.21 0.215 022
i is] l is]

Fig.9:7‘c time traces during an oblique pellet Fig.102Te time traces during an oblique pellet
injection in a sawtoothing discharge at low density. injection in a sawtoothing discharge at high density.

Within this picture of two phenomena of different nature simultaneously present. one would
argue that addressing the question whether the Te rise is due to a decrease in the electron heat
diffusivity ya in the central region is probably too simplistic. in fact the central nonvl‘ocal Te
drop observed in JET was attributed to a fast increase of ye across most of the plasma [7%]. To
help clarifying this point, oblique pellet injection into on- and off-axis modulated ECH (ll/DECK)
discharges has been performed on RTP, with the expectation that a change in Xe would be
reflected by a Change in the modulated wave. One can see that in the on-axis case (Fig.11) no
increase in the modulation amplitude is observed, even in the channels that exhibit the non—local
Te rise. If anything, a small decrease is observed. On the other hand. in offvaxis MBCH
discharges (Fig.12) a pronounced decrease is obserwed in peripheral channels. This cannot be
due to the density, whose time behaviour is diffieront. The MECH wave in the central channels
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still remains unchanged. Detailed analysis of these experiments is in progress, however the data
,seem to indicate that the cause of the non-local central Te rise should not be sought in a change
of diffusive transport, but rather of other transport components, to which the fast modulation is
less sensitive. Convection is a possible candidate, as suggested in [2].
Finally, oblique pellet injection has been applied to negative central shear (NCS) plasmas with
hollow Te profiles, obtained in RTP by strong off-axis EC heating [9]. The non-local rise is
present in these plasmas, too, but the reaction in the centre is much slower than in the case of
peaked Te profiles, while the reaction at the radial positions of the (off-axis) maxima of the Te
profile remains fast (Fig.13). Therefore. the Te profile evolution shows that in the first
milliseconds the rise is concentrated around the Te maxima, leaving the centre almost unaffected
(Fig.13). Fig.14 shows the Te profile Evolution for a pellet in NCS plasmas.
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Fig.ll:Te time traces during an oblique pellet Flg.12:Te time traces during an oblique pellet
injection in a on-axis MECH discharge. injection in a off~axis (r=6 cm) MECH discharge.
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V* DEPENDENCE OF THE BETA LIMIT IN JET

G.T.A. Huysmans, G. Cordey, C, Gomezano, A.C.C. Sips, B,J.D. Tubbing
JET Joint Undertaking, Abingdon, 0X14 SEA, UK.

Introduction

From the ITER multi machine database containing data on beta limits from DIII~D,
COMPASS, TFTR, JT60-U and ASDEX-U, it appears that the beta limit decreases with
decreasing collisionality [1]. At high values of the collisionality, v*, the maximum value for
{SN (= [3 a[m] B[T]/I[MA]) is close to 4, a value typical for the ideal MHD stability limit. At
lower values of v* (typical for ITER) flte maximum SM is limited by low m/n magnetic islands
which have been interpreted as nee-classical tearing modes.
Previously in JET, the beta limit has been studied mostly in IMA/ 1T discharges. In an ITBR
like configuration (q95=3.1, <ne>~ 2.2 1019 cm") [3“ values of 3.8 for about 1 second were
achieved [2]. Nee-classical tearing modes have not been observed in these discharges. The
beta limit in these discharges appears to be set by an increased ELM activity and fishbones.

JET high beta discharges

Recently, in JET, long pulse high beta
discharges have been established at the

ITER parameters for the shaping

(ellipticity =1.75, u-iangularity = 0.25),
Q95 (= 3.5), and the collisionality, at

toroidal fields 1.0 to 1.7 T. Normalised

beta values above 3 have been

sustained for several seconds, limited 1.0 Elmadensm

by the length of the heating pulse. Fig.1 0'5 “”2“"‘41
shows an example of a 1.7 T/l.7MA

high beta discharge. With the available

additional heating power of ~24 MW, {4 ‘ 1s ‘ 1a ' ‘ ' zu‘ ' ' ' 22 2;
time [s]

the beta limit has b3“! readied in 1 Fig.1 Overview ofJEThigh beta discharge #40562 with
Tesla and 1.4 Tesla discharges. The 30‘1'777 11,475“ “9):” 1019M"; m” :2”)
maximum normalised beta in this case is just below 4. At 1.7 Tesla the maximum normalised

