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ABSTRACT
An extended parameter range ( Te < 3 keV, Ti 0.7 keV, ne £2.5 1020 m-3 ) was explored in
the new modular stellarator Wendelstein W 7AS using ECRH and NBL At2.5T main field
central values of B up to 1.5 % were achieved. A reduced Shafranov shift as consequence of
the reduced Pfirsch-Schliiter currents for the advanced stellarator concept is verified. Depending
on the plasma parameters a net current is observed and identified as the bootstrap current. At the
low shear stellarator W 7AS the magnetic configuration and the the confinement depends
sensitively on the plasma currents. Thus a control of the configuration by small currents ( OH,
ECCD, Ohkawa current ) is applied to maintain optimum confinement.
Based on profile measurements the electron heat conduction and the ion particle diffusion
coefficient were evaluated for ECRH plasmas. As result of statistical analysis a phenomeno-
logical expréssion for the energy confinement time 1 is derived.
After carbonization the high Z impurities ( Fe, Ti ) and radiation losses were significantly
reduced. At first experiments with NBI (PN< 1.5 MW ) discharges at density ne <2.5 1020
m-3 could be maintained and an energy replacement time of up to 30 ms was achieved.

1. INTRODUCTION

The new stellarator at Garching, W 7AS "Advanced Stellarator” ( major radius 2m, plasma
radius < 0.17 m ) [1] is being operated since summer 1988. The experimental programme is
devoted to the new possibilities offered by the concept of optimization and guides further
theoretical models. The configuration of W 7AS with m=5 periods, similar to 5 toroidally
linked mirrors, is produced by a system of modular coils. Each period consists of 9
individually shaped nonplanar coils [2]. The innovative engineering of the magnetic system is
testing a technique for the realization of favourable magnetic configurations even for
dimensions of a reactor. The improved equipment for heating includes ECRF (electron
cyclotron heating: 4 gyrotrons at 70 GHz with 200 kW each), NBI (neutral beam injection
heating: tangential injection with 1.5 MW ), ICRF ( ion cyclotron heating: "experimental
antenna” with 1 MW ) and allows more flexible operation of the device compared to the
previous conventional stellarator W 7A [3]. Especially, the sophisticated ECRF system enables
a quasioptical power launch by adjustable mirrors to vary the power deposition profiles and
apply for local current drive by introducing kyr components [4].

PARAMETER RANGE

More than 10,000 plasma discharges have been recorded up to now, nearly half of them at full
field of 2.5 T. Plasma build-up by ECF waves (70 GHz) works routinely for both fundamental
and 2nd harmonic launching. In the first experimental periods of W 7AS stellarator,
investigations have centered mainly on ECR heated discharges at Bo=1.25 T (2nd harmonic
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x-mode) and By=2.5 T (fundamental o-mode). In these quasi-stationary ECRH discharges, the
maximum densities were limited by the cut-off condition to < 3 1019 m3 for Bo=1.25 T and to
< 6 1019m-3 for B4=2.5 T. Up to 800 kW ECF power was launched. Maximum electron
temperatures of up to nearly 3 keV were measured. Typical energy exchange times of 5 up to
20 ms were evaluated. For these ECRH discharges with a duration of up to 1.5 seconds, the
L/R -times were very large and up to 1 second was necessary for establishing of a stationary
internal current density profile. The global confinement can depend sensitively on the internal
rotational transform profile, and unstable plasma evolutions (bifurcations) were observed in
phases with stored energy and line density being constant [5]. NBI heated discharges in the
first experimental phase without wall conditioning were dominated by radiative losses and, in
most cases, terminated by radiative collapse. After carbonization, the radiation loss mainly due
to heavy impurities (iron and titanium) was significantly reduced and operation at high density
became possible.

2. MAGNETIC CONFIGURATION

EQUILIBRIUM AND STABILITY

Excluding the direct vicinity of 1 =1/2 and 1=1/3, very good agreement of all measured flux
surfaces with code simulations was found on the plane where the cross section has a triangular
shape [6]. Flux surfaces were also measured in one elliptical plane, where the deviation of the
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measured to the predicted position of magnetic axis was within the accuracy of the method.
Electron temperature profile measurements (Thozﬁson, ECE and SX) at different toroidal
positions indicate an average accuracy of the magnetic axis position of roughly 1 cm.

One of the aims of the partly optimized W 7AS field configuration was the reduction of the
Pfirsch-Schliiter (PS) currents. From the W 7AS optimization, a PS current reduction by a
factor of 2 was expected with respect to a standard stellarator. This leads to a reduced
Shafranov shift. The outward shift of the magnetic axis with B, is confirmed by soft-X
observations. In ECRH discharges with highly localized central power deposition, the electron
temperatures are peaked. Figure 1 shews the outward shift of the measured central X-ray
profile as a function of <B8> for 1=1/2 and 1=1/3. Note that the shift of the magnetic axis
depending on the shape of the pressure profile is about three times larger for 1= 1/3 than for
1=1/2 . The comparisori with predictions based on the KW equilibrium code [7] verifies the PS
current reduction by a factor of 2. In addition, the B; field component originating from the PS
currents, which is related to the volume averaged <8>, is measured directly with magnetic
loops and agrees with the relation B; ~<8> B/t as simulated by the VMEC equilibrium code
[8]. Volume-averaged B values, <8>, of up to 0.16 % and 0.28 % were found using ECRH
for Bo=2.5 T and By=1.25 T, respectively. The maximum peak B8, values were 0.52 % and
nearly 0.8 %. Maximum values of <8> = 0.62 % and B,=1.5 % were found with NBL So far,
the maximum values of B seem limited only by the available heating power. The experimental
<B> values were much lower than the predicted <8> limit of about 2 %. However, localized
fluctuations and mode activities were found by the SX and the ECE diagnostics, from
reflectrometry and from H measurements. These activities are mainly related to configurational
effects for discharges with resonances 1=1/2 or1=1/3 within the confinement region. Current
profile analysis indicates that these fluctuations and mode activities not related to the stability
limit are stabilized by sufficient internal shear as generated by the internal currents.

BOOTSTRAP CURRENT

The magnitude of the boortstrap current in W 7AS is comparable with the equivalent tokamak
value, and the bootstrap current increases the rotational transform. In the ECRH discharges,
bootstrap currents of several kA were measured which, in most cases, were fully balanced by
applying a small loop voltage, Uj, by feedback control of the OH transformer.Without current
control, the edge value of the rotational transform can be modified sig,njﬁcam'ly leading to
confinement degradation due to configurational effects. In ECRH discharges with typically very
broad ne and peaked T profiles, the neoclassical bootstrap current is mainly driven by the
electron temperature gradient, the ion contribution being rather small because Tj << Te under

these conditions.
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For each magnetic configuration in W 7AS, the bootstrap current is calculated using the DKES
code. Based on measured Te and ne profiles, the total bootstrap current as well as the plasma
resistance are calculated. In Figure 2, the neoclassical predictions for the dominant electron
component, I®, are compared with the experimental values defined by Ip-Uy/R for ECRH
discharges. The agreement with the neoclassical predictions is very good.
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For higher heating power levels and lower densities, suprathermal electrons will contribute to
both the bootstrap current and the plasma resistance. For ECRH discharges without ECCD, the
dependence of the experimental value of the bootstrap current, Ip-UY/R, on global plasma
parameters is found by multiple linear regression. Ip-UYR scales linearly with the effective
plasma radius, a, and nearly quadratically with the volume averaged temperature defined by
Wdia/ n . A slightly negative B and nearly no 1 dependence was found. These findings are
consistent with the neoclassical predictions for which the temperature dependence of the
bootstrap current coefficients is dominant. DKES calculations [9] show that the bootstrap
current is rather insensitive to the different magnetic field configurations characterized by
vacuum 1, B; field and field ripple which can be modified by varying the currents in the
modular coil system. This result of bootstrap current being roughly the same for different W
7AS configurations is in contrast to the situation in the ATF experiment where the existence of
the neoclassical bootstrap current was confirmed by changing the additional quadrupole field.




CONFIGURATIONAL EFFECTS ON CONFINEMENT

As was the case for the W 7A stellarator, the global confinement in W 7AS depends strongly on
the boundary value of the rotational transform, 1(2) [5]. A degradation of both energy and
particle confinement is found for low order rational values of the rotational transform at the
plasma edge, 1(a), whereas optimum confinement can be established in narrow 1-windows
close to the resonances i(a)=1/3 as well as 1(a)=1/2. The nearly shearless vacuum
configurations are modified by plasma currents: the PS current and the neoclassical bootstrap
current generated by plasma pressure, currents driven by the heating method (ECCD and
Ohkawa currents during NBI) or externally by the OH-transformer. As the contribution of the
bootstrap current to the rotational transform is much larger than the narrow 1 -windows for
optimum confinement, the total plasma current was controlled to avoid low order rational values
of 1 or to keep 1(a) within the range of optimum confinement. Current diffusion on the L/R time
scale determines the time to reach stationary conditions. In most ECRH discharges, the
bootstrap current was fully balanced by applying a small loop voltage, U, by feedback control
of the OH-transformer. In the stationary phase, the Ohmic current density profile is
concentrated in the central plasma region for the peaked T profiles whereas the bootstrap
current is driven more outside in the T, gradient region. For 1(a) being fixed, positive shear is
generated in the confinement region. The situation for counter-ECCD with central power
deposition is similar, the shear also being positive. For stronger co-ECCD, however, negative
shear can be generated in the whole confinement region. For low internal shear operation,
degraded confinement is found to be related to low order rational values of 1(a) which indicates
island formation and ergodization in the magnetic configuration. Even a local flattening of the
Te profile has been resolved for these conditions. With sufficient internal shear nearly identical
discharges could be established above and below both 1(a)=1/3 and 1(a)=1/2. Current profile
estimates clearly show that the low order rational values are within the confinement region. By
a scan of ECR heating power a nonlinear mechanism of "self-stabilization" of the internal shear
was demonstrated [5]: both the bootstrap and compensating Ohmic currents increase with the
energy content, resulting in higher positive shear and in an improved confinement which leads
to increasing energy content. The W 7A experience, on the other hand, indicates a degradation
of confinement with strong internal shear. As a consequence, the optimization of energy
confinement depends on the optimization of the internal t profile. First experiments using local
ECCD for the 1 profile shaping show promising results. ]

3. TRANSPORT

ELECTRON HEAT CONDUCTION

For ECRH discharges, the electron densities were less than 5 10 19 m-3, so the collisional
electron-ion coupling and the radiative losses were rather small, and the electron heat




conduction was the dominant loss channel. These discharges are the best candidates for electron
energy balance analysis, which is based on density and temperature profiles measured by the
Thomson scattering diagnostic. Furthermore, the ne profiles were very broad and the T,
profiles highly peaked for central ECF power deposition. With increasing power density the
density profiles become hollow. The central ion temperature was estimated by passive CX
neutral particle diagnostic with T; values up to 450 eV. As T;-profile information was not
available, the central T was assumed to be radially constant and the edge values were fitted to
the measured T, profile. The total radiation loss was measured by bolometry. The radiation
profiles were modelled by a simple corona model.
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Figure 3

Transport analysis for series 7545-57. Electron temperature, Te, density, ne, heat conductivity, %e, and rotational
transform profiles are shown for Bo=2.5 T and with PECF = 640 kW input power. In the experimental %e
(lower left plot, solid line) standard errors resulting from the least-squares fit of the T, profile (upper left plot) are
given, additionally, the g from the DKES code (dot-dashed line) and from the Hinton-Hazeltine model (dashed
line) are shown.The rotational transform, t, is shown in the lower right plot, the resulting 1(r) due to internal
currents (solid line) and without internal currents (don_ed line). collisionality : ve* 2 3 103

The stationary electron energy balance equation with radiative losses and electron-ion power
transfer is solved with the diffusive ansatz for the radial electron energy flux, ge = -ne %e Te ',




and an analytic ECF power deposition model which is highly peaked in agreement with ray-
racing calculations. Solving the electron energy balance equation, the measured T, profiles are
fitted by a least-squares technique using a power series of log( %e ) in normalized radius, the
power series coefficients being the fit parameters. This integraton method of the electron
energy balance equations leads to a smoothed representation of the electron heat conductivity,
Xe. For the ne profiles, a standard fit function is used. With these T, and ne profiles, all
neoclassical transport properties are estimated using the DKES code [10]. In Figure 3, the
electron temperature, density, heat conductivity and rotational transform profiles are shown for
typical one of the high pressure (<B> = 0.14 % ) ECRH discharges at Bo=2.5 T with 640 kW
ECF input power (4 gyrotrons operating). The bootstrap current was compensated by an
external loop voltage. For the highly peaked T profile due to central ECRH, the bulk part of
the plasma is in the long mean free path regime (LMFP), the neoclassical transport being
dominated by ripple losses. The neoclassical y estimated by the DKES code (dot-dashed line
in Figure 3) exceeds significantly the axisymmetric contribution (dashed line). Only in the
innermost part does the neoclassical Y approach the experimental value. Close to the effective
limiter radius of 15.5 cm, the Te profile becomes flat and the experimental %, increases strongly
here. In the major part of the plasma, % is roughly constant ( 1 m2/s ) and much larger than the
neoclassical value. With an assumed value of Zeff = 4, the total electron bootstrap current was
calculated to be 5.2 kA nearly compensated by the ohmic current. In the lower right plot, the
resulting 1 profile is shown. The resonances 1=1/2 as well as 1=5/11 (natural islands in the
vacuum configuration) are located within the confinement region. At reduced power ¥, values
much less than 1 m2/s were deduced which are of the order of the best %, values found in
optimum Tokamak confinement. A minimum in the ¥ profiles at about 2/3 plasma radius is
typical for all discharges without degradation due to configurational effects. For most
discharges with optimum confinement, ne e is roughly constant ( or even decreasing ) over the
whole plasma cross section. For maximum limiter aperture, however, the increase of ng e
indicates a degradation of the confinement due to the magnetic topology at the outermost radii.

PARTICLE TRANSPORT

The particle confinement in W 7AS was investigated for ECRH discharges at 1.25Tand 2.5 T
by coupling DEGAS code [10] simulations with Hg emissions measured at relevant toroidal
positions. Radially resolved ion fluxes were obtained from calculated neutral particle
distributions, after calibrating them with the Hy signals. Estimated Zegr were used to derive the
electron particle fluxes and diffusivities. Central electron density profiles were found to get
more and more hollow as the ECR heating power with central deposition is increased. For an
ECRH power scan at 2.5 T the electron fluxes in the central region have been compared with
neoclassical predictions. As T; profile information is lacking, only the neoclassical electron




fluxes were estimated by the DKES code. For the higher heating power levels, for which the
central hollow profiles are more pronounced, the fluxes near the plasma center are in fairly
good agreement. This means that the observed hollow density profiles can be explained
reasonably well by the neoclassical temperature gradient driven particle flux (thermodiffusion),
without need of additional anomalous contributions. Reduction of the heating power down to
the lowest level (1 gyrotron) yields density profiles that are flat and particle fluxes much larger
than the neoclassical values. In the density gradient region, as compared to the central region,
the particle fluxes strongly increase whereas the neoclassical fluxes are negligible due to the
neoclassical Te dependence. The particle diffusivities, D, have been evaluated for discharges
operated at half and full field, and 1(a) values close to the major resonances 1/3 and 1/2, where
optimum confinement has been found. Conceming the plasma refuelling sources, it should be
mentioned that limiter recycling accounts for about 90 % of the ion production in the small
aperture, low 1 case (optimal wall screening from ion impact) and only for about 20 % in the
large aperture, high 1 case. A comparison between all analyzed 1.25 T and 2.5 T ECRH
discharges indicate an average improvement of the particle confinement with the magnetic field
by a factor of = 3 throughout the density gradient region. A comparison of D and 7 for the
analyzed discharges yields D/ye values between 0.1 and 0.3 in the outer confinement region.
The impurity particle confinement in W 7AS has been investigated by laser ablation of
aluminium. Since hydrogen-like Al, which is peaked in the bulk plasma for ECRH discharges,
can be assumed to evolve under ionization equilibrium conditions, the decay time of the Al-XIII
line radiation during stationary plasma conditions is a measure of the central confinement time
for this impurity. For moderate and high ECRH power, the decay time is found to increase
from =10 msat 1.25 Tto=40 msat 2.5 T. Also, it decreases with ECRH power for given
limiter aperture. The time evolution of Al-XTII could be reproduced by transport simulations
with the STRAHL code [11] which uses a constant diffusion coefficient and an inward
convective term v=-(2D/a) (r/a). The corresponding values of D decrease from 5000-8000
cm?/s for 1.25 Tto 1200-2000 cm?/ s for 2.5 T. On the other hand, if the velocity term is
omitted, these numbers reduce by only = 20 %. Discrepancies between the measured and
simulated decay times are found, however, for the lower ionization stages. More experimental
data and more accurate simulations, including a spatal variation of D, are needed to improve
the description of the impurity transport behaviour under different experimental conditions.

FIRST RESULTS WITH NEUTRAL INJECTION ( NBI ).

During July 1990 the investigations at W 7AS were concentrated on experiments using neutral
beam injection. After carbonization by glow discharges with a mixture of He and 30% CDg4

( or CHy ) the content of high Z material ( Fe und Ti ) was significantly reduced. With reduced
radiative losses the parameter range of plasmas was extended to much higher densites than




before and pulse duration up to 300 ms. The target plasma is produced by ECRH 70 GHz at
main field 2.5T or 1.25 T. The full power of NBI ( Py < 1.5 MW ) at W 7AS injecting HO
with an accelerating voltage of 45 kV was used for further heating, see Fig. 4.
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With carbonized walls the recycling coefficient is larger than 1 and the evolution of the
discharge is characterized by a steady increase of density. Before saturation the rate of density
increase is determined by gas released by plasma/wall interaction rather than by the flux
associated to NBL The maximum energy content was 28 kJ (Bo = 1.5 % ) at 1.4 MW absorbed
power was achieved at field 2.5 T and plasma radius 0.176 m for the rotational transform 1=
0.34. With balanced injection the observed bootstrap current of 1.2 kA agrees.well with the
calculated value. Unbalanced injection generates a variation of the net current by some kA
depending on the density. Unfortunately, no ion temperatures could be measured at these high
densities since the diagnostic beam and the CX flux from the center were completely absorbed.
However, electron and ion temperatures should be equal at this very high density. The
maximum obtainable density, and consequently B, seems related to the absorbed power, as long
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the electron temperature stays above 350 eV .to minimize the radiative losses and prevent a
radiative collapse.

Figure 5

Density and temperature profiles for the
i discharge of Figure 4 at At=0.25s

T (kev] | ( series 9866-9897 ).

0.8 1 i

0.6
0.4+

0.2 4

O-Oq.. L B L R S SRR

—-0.2 -0.1 0.0 . 0.1 0.2

Feff [m]

Fig. 5 presents the measured profiles. Compared to the typical situation for the ECRH
discharges the ion heat losses should be significantly enlarged. More detailed information is
necessary to evaluate local experimental data and deal with the influence of electric fields.
Presently only a global description of the energy confinement is possible. He glow discharges
and the reduction of the input power allow to stabilize the density close to neg = 1 1020 m-3. At
these densities with Teg = 0.75 keV, Tjo = 0.6 keV a maximum replacement time of 30 ms was
achieved. :

Operating at low field 1.25 T discharges at similar densities and slightly reduced temperature
could be maintained. Using only 3 injectors ( Py < 1.1 MW ), plasmas with an averaged <B8>
= 0.65% and a replacement time of typical 10 ms were produced.

B L L

ENERGY CONFINEMENT SCALING
The dominant parameter dependence of the global energy confinement time, 1g, is given by

multiple linear regression analysis. This standard procedure is used to obtain the general trend
in the confinement properties as well as the significant parameter dependences.

About 86 series of discharges with 2nd and 1st harmonic ECRH as well as 14 series with NBI
were selected from a database system for this regression. Discharges with confinement
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degradation due to configurational effects were excluded. The energy confinement time depends
significantly on magnetic field strength, By, line averaged density, n, absorbed power, Paps,
and plasma radius, a. The edge value of rotational transform, 1(a), was found to have a smaller
significance.

1gW 7AS = (1.68%.02) 10-8 al.28+£.16 B, 0.716+.06 n0.53 £.03 p; -0.56£.03 1(3)0.23£.08

with 7g in ms, n c¢m3, Papsin W, BoinTand a incm, a being the minimum of effective
limiter and separatrix radius. The experimental g versus the result of the regression, Tg W7AS,
is shown in Figure 6.
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The regression coefficients for n and Paps are very sl.:m]ular to those of the LHS or "gyro-
reduced Bohm" scalings. In spite of the differences in the parameter range for ECF (ve*(0) 2
10-3 ) and NBI discharges ( ve* = 0.1 ), the different power deposition and different power
losses by electrons, ions and radiation there is no significant deviation in such a global scaling.
For pure ECRH discharges in W 7AS, where the density profiles are flat and very broad, ne Xe
was found to be roughly constant. The shape of the T profiles does not change very much on
variation of external plasma parameters.- Within the important confinement region, the
temperature gradient is only slightly affected by the heating power. A physical picture of this
anomalous transport cannot be given by such a form of regression analysis. However, the fact
that no local scaling of e with Te was found indicates two possible explanations. Firstly, the
electron heat conduction cannot be treated by a regression ansatz as used so far for the
accessible parameter range, or, secondly, the picture of transport being determined by only

by
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local plasma parameters is inadequate. ECRH related effects ( distortion of the energy
distribution, localized power deposition ) must be eliminated by application of different heating
methods and a more detailed local transport analysis. '

4. CONCLUSIONS

The "advanced stellarator” W 7AS is being sucessfully operated. To date there have been about
4000 plasma discharges at full field parameters with a duration of up to 1.5 s. This experience
allows the conclusion that also a large modular coil system can be realized, especially as the
mechanical forces will not exceed those in W 7AS. Together with the promising results of the
first experimental period a good basis for the further development of the "Advanced stellarator”
concept to Wendelstein W 7X [12] which shall include all theoretical improvements is
obtained.

The predicted reduction of the Pfirsch-Schliiter currents by a factor of 2 has been verified by
measurements of the Shafranov shift. The achieved pressure was much below the predicted
stability limit, and no significant mode activity related to the stability limit was observed.
However, local mode activity and fluctuations which are related to low order rational values of
the rotational transform were detected. The effect of these activities on transport is not yet
analyzed.

The neoclassical bootstrap current is quantitatively confirmed in W 7AS. The bootstrap current
- with several kA affects significantly the rotational transform profile and dominates the Pfirsch-
Schliiter contribution. It depends sensitively on the average temperature. In order to avoid a
strong modification of the 1 profile, the bootstrap current has to be controlled. The control of
rotational transform at the plasma edge worked well for all scenarios under consideration.
Internal shear is introduced by the bootstrap current depending on the energy content achieved.
A future task of W 7AS will be the analysis of confinement optimization by means of an
appropriate shaping of the whole rotational transform profile using local ECCD.

For ECRH discharges, electron energy balance analysis based on measured Te and ne profiles
yields the electron heat conductvity, %(r) . The best ¢ values which have been achieved are
well below 104 cm?2/s which are in the range of the optimum %, values found in tokamaks.
For all analyzed discharges, the neoclassical transport coefficients were calculated by using the
DKES code and compared to the experimental values. Due to the strong Te dependence, the
neoclassical e values decrease rapidly with radius and are typically about one order of
magnitde smaller than the experimental value at half plasma radius. The neoclassical Y comes
up to the experimental value only for central high ECF power deposition with peaked
temperatures where the neoclassical ripple losses dominate. Further investigations of transport
in an extended parameter range with different heating methods are necessary to discriminate
effects related to particular heating scenarios.

13
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The regression analysis of the global energy confinement time agrees rather well with
predictions based on the LHS- and the "gyro-reduced Bohm" scalings.

From the DEGAS code, particle fluxes and diffusivities have been derived using measured Te
and n, profiles and absolute Hy intensities at relevant positions around the machine. The radial
range of the diffusivities includes the density gradient region up to the limiter. Here, the value
of D exceeds neoclassical predictions by more than one order of magnitude. The ratio D/,
was between 1/10 and 1/3. For the hollow profiles at high power level, the central particle
fluxes from DEGAS simulations agree fairly well with the neoclassical fluxes which are
dominated by thermodiffusion. Consequently, the ECRH density pump-out in the central
region is consistent with neoclassical transport in W 7AS.

Some preliminary results are obtained for NBI heated discharges. With carbonization, the very
high wall recycling lead to a strong density increase, and stationary conditions could not be
obtained. The radiation losses, however, were significantly reduced, and the discharges were
terminated by edge cooling at very high densities. Only limited by the available heating power
discharges at densities up to 2.5 1020 m-3 with favourable confinement were obtained.
Acceptable discharge conditions with low radiation levels and lower recycling could be realized
shortly after helium glow discharge cleaning. Boronization and the installation of pump limiters
positioned in regions with high outward fluxes [13] may help to reduce the impurity
production and to lower recycling (perhaps due to partial Ti-gettering).
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ELECTRON CYCLOTRON CURRENT DRIVE

AND WAVE ABSORPTION EXPERIMENTS
IN THE W 7-AS STELLARATOR

ABSTRACT

Experiments on non-inductive current drive by electromagnetic waves in the vicinity of the 15t
and 21d harmonic of the electron cyclotron frequency (ECCD) were performed at the W 7-AS
stellarator with up to 1 MW rf-power at 70 GHz in long-pulse operation (< 1.5 s). The single
pass absorption as an important input quantity for current drive investigations was directly
measured for 15t harmonic O-mode and 274 harmonic O- and X-mode operation, respectively
in a wide plasma parameter range. A good agreement with a 3-D ray tracing model was found.

ECCD was investigated by

a)

b)

c)

a toroidal launch angle variation of the microwave-beams while the total net current was
kept close to zero (Ip < 0.2 kA) by beedback control of the OH-transformer. The change
of the required loop voltage with respect to perpendicular launch (no ECCD) was
measured as a function of the launch angle

the adjustment of the launch angle of the microwave-beams to balance the bootstrap current
without making use of the OH-transformer (counter current drive). Here the EC-wave
driven current is measured in units of the bootstrap current.

a perturbation experiment at up/down shifted frequencies, where 0.2 MW were launched
at a fixed toroidal angle and the EC-resonance layer was shifted out of the confinement
region (Bo - variation). The loop voltage change required for compensation of the EC-
driven current was measured as a function of the magnetic induction.

The parameter dependence on the launch angle, the electron temperature, the plasma density
and the microwave-power for all types of ECCD experiments is in good agreement with a
linear theoretical model, which takes into account quasilinear and trapped particle effects. The
results are confirmed by Fokker-Planck calculations.
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1. INTRODUCTION

Experiments on current drive by electromagnetic waves in the vicinity of the electron
cyclotron frequency and the comparison with theory attract increasing interest for both,
tokamak as well as stellarator research to provide a reliable data-base for Electron Cyclotron
Current Drive (ECCD) scenarios in next step devices such as NET and WVII-X. The high
localization of the driven currents and the capability to penetrate the plasma centre even in large
machines together with the technical advantage of a simple remote launching structure may
overcompensate the disadvantage of a small ECCD efficiency (compared to Lower Hybrid
Current Drive) for particular applications such as MHD-mode control, current profile shaping
or, especially for stellarators, bootstrap current compensation., Basic experiments were
performed at the W VII-AS stellarator, where the small EC-driven currents are not masked by
large inductively driven currents as in tokamaks. The control of a pressure driven net current
was experimentally demonstrated and is mandatory in low vacuum shear configurations such
as W VII-AS to maintain good confinement properties [1].

The theoretical treatment of ECCD would require a Fokker Planck solution in full phase space,
which is out of scope. In a first approach, we compare the experimental results with a
theoretical model, which in the simpliest version neglects trapped particle effects [2]. In a
second step, we have analysed the sensitivity of this model with respect to simplified
assumptions on trapped particle and quasi-linear effects [3,4]. The experimental investigation
of the single pass absorption of a microwave beam in the electron cyclotron frequency range is
of crucial importance as an input quantity for CD-calculations. Measurements of the single
pass absorption are compared to ray tracing calculations.

Z WAVE ABSORPTION

Plasma build up and heating is achieved at W 7-AS with a 1 MW, 70 GHz ECRH
system. The resonant magnetic field and the cutoff densities are 2.5 T and

Ne crit = 6.2 - 1019 m-3 for the 15t harmonic and 1.25 T and ne crit= 3.1 - 1019 m3 for the
2nd harmonic experiments, respectively.The single pass absorption was directly measured for
perpendicular launch by a 35 channel pick-up wave guide array mounted opposite to the
launching mirrors at the inner vacuum vessel wall. In the investigated electron temperatures
range of 0.6 keV < Tep < 1.8 keV total absorption of the waves in a single transit through the
plasma was found in all cases with 2"d harmonic X-mode launch, whereas for 2"d harmonic
O-mode the plasma is optically thin (single pass absorption < 7 %) in agreement with theory. A
deviation from total absorption is expected for 2nd harmonic X-mode at a central electron
temperature of Teo < 200 eV. For 20d harmonic O-mode Teo > 4 keV is required to obtain
considerable absorption.

For 15t harmonic O-mode heating, however, the single pass absorption is sensitive to the
electron temperature and density in the experimentally accessible parameter range of

0.6 keV <.Teg<2.7keVand1- 1019 < Neg<5- 1019 m-3. The single pass absorption for
a density scan at fixed central electron temperature of 1.5 keV and a temperature scan at fixed

electron density of 2.5 - 1019 m™3 was measured ranging from 60 % £3 % up t0 95 % = 5 %.
A comparison of the measurements with a 3-D ray tracing model based on measured spatial
profiles of Te and ne (Thomson-scattering, ECE) shows an excellent agreement within the
experimental error bars.

¢ ELECTRON CYCLOTRON CURRENT DRIVE - EXPERIMENTS

The ECCD-experiments were performed at the W VII-AS stellarator with up to 0.7 MW
rf-power in long-pulse operation (< 1.5 s). Up to four linearly polarized rf-beams were

launched at both the 15t harmonic ordinary and the 2"d harmonic extraordinary wave
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polarization,respectively, from the low field side. The rf-beams were directed towards the
plasma at arbitrary toroidal launch angles by a set of independently movable focussing mirrors
mounted inside the vacuum chamber [5].

In a first experiment, the toroidal launch angle of the rf-beams was varied while the
total net plasma current was kept close to zero (I < 0.2 kA) by feedback control with the OH-
transformer. The measured change of the required loop voltage AU with respect to
perpendicular launch (no ECCD) is plotted in Fig. 1(a) as a function of the launch angle at the

resonance-layer for constant input power of 0.35 MW in 15! harmonic O-mode. The dots refer
to experiments with one beam (0.17 MW) at perpendicular launch (no ECCD) and one beam
(0.17 MW) at oblique launch angles. The crosses refer to a variation of the launch angle of
both beams. The right wing of the curve with positive loop voltage increment corresponds to a
situation, where the bootstrap current has the same direction as the EC-driven current. The left
wing of the curve corresponds to ECCD in counter direction to the bootstrap current.
Equivalent experiments at Bg = 1.25 T show similar results [6]. The change of the internal
current distribution results in a change of the total stored plasma energy of about 20 %. The
influence on the confinement is explained by magnetic field configuration and internal shear
effects [7]. The ECCD efficiency is evaluated in a 3-D ray tracing code by means of the adjoint
approch [8]. In the limit of low collisionality, the evaluation of the local efficiencies was
generalized to include trapped particle effects in W 7-AS magnetic configurations [4]. A
comparison of the experimental data with this linear model [3] is shown in Fig. 1(b). The
calculations are based on the measured ne-profiles and the measured change of the Te-profiles
for each launch angle. The experimental findings are well described by the model. In
particular, the launch angle for maximum current drive and the linear increase of ECCD with
rf-power agree well. The absorption layer is shifted radially outward with increasing oblique
launch. The current drive efficiency decreases for large launch angles (far in the Doppler
regime) because the absorption depends sensitively on Te and the absorption layer is then
within the Te gradient region. Furthermore, the number of trapped particles increases and the
mismatch of the incident linearly polarized waves is no longer negligible [6]. It should be noted
that the measured current inversion at large launch angles is also found in the calculations and
is related to the particilar W 7-AS magnetic field topology. The absolute value of the EC-driven
current at maximum launch angle derived from the experiment is about 3 - 5 kA, which is in
satisfying agreement within the simplified assumptions of the theory and the experimental error
bars.

In a second experiment, the launch angle of up to 4 microwave-beams (0.7 MW) was
adjusted to balance the bootstrap current without making use of the OH-transformer (counter
current drive). The net plasma current was kept below £0.3 kA under all plasma conditions.
The EC-wave driven current is then measured under steady state conditions in units of the
bootstrap current, which is varied by a variation of the plasma parameters with increasing
microwave power. The dominant electron component of the bootstrap current (Te >> Tj) was
calculated by the DKES code for the measured spatial profiles of ne and Te. Scanning the rf-
power from 0.17 - 0.7 MW, the electron temperature from 0.8 < Te < 1.9 keV and the
electron density from 1.1 < neo < 2.8 - 1019 m-3, the bootstrap current varies from
0.8 < Igoor < 4.3 kA (20d harmonic X-mode). The current drive model overestimates the EC
driven current by typically a factor of 3, if trapped particles are neglected. If trapped particles
are taken into account, this discrepancy almost vanishes within the experimental accuracy and
the uncertainties to derive the bootstrap current from the measured plasma profiles.

In a third experiment, ECCD in the UP/DOWN SHIFTED REGIME was investigated
by making use of a peculiarity of the magnetic field configuration of W 7-AS, i.e. wave
launching at a poloidal plane with an almost vanishing magnetic field gradient. Under such
conditions, a sufficiently high single pass absorption is obtained even at moderate electron
temperatures of about 2 keV. Here one microwave beam (0.2 MW) is launched at a fixed angle
of 119 with respect to perpendicular incidence. A magnetic field variation from 2.4 up to 26T
shifts the EC-resonance completely out of the confinement region in this poloidal plane as seen
in Fig. 2(a). The target plasma is maintained by 0.7 MW at perpendicular launch (no ECCD) in
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a poloidal plane with a strong tokamak-like magnetic field gradient, where the EC-resonance
layer remains well within the confinement region for the given magnetic field variation. The
calculated spatial current density distribution is given in Fig. 2(b) for the three cases of
Bo = 2.4 T (up-shifted), 2.5 T (resonant), and 2.6 T (down-shifted). For the resonant case
(Fig. 2(b), middle) an almost zero net current is found because the vanishing magnetic field
gradient and the corresponding broad power deposition profile create counterstreaming
currents on both the low and the high field sides of the resonance layer. The current inverses
the sign while varying the magnetic field from an upshifted scenario (Fig. 2, top) to a
downshifted scenario (Fig. 2, bottom). The measured loop voltage increment required to
balance the EC-driven current is given in Fig. 3(a) for the full magnetic field scan. The change
of the sign as well as the transition through zero loop voltage increment at the resonant
magnetic field is in agreement with theory as shown in Fig. 3(b), where the EC-driven current
is normalized to the launched microwave power. We assume, however, that only the first
transit absorption, which is given in Fig. 4(a) as a funtion of the magnetic induction,
contributes to current drive. The relevant EC-current drive efficiency is then obtained by
normalizing the total current to the power absorbed in a single pass, which is shown in
Fig.4(b). In all calculations trapped particle effects are taken into account. An improved
current drive efficiency as compared to the two experiments mentioned first is clearly deduced.

4. CONCLUSIONS

Fundamental experiments on wave absorption and ECCD were performed in the

W 7-AS stellarator. The single pass absorption of the microwaves was measured at
perpendicular launch for 15t harmonic O-mode and 21d harmonic O- and X-mode launch
respectively. An excellent agreement with ray tracing calculations was found. The parameter
dependence of ECCD on the launch angle of the incident waves, the electron temperature, the
electron density and the microwave power was investigated for both 15t harmonic O-mode and
20d harmonic X-mode operation. Perturbation experiments at up-/down-shifted resonance for
first harmonic ECCD were performed by shifting the resonance layer across the confining
region of the plasma. The experiments are in good agreement with a linear theoretical model
and Fokker-Planck calcuations if trapped particles are taken into account.
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Fig. 1(a) Loop voltage increment AU as a function of the launch angle for 0.17 MW (dots) and
0.35 MW (crosses) ECCD power. The EC-driven current is balanced by inductive
curent drive (OH-transformer feedback). The total input power for both cases is 0.35
MW

(b) EC-Current Drive Modelling based on the measured ne- and Te-profiles for the same
discharges at 0.17 MW (dashed curve) and 0.35 MW (solid curve).
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Fig. 2(a) Position of the resonance layer (dotted line) in a poloidal cross-section with small
magnetic field gradient at Bo =2.4 T (top), Bo = 2.5 T (middle) and Bo =2.6 T
(bottom). The solid lines indicate /B/ = const. contours, the dashed lines give the
nested flux surfaces.