0.:

beta is just above 3 and is limited by the total heating power (see Fig.2).
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The confinement in these elmy H—mode discharges is relatively good. Figure 3 shows the
confinement enhancement factor H394; as a function of the normalised beta at the time of the
maximum beta. Even at a normalised beta as high a 3.7 the confinement factor is larger than
2. The confinement does degrade when the heating power exceeds the power needed to reach
the beta limit.
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v" dependence

A database with 55 recent JET high beta discharges (BN > 2.5) has been compiled. Figure 4
shows the points in the database as a function of the collisionality and the normalised beta
sustained for at least one second. It appears that the normalised beta reached does not depend
on the coilisionality, Le. the JET data does not agree with the linear scaling of [3N with

5.2 v’to‘3 as used in the ITER physics assessment [1], There is also no obvious sign of low
m/n magnetic islands, i.e. nee—classical tearing modes. The points in Fig.4 are based on the
total diamagnetic energy, using an estimate of the thermal energy reduces the normalized
beta by 20 - 35 %. However, also the thermal [5N does not show any dependence on the
collisionality.

Observed MHD

The predominant MHD activity observed during the high beta phase is due to MHD modes
localised in the plasma centre and ELMs. Islands (Le. nee-classical tearing modes) have, so
far, not been observed.

ELMr

The steady state high beta discharges are elmy Hemodcs with regular type 1 ELMs. With

increasing input power and therefore increasing [3N the ELM frequency increases (see Fig. 1).
The amplitude of each ELM (as measured from the amplitude of the Da signal) varies
considerably but does not appear to increase with increasing input power (or £334).
Central modes

The character of the central MHD modes varies considerably. Fishbones are very common,
but also continuous n=1 modes are observed, central n=2 modes are less frequently seen.
Sawteeth are observed in the low power phase of these discharges. At high [3N there are,
generally, no sawteeth. This is either due to a sawtooth stabilisation by the large fraction of
fast particles or by the changes in the current profile due to the increased bootstrap current
which causes q on axis to increase,

Ideal MHD Stability limits
The ideal MHD ballooning and kink stability limits for discharge #40565 at the time of
maximum beta (BN=3.8) have been calculated with the HELENA equilibrium code [3] and the
MISHKA-l stability code [4]. Figure 5 show the normalised pressure gradient as a function of
the minor radius and the ideal MHD ballooning limit. The n=l external kink mode is stable up
to EN : 5.2. Thus, the observed beta limit with BN just below 4 is consistent with the limit set
by ideal MHD ballooning modes.
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Summary
Long pulse high beta discharges with the ITER values for the shaping, qgs and coilisionality
and a normalised beta larger than 3 have been sustained in JET for up to 4 seconds. Fig.6
shows the time traces of a 4 second high beta diseharge (#38564) at B0=1.0T, IP=1.O MA.
A database of 55 high beta discharges shows no dependence of the sustained normalised beta
with collisionality as suggested in the ITER physics assessment [1].
The MHD activity at high beta is due to ELMs, fishbones and continuous he] and n=2
modes in the plasma centre. Sawteeth are, in general, absent in the high beta phase. So far, no
nee-classical tearing modes observed in the JET high beta discharges. This may be due to the
absence of sawteeth (or long sawtooth free period), is no seed island is created. Even though
there are ELMS and fishbones which can in principle create seed islands.
The observed limit to the normalised beta just below 4 is consistent with the ideal MHD
ballooning limit.
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Quasi—stationary high confinement by pellet injection
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1 Introduction

It is well known that the confinement properties of a high temperature plasma change
after injection of a deuterium pellet. in most of the experiments with ohmic heating, it
is seen that the improvement of the energy confinement time is transient and holds for
some 10 or 100 milliseconds [1].

In auxiliary heated discharges the situation is different, sometimes is the confinement
improved after injection and in other cases even it deteriorates the confinement. These
enhancements are always transient. A special case is the PEP-mode discharge where the
initial condition prior to neutral beam injection is modified by pellet injection resulting
in a transient enhanced. confinement [2].

In TEXTOR—94 one or more pellets were injected into radiative cooled auxiliary heated
discharges with improved confinement [3] This results in quasi—stationary high confinew
ment with peaked density profiles.

2 Quasi-stationary confinement after pellet injection

The discharges are performed at a current of 420kA. At t=0.83 the ICRH power rises
to a, value of 1.23MW. The neutral beam injection starts at is with a power of 1.1MW.
Between 1s and 1.3s the discharge is in L—mode confinement. From t=l.35 to the end of
the experiment the neon injection is feedback controlled by the Ne—VIII radiation. Shortly
after 1.33 a transition to a. RI—mode type confinement occurs. The energy in the plasma
and with this also the energy confinement rises to a stationary value. It coincides with a
strong rise in gamma (Prad/Ptotl and density. This can be seen from picture 1.

At t=2.055 a pellet is injected with a velocity of 960m/s and penetrates 27cm into the
plasma. The pellet with a particle content of 7 . l019 atoms yields in a strong increase
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Figure 1: Transition to quasi—stationary high confinement
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in density. Thereafter, the total number of electrons immediately decays, such that after
221118 the total number of electrons is reduced by half of the pellet particle content (Fig
ure 2). This reduction is typical for strongly heated discharges. In contrast to L—mode
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Figure 2: Total number of electrons

conditions, however, the density starts to increase again. This suggest that the pellet
has mainly an indirect effect, i.e. it triggers a state of further improved confinement.

Synchronously with the density rise also the energy and the energy confinement time
increase, confirming the Rl-mode scaling proportional to the density [3]. The radiation
level is slightly higher in the high confinement phase due to the higher density. In figure 1
the n3 scaling factor with respect to the Elm—free H mode scaling ITERH93P is also
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shown. 'This factor is rising clue to the pellet injection from 0.9 to 1.0 in the example
discharge. Sequential injection of 2 pellets appears to lead to even better confinement
resulting in 21. f393 scaling factor of 1.08; with the normal RI—mode yielded only 0.88 in
the same discharge. The results of some discharges can be seen in figure 3

Rl—mode scaling

. . .
1.42 - as without pellet or gas puff .

=1:- one gas puff
1,32 . t0 gas puffs .

0 one pellet
1.22 - two pallets . _

x three pellets

$t
8

0.92

0.32

0.72

0.62 - -

0.52 ' ' ' '0.77 0.87 0.97 1.07
n_eln__e Greenwald

Figure 3: RI—mode scaiing with short gas pufl's or pellet fuelled discharges

From 35 on the heating power and the density are reduced to permit a safe landing of
the discharge.

The high confinement phase following the pellet injection shows the following addi-
tional positive effects: 1) Zeff is reduced by 15%. 2) T}: is not enhanced as in high
confinement H—mode discharges but remains nearly Constant 3) TE; increases by 18%.

3 I Quasi-stationary high confinement after a short gas
puff

It is also possible to establish a. quasi-stationary higher confinement in RI-mode discharges
with a. short and not too strong gas puff. The discharges are similar to the pellet fuelled
ones and the particle confinement time stays also nearly constant. One example of a
discharge is plotted in figure 4. it is important, however, that the preceding gas puff is
sufficiently short so that the density profiles do not broaden too much. Otherwise we
obtain even a reduction of the energy confinement.

Since the gas fuelled discharges lead to density profiles which are slightly less steepened
than those obtained with pellet fuelling, however, the overall confinement is less improved
as compared to the pellet case. The number of particles (gas puff) injected in the discharge
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Figure 4: Transition to quasi‘stationary high confinement with a gas puff

as shown in figure 4 was 5 times larger than thar injected by a pellet as shown in figure 1.

4 Summary

RI—mode discharges in TEXTOR~94 could be further improved by either injection a pellet
or a. short gas puff. The discharge comes again into a quasi-stationary high confinement
phase with increased energy confinement but nearly unchanged particle confinement. In
the pellet fuelled discharges enhancement factor of fg:1.08 was reached using two se~
quential pellets.
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ITER Physics Experiments in JET D/T Plasmas

The JET Team
(presented by I .Tacquinot)
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Introduction
Experiments performed with Hydrogen and Deuterium plasmas in several tokamaks have
shown that the behaviour of the plasma edge and transport phenomena in the core could depend
on the isotopic composition. TFTR results showed that D/T mixtures could have more
favourable thermal confinement properties than pure Deuterium plasmas in certain conditions.

The effect was more pronounced in high power supershots than in L-mode plasmasil]. TFTR
also reported more pronounced edge relaxations in H—mode produced in high [3p plasmas.