(b) EC driven current distribution from 3-D ray tracing calculations for 0.1 MW
microwave power at the upshifted resonance (top), the resonant case (middle), and
for the downshifted case (bottom).
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Fig. 3(a) Loop voltage increment AUjoop required to balance the EC-driven current as a
function of the magnetic induction on axis. The left part (Bg ~ 2.4 T) corresponds to
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(b) EC-Current Drive modelling of the experiment. The current-drive efficiency Ty is
defined as the driven current ICD normalized to the launched power Pjn
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Fig. 4(a) The single pass absorption Pahs normalized to the launched power Pip from ray
tracing calculation for the same discharges.

(b) EC-Current Drive efficiency Nabs, with the driven current ICD normalized to the
single pass absorption Pabs for the same discharges.
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Abstract

ECR heating at Bg = 2.5T has been extensively used in the 1990 experimental period of the W VII-AS stellarator.
As it is a low-shear experiment the magnetic configuration (especially details of the rotational transform profile)
depends sensitively on plasma currents (pressure driven, ohmic, EC driven, Ohkawa current) which in turn have a
strong influence on energy and particle confinement properties. For the stationary phase a transport analysis has been
performed, yielding the profiles of the electron heat conduction and the ion particle diffusion coefficients. The former
was subjected to a statistical analysis resulting in phenomenological expressions for x. and rg. First experiments
using neutral beam injection (ECRH target plasma) as well as combined heating (NBI+ECRH) will also be discussed.

Keywords:  Stellarator, W VII-AS, net current free operation, confinement, transport, electron heat conduction,

ion diffusion, ECRH, NBI

1. Introduction

Wendelstein VII-AS (AS is the abbreviation for Advanced Stellarator) is a low-shear, partially optimized, modular
stellarator (major radius 2 m, minor radius 0.2 m), see Figure 1. It is one of the tasks of this experiment to show
the importance of each of these attributes. The object of having a low-shear magnetic configuration is to avoid low
order rational values of the rotational transform throughout the plasma confinement region, which are deleterious
to the magnetic field structure as they cause the formation of islands or ergodic regions which in turn degrade the
confinement properties. However, it is a natural property of such a configuration to react sensitively to currents flowing
in the plasma (Pfirsch-Schliiter, bootstrap current) which may have a strong influence on the rotational transform,
o(r), and shear, o, of the magnetic field structure. W VII-AS was designed to optimize the field structure such that
the negative influence of the Pfirsch-Schliiter (PS) currents is reduced. In W VII-AS the PS currents are decreased
by a factor of two as compared to an equivalent standard stellarator or tokamak, which leads to a reduction of the
Shafranov shift and, consequently, to a reduced deformation of the r{r) profile. The reduced outward shift of the
plasma center was confirmed by both SX profile analysis (Weller, 1990) and magnetic measurements. W VII-AS is not
optimized with respect to the bootstrap current. For current control, the bootstrap current has to be compensated
by currents induced externally (Ohmic) or by the heating method (ECCD, Ohkawa) to conserve the edge value of
rotational transform. In W VII-AS these currents have been widely used for shaping of the (r) profile in order to
establish optimal confinement conditions.
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Furthermore, the reduced PS currents also give rise B
to a reduction of the neoclassical transport in both
the plateau and the PS diffusion regime. As the
electron heat and particle transport are strongly en-
hanced in these diffusion regimes (anomalous trans-
port), this consequence of PS current reduction can
hardly be checked in the experiment. The neoclassi-
cal transport properties in the long mean free path
(LMFP) regime are determined by particles being
trapped in local magnetic mirrors. In W VII-AS the
neoclassical loss in the LMFP regime is dominated
by particles being trapped in the regions with strong
curvature (see Figure 1). The trapped particle drift
orbits in the straight parts of the configuration, how-
ever, are rather close to the magnetic flux surfaces.
Electron heat conduction, ion and impurity diffusion
have been analyzed in a wide parameter range. Fur-
thermore, a database has been accumulated to per-
form a statistical analysis of local Xe Which is very

useful to find the leading parameter dependences as Figure 1 Schematic view of the coil system and the
well as to compare present stellarator (W VII-AS, plasma column of W VII-AS: the magnetic field struc-
ATF, CHS, Heliotron-E) and tokamak experiments ture is realized by 45 non-planar modular field coils
of quite different size. and 10 planar toroidal field coils.

An optimized configuration requires the engineering of a modular coil systemn which is a flexible tool for the appropriate
realization of the magnetic flux surface geometry. The W VII-AS system was successfully built and is now routinely
operated at full field parameters (2.5 T) after additional support structures had been introduced to limit elastic
deformations of one of the coil-types.

Characteristics of the magnetic field: The magnetic field is generated by a modular system of coils which has
fivefold symmetry (Fig. 1). The field is composed of two components: The *module” field consists of nine nonplanar
coils per field period generating a shear free magnetic field with a rotational transform of ¢ = 0.39. By superposition
of a toroidal field generated by an addional set of two planar coils per field period, the edge value of the rotational
transform, (a), can be varied in the range of 0.2 < r{a) < 0.7. The magnetic flux surfaces are toroidally asymmetric,
but exhibit the so-called stellarator symmetry. Thus, there are two planes of symmetry which are of particular
interest for the experiments: the cross section of the magnetic flux surfaces in the region of maximum curvature
has nearly elliptical shape, and the strong field gradient in major radius allows local heating under electron and ion
cyclotron resonance conditions. The cross section in the second plane of symmetry (straight part) is triangular, the
field gradient is small and inverted, thus providing the possibility of ECR heating with high field launch from the
outer side. As the magnetic field topology of the W VII-AS stellarator is complex, a rigorous mapping of real space
coordinates to magnetic flux coordinates (Boozer, 1981) was implemented. The TRANS code provides this coordinate
transiormation for all relevant vacuum and equilibrium configurations stored in Fourier representation. They were
obtained by using GOURDON and KW (Kisslinger, 1985) codes. Experimental data taken at different poloidal and
toroidal positions, which are nearly constant on flux surfaces, are reduced to a common radial representation, the
effective radius.

ECRH: Four 70 GHz cw-gyrotrons (P = 200 kW, At = 3 s) have been installed for ECRH. A sophisticated
transmission line (Kasparek, 1988) enables one to generate a completely polarized, almost divergence free EC wave
which penetrates the plasma quasioptically. The angle of incidence of the EC wave can be varied in two directions by
a set of movable mirrors, thus providing the possibility varying the location of power deposition (off-axis heating) as
well as of introducing k) components for EC current drive. ECCD has been clearly demonstrated by this technique
(see left plot of Figure 5). Off-axis heating can also be achieved by tuning of the magnetic field. ECRH has be used
in most of the present experiments and two scenarios have been extensively investigated: Bg = 1.25 T with x-mode
launch at 2nd harmonic at densities of n. < 3-10!3 cm=3 and Bp = 2.50 T with o-mode launch at fundamental with
densities of n. < 6-10!® cm™3. Maximum temperatures of T, = 2.8 keV and T: = 0.4 keV and plasma energies up
to 8 kJ have been obtained.

NBI: Two long-pulse beam lines have been installed on W VII-AS, injecting neutral particles (H°: E = 45 keV,
At = 3 s) tangentially into the plasma. By co- and counter injection the Ohkawa current can be compensated.
Maximum heating power is about 1.5 MW (Feist 1984). Starting from an initially ECR produced target plasma, NBI
heats a plasma at densities well above the cut-off densiiy for ECRH. Maximum temperatures of T, ~ T} = 0.7 keV,
maximum densities n, < 10!* cm~3 and plasma energies up to 15 kJ have been achieved.

ICRH: The power supply which was installed for ICRH provides Picr < 1.5 MW RF-power in the frequency range
of 30 to 110 MHz for a time duration of At < 0.5s. A flexible experimental antenna system is installed in W VII-AS.
It consists of two classical loops with Faraday shield which allow a variation of the k-spectrum (VWesner 1988). So
far, ICRH has been used only for testing purposes.
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OH current control: In addition the OH-transformer of W VII-A is still available. It is used to induce small

currents, I, < 5 kA, or to compensate currents occurring due to the plasma pressure (bootstrap) as well as to the
heating method (ECCD, Ohkawa current) by applying small loop voltages, Ujgep < 0.5 V.

2. Configurational Effects
2.1. Rotational Transform at Plasma Edge

As was the case for the W VII-A stellarator (Wobig, 1987), the global confinement in W VII-AS depends strongly
on the value of the boundary rotational transform, {a) (Renner, 1989). A degradation of both energy and particle
confinement is found for low order rational values of the rotational transform at the plasma edge, {a), whereas
optimum confinement can be established close to the resonances #(a) ~ 1/3 as well as f(a) =~ 1/2.

The W VII-AS magnetic field vacuum configuration is shearless at o{a) = 0.39. The vacuum rotational transform can
be increased (decreased), introducing a very small positive (negative) shear. These vacuum configurations are modified
by plasma currents: the PS current and the neoclassical bootstrap current generated by plasma pressure, currents
driven by the heating method (ECCD and Ohkawa currents during NBI) or externally by the OH-transformer. For
the ECRH discharges with moderate or low densities and high temperatures, the pressure effect on the ¢ profile is
dominated by the bootstrap current, however, the PS contribution cannot be neglected in general. The bootstrap
current always increases the rotational transform in W VII-AS and is localized in the T. gradient region. The shear
contribution is positive in the center and negative in the outer confinement region. Currents driven by the external
loop voltage or by the heating method can be used to control o{a) as well as the internal shear, thus current density
control opens up a variety of scenarios for optimization of confinement.
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Figure 2 Total energy, W (left plot), and normalized Ho intensity, Ho/ [ndl o 7,~1 (right plot),
versus the edge value of rotational transform, t(a). Note that there is an uncertainty in the experimental
estimation of t(a) of about 0.01.

The global confinement properties depend sensitively on the rotational transform at the plasma edge. Figure 2 shows
plasma energy, W, and the normalized H, intensity as a measure of the inverse particle confinement time versus
(a) in the vicinity of £ = 1/2. Here, the vacuum value of :(a) was changed shot by shot and the bootstrap current
was balanced by the OH-transformer (net current-free discharges). A strong degradation of confinement is obvious
at ¢ = 1/2, the r ranges for optimum confinement being very small, Az{a) < 0.01. Above and below these two
maxima, the natural islands with = 5/11 and r = 5/9, respectively, enter the confinement region. These islands were
directly observed in the vacuum magnetic field configuration (Renner, 1989). Typically, the internal contribution
of the bootstrap current is much larger than the As{a) windows for optimum confinement. Consequently, the total
plasma current has to be controlled to avoid low order rational values of r or to keep z{a) within the range of optimum
confinement. The line integrated electron density is given as a parameter in Figure 2 showing that both the energy
content, W, and the energy confinement time, Tg, increase with density for fixed heating power.

The intrinsic source for internal shear is the bootstrap current density with a maxdmum in the temperature gradient
region and which develops as soon as the plasma pressure is built up. Typically, the other current contributions
have different radial distributions. Current diffusion on the L/R time scale determines the time to reach stationary
conditions. In order to analyze the confinement properties and to control the net plasma current as well as (a), 5
scenarios have been successfully used in W VII-AS :

a) No external loop voltage is applied: the total plasma current is driven by the bootstrap current and damped by
an internal loop voltage (self-induction) on the L/R time scale. In this transient phase with a duration of up to 1 s,
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the confinement properties were significantly affected by the ¢ profile developing with the bootstrap current, which
itself depends on the confinement properties. Under stationary conditions, the shear changes sign with radius. For
this scenario, a rather careful plasma operation was required, depending on the vacuum value of {(a), and only in a
few cases good confinement was obtained. '
b) OH feedback: the bootstrap current was fully balanced by applying a small loop voltage, U;, by feedback control
of the OH-transformer. In the stationary phase, the Ohmic current density profile corresponds to the electrical
conductivity which is concentrated in the central plasma region for the peaked T, profiles whereas the bootstrap
current is driven in the 7, gradient region. In this scenario (the one most commonly followed) fa) is fixed and
positive shear is generated in the confinement region.
c¢) Electron cyclotron current drive: ECCD with a suitable kl spectrum (Gasparino, 1989) was used to compensate
the bootstrap current completely. The current density profile driven by the ECRH is highly peaked, similarly to
the power deposition profile. For central ECF power deposition, the r profile with positive shear is comparable with
the scenario of Ohmic current control. ECCD, however, offers the chance to control the rotational transform profile
by adjusting the ECRH driven current density profile (partly off-axis power deposition, ky shaping). Only in this
scenario can one generate a nearly shearless configuration with high plasma pressure.
d) The scenarios b) and c) are combined: by co- and counter ECCD with respect to the bootstrap current, both
positive and negative internal shear can be generated depending on the k) spectrum (see Fig. 5).
e) Ohkawa currents: during NBI with co- and counter-injection, net current free discharges compensating the
bootstrap current could be maintained by a corresponding mismatch of the Ohkawa currents.

2.2. Effect of Internal Shear '

The effect of internal shear on the confinement had been analyzed in the predecessor W VII-A stellarator (Grieger,
1986 and Renner, 1986) which was also nearly shearless. For very low § with negligible pressure driven currents,
moderate shear introduced by a small external loop voltage improved the confinement even in the degraded o(a)
regions up to the optimum values. For higher 8, however, in the presence of pressure driven currents, the introduction
of appropriate shear led to improved confinement only below and above the rational {a). By introducing stronger
shear the confinement was degraded again and nearly independent of o{a). Based on this experience, the investigation
of ¢ profiles for ”optimized” confinement properties is one main topic for W VII-AS .

The main operation in the W VII-AS with full compensation of the bootstrap current by external current control
(OH-transformer or ECCD) leads to positive internal shear. The magnitude of this internal shear is related to the
magnitude of the bootstrap current which depends on the energy content, especially on the eiectron temperature.
In the transient phase of plasma build-up, the Ohmic current driven by the external loop voltage diffuses into the
plasma center. Thus, the shear can be very small or even negative in this phase. Close to low order rational values
of o{a), unstable plasma evolutions (bifurcations) can appear. However, also transient maxima of the energy content
were found in these phases with energy confinement times up to 30% higher than the ones in stationary phases. In
the following, the effect of internal shear on the energy confinement is discussed only for stationary conditions with
feedback control of the plasma current by the OH-transformer (scenarios b and d).

The regions with optimum energy confinement above and below {a) = 1/3 are nearly equivalent. Internal shear,
however, will change the situation: in discharges with t{a) slightly above 1/3, the critical flux surface with c = 1/3
is located within the confinement region. For measured temperature and density profiles, the bootstrap current
density and the electric conductivity are calculated (see Chap. 3.1.) and the internal ¢ profile is estimated. In these
calculations, the currents are not completely balanced. These model calculations are based on Z.z assumed to be
constant in radius, the ion bootstrap contribution depending on the assumed T profile. For all ¢ profiles shown here
the contribution of these residual currents was compensated. With sufficient internal shear depending on heating
power and limiter radius, nearly identical discharges could be established above and below of(a) = 1/3, which means
that the effect of island formation and ergodization at £ = 1/3 could be suppressed by the internal shear. For lower
heating power and small plasma radius (a = 12 cm) in Figure 3, discharges with o{a) > 1/3 had degraded confinement
properties. Even a flattening in the T, profile was measured, indicating the r = 1/3 flux surface (Shots 8719-35 in
Fig. 3). However, no degraded confinement was found for corresponding discharges with z{a) < 1/3 (Shots 8571-94
with slightly lower density), x. in the gradient region being more than a factor of 2 smaller than in the degraded case.

The profiles shown in Figure 4 (together with shots 8719-35 in Fig. 3) are part of an ECR-heaiing power scan
with r{a) = 0.34 and equivalent densities. In these discharges the smallest possible limiter aperture corresponding
to a = 12 cm was used. For low heating power level (180 kW, shots 8763-78), the internal currents are very small
and the internal shear in the plateau region in the T. profiles is only weakly positive. Here, the confinement is
significantly reduced, indicating island formation. Note that there is an offset of the r~scale which is within the range
of the experimental accuracy. For the higher heating power level (450 kW, shots 8638-58), however, the bootstrap
current and the compensating Ohmic current are much higher, leading to stronger positive shear, ¢/ ~ 0.3 m~! at
about half plasma radius. This improves the confinement, the r = 1/3 region is shifted outside and no flattening in
the T, profile is observed. For the two heating power levels of Figure 4, the energy content changes by a factor of
4 as compared to the power ratio of 2.5. Equivalent discharges at {a) slightly above 1/2 with @ = 12 ¢m and with
low heating power levels show that sufficient internal shear for good confinement is generated. Here, the shear in
the vacuum configuration is already weakly positive which is contrary to the situation at £= 1/3. The scan of ECR
heating power at ¢ 2 1/3 demonstrates a nonlinear mechanism of "self-stabilization” of the internal shear: both the
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Figure 3 Electron temperature, T., density, n., and rotational transform, r, profiles for 2 discharge
series with t(a) < 1/3 (shots 8571-94, solid lines) and with t(a) > 1/3 (shots 8719-35, broken lines), both
with eqivalent ECR heating power (~ 360 kW) and with plasma radius (a = 12 cm). The dotted lines
in the right plots represent the modified ¢ profiles due to the Pfirsch-Schliiter currents and the solid lines
the (r) with bootstrap and compensating OH currents included.
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Figure 4 Electron temperature, T., density, n., and rotational transform, r, profiles for 2 discharge
series with Ppcy ~ 180 kW (shots 8763-78, solid lines) and with Pgcrp =~ 470 kW (shots 8739-58, broken -
lines), both with f{a) > 1/3 (= 0.34) and with plasma radius (a = 12 cm); compare Fig. 3.
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-bootstrap and compensating Ohmic currents increase with the energy content, resulting in higher positive shear and in
an improved confinement which leads to increasing energy content. The W VII-A experience indicates a degradation
of confinement with strong internal shear. As a consequence, the optimization of energy confinement depends on the
optimization of the internal r profile.