J'ET has started a phase of operation with Tritium. Emphasis is placed in obtaining data in
conditions similar to those required in ITER. Care was taken to operate with similar C], V* and

plasma shape. Data was taken with heat and particle exhaust controlled with a pumped divertor
as necessary in ITER. We report here the results obtained during the first 2 weeks of operation

of a campaign planned to last three months.

Experimental Set-up
Tritium can be introduced in JET with the operation of a gas valve located near the vessel wall

or with Tritium neutral beams (5 MW, 5 lSOkeV). This article will concentrate on data

obtained with the gas valve which is representative of TTER edge fuelling conditions. The gas

valve was under density feedback control and could supply up to SOObl 5'1.

The reported experiments required the injection of 11g in the JET vessel and 71 DH” discharges

were produced. In addition, about 8.5 g were used for NBI conditioning. A full Tritium

recovery cycle from the exhaust gas of the tokamak and the NBI systems has been performed in

a very successful way. The reprocessing cycle required four daysm.

Vessel Conditions, Wall Change-over to DH“ and Tritium Inventory
The vacuum vessel is maintained at 320°C while the divertor structure is water-cooled at 30°C.

The divertor target tiles are at an intermediate temperature between 150°C and 170°C. The

vessel is pumped by four turbo pumps and by a Helium-cooled cryo pump located along the
side of the outer diver-tor leg giving a pumping speed of 200,000l/s (for D2).

Before the first Tritium injection the tokamak had been conditioned and operated with

Deuterium plasmas exclusively. Gas recycling at the edge was therefore dominated by
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Deuterium For instance, Hydrogen density was measured to be less than 2% of the Deuterium
density, The change in the plasma isotopic composition was monitored during a series of
identical discharges fuelled only with Tritium gas puffing, During this experiment the 01e
pump was only cooled at liquid nitrogen temperature to limit Tritium consumption. Fig 1 shows
the change of yr=nT/(nT+nD) ratio during the succession of discharges. During the first
discharge fuelled with Tritium, Y1" reached 60% before ICRH heating and reduced to 35% after
heating due to heat induced desorption of Deuterium from vessel components. After only five
discharges, y]- reached a value of 0.6 both before and after heating. Measurements taken by a
Neutral Particle analyser, spectroscopic observation of the Tor/Du line intensities and data
interpretation of the l4MeV neutron flux indicate that the isotopic composition is nearly constant
throughout the plasma radius, This data is similar to that obtained previously with Hydrogenm.
It also agrees with a multi—reservoir model involving two quite different time constants and
indicates that the wall Tritium inventory was about 1 g after 20 Tritium discharges.

H-mode Power Threshold, ELM Behaviour and Confinement
Data on H~mode threshold has been obtained with ICRH (several frequencies} and with NBI
(SOKeV Deuterium) at magnetic fields between 1 and 34? Power is ramped slowly over 35 for
accurate determination of the threshold power. In the case of NBI, an equivalent power ramp is
obtained by pulse width modulation of the eight beam sources. Fig2 compares a pure Deuterium
RF—heated discharge with a D/T (50/50) discharge with otherwise identical parameters. Clearly
the H-mode is triggered earlier. eg with about 20% lower input power, Also apparent is the
larger size and the lower frequency of the edge relaxations (ELMs) in Tritium discharges. Fig 2
also shows that, with Tritium, long ELM—free periods appear at lower power and that, as in
Deuterium, RF~heated discharges have lower edge relaxations than NBl-heated discharges. The
H-mode power threshold is identical with NBI or ICRH. Fig 3 shows threshold data obtained in
DD discharges and compares it with that obtained in D/I' for two ranges of tritium
concentrations as indicated in the figure. The 45°—line represents the scaling given by the H-
mode Database Group at MontrealW for DD discharges. For illustration, .1 line with a slope
reduced by a factor 2/3 is also drawn. Lower power threshold for H~inodc in DfT discharges is
observed in a variety of conditions. The reduction is commensurate with a A'1 scaling. Work is
in progress to determine more precisely a new scaling which includes atomic mass.

A comparison of the behaviour of two discharges where D°-beam is injected into a Deuterium
or a Tritium discharge is shown in Fig 4. DH concentrations are given in the figure. NBI power
trace was very similar in the two discharges. Again, from the power ramp-up phase, it is noted
that H—mode threshold (appearance of EMS) is lower in the case of Tritium discharge. Also,
the Tritium discharge has several long ELMsfree periods. This leads to higher density and
higher stored energy as compared to the Deuterium discharge. Confinement enhancement factor
H93 is also higher in the Tritium case. Further analysis is required to separate the changes due
to the different ELMing conditions from changes in bulk confinement. In ICRF heated
discharges with high frequency ELMs, the global energy confinement is about 8% larger in
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Tritium discharges than in Deuterium during the flat top of the heating pulse. The gas fuelling

efficiency is also larger by about 10%,

A fusion power of 3MW was produced with MW of NBI and 4MW of ICRH at 3.2MA and
3.4T during a scan of ITER-similar conditions.

ICRH Heating Regimes
The JET ICRH system couples power via four antennas each made of four current straps which
can be phased independently. Experiments have been performed in DI'I‘ plasmas with up to 95%
Tritium. Second harmonic heating (2mm resonance on-axis with 34MHz at 3.4T) and D-

minority heating (c resonance slightly off—axis with 28MHz-at 3.4T) were used. The 2CDCT
experiments were also carried out with 1% He3 injected to increase the damping with minority
He'v‘ heating. In Fig 5, we show a comparison of 2mm" heating with and without 1% H63 where

the input power trace was very similar in the two cases. The ITERH93 thermal confinement
factor H93TH (fast ion energy subtracted) is found to be significantly higher with He3 added.
Note that the H93'I'I-I factor is practically the same in the L—rnode and separates when the power .
is significantly above the H-mode threshold. The ELM behaviour in the two cases is also
different, With He3 added, some discrete ELMs with higher amplitude are found in addition to
the high frequency ELMs. The neutron rate, line-averaged plasma density and ion temperature
(at r/a=0.4) in the two cases are shown in Fig 6. Analysis of the observed neutron reaction rate

is being made in order to compare the code prediction of the supra—thermal tail formation.

Conclusions and Summary
About 11g of Tritium has been injected in J'ET during 71 Tritium edge fuelled experiments. It
was easy to establish and control 50/50 D/T mixtures. The experiments produced a total of
2 1019 neutrons (60MJ of fusion power) and a fusion poWer of 3MW. The Active Gas
Handling System can reprocess efficiently the tokamak exhaust gas and remver the Tritium in
high purity form.

The observation of a reduction of the H-mode power threshold by more than 20% in {3/1"
plasmas compared to pure D is a highly favourable result for ITER. There is also some increase
in global confinement (~ 10%) which requires further investigation. However, ELMs are
somewhat larger but still quite moderate in ICRH heated discharges. The ITER ICRl-I reference
scenario (2mm) heats as well as or better than the usual 201C]: scenario.
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On the Light emission of aluminum micrwpellet cloud
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ROB. 49, 1-1—1525 Budapest, Hungary

In the pellet—plasma interaction experiments the answers to the questions on how
much pOWer impurities radiate away in a hot plasma and how the line radiation of a given
ion is related to its concentration are very important and still unknown in detail. The
total emitted radiation afiects through the energy balance equation almost any quantity
that characterizes the plasma: the temperature, the pressure and density, just to name
a few of them. On the other hand in plasma diagnostics the direct measurement of
impurity concentrations is rather difficult and usually the line radiation of the different
impurity ions is accessible. To correctly interpret the measurements the knowledge of
the relationship between the line emission and total impurity concentration is important.

Micro-pellets are well suited for both theoretical and experimental studies of pro—
cesses that appears in the interaction. Due to their couple—of—tens-of—micrometers size
they do not alter the global plasma parameters and represent a well defined impurity
source in time and space. Attempts were done to describe the main characteristics of
the pellet cloud (energy balance, ionization of species, cloud acceleration).

During the past years intensive research has been done on the MT«1M tokamalc
(R204 m, amax ~—- 0.12 m, B: 1-. 1 T, (he) 2 2 - 1019 m‘a) in the micro-pelletw
plasma interaction field. Series of experiments were done with pellets of difierent size
and velocity. The details of the experiments have been reported elsewhere and will not
be repeated here [2]. During the experiments aluminum micro—pellets with total atom
content varied between 1014—1015 were injected radially into the plasma of the MTaIM
tokamak; and the extensions of the A1 I, A] II and Al III line radiation were measured
along the magnetic field lines.