ECCD was directly demonstrated (Erckmann, 1990). In stationary discharges (n.(0) =~ 2.210!3 ¢cm~3) with 2nd
harmonic ECRH, two rf-beams with perpendicular launching (no ECCD) were successively replaced by two other
beams with oblique launching and equivalent power. The toroidal net current was feedback controlled by the QH-
transformer. The change in the required loop voltage (with respect to perpendicular launch), Aljoqp, is shown in
Figure 5 (left plot) as a function of the launch angle. In the left and central plots, the solid lines represent the
two rf-beam ECCD case and the broken lines the ECCD with one beam (perpendicular launching of the other one).
With the plasma resistance, which was measured independently, fairly good agreement of Alj,ep Wwas found with
theoretical estimates on the basis of the adjoint approach (with trapped particle effects), which is included in the
3D ray-tracing code (Gasparino, 1990). The confinement properties are affected by the variation of toroidal launch
angle (central plot in Fig. 5). The stored energy is decreased for co-ECCD with respect to the bootstrap current
(tor > 0°) and increased for counter-ECCD (tor < 0°). The T, profiles measured by the ECE diagnostic, however,
are nearly unaffected. On the other hand, the change of stored energy can be related to changes in the density profiles.
Corresponding modifications of the particle confinement properties are indicated by both H, measurements and the
external gas flux, which is required for feedback control of the line averaged density.
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Figure 5 Electron cyclotron current drive dependent on the toroidal launch angle, ¢pior (k”-spectrum),
at 2nd harmonic (Bg = 1.25 T) with nearly central deposition. The toroidal net current was completely
balanced by the OH-transformer, the EC driven current is represented by the measured change in the
loop voltage, AU\oop (left plot). In the central plot, the change of stored energy, AW, /Wy, due to
the different ¢ profiles is shown. The solid lines in these plots give the result of full ECCD with 2 rf-
beams, the broken lines represent the ECCD with 1 beam where the other one being fixed (perpendicular
launching, @ior = 0°). In the right plots, 3 calculated ¢ profiles with one rf-beam ECCD are shown: for
counter-ECCD (case a), no ECCD (case b) and for co-ECCD (case c). The solid lines give the estimates
for the total ¢ profile, the broken lines the vacuum t(r).

These observations can be explained by changes of the rotational transform profiles which are shown in Figure 5 (solid
lines in the right plots) for the one rf-beam ECCD case. In this series of discharges with nearly central ECRH power
deposition, the EC driven current density profiles are highly localized and r at outer radii is independent of details of
the central ECCD profile. r(a) is slightly below 1/2. The bootstrap current and the Ohmic current evaluated from
measured profiles are not fully compensated leading to a small off-set in r (solid lines). The case b corresponding
to perpendicular launch (ptor = 0°, no ECCD) is analogous to the discharges already deseribed. The situation for
counter-ECCD (case a) is similar to the case b, but the slightly increased positive shear improves the confinement.
For the co-ECCD case c, however, the z contribution of ECCD and bootstrap current is positive and the compensation
by OH current results in negative shear in the confinement region. The shear is very small in the range r > 10 cm, the
¢ = 1/2 resonance is within the region, which determines the global confinement properties. From both ECE and SX
measurements electron temperature fluctuations (> 1 kHz) are derived only for the co-ECCD case. The fluctuation
amplitudes are maximum at about 8 cm indicating the r = 1/2 resonance in agreement with the calculated ¢ profile
(note the small off-set). In the corresponding 2 gyrotron co-ECCD case, the resonance is shifted outside (maximum
of fluctuations at about 10 cm) and low frequency components (< 100 Hz) with broader radial resolution appear in
the fluctuation spectrum. Furthermore, for both ECCD scenarios, equivalent fluctuation spectra are found in the Ho
measurements at the limiters.




3. Transport
3.1.' Electron Heat Conduction

For ECRH discharges, the electron densities were less than 5- 1013 cm™2, so the collisional electron-ion coupling and
the radiative losses were rather small, and the electron heat conduction was the dominant loss channel. Consequently,
these discharges are the best candidates for electron energy balance analysis, which is based on density and temperature
profiles measured by the Thomson scattering diagnostic. Furthermore, the n. profiles were very broad and the T.
profiles highly peaked for central ECF power deposition.

For By = 2.5 T, ECE electron temperature profiles are also available. In the central region of the plasma column,
higher T. values were indicated by the ECE measurements, the maximum T. values from ECE were confirmed by
continuum spectral analysis of SX measurements (PHA). For rotational transform ¢ = 1/2, the difference between
Thomson scattering and ECE data was much less than was the case for £ a2 1/3. The line of observation for Thomson
scattering coincides with the calculated center of the vacuum magnetic surfaces. Due to the Shafranov shift which is
larger for £ = 1/3 than for £ = 1/2, the Thomson scattering will miss the center of the plasma. Furthermore, there may
be an additional outward shift of the magnetic axis. This will be cross checked by shifting the plasma by a vertical
field. Up to now, only profiles from the Thomson scattering diagnostic have been used for the electron energy balance
analysis. The central ion temperature was estimated by passive CX neutral particle diagnostic with T; values up to
450 eV. As T;-profile information was not available, the central T; was assumed to be radially constant and the edge
values were fitted to the measured T. profile. These assumptions lead to low collisional coupling between electrons
and ions. The total radiation loss was measured by bolometry. The normalized radiation profiles were modeled by a
simple corona model.

The stationary electron energy balance equation with radiative losses and electron-ion power transfer is solved with
the diffusive ansatz for the radial electron energy flux, go = —nexeT:, and an analytic ECF power deposition model
which is highly peaked in agreement with ray tracing calculations. Solving the electron energy balance equation, the
measured T, profiles are fitted by a least-squares technique using a power series of log(x.) in normalized radius, the
power series coefficients being the fit parameters. This integration method of the electron energy balance equations
leads to a smoothed representation of the electron heat conductivity, xe(r). For the n. profiles, a standard fit function
is used. With these T, and n. profiles, all neoclassical transport properties are estimated using the DKES-2 code
(W.I. van Rij and S.P. Hirshman, 1989). The DKES code solves the monoenergetic drift kinetic equation for general
magnetic field topology. Note that the W VII-AS field topology is quite different to that of standard stellarators.
Energy convolution yields the full neoclassical transport matrix.
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Figure 8 Transport analysis for series 7545-37. Electron temperature, T, density, n., heat conduc-
tivity, Xe, and current density profiles are shown for Bg = 2.5 T and with PecF == 640 kW input power.
In the experimental x. (lower left plot, solid line) standard errors resulting from the least-squares fit of
the T. profile (upper left plot) are given, additionally, the x. from the DKES code (dot-dashed line) and
from the Hinton-Hazeltine model (dashed line) are shown. The bootstrap current, see the profiles of jye
(solid line) and of jy; (broken line) in the lower right plot, is compensated by an external loop voltage,
see joy (dotted line).




& a0 -

In Figure 6, the electron temperature, density, heat conductivity and current density profiles are shown for one of the
high pressure ECRH discharges at Bo = 2.5 T with 640 kW ECF input power (4 gyrotrons operating). The bootstrap
current was compensated by an external loop voltage. The central § was about 0.5%. For this series of discharges
with (@) = 0.52, the central T, from ECE measurements was nearly 2.7 keV (2.4 keV from Thomson scattering).
The T profile is highly peaked due to central ECF power deposition. For these high temperatures, the bulk part
of the plasma is in the long mean free path regime (LMFP), the neoclassical transport being dominated by ripple
losses. The neoclassical x. estimated by DKES code (dot-dashed line in Fig. 6) exceeds significantly the axisymmetric
contribution (dashed line). Only in the innermost part does the neoclassical y. approach the experimental value.
The error bars of the experimental x.-curve represent the standard errors of the fit given by the functional variance.
Close to the effective limiter radius of 15.5 cm, the T, profile becomes flat and the experimental x. increases strongly.
Due to uncertainties in the outer T. data, however, x. is reliable only up to 14.5 cm. In the major part of the
plasma, x. is roughly constant (10* cm?/s) and much larger than the neoclassical value. In the lower right plot, the
internal current densities are shown: the electron and ion bootstrap current densities and the Ohmic current density,
estimated using the measured loop voltage and the parallel electric conductivity, both current densities are estimated
using the neoclassical DKES code. With an assumed value of Z.g = 4, the total electron bootstrap current was
calculated to be 4.1 kA (additionally, an ion contribution of up to 1 kA is expected) and the Ohmic current as —6.2
kA, the measured total plasma current being 0.2 kA. Typically, the agreement with the experimental data is not so
good (Gasparino, 1990). This current distribution leads to a rather strong positive shear: Ac = {a) — {0) = 0.2,
and the resonances ¢ = 1/2 as well as = 5/11 (natural islands in the vacuum configuration) are located within the
confinement region (compare Chapter 2.1).

The series of discharges in Figure 6 is part of an ECRH power scan shown in Figure 7. In this scan, o{a) was fixed at
0.52, the effective limiter radius was 15.5 cm and the central density was kept constant. Only for the lowest ECRH
level (180 kW, solid lines in Fig. 7) was the half width of the n. profile smaller. The T. gradients (central plot) are
only weakly dependent on heating power over the major part of the plasma column, the experimental electron heat
conductivities, x. (lower plot) are significantly increased with heating power. The broader n. profiles in Figure 7
at higher ECRH power levels (300 kW with 2 gyrotrons and 630 kW with 4 gyrotrons, dashed lines and dot-dashed
lines, respectively) are related to a broader confinement regime with low x. in comparison to the discharges with low
ECRH level. The . profiles of this power scan with values much less than 1 m?2 /s are some of the lowest values found
in W VII-AS so far and of the order of the best x. values found in optimum Tokamak confinement.
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Figure 7 Profiles of electron temperature, T., density, ne, Figure 8 FEnergy confinemt time, 7g, as
heat conductivity, x., for an ECRH power scan at By = 2.5 function of limiter aperture (plasma radius
T, with plasma radius a = 15.5 cm and o(a) > 1/2 (~ 0.52). a) for ECRH with 1 and 2 gyrotrons and
The input power is Pgcr ~ 200 kW (shots 7159-72, solid with oa) =~ 0.32 and (a) =~ 0.52, respec-
lines), = 340 kW (shots 7333-48, broken lines) and ~ 640 tively. The slope of the straight lines corre-

kW (shots 7545-57, dot-dashed lines), respectively. sponds to an a?-scaling.
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The minimum in x. at about 2/3 plasma radius is typical for all discharges without degradation due to configurational
effects. In the electron density gradient region, x. increases significantly (the n, profiles are very broad). The electron
temperature gradients of the discharges shown in Figure 7 are nearly constant versus radius. This behaviour is only
found for discharges with optimum conﬁnement (high n., full field). Here, n.-x. is roughly constant in the outer part
of the plasma. For these discharges, an a? dependence of the global energy conﬁnement time, 7, is found for fixed
line averaged density, «(a) and ECRH power, see Figure 8. This dependence can be directly explained from energy
balance considerations, see Chapter 4. Figure 8 also shows that 7z increases with f{a) and decreases with ECRH
power. For discharges without optimum confinement, however, the T,-gradients decrease and n. - x. increases close
to the plasma edge. Here, a different dependence of 75 on a is found. The general trend of the energy confinement as
resulti%g from the regression analysis in Chapter 4 shows that the dependence of 7 on the plasma radius is weaker
than a*.

Due to ECRH cut-off, n. at Bg = 1.25 T was limited to < 2.510'3 cm~3. At high ECRH power levels, the generation
of suprathermal electrons at low densities led to a broadening in the T, profiles. Fokker-Planck model calculations
indicated that ripple transport of suprathermal electrons would only result in a broadening of the effective power
deposition, direct losses were negligible and a degradation of the effective heating power could be excluded. However,
the minima values of the x. profiles were clearly higher (above 10* cm?/s) for half field than for full field operation
indicating an improvement of confinement with Bg and n. (see the regression analysis in Chapter 4).

8.2. Particle Transport

The particle confinement in W VII-AS was investigated for ECRE discharges at 1.25 and 2.5 T by coupling DEGAS
code (Heifetz, 1982) simulations with H, emissions measured at relevant toroidal positions. Radially resolved ion
fluxes were obtained from calculated neutral particle distributions, after calibrating them with the H, signals (Sardei,
1990). Estimated Z.g were used to derive the electron particle fluxes and diffusivities.

The power scan at 2.5 T, t{a) = 0.34,a = 12 cm
already discussed in Chapter 2.2., is characterized 0.
by electron density profiles which get more and
more hollow as the heating power is increased, see
Figure 9. In the central region the electron fluxes
have been compared with neoclassical predictions.
As T; profile information is lacking, only the neo-
classical electron fluxes can be estimated by DKES 0
code. In the 4 gyrotrons case, for which the central
hollow profile is most pronounced, the fluxes near
the plasma center, r = 2.5 cm, are I, ~ 3. 10!° 0.4
ecm~2/s, and I'?%° ~ 2.10'5 cm~2/s. This fairly
good agreement means that the observed hollow
density profile can be explained reasonably well by 0.3
the neoclassical temperature gradient driven par-

ticle flux (thermodiffusion), without need of ad-
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ditional anomalous contributions. This is consis- 0.2 E

tent with the lack of major resonances in the cen- 3

tral confinement predicted for large heating pow- - \%

ers and fixed {a) ~ 1/3 (Chap. 2.2). There it is 0.1 3 \5

shown that the ohmic current needed to compen- ’ i A :

sate the high bootstrap current leads to a strong = l

positive shear which keeps the central region well 0.0 1 : mmenb o aid]  aoe smwac o sin

below the r = 1./3 resonance (see Fig. 4). By re- —3.2 . B8 4 ; 0.0 %320k

ducing the heating power down to 1 gyrotron, the ro. [
hollow density profiles disappear (Fig. 9) and the eff :
particle fluxes are enhanced by a factor of =~ 5 over Figure 9 Electron density profiles for an ECRH power
the neoclassical values. This poor particle con- scan showing hollow profiles for high power level (f{a) =
finement in the central region is consistent with 0.34 and a ~ 12 cm). The ECF input power is Pgcp = 170
a flattening of the measured T, profile (see Fig. kW (shots 8763-78, solid line), =~ 370 kW (shots 8719-35,
4). In this case, an £ = 1/3 transition in the main broken line), =~ 470 kW (shots 8639-58, dot-dashed line)
confinement region is predicted (see Chap. 2.2). and =~ 640 kW (shots 8668-95, dotted line), respectively.

In the density gradient region the particle fluxes strongly increase whereas the neoclassical fluxes are negligible with
respect to the central region. For solving the particle balance equation the diffusive ansatz, ' = —Dn/, is used for the
particle fluxes. The particle diffusivities, D, have been evaluated for discharges operated at half and full field, and
t{a) values close to the major resonances 1/3 and 1/2, where optimum confinement has been found (see Fig. 2). The
radial range of the diffusivities is restricted to the density gradient region up to the limiter (D cannot be determined
for flat density profiles). Here, the density profiles can be explained by diffusive transport alone.

For the power scan at #(a) = 0.34 discussed above, the diffusivities in the outer confinement region (r = 10 cm) increase
with heating power for constant density (D = 1800 — 4000 cm?/s from 2 to 4 gyrotrons). The same behaviour is

—
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Figure 10 Ion diffusivity profiles, D, for ECRH discharges at Bg = 1.25 T (Fig. 10a, left plot) and at
Bo = 2.5 T (Fig. 10b, right plot) depending on ECR heating power (number of gyrotrons operating).
In Fig. 10b the line averaged density is lower for the 1 gyrotron case.

found for discharges operated at z(a) = 0.5 for both 1.25 and 2.5 T, see the 1 and 2 gyrotron cases of Fig. 10a with
Ai. ~ 1013 cm—3, and the 2,3,4 gyrotron cases of Fig. 10b with i, ~ 2.8-10'3 cm™3. D also increases with decreasing
density for constant heating power, see the 4 gyrotron cases of Fig. 10a, with fi, ~ 8.5 10'% and 1.8 - 1013 em™—3,
respectively. A similar behaviour was found for the electron thermal diffusivity, see Chapter 4. In the 1 gyrotron case
of the 2.5 T, f{a) = 0.52 power scan shown in Fig. 10b, the expected reduction of D due to the small heating power
is overcompensated by an enhancement due to a smaller local density. A comparison between the analyzed 1.25 and
2.5 T discharges indicate an average improvement of the particle confinement with the magnetic field by a factor of
~ 3 throughout the density gradient region.
D_.:d
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Figure 11 shows the ECRH power dependence of the
diffusivities in the outer confinement region (r/a =
0.8) for the discussed 1,2 gyrotrons discharges at 1.25
T, the power scans at {a) = 0.52 and 0.34 and 2 ad-
ditional full field discharges at r{a) = 0.52, a = 12
cm. The lowest values of the diffusivity are found at - 3
full field, high ¢ operation. In the low r power scan, T 2-0_____.3.5/ 30
the diffusivities are, on the average, twice as large as 1
in the high r power scan. This r dependence of D is ;
not distorted by density effects since, at each power
level, the densities between the 2 power scans dif-
fer only by =~ 15%. The relatively high diffusivities
in the 1 gyrotron case of both power scans can be
explained by the local densities being 40% smaller
than in the respective 2, 3, 4 gyrotron cases. All
these results indicate that, at least in the outer con-
finement region, D scales positively with the heat-
ing power and negatively with B, r and local plasma
density. A comparison of D and x. for the analyzed
discharges yields D/x. values between 0.1 and 0.3 - *
in the outer confinement region at r/a = 0.8. Con- N
cerning the plasma refuelling sources, it should be
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mentioned that limiter recycling accounts for about
90% of the ion production in the small aperture, low
¢ case (optimal wall screening from ion impact) and
only for about 20% in the large aperture, high ¢ case.

Figure 11 Dependence of ion diffusivity, D, on
ECRH power at fixed r/a = 0.8. The numbers in
the plot give the local electron density, n., in units
of 10'2 cm—3,
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An interesting transition was observed in ECRH full field discharges at o{a) = 0.32 (Fig. 12). During the evolution
of the electron density the energy content increases within 15 ms by about 30% without any measures being taken
from the outside. The transition takes place at a line averaged deusity fie = 1.8 - 10 e¢cm™3 corresponding to
fndl = 7.5-10" cm™? in Figure 12. The H, signals show a maximum in the fluctuation level at the start of the
transition and then relax to a lower level. From ECE measurements a small transient increase in T, is seen during
the transition at all radial positions. This indicates that this phenomenon is not just restricted to the plasma edge
as one would conclude from the H, signals alone. From Thomson scattering the temperature profiles during the
steady phase after the transition turned out to be the same, but the electron density has increased, indicating better
confinement, particularly as the external gas flux is even reduced. From energy and particle balance analysis, the
transition to higher density is seen to correlate with an average reduciion of x. by about 30% over the whole plasma
column and with a decrease of D by about 50% in the density gradient region.

The impurity particle confinement in WVII-AS has been investigated by laser ablation of aluminium. Since hydrogen-
like Al, which is peaked in the bulk plasma for ECRH discharges, can be assumed to evolve under ionization equilibrium
conditions, the decay time of the Al-XIII line radiation during stationary plasma conditions is a measure of the central
confinement time for this impurity. For moderate and high ECRH power, the decay time is found to increase from
>~ 10 ms at 1.25 T to = 40 ms at 2.5 T. Also, it decreases with ECRH power for given limiter aperture. The time
evolution of Al-XIII could be reproduced by transport simulations with the STRAHL code (Behringer, 1987), which
uses a constant diffusion coefficient and an inward convective term v = —(2D/a)-(r/a). The corresponding D decrease
from 5000 — 8000 cm? /s for 1.25 T to 1200 — 2000 cm?/s for 2.5 T. These numbers reduce by = 20%, if the velocity
term is omitted. Discrepancies between the measured and simulated decay times are found, however, for the lower
ionization stages. More experimental data, and more accurate simulations, including a spatial variation of D, are
needed to improve the description of the impurity transport behaviour under different experimental conditions.
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4. Transport Regression Analysis

The dominant parameter dependences of both the local electron heat conductivity, Xe, and the global energy con-
finement time, 7g, are given by multiple linear regression analysis. This standard procedure is only used to obtain
the general trend in the confinement properties as well as the significant parameter dependences. About 40 series of
discharges with 2nd harmonic ECRH as well as about 25 series of 1s¢t harmonic ECRH were selected from a database
system for this regression analysis. Only discharges with central ECF power deposition which is highly localized were
taken into account (the database for off-axis heating is only small) and discharges with confinement degradation due
to configurational effects were excluded. In most discharges at By = 2.5 T the electron density is more than twice the
density at low field, Bg = 1.25 T, leading to a rather high correlation in the regressions with Bp and n.. Consequently,
all regressions were tested separately on the reduced database with By = 1.25 T and Bg = 2.5 T, respectively. No
significant modification in the regression coefficients was found. :

First, the 7g-regression results are described. The energy confinement time depends significantly on magnetic field
strength, Bo, line averaged density, fie, ECF input power, P, and plasma radius, a. The edge value of rotational
transform, (@), has a smaller significance, however, {a) is included in the regression.

TEm.lr . (1.14 + 02) aO.SSt.I‘?BOO.Sl:E.US ﬁg.ﬁﬁi.O7PEE%55:l:.05 r(a)!'.l.2!5:t.09

with 7 in ms, A, in 10! em™3, Pgcp in MW, Bg in T and a in cm, a being the minimum of effective limiter and
separatrix radius. For the selected database, the experimental TE“T versus the result of the multiple linear regression,

1'5"‘1", is shown in Figure 14. As a surprising result, these f regression coefficients for By, fie and PggF are identical
to those found in Heliotron-E for ECRH discharges (Zushi, 1988). Also the energy confinement times estimated by
means of the frequently used LHS-scaling (Sudo, 1990) are comparable. Furthermore, the regression coefficients for
7ie and PEcF are nearly identical to the LHS ones. However, the regression coefficients for By and a are significantly
smaller than those given by the LHS-scaling. '
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The relation of electron density in the bulk part
of the plasma and line averaged density, i., de- /
pends only slightly on plasma radius. Replacing p
fie in the regression by the central electron den-
sity, n.(0), gives similar results. The general a 0.01 *,'5?‘ -
dependence of rg in the regression is in contrast %5 [
to the results shown in Figure 8 (75 « a2, see 3 | “éf/ *
Chap. 3.1). For discharges with optimum con-
finement (e.g. those shown in Figure 7), the T,
profiles have nearly a triangular shape. However, s 3
for most discharges included in the database the ) sk
T, profiles are bell-shaped. For full limiter aper- Vot

ture at r{a) =~ 1/3, a > 18 cm, the temperature % ok
gradient close to limiter is typically much smaller Py bad 1257 257
than for reduced limiter apertures, the edge elec- . * *
tron densities being roughly comparable. Note 2 ——aay
that for £~ 1/2 the separatrix radius is less than 2 s 0.01 :
17 cm. This flattening of the T. profile is con- g™ [s]
sistent with a stronger increase of x. (and also

N - Xe) at the plasma edge. These findings in- Figure 18 Experimental energy confinement times,
dicate that the confinement is degraded in this Tg 7, versus the values calculated by means of the mul-
region for most discharges. tiple linear regression formula, rE”“".
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As the analysis of 7g scaling laws is not very conclusive for describing the transport properties, a local x, regression
is performed by using the y. profiles estimated from the electron energy balance analysis. For each y. profile a
radial range of confidence was specified to exclude uncertainties depending on the quality of the measured profiles,
especially near the plasma edge. In the central part of the plasma, the experimental x. can reach the neoclassical
value for discharges with peaked 7. in the LMFP collisionality regime. Here, different T, dependences must be
expected. Furthermore, the x. profile from the electron energy balance analysis depends sensitively on the ECRH
power deposition profile in the central region. Therefore, the plasma center with r < 5 cm was excluded from the
regression analysis. For the gradient region, however, with r > 5 cm where the neoclassical Xe is always small
compared to the experimental one, the global regression analysis gives reasonable results.

As the experimental x. is roughly constant in the bulk part of the plasma and T, (r) varies strongly, a global x.
regression must result in a very small T. dependence of x.. Consequently, local regressions of x. (fixed plasma
radius) with the local parameters By, n. and T. which are assumed to be dominant were performed. No conclusive
results were found: the regression coefficients for By and n. were nearly independent of radius while the T, dependence
for r > 8 cm was rather small and the quality of these regressions was unacceptable. Adding a global heating power
dependence leads to a significant improvement, however, the local T, dependence remains to be rather small but is
inverted: x. decreased with increasing T.. Omitting the T. dependence in local regressions has only a small effect on
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the regression quality. In this case, all regression coefficients were roughly independent of radius. Contrary to what
one might expect, the local x.(r) are better described (in sense of a best fit) by the global parameter Pgcy than by
only local ones. Consequently, a global regression of x.(r) with the parameters By, n.(r) and Pgcr which were the
dominant ones in local regressions was performed. An additional (a) dependence was allowed to be consistent with

ghs 5 regreSSSion. 0.60X.05 0.76£.03 0.49%.06
xemlr _ (0.64i _10) BO_ 60X, nc—O.QS:I:.D-'i 'PE'.éF *. r(a)— 49+,

(with xe in 104 em?/s, n. in 1014 em™—3, PgcF in MW, Bp in T). The quality of this regression becomes obvious from
Figure 14 where x.*“? is plotted versus xe"“". The global standard error of the x. regression defined by means of the
fit variance is less than 40%. The only radial dependence in this regression ansatz is given by the electron density
profile. Thus, a remaining radial dependence is checked by analyzing the ratio xe =7 (r)/x.™"(r) for all selected
discharges. The mean value and the standard deviation are plotted versus radius in Figure 15. Obviously, no explicit
radial weighting function is neccessary for this form of x. regression. Furthermore, the energy balance equation was
integrated with this x,™" and when the resulting energy confinement times were: compared with the experimental
values, very good agreement was found.
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Figure 14 Experimental electron heat conductivities,
Xe P, versus the values calculated by means of the mul-
tiple linear regression formula, x,™".

Figure 15 Mean value (solid line) and standard de-
viation (broken line) of x.**F /x.™" estimated for 63
selected discharges of the database versus radius, r.

The x. regression yields the analogous (inverse) parameter dependences as the rg regression. With a simplified
integration of the electron energy balance based on x E’;“"' a corresponding 75 scaling formula can be derived. Thus,
both the local and global transport regressions are consistent. The heating power dependence in the global x.
regression can be qualitatively understood by means of the electron energy balance equation. Radiation losses and
collisional electron-ion energy transfer can be neglected in this rough approach as the electron heat conduction is the
dominant loss term. Outside of the ECRH power deposition zone (r > 5cm) the electron energy balance equations
can be written in the form
aT. 1

TheXeGr ™GRBT

Typically, the density profiles are flat and very broad, and n. - x. is roughly constant. The shape of the T, profiles
does not change very much on variation of external plasma parameters. Within the important confinement region,
the temperature gradient is only slightly affected by the heating power. These experimental findings reflect the basic
physics of the electron energy transport. The parameter dependence of x.(r) follows directly: the strong relation
of n..- xo to the heating power becomes obvious. The statistical significance shows this to be a general trend in
all ECF heated discharges where electron heat conduction is the dominant loss channel. Consequently, on the basis
of the electron energy balance the y. regression reflects the fact that only little variation is found in the electron
temperature gradient. Furthermore, the dependences of x. on By and «(a) is given directly by the regression. A
physical picture of this anomalous transport cannot be given by such a form of regression analysis. However, the
fact that no local scaling of x. with T. was found indicates two possible explanations. Firstly, the electron heat
conduction cannot be treated by the specific form of regression ansatz as described in this Chapter or, secondly, the
picture of transport being determined by only local plasma parameters is inadequate.
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5. Combined ECRH and NBI Discharges

Most of the shots in W VII-AS have been oriented to the study of pure ECR heated plasmas. Two types of discharges
have been investigated in connection with NBIL.

a) NBI with ECR heated target plasma: the gyrotrons were only used to provide a target plasma and then shut off.
The trapping of the neutral beams was improved in with additional pellet injection. The plasma parameters reached
are ne(0) = 10'4 em=3, T.(0) = T3(0) < 0.7 keV with an energy content W < 15 kJ and 75 = 10 ms. The discharges
were always non-stationary and, due to good particle confinement, the fast density increase led to a radiative collapse.

b) Combined ECR and NBI heated plasmas leading to stationary discharges at moderate densities and radiation
power levels. Similar experiments have already been reported from W VII-A (Ringler, 1986). An influence of ECRH
on the time evolution of the density has been seen before (Alikaev, 1984 and Uo, 1986). Due to a reduction of the
particle confinement as compared to purely NBI heated discharges, the density can even be feedback controlled by
gas puffing. In Figure 16, shots are shown to illustrate this technique. Energy content, line density, gas flux and
heating power are shown as a function of time. In the case of shot 9077, stationary conditions were reached using 3
gyrotrons with feedback control of the density. For shot 9079, however, one of the 3 gyrotrons failed with the result
of a nonstationary discharge. The density reaches twice the ECRH cut-off without gas puffing. It turns out that
the ECRH power necessary to reach stationary conditions has to be increased with NBI power. During the next
experimental campaign these discharges with combined heating will be one of the focal points.
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Figure 18 Density control in combined ECRH + NBI discharges: the energy content, W, the line
density, [ndl, the gas flux, T, and NBI and ECF input power, P, are plotted versus time. In shot 9077
with 3 gyrotrons operating, the density reamins below cut-off and even a small gas flux was neccessary
for stationary conditions. In shot 9079 with only 2 gyrotrons operating, however, the density increases
to cut-off, no gas flux was applied.

6. Summary and Conclusion

W VII-AS with its modular field system has operated routinely since January 1990 with full field parameters. From
this experience one can draw the conclusion that also a large modular system can be realized, especially as the
mechanical forces will not exceed values known from W VII-AS. In the 1st and 2nd experimental campaigns most
of the investigations were devoted to ECR-heated plasmas (70 GHz) at 1.25 T and 2.5 T magnetic field with 2nd
harmonic x-mode and fundamental o-mode launching. Maximum plasma parameters of Tio =~ 2.5 keV, T, ~ 0.4 keV,
Neo = 5- 1013 cm=3 and 75 =~ 10 — 20 ms have been achieved with this technique. The expected reduction of the
Shafranov shift by reducing the Pfirsch-Schliiter currents by a factor of two has been confirmed by the experiment.

The control of the rotational transform at the plasma edge, (a), works for all possible scenarios under consideration.
For low internal shear operation, degraded confinement is found to be related to low order rational values of ¢ which
indicates island formation and ergodization in the magnetic configuration. Even local flattening of the electron
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*emperature profile has been resolved for these conditions. Internal shear is generated by internal currents. In most
discharges, the pressure driven bootstrap current which is experimentally confirmed is feedback-compensated by an
Ohmic current. This scenario results in a positive shear depending on the magnitude of the bootstrap current and
consequently on the energy content. The positive effect of internal shear on the energy confinement has been shown
to be significant. Finally, a future task will be the study of confinement optimization by means of an appropriate
shaping of the whole rotational transform profile using local ECCD.

Electron enerzy balance analysis based on measured 7, and n. profiles vields the electron heat conductivity, x.(r).
The best x. values which have been achieved are well below 10* cm?/s which are in the range of the optimum Xe
values found in tokamaks. For all analyzed discharges, the neoclassical transport coefficients were calculated by using
the DKES code and compared to the experimental values. Due to the strong 7. dependence, the neoclassical y,
values decrease rapidly with radius and are typically about one order of magnitude smaller than the experimental
value at half plasma radius. The experimental x., however, are roughly constant in the bulk part of the plasma
and increase close to the plasma edge. The neoclassical x. come up to the experimental values only for central high
ECF power deposition with peaked temperatures where the neoclassical ripple losses dominate. For discharges with
ne > 3-10'% em™3 at full field optimum confinement properties were achieved, being characterized by T! = const as
well as n. - x. = const in nearly the whole confinement region. For these discharges, the global energy confinement
time scales with a®. With the present database a regression analysis of both r¢ and local x. has been performed. No
significant T, dependence was found in the local x. regression. x. scales with ECR-heating power and inversely with
n., B and oa).

From the DEGAS code, particle fluxes and diffusivities have been derived using measured T, and n. profiles and
absolute Hy intensities at relevant positions around the machine. The radial range of the diffusivities includes the
density gradient region up to the limiter. Here, D is found to range between 500 and 10* cm?/s for the discharges
analyzed exceeding neoclassical predictions by more than one order of magnitude. D scales with ECR-heating power
and inversely with n., B and t(a). The ratio D/x. was between 1/10 and 1/3.

Density profiles were found to become hollow in the plasma center with increasing ECRH power (200 — 800 kW).
For the hollow profiles at high power level, the central particle fluxes from DEGAS simulations agree fairly well with
the neoclassical fluxes which are dominated by thermodiffusion. Consequently, the ECRH density pump-out in the
central region is consistent with neoclassical transport in W VII-AS.

Future work will concentrate on NBI discharges. Firstly, there are two ways to avoid radiation collapse. Combined
ECRH - NBI discharges have already been shown to reach a stationary state. However, the understanding of the
density control by ECRH in NBI discharges is of dominant importance. Future experiments also at 140 GHz ECRH
will concentrate on this topic. Furthermore, ECRH may also be used to avoid impurity accumulation. Secondly, the
machine is now being carbonized and will be boronized later in the year. It should be noted that so far only glow
discharges have been used for the conditioning of the machine. From the experience of other machines it is expected
that these measures will reduce the radiation problem connected with the good particle confinement in pure NBI
discharges.
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INTRODUCTION

During the first two periods of plasma operation in the Wendelstein 7—-AS stellarator
most of the discharges were built up and sustained by ECRH at 70 GHz with up to 800
kW input power. Since in the earlier one the magnetic field strength was restricted to

1.25 T. 2™ harmonic heating (x-mode launching) with average densities between 7 - 10'2
and 2:101° m~—3 was extensively investigated. The more recent experiments were performed
using 1%* harmonic heating at 2.5 T (o-mode) with densities up to 4 - 101° m—3,

Within the experimental range of the plasma parameters (heating power Prc . electron
density n. and temperature T, rotational transform ¢ and toroidal magnetic field By). a
statistical description of the local electron heat conductivity, Xe(r). resulting from the
energy balance analysis is given by regression methods. Such formulae are used as a basis
for model calculations, but they reveal also global parameter dependences and may give
some insight into the mechanism of the enhanced electron energy transport. Additionally,
these local x. formulae can be converted to global energy confinement times, rz. If a
sufficient database is available, the statistical analysis of local transport is much more
powerful than the usual global scaling of energy confinement times. Furthermore, for
comparing present stellarator (W7-AS, ATF, Heliotron-E) and tokamak experiments of
quite different size, a statistical formulation of the electron heat conductivity is very useful.

DATA ANALYSIS

About 30 series of discharges with 2% harmonic ECRH as well as about 20 series of
1°¢ harmonic ECRH are included in the database for the statistical analysis. The electron
heat conduction was determined by a direct fit of the electron energy balance equation
to electron temperature and density profiles measured by Thomson scattering (see Fig.1).
For these discharges. electron heat conduction was the major loss channel. radiation and
electron-ion coupling played only a minor role.

The x.,Te,n. profiles as well as global parameters like Pgpor,Bg,t, at the plasma
edge were stored in a database system. Only discharges with central ECF power deposi-
tion which is highly localized were taken into account since the database for off-axis heating
is not sufficient. For each profile a radial range of confidence was specified to avoid the
influence of uncertainties at the profile boundaries. Nonlinear regression was employed
for the determination of the parameter dependences. Using this method correlations be-
tween regression coefficients can be kept under control and also complicated parameter
expressions can be tested.