In order to estimate the intensity of the line radiation emitted by pellet cloud ions
3. single cell hydrodynamic model [1] was combined with an atomic physics model. The
single cell model was originally developed to explain the expansion ~ measured in the
experiments — of an aluminium micro—pellet cloud along the magnetic field lines (B H) [2]
Due to the rapid change of plasma parameters of cloud ions, no equilibrium condition
can be applied in computation of the excited level populations. Neither the conditions
of the corona, nor the local thermodinamical equilibrium are fulfilled. So the atomic
physics part of the updated model calculates the populations of selected excited states of
the aluminum ions (Al+ and ATM”) via finite-rate computations . In this scope electron
impact excitation/deexcitation, spontaneous emission and electron impact ionization
(from the excited levels as well) are incorporated assuming Maxwellian electron Velocity
distribution for both the background plasma and cold cloud electrons stemming from
the ionization of the cloud ions.

The model calculations showed that most of the energy deposited in the pellet
cloud by the background eleotrons is radiated away via line radiation originated in a
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couple of resonant transitions. In this case the calculated B" size of the cloud djfiers
significantly from that of the measured one. In order to adjust the calculated B“ cloud
size towards the measured values, the total light emission power has somehow to be
reduced, depending on the pellet size in some cases even by at least two orders of
magnitude. This substantial reduction of the radiation power can only be explained by
inclusion of new physical phenomena into the model. Two possible explanations have
emerged and probably both of them play role in the process.

In a recent paper [3] the authors have reported the formulation of non—Maxwellian
electron velocity distributions in a rapidly ionizing laser plasma. The electron velocity
distribution of the cloud electrons — they dominate the ionization/excitation processes
due to their high density — might also deviate from the Maxwellian, namely the high
energy tail can relatively be depleted, since the cloud electron temperature is much
less than the ionization/excitation energies. This non-Maxwellian distribution drops
the excitation rates, which on the other hand drops the total light emission power.
Following the analysis in [3], the excitation/ionization rates were cut-ofi' at low electron
temperatures with a 1 —- exp(—(kTe/x)'”) factor, where T,3 is the electron temperature,
x is the excitation/ionization energy and m varied between 2 and 5, but mostly 4 was
used.
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Figures 1. and 2. The electron power balance, density, temperature and average
ion charge of the cloud for 2 . 1012 (Fig.1.) and 21013 (Fig.2.) total ion numbers. The
excitation/ionization rates and transition probabilities were not reduced.
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Figures 3. and 4. Like in Figures 1. and 2. but with reduced excitation/ionization
rates and transition probabilities.

Conditions close to divertors in tokmnaks are alike to those existing close to a pellet.
As in the case of divertors, due to high ion densities involved optical re-absorption
might be substantial [4}. Once a photon has rte-absorbed and caused an excitation, the
excitation can decay via electron impact deexcltatiou, whet also drops the total light
emission power. Optical re—absorption might be treated via formally reduced transition
probabilities, as described in [5]. For the resonant transitions the transition probabilities
were reduced arbitrarily by a factor of two.

The data in Figures 1. and 2. were obtained with the original rates and transition
probabilities. In Figure 1. the total ion content was 2 - 1012, whereas in Figure 2. it was
2-10”. In the power balance Ere, I(m, Exp and IonHeat stands f01- powers that go to
excitation of ionic levels, ionization of species, expansion of the cloud and heating the
cloud ions, respectively; and the dashed line shows the emitted radiative power. It can
instantly be seen, that the greater a pellet, the more dominant is the excitation/radiation
pawer and the slower the increase of the cloud electron temperature and average ion
charge is. The slow increase of the cloud electron temperature means slow diifusion,
that results in small pellet cloud sizes what is in contradiction with the experiments.

Figures 3. and 4. were obtained at similar conditions as Fig. 1. and 2. but with
reduced excitetion/ ionization rates and transition probabilities. The emitted radiation
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power is reduced substantially. Despite the reduced ionization rates, the average ion
charge is barely decreased and the cloud electron temperature is increased by more than
100 percents!

One can conclude, that if the model calculations would like to reproduce the ex-
perimental results, reduced total radiative emission power is necessary, and that two
possible solutions to this problem might be the existence of non-Maxwellian electron
velocity distributions and optical re-absorption.

The results of these calculations can only show the trends, and for more precise
comparison multidimensional models and refined evaluation of the rates and transition
probabilities are necessary. These ongoing improved calculations take into account the
above mentioned considerations.
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