The regression was tested for different intervals in minor radius and it turned out
that a simple regression ansatz was inadequate for the central plasma interval with r <
5 cm. In this region. two types of discharges were distinguished: a) discharges at very
low collisionalities (with peaked T,) which are dominated by neoclassical transport (high
ripple losses in the 1/v-regime), b) discharges at higher collisionalities for which no central




peaking in x. was found and for which the neoclassical x. was small compared to the
experimental one over the whole plasma radius. As the neoclassical T.-dependence is
very strong, these two types of discharges could not be treated by a an unique regression
ansatz indicating a quite different parameter dependence for x. in the central region. For
the gradient region with r > 5 c¢cm where all neoclassical x. are small compared to the
experimental ones, the analysis gives reasonable results, therefore, the plasma center with
r < 5 cm was excluded from the statistical analysis. The most significant parameters
turned out to be n.(r). Pror and By, as the corresponding regression coefficients were
large compared to their variances. This parameter combination was chosen to be the "best
fit", the resulting formula is given below:

£5 0.685+0.03 -1.05=0.03 —0.71+0.13
xer — (0.79 i 0.07) * PECF % ﬂ.e v = Bo

(with T, in keV. n. in 102°m=3, Ppop in MW, By in T). The quality of this regression
result is demonstrated as a x,” vs x.°"" plot in Figure 2. Including the electron temperature

T.(r) and the edge value of the rotational transform. ¢,. improved the x2 of the fits only
slightly. The corresponding regression coefficients were rather small and comparable to
their variances while the other regression coefficients for n.(r). Pgcr and By remain
nearly unchanged. -

The most remarkable effect was that x,(r) is better described by the global parameter
Ppcr than by the local one, T,(r), the latter having a nearly vanishing regression coeffi-

cient. So the local heat conductivity seems to be determined by the global heating and not
by only local effects,

~ In the same way experimental x.-scalings (e.g. WT7-A: x, ~ n',_lTe T2/3 for OH
discharges and x, ~ n,”17T,0-6 for ECRH) as well as theoretical approaches (see e.g.

[1]) were tested. The results, however, were negative: none of the quoted formulae is
capable of describing the electron heat conductivity found in W7-AS .

This analysis would be incomplete without a cross check of the x, formula for consis-
tency with the global energy confinement time, rg. Therefore, 7 was estimated by solving
the electron energy balance equation for each regression ansatz, the results were related
to the experimental rg. This cross check is shown in Figure 3 for the regression based on
the combination of n.(r). Ppop and Bg. The energy content based on the x.-regressions
depends sensitively on deviations to the experimental x. at outer radii which may be in-
fluenced by the topology of magnetic surfaces at values of the rotational transform close
to low order rational numbers. Nevertheless. the regressions excluding the heating power
dependence underestimate the energy content typicaily by a factor of 2. while the other
regressions result in a very reasonable agreement.

A similar analysis can be done by deriving analytical expressions for 7z . Solving the
energy balance equation for x% in an approximative way, one obtains:

3.a2
- 1.05  0.71  p—0.685
Th & <n.> -B o oy

% 3r8:00.79:50s07 Ons159BGF

The parameter dependences are similar as in the formula of the LHS group 2] which was
already anticipated by a direct comparison of the experimental 7z to the latter relation.

DISCUSSION

The heating power dependence of x. can be qualitatively understood from the en-
ergy balance equation where radiation and ion heating is neglected for the discharges with
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with Spop being the ECF power deposition profile. Typically, the density profiles were
flat and very broad. The shape of the T, profiles did not change very much on variation
of external plasma parameters (see Figure 1), the temperature gradient was only little
affected by the heating power. These experimental findings reflect the basic physics of
the electron energy transport, the parameter dependence of x.(r) follows directly from
the energy balance equation: the strong relation of n. - x. to the heating power becomes
obvious. The statistical significance shows this to be a general trend in all ECF heated
‘discharges where electron heat conduction is the dominant loss channel.

The observations just made can not be done by a study of the energy confinement
time. As the analytical expression for 7z above shows, the information on the temperature
profile shape gets lost as only the global parameter dependencies remain.

CONCLUSIONS

Formulae of the electron heat conductivity for ECF heated discharges in W7-AS were de-
rived based on statistical regression methods. They differ markedly from a parametrization
found for W7-A for Ohmic discharges. The explicitly found ECF heating power depen-
dence may be understood as owing to a roughly constant temperature gradient. Future
work should answer the question whether this effect can also be found at higher densities
using different heating methods.

The resulting energy confinement times are rather insensitive to the regression model
used for the electron heat conductivity. Consequently, the statistical analysis of local
electron heat conduction is much more significant than global scalings of energy confinement
time.
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W VII-AS profiles
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Fig. 1: Electron temperature profiles and heat conductivities, x.. for a power scan (1. 2

and 4 gyrotrons) at equivalent densities.
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INTRODUCTION

In WVII-AS, ECRH plasmas with central deposition are characterized by peaked tem-
perature profiles but flat or slightly hollow density profiles up to 10 — 12 c¢m. which is
more than half of the plasma radius (see Fig. 1). This difference is mainly due to the
different radial location and extent of the energy and particle deposition zones, the first
being narrow (1 — 2 cm) and peaked at the center, the second broad (5 — 10 ¢m) and
peaked near the edge. In contrast to the energy source, the particle source strength is
experimentally unknown, since it is dominated by toroidally and poloidally asymmetric
recycling processes. However, the particle deposition profile can be determined by 3D
neutral gas transport modelling and the source strength by calibrating the calculations
with H, measurements. Radially resolved particle fluxes and diffusivities can then be
obtained from the particle sources and the measured density profiles.

RESULTS FOR 1.25 T DISCHARGES

In order to get information about ion production rates, particle confinement and
neutral density distributions, several ECRH discharges at 1.25 T (2"¢ harmonic X-mode)
were analyzed by coupling DEGAS code /1/ simulations with H, emissions obtained
at different toroidal positions. For each discharge,with given Thomson temperature and
density profiles at stationary conditions. three simulations were performed according to
the three most relevant sources of neutrals (limiter recycling, wall recycling, external gas
release). The magnetic-surface-averaged ion production rates, as obtained from the neutral
densities and the Thomson profiles, were integrated to give the radially resolved ion fluxes.
The electron fluxes were derived from the ion fluxes by adding estimated contributions
due to the impurities, for which comparable confinement times as for the background
ions were assumed. Neoclassical fluxes, as predicted by the DKES code, were used for
comparison.

The radial profiles of the ion and electron fluxes and of the particle confinement
time are shown in Fig. 2 for a 1.25 T discharge heated by 350 kW ECRH power (2
gyrotrons). In the central part of the plasma, the deduced electron fluxes are close to
neoclassical values, whereas they become strongly anomalous towards the plasma edge.
The ion particle confinement time has a maximum of 11 ms in the bulk of the plasma
and drops to about 2 ms at the plasma edge. indicating strong recycling in front of the
limiters. A comparison of this discharge with a similar one (same r. same limiter position
and comparable plasma density). but with only half of the ZCRH power, shows an increase




of 7, by a factor of two over the whole plasma radius. This is consistent with a similar
ECRH power scaling of 7z found for the same discharges.

The sensitivity of the limiter and wall recycling to the radial position of the limiters
was also investigated by comparing two discharges with the limiters placed at the two
extreme positions z = 22 and 31.5 c¢m from the equatorial plane (see Fig. 3). If the limiter
is fully retracted to the wall. the dominant refuelling (45%) is provided by wall recycling, the
limiter contribution being only 20%. which is even less than that of the external gas feed
(Fig. 3b). If, however, the limiter is moved deeply into the vacuum vessel, then it accounts
for 80% of the ion production (Fig. 3a). In this case, the limiter effectively screens the wall
from ion impact. Impact by high energetic CX neutrals, however, is not directly affected
by the limiter position. The radial range of the ion production (between 12 and 18 cm.
see Fig. 3c.d) is almost the same for the three sources and for the 2 limiter positions.
This indicates that the refuelling profiles are mainly affected by the electron density and
temperature profiles and only slightly by the limiter position. Between the plasma edge and
the wall the electron density and temperature are very small (n, =~ 10!! crn =3, T, ~ 15¢V
from probe measurements) and the ion production is negligible.

For five typical ECRH discharges with r close to 0.5 and with fully retracted limiter,
diffusivity profiles were calculated from particle fluxes and density gradients. D was found
to range between 3x 10% and 5x 10* cm?s™!. Fig. 4 shows diffusivities for various heating
powers, with 1, 2 and 4 gyrotrons as indicated by the index. The strong increase of D
towards the plasma edge is similar to that observed for x.. In the flat density region up
tor =~ 10 cm, D is undetermined. At larger radii. the density profiles can be explained by
diffusive transport only, without the need of an additional "inward drift”. At moderate line
averaged densities. 7 o 10'3cm ™3, there is a clear deterioration of the particle confinement
with increasing ECRH power, as vs. a;. The same behaviour was found for the electron
energy confinement and for the decay time of laser-ablated aluminum. If one compares
diffusivities for constant heating power (4 gyrotrons) at low and high line densities (7 =
8.5 x 10'2¢m 3, case byjoy. as compared to 1.8 x 10%3, case bs). there is a clear decrease
of D with increasing electron density. A similar improvement of the confinement was
found from the decay time of laser-ablated titanium radiation, which could be simulated
by diffusivities of 5 x 10° and 8 x 10° em?s~* for high (7 = 1.2 x 10}3cm~3) and low
(7 = 7.3 x 10"2cm™3) density, respectively.

RESULTS FOR 2.5 T DISCHARGES

The presented 1.25 T results can be compared with those obtained from recent ECRH
discharges operated at the full field of 2.5 T (1** harmonic O-mode). Fig.5 shows the
diffusivities in the density gradient region 10 < r < 18 cm for 4 Thomson series at full
field, heated by 1.2.3.4 gyrotrons, respectively, with average absorbed power of 175 kW
each.The bootstrap current was compensated by the OH transformer to a net current of
=~ 200 A. The central electron density was ~ 4£x 10*3 cm =3 for all discharges. T. increased
with heating power from 1.4 to 2.4 keV. The density profiles were very similar. but in the
1 gyrotron case the profile was narrower by ~ 4 cm. which implies smaller densities at
equivalent radial positions. As in the 1.25 T discharges, the diffusivities strongly increase
from 7 = 12 cmn up to the edge, suggesting an inverse scaling with the plasma density. as
it was found for the thermal diffusivity /2/. A degradation with increasing ECRH power is
also found except in the 1 gyrotron case (Fig. Sa), for which a reduction of D due to the
small heating power seems to be overcompensated by an enhancement due to the smailer
densities in the gradient region. The global particle confinement time at the plasma edge
drops from 25 to 5 ms over the given ECRH power scan. A comparison with the 1.25 T




discharges shows a clear improvement of the particle confinement with the magnetic field
throughout the gradient region. the average D being about 1/3 of the value in the half
field case.

Finally, D is found to be smaller than x. (D/x. between 1/3 and 1/10) for the
analyzed discharges both at 1.25 and 2.5 T.

Concerning the accuracy of the presented results, it should be noted that radially
constant Z. s values (increasing from 3 to 6 over the ECRH power scan). as estimated
from X-ray continuum measurements, were used to determine the ion densities from the
Thomson profiles. This may be a poor approximation of the actual Z. s profiles. Further-
more. the wall recycling sources, as monitored by the H, emission at the "undisturbed”
triangular plasma cross section, may not represent a good average of the global recy-
cling from the entire torus wall. Additional diagnostics are being installed to improve the
experimental basis for both estimates.
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Fig. 1: Typical electron temperature and density profiles for ECRH
discharges with central power deposition.
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1. Inoducton

The experimental invesdgaton of non-inductdve current drive by electromagnedc waves
in the elecoon cyclomon range of frequencies and the comparison with theoredcal predicdons
arracts increasing interest in both, tokamak as well as stellarator research. In spite of the low
current drive efficiency (compared to Lower Hybrid Current Drive) Elecmon Cyclomron
Current Drive (ECCD) is a candidate for MHD-mode conmol and current profil shaping in
tokamaks and stellararors due to the high localization of the driven currents and the capability
to drive curreats in the plasma cenwre in large machines. ECCD is an appropriate tool for the
conuool of the pressure effects on the profile of the rotational wansiorm, partdculariy the
bootsmap current in stellarators. This is a crucial condition to maintain good confinement
properties in low shear configurations such as W VII-AS /1/. Basic experimental
investigations were performed at the W VII-AS stellarator, where the small EC-driven
currents are not masked by large inducdvely driven currents as in tokamaks. The theoredcal
weartment of ECCD in stellarators would require a Fokker Planck soludon in full phase space
taking into account the complex magnetic field conriguraton (wapped particles, loss cone
erfects) which is unoactable. In a first approach, we have compared our experimental data to a
simple analydcal current drive model (linearized in slab geomexy) which is incorporated in a
ray-wacing code /2/. In a second step, we have analysed the seasidvity of the model with
respect to simplified assumpaons on apped parucies and quasi-linear effects./3/.

2. ECCD Experimental Results, Comparison with Theorv

The ECCD experiments were performed at the W VII-AS steilarator with up to 0.8 MW
rf-power at 70 GHz. Up to four linearly polanzed ri-beams were launched at the 2nd harmonic
exmaordinary wave polarizadon from the low field side. The resonant magnedc field and the
cutoff density are 1.25 T and ne ¢crit = 3.1 - 1019 m-2, respectively. The rf-beams were
directed towards the plasma at arbiwary toroidal launch angles by a set of independently
movable focussing murrors mounted inside the vacuum chamoer /4/. An important input
quantity for ECCD evaluations is the single pass absorption of the rf-waves, wiich was
directly measured for perpendicular incidence by a 35 pick-up waveguide array mounted at the
inner vesse! wall opposite to the launcaing mirrors. In all cases discussed here, :otal
absorption of the waves in a single mansit through the plasma was found within the
experimental errors.

The EC-driven current was experimentally determined by two different methods, where
the pulse duradon was chosen long enough to obtain statonary giobal piasma behaviour:

In a first experiment, the toroidai launch angie of the rf-beams was varied while the
total net plasma current was kept close to zero (I < 0.2 kA) by feedback conwol with the OH—
tansformer. The change of the required loop voitage aU with respect to perpendicular launca




(no ECCD) was measured as a function of the launch angle. With the known plasma
resistvity, which was measured independently, the EC-driven current was evaluated straight-
forward. This method is based on the assumption that the bootstrap curreat contribution
remains constant, in other words, that the proriles of ne and Te do not change very much
during the launch angie scan, which holds for small launch angles. Although the stored pilasma
energy changes from + 20 to - 40 % depending on counter- or co-current drive with respect to

the bootstrap current, the energy change is < 10 % for launch angles < 109. In Fig. 1 the loop
voltage increment AU is plotted versus the toroidal launch angle at the resonance layer
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Eig I Loop voltage increment AU]pop as a function of the launch angle @ror for discharges,
where the net plasma current is controlled by inducrive current drive (Ip < 0.2 kA). An r7-
power of 0.35 MW (solid curve) and 0.17 MW (dashed curve) was applied for current drive.
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Fig 2: LEFT: Ray-tracing.geomerry (horizontal cut in the z = 0 plane). The shady region
indicates the plasma column. Two r7-beams are launched from the right (low field side), the
upper one in perpendicular direction, the lower one with an oblique angle of 109.

RIGHT TOP: EC-power deposition projile (soiid curve), and electron remperature from
Thomson scartering diagnosrics (dashed curve).

RIGHT BOTTOM: Current densiry distriburnion as a junczion of the average minor radius.
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including refractive effects for a total ri-power of 0.35 MW. The central plasma density and

elecoon temperature measured by Thomson scattering was neg = 2.2 - 1019 m-3 and
Teo = 1.6 keV, respectively. Equivalent scans at lower densities show an increased
conmributon of suprathermal electrons, which is beyond the simplified Fokker-Planck model
used here. The dashed curve is obtained for a scenario, where one ri-beam (0.17 MW) was
launched perpendicularly and the launch angle of the second beam was scanned, the solid
curve is obtained if the launch angle of both rf-beams is scanned together.

The result of a 3-D ray tracing simulation of the experiment based on the measured
profiles of ne and Te is given in Fig. 2. In this example, one rf-beam is launched

perpendicularly from the right (low field) side and a second beam is launched at 10° with

respect 1o perpendicular, which finally results in 270 launch angle at the resonance layer due to
beam deflection. The power deposition profiles as well as the driven current density
distibuton is also given as a functon of the average minor radius. The perpendicular beam
does not contribute to current drive. The EC-wave driven current is evaluated by an analydcal
model /4/ incorporated in the ray wracing code which gives an upper limit. for ECCD. because
rapped particle effects are neglected. Zeff = 4 was assumed. As seen from Fig. 3 (left), where
the calculated total driven current is plotted versus the launch angle for one (0.17 MW, dotted
line) and two rf-beams (0.35 MW, solid line), respectively, the experimental results are
qualitadvely well described. In particular, the launch angle for maximum current drive and the
linear increase of ECCD with rf-power agree well. The absorpdon layer is shifted radially
outward with increasing launch angle which is responsible for the decrease of the driven
current at large launch angles, where Te decreases, the fraction of trapped particles increases
and the mismarch of the linear polarized wave increases.
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Fig. 3: Calculated EC-driven current for an rf-power of 0.17 MW (dashed curve) and 0.35
MW (solid curve) as a function of the rf-wave launch angle, where trapped parricles are
neglecred (LEFT) and included (RIGHT) Both simulartions are based on the measured profiles
of ng and T which are the same as in Fig. 1.

This simpie ECCD model, however, overestmates the ECCD efficiency by typically a
factor of 3 compared to the experimental findings, indicadng that trapped partcle effects can
not be neglected. An improved version of the model /3, 5/ includes the interaction with a
trapped particle populadon in the long mean free path regime of ~ 20 % on axis and ~ 40 % in
the outer plasma region which is evaluated for the magnedc field topology in W VII-AS. As a
result, the driven current is reduced to 60 % (Fig. 3 rigat).




In a second experiment, the launch angle of up to 4 rf-beams was adjusted to balance
the bootsmap current without making use of the OH-mansformer (counter current drive).
Scanning the rf-power from 0.17 - 0.75 MW, the electron temperature from
0.8 < Te< 1 keV and the elecron density from 1.1 < nep < 2.8 - 1019 m-3, the bootsmrap
current varies from 0.8 <IBogor < 4.3 kA

The total EC-wave driven current ICD was again simulated as described previously.
For the measured radial profiles of ne and Te, ICD normalized to the bootstrap current Ihoot is
plotted versus the absorbed rf-power in Fig. 4. The dominant elecoon component of the
bootsmap current (Te >> Tj) was calculated by the DKES code which tends to underesumate

the measurements /3/.
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Eig 4: Calculated EC-wave driven current [CD normalized to the bootstrap current (calculated
by the DKES code) plotted versus the absorbed rf-power without (circles) and with( crosses)
rrapped particles.

~ As seen from Fig. 4, the data points scatter around 3 - 4 over the wide parameter range
given above if mapped pardcies are negiected. If wapped particles are taken into account, this
rado is reduced to typically a factor of 1 - 2.

~

3. Conclusi

Elecoon cyclooon current drive was invesdgated experimentaily and compared with a
simple theoretical model neglectung trapped partcle effects and an improved model which
includes the interacdon of EC heated elecoons with wapped partcles. The experimental
parameter dependende on the EC wave launch angle and ri-input power are qualitadvely well
described by both models. Quandratvely, however, the simple model neglecting wapped
partcies results in ECCD efficiencies which are typically a factor of 3 to 4 higher than the
experimental data. This discrepency is reduced to values around 2 if a realisdc populadon of
rapped pardcles is inciuded in the model. The sssremaining discrepency for both experimental
scenarios is within the experimental uncertaindes and the simplified assumpdon of the theory.
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e« Introduction s

Stellarator-devices offer the possibility of studying non-inductive currents without the
presence of a strong “obscuring” ohmic component. The net toroidal current ( of the
order of a few kA ) observed during ECRH-discharges in W VII-AS ( major radius R= 2
m, average minor radius < a > =0.2 m ) is modelled as the superposition of a neoclassical
( “bootstrap” ) component and a component directly driven by the heating mechanism
( ECCD: Electron Cyclotron Current Drive ).

The boostrap current determined experimentally is ( up to a factor of two ) larger than
the neoclassical predictions ( for the electron contribution alone ) based on the DKES
code. The experimental dependence of ECCD on the toroidal injection angle of the waves
is as expected theoretically and the experimental efficiency agrees fairly well with the
results of simplified models. Possible effects on ECCD due to trapped particles ( present
also on plasma axis for the WVII-AS configuration ) and the high deposited ECRH-power
densities reached experimentally ( up to several W/cm? ) are theoretically discussed.

« Theoretical Models «

“Bootstrap Current”: WYVII-AS is characterized by a rather complex magnetic Seld
topology /1/. The neoclassical transport coefficients have been evaluated numerically by
solving the linearized drift kinetic equation in magnetic ux coordinates using the DKES
code ( developed by S.P. Hirshman and W.I. van Rij /2/). On the basis of DKES-results
and the measured temperature and density profiles, the profiles of the bootstrap current
and of the neoclassical parallel conductivity are estimated. The effects of ECRH on the
transport coefficients themselves ( through induced electron trapping and generation of
a suprathermal component ) are outside of this model. This can become critical, affec-
ting both the plasma conductivity and the bootstrap current, in low density, high power
discharges.

ECCD: The ECRH deposited power and driven current are estimated by means of a 3-D
Hamiltonian ray tracing code in the WVII-AS magnetic field topology, using the cold di-
spersion relation and an absorption coefficient for general angle of propagation ( relativistic
Doppler shifted resonance condition ) based on a Maxwellian distribution function. Using
the “adjoint property” of the linearized collisional operator, in the case of homogeneous
plasma ( no trapped particle efects ) the evaluation of the driven current reduces to a
convolution with the classical Spitzer function for the electric conductivity. This function
can be evaluated very rapidly ( in dependence of the efective charge Z.,, ) using a suffi-
ciently accurate energy polynomial expansion, the coeficients being determined through a
variational principle /3/. This approach can be extented to include trapped particle effects
in long mean free path regime ( in this case a convolution with the neoclassical solution of
the conductivity problem would appear ). Introducing an approximate collision operator,
the problem has been recently reduced to the solution of an ordinary differential equa-
tion in dependence of two parameters ( Z.;; and j;, the “fraction of trapped particles” )
/4/. While in /4/ the differential equation was solved through an expansion in Sonine
polynomials ( and evaluating the expansion coeffcients rom an infinite system of coupled




equations ), we have used a generalization of the variational principle already used for th
homogeneous case. In this way the driven current can be directly estimated by the ray-
racing with a minimum amount of computing time for both the case with and without
trapped particle efects.

With the aim of investigating quasi-linear effects on the ECRH absorption and current
drive, the non-linear Fokker-Planck equation solver /5/ has been implemented. The ana-

lyzed equation is of the type:

where (6f./6t)cou is the collision operator, (6f./8t)ecaxz the quasi-linear operator, the
quasi-linear tensor component Dy (v, v.) being obtained by the ray-tracing, for a specific
magnetic surface:

af. 1o af.
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(6fe/Gt)trap an increment of pitch angle scattering in the loss-cone region of velocity space
to force the fast isotropization of the bouncing trapped particles /6/:

| ( 7 being the pitch angie )

and (&f./56t)i0ss a model operator describing the energy loss ( related to radial transport )
in velocity space ( necessary to reach a steady state in high power density conditions ).
Different models for the loss term have been analyzed: an isotropic convective term of
the form (G/./8t)i0ss = ( ¥*— < v >') - f. ( in case of an anisotropic distribution function
also parallel momentum can be lost ), the extension conserving parallel momentum and
a loss term limited in the loss-cone region of velocity space ( to simulate loss of electrons
trapped in local magnetic mirrors ).

« Experimental Conditions e

“Bootstrap Current”: In ECRH-experiment a plasma is built up and heated. starting
from a neutral gas target. Associated to finite plasma energy a net current is experimen-
tally observed. This current reverses its sign by a reversal of the direction of the magnetic
feld and is interpreted as bootstrap current. Due to the strong correlation between the
global energy confinement properties and the edge value of the rotational transform found
in low-shear devices /7/, operation in the narrow ¢ regimes with optimum confinement
during the whole duration of the discharge required external current control, in most cases
by a small loop voltage.

ECCD: Two main ECCD-scenarios have been analyzed experimentally /8/. In the first
case the ECCD was used to counterbalance the bootstrap current, the ECCD-efficiency
being obtained in unit of bootstrap current. In the second scenario, the ECRH-beams with
perpendicular launching were replaced by other ECRH-beams with oblique launching and
equivalent power, the toroidal launch angle ( ky-spectrum ) was changed shot by shot.
Due to the strong reiation between confinement properties and boundary value of the
rotational transform, the total plasma current was controlled by the Ohmic-transformer.
Nevertheless, changes in the current profiles affected the global confinement properties
and macroscopic consequences could be observed in the plasma energy content (AW,/W,
up to —40 + +20% for ECCD co- and counter-bootstrap, respectively).

» Theory vs. Experiment ,

“Bootstrap Current”: Fig. 1 shows the result of the analysis of the current behaviour for
series where temperature and density profiles have been measured by Thomson scattering
(0.9-10% < n.y < 45-101% em™3 ; 0.4 < T.o < 2.3 keV ). The EC-waves were injected
perpendiculariy ( with respect to the magnetic Seld direction ) so that the contribution
of ECCD shouid be minimized. In the figure, I,; and ¥},,, correspond to the measured



net current and loop voltage respectively, while lhoee,nxzs and Rpxzs are the predicted
bootstrap current and plasma resistance. The sign of the current reverses, reversing the
magnetic Seld, only the absolute value is reported in the figure. The observed deviation
from the expected one to one proportionality can be compensated only partially by the
ion bootstrap component ( not included in the present theoretical analysis due to the
experimental uncertainty in the ion temperature profiles, but estimated to be less than
30% of the electron contribution ), whereas at low density the ECRH-induced suprathermal
component ( experimentally observed ), decreases the plasma resistance and increases the
discrepancy. Uncertainty in Z,;; plays a minor role ( Jypoe and Vigep/R show a quite similar
Z.;y dependence ).

ECCD: In (X)-mode, 2"¢-harmonic, resonance on axis ECCD-experiments the r.f. power is
expected to be absorbed by thermal electrons and the central plasma region is in long mean
free path regime. In WVII-AS a non-negligible amount of trapped electrons is present also
on plasma axis. The “fraction of trapped particles” f, on axis is ~ 20%, around ¢ = 1/3
and = 25% for -~ 1/2. At the plasma edge f, reaches values of ~ 40 + 50%. The presence
of these trapped electrons would tend to decrease the ECCD-efficiency: power directly
absorbed by them doesn’t contribute to ECCD; trapping ( ECRH increases the perpendi-
cular energy ) of passing particles causes a contribution opposite to the Fisch-Boozer one;
the parallel momentum collisionally transferred from passing to trapped particles is lost.
While the first two mechanisms strongly depends on the position of the resonance and
can be minimized moving the resonance close to the maximum of the magnetic field, the
third one would always be present. In the WVII-AS experimental conditions these effects
reduce the ECCD-efficiency typically 30+40%. Up to an angle of » 30° from perpendicular
this reducing factor is nearly independent of the launching angle itself. For bigger injection
angles the current evaluated with trapped particles shows a steepler decay and it can even
slightly reverse its sign ( trapping effect overcompensating the Fisch-Boozer mechanism ).
The very good qualitative agreement found between the experimental and the theoreti-
cal dependence of ECCD on launching angle /9/ is valid for both approaches. At the
large injection angles, where the efficiency with trapped particles decays more steeply, the
ECCD-efficiency is low and the uncertainty ( profile efects, deposition profile, percentage
of the power coupled as X-mode ) is too large to permit a disecrimination /8/.

By means of the model Fokker-Planck equation the dependence of the ECCD-efficiency on
input power was analyzed. The results related to a discharge where the EC-driven current
was counterbalancing the bootstrap component are shown in Fig. 2 for the effective radius
where the maximum deposition occurs ( r.;; = 1.5 cm ). At power densities greater than
5 W/cm® the efficiency starts to degrade. The case with and without trapped particles
shows a very similar qualitative behaviour. The dependence on the energy loss model
is analyzed for the case corresponding to 10 W/cm?®. The full points above the curves
correspond to the ripple loss model, the ones below to the isotropic convective loss model
while the two curves were obtained using the parallel momentum conserving convective
loss model. For low power density the dependence on the loss model vanishes.

The quantitative analysis of the ECCD-efficiency has brought to quite similar results for
all the cases analyzed up to now. As a representative example, we report on the results
relative to the series of Fig. 2. Here the EC-driven current ( four gyrotrons ) counter-
balances ( within few hundreds A ) the bootstrap component. No loop voltage being
applied ( so that in the analysis the uncertainty in the plasma conductivity could be
avoided ). For Z.;; = 4 the bootstrap current evaluated by DEKES is lyoot.0xzs = 2.7 kA,
the ECCD-driven current evaluated by the ray-tracing is Izccp.hom = 8.5 kA neglecting
trapped particles, while with trapped particles it is reduced to Jzgccp.:.p. = 5.2 kA. Recal-
ling that lyser. piccs represents probably an underestimation ( recall Fig. 1 ), the efciency
with trapped particles is within the rather large “error bars” of the analysis. This conclu-
sion is only slightly dependent on the assumed value for Z.;;. Although deposited power
densities up to 50 W/cm?® are evaluated by the linear ray-tracing in case of high input
power and peaked on-axis deposition, there is no experimental evidence for a degradation
of the ECCD-efficiency, X-mode, 2"¢ harmonic launching, so far.




« Conclusions e«

A simplified theoretical approach describing the plasma current as the superposition of a
bootstrap and a ECCD-component, independently evaluated, agrees fairly well with the
experimental findings. Considering the complexity of the problem, where transport, quasi-
linear and trapped particle efects are strongly linked together in the magnetic topology
of WVII-AS stellarator this result is fairly satisfactory. More definite conclusions on the
role played by trapped particles and high power densities on the ECCD-efficiency will be
obtained by more appropriate experimental investigations ( e.g. ECCD in local minima
of the magnetic field and highly localized input power ).
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» Figure Captions e

Fig. 1: Current components for the shots where density and temperature profiles have
been measured by Thomson scattering. [, and Vieep corresponds to the measu.l_'ed net
current and loop voltage, Jooor.0xEs and Rpx=zs are the predicted bootstrap current ( only
electron contribution ) and plasma resistence. A one to one proportionality should be
expected.

Fig. 2: ECCD-efSciency as a function of the absorbed power density. The full points

corresponding to Pzczx = 10 W/cm?® show the dependence on the model used for the
energy loss term. At low power densities this dependence becomes negligible.
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LIMITER LOAD AND REDISTRIBUTION OF MATERIALS
DURING THE FIRST OPERATIONAL PERIOD OF THE
WENDELSTEIN VII-AS STELLARATOR

‘ P. Grigull, R. Behrisch, R. Brakel, I. Lakicevic,
| V. Prozesky. H. Renner, J. Roth, WVII-AS Team®
MPI Plasmaphysik, EURATOM Ass., Garching

Results of the phasel limiter calorimetry and a long-term collector probe analysis of the
Wendelstein VII-AS stellarator are reported. Limiter loads are related to the magnetic field
parameters, heating schemes, and, as far as available from phasel diagnostics, to SOL
data. The distribution of deposited materials is phenomenologically discussed, considering
the machine history as well as some tendencies which are obvious from spectroscopy.

| Up to 40% (ECH. NBI) or 80% (OH). respectively. of the heating energy are deposited to
the top and bottom movable main limiters (TiC-coated graphite, 0.25m? each). For ECH
this portion seems to depend on the geometry of the heating power deposition. In all

cases a strong top-to-bottom asymmetry is observed which corresponds to the VB x B
direction.

Maximum limiter surface temperatures are estimated to be in ranges where excessive
chemical sputtering has not to be expected.

The collector probe analysis indicates that mainly stainless steel components (originating
from the torus wall and/or some installations), Titanium and Carbon (from limiters and
shieldings) are redistributed. In the limiter plane, deposited steel components and Ti are
strongly peaked at the probe nearest to the limiter. In a corresponding poloidal plane
away from the limiters Fe, Cr, and Ni are peaked at the top and bottom but Ti is nearly
absent. A probable scenario is that steel components are deposited to the limiters during
He-glow discharges (standard cleaning procedure) and then released and redistributed by
the plasma shots. This is supported also by spectroscopic data.

a) R. Brakel, R. Burhenn, G. Cattanei, A. Dodhy, D. Dorst, A. Elsner, K. Engelhardt,
V. Erckmann, U. Gasparino, G. Grieger, P. Grigull, H. Hacker, H.J. HartfuB, H. Jackel,

R. Jaenicke, S. Jiangl). J. Junker, M. Kick, H. Kroiss, G. Kuehner, |. Lakicevic,
H. MaaBberg, C. Mahn, T. Mizuuchi?),W. Ohlendorf, F. Rau, H. Renner, H. Ringler,

J. Saffert, J. Sanchez®), F. Sardei, M. Tutter, A. Weller, H. Wobig. E. Wiirsching.
M. Zippe.

1) Southwestern Inst. of Physics. Leshan, China
2) Plasma Phys. Lab., Kyoto University, Japan
3) CIEMAT, Madrid, Spain




— VR

T R R Gy

FITINI S~ AN~
: TN :\;'___i_’.
i i i
i
i
.
1

5 AAN snms
i, .-u";?, f,‘y;;u

I Zrled....
RESULTS FROM X-RAY MEASUREMENTS ON THE ————— e !
WENDELSTEIN W7-AS STELLARATOR s 2y
A. Weller, R. Brakel. R. Burhenn, H. Hacker, A. Lazaros A2
WT7-AS Team, ECRH Group. ICRH Group. NI Group, Pellet Injection Group o7

Max-Planck-Institut fir Plasmaphysik, EURATOM Ass.
Garching bei Minchen, FRG

Introduction - X-ray imaging measurements have contributed to studies of the
plasma equilibrium, plasma fluctuations, impurity radiation and impurity transport ef-
fects in the advanced stellarator WENDELSTEIN W7-AS (R =2 m. a = 17 cm). |In
addition, time resolved electron temperature profiles are deduced from X-ray intensity ra-
tios according to the two absorber foil method. The plasma is generated and heated by
fundamental and 2" harmonic ECRH (P < 800 kW at 70 GHz). Neutral beam injection
heating (P < 1.5 MW) was applied also, assisted by Dy pellet injection.

X-ray measurements - Two X-ray imaging arrays are installed at the toroidal loca-
tion of “triangular” flux surfaces. They are inclined by an angle of +£37.4° with respect to
the horizontal midplane. Each of the X-ray cameras is viewing the entire plasma along 36
equally spaced lines of sight. A variety of X-ray absorber foils (Be) can be used to suppress
radiation below the filter cut off energies or outside the hot central core of the plasma,
respectively. An illustration of X-ray intensity profiles and the effect of the absorber foils
is given in fig. 1 (data from upper camera).
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Fig. 1 : Comparison of X-ray intensity profiles obtained without filter (left)
and with 25 um Be-foil (ECRH at By =25 T, ¢ ~ 0.52).

For the electron temperature evaluation another soft X-ray camera system is used,
which views the plasma at a toroidal location. where the flux surfaces are elongated in the
direction of the observation (almost vertical). The measurements are made at 12 radial
positions by a set of 24 large detectors arranged in pairs for intensity ratio determination
with foils of different thicknesses.

Equilibrium studies - Generally the X-Ray profiles are consistent with equilibrium
calculations based on the GOURDON -, KW - arid TRANS - Codes [1.2]. if the emissivity
is assumed to be constant on magnetic surfaces. Smooth triangular flux surfaces are
predicted for the low ¢ case, whereas at higher ¢ a clear ripple structure appears on the
outer flux surfaces with the formation of a separatrix. This structure is observed in the
steady state profiles, if no filter for the radiation is used and most of the intensity is due
to very soft radiation (300 eV < E < 800 eV') from the outer part of the plasma. Figure
2 illustrates the agreement between the observed line integrated X-ray intensity profiles




and simulations by assuming constant emissivity profiles on the calculated flux surfaces
(fig. 2. right).
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Fig. 2 : Comparison of measured (dashed) and simulated (full) profiles (left) using
a hollow (no filter, top) and a peaked (50 pm Be-filter, bottom) emissivity
(middle), constant on fluz surfaces (right); ECRH, ¢(a) = 0.52.
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Fig. 3 : Displacement of X-ray profiles (T. camera, 125 pm Be-filter) due to the
Shafranov shift as a function of (B). Left: data with ¢ =~ 0.5, right: ¢ =~ 0.33.
Comparison with predictions for W7-AS.

For W7-AS a reduced Shafranov shift is expected (factor =~ 2) compared with a
conventional [=2 stellarator [3]. In agreement with first magnetic measurements a shift
of the X-ray profiles depending on § and ¢ was found as can be seen from fig. 3. The
statistical analysis was done using the X-ray temperature camera (125 um Be filter data)
and selecting series of shots for which Thomson profiles were available. The displacement
was determined by taking the 1** moment of the profile data at the time of the Thomson
measurements subtracting the value obtained at very low plasma energy in the same shot.
Fig. 3 also contains the predicted curves for the axis shift for W7-AS.

Impurity studies - X-ray intensity profiles obtained using various absorber foils have
been incorporated in the impurity analysis. The code IONEQ [4] calculates the radiation
of the main impurities C,0O.Fe.Ti including transport, which was modelled based on the
STRAHL code [5]. The diffusion coefficients were determined by Al-injection (D = 1000—

2000 crn?s~! for ECRH at 2.5 T). The impurity concentrations were evaluated finally by a

2




least square fit of individual line intensities (SPRED-,Bragg-spectrometers), total radiation
(bolometer system) and the X-ray data (central chord and integrated intensities) with the
code simulations.
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Fig. 5 : Comparison of measured X-ray profiles (5 um Be-filter, left) with impurity
radiation calculation using the tmpurity composition as derived in fig. 4.

Fig. 4 shows the result of this analysis, where 20 different experimental data were
used. Since no quantitative measurement for C could be used, a ratio C:0=2 was assumed.
A measured X-ray profile is compared in fig. 5 with a simulation taking the fitted impurity
composition, which corresponds to Z,f7 = 5. Theimpurity level increases with the applied
heating power and decreases with density. The radiated power is well below the heating
pgwer irc'l’ ECRH plasmas but in high density NBI discharges radiation cooling effects are
observed.

Temperature analysis - The electron temperature is derived from comparing the
observed intensity ratios (2 different Be-filters) with values calculated by IONEQ. Impurity
radiation of C.0.Fe and Ti (including line radiation) are taken into account. At T, =
1 keV the relative contribution of metals has to be known, since high energy lines become
important. Fig. 6 shows the evolution of the T, profile, which agrees well with the
Thomson data, if the metals are included in the calculation.

Fluctuations - Optimized discharges are very quiescent due to the absence of large
currents, but mode activity was observed, when the net toroidal current exceeds =~ 2kA
and rational surfaces are created inside the plasma.
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INTRODUCTION

The poloidal and the toroidal distributions of the neutrals were studied for ECR-heated
plasmas at magnetic fields of 1.25 and 2.5 Tesla in WVII-AS using Hy—spectroscooy. In
this paper the dependence of the plasma confinement on various plasma parameters such
as magnetic configuration, heating and density wiil be presented relating it to H,—fluxes
and fluctuations of the Hy—signal. The H,—detection system was calibrated absolutely
so that the Hy—fluxes could be used directly in a 30 neutral particle transport code for
evaluation of the absolute neutral particle densities.

EXPERIMENTAL

As the distribution of the neutrals is generally asymmetric in both the toroidal and
the poloidal directions, observations at an arbitrary position could not be assumed to be
representative of the entire machine. Consequently, the H, —measurements on WVII-AS
were initially carried out at five positions distributed around the torus for the foilowing
observations: (i) top limiter (ii) bottom limiter (iii} the wail between the limiters (iv)
the wail near the gas inlet and (v) the wall far from the gas inlet and not disturbed by
components built in the machine. The plasma cross-seczion for observations (i) and (ii) is
eiliptical. for (iii) a tilted ellipse and for (iv) and (v) a triangle.

The detection system used for the H,—emissicn is simiiar to the one emoloyed at
TEXTOR [1]. It consists of the light fiitering ( transmission maximum at 636.3 nm.
bandwidth = 4 nm ) and imaging optics. a silican pnotodiode and a signal amolifier ( gain
factor 10 ). The dynamic range of the detectcr was O - 15 V. The Hy—detector was
absolutely calibrated by means of a tungsten filament lamp and the typicai calibration
factors were 1.0 - 1012 photons/Volt-sec. The data sampling frequency was generaily 2.5
or 5.0 kHz. For several cases 25 kHz was also used.

RESULTS AND DISCUSSION

Hx—signals for an ECR-heated plasma ( two gyrotrons ) are shown in Fig.1. In this
case the total rotational transform. = was 0.48, the siectron line density was controiled by
a feedback mechanism to the gas puffing and the piasma current was keot constant using
the Ohmic transiormer. From these signals. it is seen that *he Hy—fluxes from the limitars
are significantly larger than those from the torus wail. Furthermore, the asymmetry of the
limiter signals grows as a function of time. With a few exceptions, these asymmetries were
almost always present and were dependent on the discharge conditions such as the absolute
value of the gas flux. The limiter asymmetries seen in the H,—signais were also obsarved
in limiter calorimetry measurements [2]. Note. that the difference in the signals berween
the wall ( undisturbed ) and those from the wall near the gas pufl gives the contribution
of the external gasilux to the H,—signal. Finaily, the increase in the H,—signal at 610
ms at all toroidal positions corresponds to the switcaing-on of the second gyrotron. As



the H,—emission is sensitive to fast changes in the particle confinement. this increase is
an indication of the deterioration of the particle confinement with increasing heating power
although the electron density was decreasing during this phase.

Using signals simiiar to the ones discussed above. the global particle confinement time.
BB i 3 : i Sy ; :
5 . was investigated as a function of the magnetic configuration, especiaily the rotational

transform. If the electron line density. [ ndl, is taken as a measure for the total number
of particles and the Hy—signal for the number of ionization processes in the plasma, then
[ ndl/Hs—is a relative measure for . In this case, the ionization of hydrogen is assumed
to be the dominating particle source. Figure 2a shows a case where 1/7; is plotted for the
bottom limiter as a function of & The signals are averaged over a time window of 30ms.
Results show that the Hy—signal increases as ¢ approaches the rational value of 1/3 thus
indicating a deterioration of the particle confinement. This supports the well-xnown resuit
that the plasma energy reaches a minimum at the rational values of ¢ (see Fig. 2b). Similar
results were found at all the other toroidal positions. This behaviour is also found near the
rational value 1/2 of c.

Another indication for the poor particle confinement was the increase in the fluctuations
of the Hy—signal during the transition through the rational values of . This is demon-
strated by the example in Fig. 3 in which the plasma was heated using one gyrotron ( 200
kW ). Because the electron density approaches the cut-off density for X-mode ECR power
launch. the discharge collapses and ¢ drops very fast below 1/2 ( Fig. 3a ). Total energy
( Fig. 3b ) and density (Fig. 3c ) recover again after a slow transition through ¢ = 1/2. A
strong increase of Hy—and an onset of osciilations of the Hy—signal ( Fig. 3d ) is typical
for this phase. The range of ¢, where this transition takes place is indicated in Fig.
The finite range of - may be due to a small shear and the apparent shift of the ¢ scale is
attributed to uncertainty in the determination of the absolute ¢ values.

A Fourier analysis of the fluctuations was made and frequencies up to 2.5 kHz were
found. Higher frequencies could not be analyzed due to the sampling frequency used
during this discharge. In addition to some low frequency fluctuations ( 50 - 400 Hz ),
strong fluctuations were found between 1.8 - 2.5 kHz. Time dependence of the individual
frequencies showed maximum fluctuation amplitudes during poor confinement ( see Fig.
3e for 2.3 kHz ).

A possible explanation for these fluctuations are MHD activities present in the plasma
which make themseives visible at the plasma edge when the latter is unstable. In order to
pin point the source of these fluctuations. efforts are underway to increase the samoling
frequency and to make toroidal correlations.

It should be mentioned that for other discharges investigated in WVII-AS, low frequency
fluctuations around 300 Hz were dominant. These are attributed to the ripple on Ohmic
transformer and toroidal field used by WVII-AS. Interestingly enough it was observed that
the low frequency fluctuations like their high frequency counterparts were also maximum
during phases when confinement at the plasma edge was poor owing to the presence of a
rational surface.

Other studies included the dependence of the global particie confinement time on the
ECR-heating power for various discharge conditions. For ail cases. it was seen that
decreases with increasing heating power. Calculations performed for the ion diffusion rates
(3] and for the energy confinement times [4] support this resuit.

Furthermore. the global particle confinement time increases as a function of the electron
density. This was investigated for an ECR-heated piasma (750 kW) at 1.25 Tesla and ¢ =

0.31. As [ ndl was increased from 3.5 - 108 to 7.5 - 1018 /m?, 7, increased at least by a
factor 1.5 at all the toroidal positions of Hy—observation.
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Introduction

In the almost shearless stellarator WENDELSTEIN VII-AS strong correlation between
the confinement properties and the rotational transform iota has been found [1,2]. Re-
duced confinement was observed for the low order rational values 1/2 and 1/3. In their
vicinity best confinement is observed. In general optimum confinement is obtained
in the low shear configuration if the "resonant” iota values can be excluded from the
plasma column. The iota profile inside the plasma is affected by toroidal currents and
beta effects. Although the global net current can be kept at zero level using a small OH
induced current opposed to the gradient driven bootstrap current, the different currents
flow at different radial positions affecting the iota profile. Tools for configuration con-
trol inside the plasma are besides OH current vertical fields and the currents driven by
the NBI and most promising the ECH heating systems. In this context experimental
information on the iota profile is highly needed. The localization of rational surfaces by
reflectometry seems possible.

Experiments

Radially resolved density fluctuation measurements have been carried out by means
of a simple microwave reflectometry system. The method is based on the reflection of
microwave radiation in the millimeter range at the plasma cutoff layer. The phase delay
between the launched and the reflected waves gives information on the location and the
movement of the reflecting layer. The use of electronically tunable oscillators allows to
probe radially different reflecting points. As the simplest approach a homodyne receiver
has been used. In this case the microwave beam is launched and received by using the
same antenna. The wave reflected at the plasma and that reflected at some reference
(the vacuum window) are mixed in a square law detector diode.The output voltage at
the detector is: :

v(t) = po + p1 + 2/Pop1 cosié(t)]

po is the power coming from the reference, p; that one coming from reflection at the




plasma cutoff layer and §(t) is the phase delay of interest. The variation in the output
of the diode responds to changes both in the phase § and in the amplitude p; of the
signal coupled from the plasma. If no coherent MHD activity is present, v(t) shows
a broadband spectrum. When a density fluctuation with a well defined frequency (1
exists, the reflecting layer will have an oscillating movement too. So the phase shift can
be written as:

§(t) = 6o + A®sin

Thus the amplitude spectrum of the signal shows harmonics of the density fluctuation
frequency (2. The number of harmonics with significant amplitude is the higher the
bigger A® is. An analysis of the ratio of amplitudes for the harmonics of the same parity
leads to a determination of A®. For 1.25 T operation the relevant cutoff frequencies for
the X-mode wave lie in the range 40 - 85 GHz. A system in the microwave V-band has
been used covering the range 47 - 80 GHz. The accessible density range is: 7x10'® -
4x10%® m~3. This gives access to the whole gradient region up to the separatrix. The
measurements were performed in a special NBI heated discharge with pellet injection
at 1.25 T. Currentless plasma was produced by applying a 10 ms ECH pulse of 200 kW
power that gives place to a 1.5 MW NBI (45 keV) heating period with tangential
injection. The two neutral beams used are balanced to minimize the driven Ohkawa
currents. The rotational transform at the edge, #{a), is kept constant slightly above 0.5.
A series of reproducible shots has been produced under these conditions. During this
series the beam frequency of the reflectometer was changed shot by shot to reflect at
different radial positions. Six different frequencies were chosen to cover the density
range of interest. Electron density and temperature profiles have been measured by
Thomson scattering. Fig. 1 gives the density profile and the location of the 6 reflection
points. The accessible range is between about 0.17 m and 0.09 m. For each of the 6
different frequencies, reflectometry data where taken during 3 - 4 shots. The output
voltage from the detector was digitized with a sampling rate of 1 MHz during the time
interval 0.11 - 0.16 s (5x10* points are taken).

Results And Discussion

The amplitude spectrum of the reflectometer signal which is obtained by fast Fourier
transform technique is given in fig.2 for channel 5 as an example. In the spectrum
a monochromatic density perturbation with a frequency of 22 kHz is observed. The
harmonic structure agrees with what is expected. The determination of the phase oscil-
lation amplitude can be achieved by the analysis of amplitudes at different harmonics.
Fig.3 shows the radial distribution of the phase oscillation amplitude A® along the ra-
dius for 0.122 s, the time of maximum activity. A well defined mode is observed located
at 0.105 m. In addition strong oscillation at the plasma edge outside the separatrix is
present. An estimation of the amplitude of the density fluctuation can be done using
the expression:

Snfn=(A%/27)\Vn/n

resulting in about 3 per cent relative fluctuation level at 0.105 m. In the following we
only concentrate on the instability at r = 0.105 m and its configurational implications:
The vacuum iota proiile of WENDELSTEIN VII-AS for this series of discharges shows
a low positive shear which brings iota close to 0.5 at the plasma center. As mentioned
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Fig.2: Normalized amplitude spectra of the
reflectometer signal for the different inci-
dent frequencies showing a dominant per-
turbation at 22 kHz with harmonic struc-
ture at 0.122 s.

Fig.3: Radial distribution of the phase oscil-
lation amplitude A® for the coherent fluc-
tuation at 22 kHz, taken at 0.122 s.
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above a small OH current is induced to compensate the bootstrap current xeeping the
net current at zero level. Nevertheless the bootstrap current and the induced current
flow at different radial positions resulting in local net currents. Small deviations from
the balanced heating and beta effects (Pfirsch-Schliter-currents) modify the iota profile
additionally. Under these conditions the rational value = 0.5 (g = 2) can be reached
inside the plasma giving place to island formation and pressure driven instabilities. The
most likely interpretation for the origin of the MHD activity observed is therefore the
location of the resonant surface q = 2 at the radial position r = 0.105 m.

Additional information about the position of the rational q = 2 surface can be
derived for the same series of discharges from the time evolution of the reflectometer
signals. The OH transformer used to keep the total plasma current at zero level shows a
small 300 Hz ripple. This ripple modulates the plasma current around its average zero
" level, resulting in a 300 Hz modulation of the rotational transform . The oscillating
current must flow in the external cold region where the resistivity is high enough to allow
for short skin times. The amplitude of the iota oscillation around the controlled value is
small (4x10™3) but the high sensitivity of the plasma properties to iota changes in the
vicinity of rational values generates 300 Hz modulation in different plasma parameters.
In fig.4 the time evolution of the rms value of the reflectometer signal is shown for two
extreme radial points. The rms signal of the detector output gives information about
its ac components. The 300 Hz component is a modulation of the amplitude of the
broadband turbulence. A clear synchronization between iota and reflectometer signals
exists exhibiting a phase jump as function of radial position. For the channels probing at
radial positions r > 0.11 m, iota minima correspond to increasing turbulence. The phase
is opposed for r < 0.11 m : high turbulence appears at the iota peaks. The signals are
in phase for r < 0.10 m (channel 6) and in opposed phase for r > 0.11 m (channels 1-4).
The phase jump appears just at the position where stronger MHD activity is observed.
The observed effects can be used to obtain information on the iota profile even when no
well defined MHD activity or coherent fluctuation is present. This can be an effective
tool to be used in current control experiments. If a receiver measuring directely the
phase delay is used (heterodyne system with sin/cos detector), no iota modulation is
needed: the local turbulence at different radial positions can be compared directely.
Such a system is now under construction. In any case the iota modulation helps to
show clearly the configurational origin of the local enhanced turbulence.
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Introduction

A multichannel heterodyne radiometer system with two times 12 channels is used on
WVII-AS to measure the electron cyclotron emission (ECE) both time and space re-
solved [1]. In this paper we report about sporadic observations of density and tempera-
ture fluctuations using this system. The observations are made under different operation-
conditions concerning field, rotational transform, and heating scenario. In the case of
density fluctuations no direct measurement is possible using ECE diagnostics. The con-
clusions are drawn from observations near the cut off conditions and are of qualitative
character. The fluctuation level necessary to explain the observed phenomena seems to
be model dependent.

Density Fluctuations

During neutral beam injection (NBI) heating the electron density usually reaches the cut
off density resulting in a breakdown of the EC emission. Because cut off conditions are
reached at first in the plasma center, the EC emission spectrum becomes hollow in that
part which corresponds to the emission from the central region. Simulations of the EC
spectrum based on temperature and density profiles as measured by Thomson scattering
show sharp edges of the central hole in contrast to the experimental observations where
flat slopes are found. The observations can be understood if density fluctuations are
taken into account, which are treated as follows:

Plasma density and temperature are specified in 3-dimensional space. For given mag-
netic coil currents and plasma profile parameters density and temperature values are
calculated at meridional torus planes in a quadratic pattern. The distance between the
matrix points is 1.5 cm, the meridional planes are separated by 2.25 degrees in toroidal
direction. Between the points linear interpolation is used. Density fluctuations are
included by multiplying the density value n at each matrix point by 1+Fén/n, where
F is a random function varying between -1 and —1. Fig.l gives a density distribution
generated in this way which is a momentary picture of the fuctuating plasma. After
running the ray tracing code about 30 times the resuits are averaged.

Fig.2 gives an example of the result obtained during 1.25 T operation. As can be seen
the simulated ”profile” clearly shows the flat slope of the central hole as indicated by
the 7 channel ECE data. At 1.25 T only 7 channels are available. They all correspond




to the high field side of the profile and monitor the 2nd harmonic X mode ECE. The
absolutely calibrated spectral data have been converted to radiation temperatures as
function of plasma radius in the usual way. Thomson scattering data are included for
comparison.

The concept of fluctuating density can also serve to explain the power deposition profiles
during electron cyclotron heating (ECH). They are found to be broader at densities near
cut off than obtained by ray tracing calculations for given non fluctuating stationary
profile. Fig.3 gives an example.

A further case which confirms the concept is its application to the spatial power distri-
bution of ECH power after passing the plasma. With an antenna array which is mounted
opposite to the launching antenna rather high power levels have been observed at large
angles which cannot be understood assuming an unperturbed static plasma. Simula-
tions on the basis of scattering in the presence of density fluctuations lead to good
agreement with the observations.

It should be mentioned that the fluctuation level én/n necessary to explain the data must
be of the order of 10 per cent. This high level is not confirmed by other diagnostics.’
Investigations on the influence of the pattern used in the simulation code are being
carried out.

Temperature Fluctuations

Two examples may demonstrate in which way temperature fluctuations reflect the con-
finement properties of WENDELSTEIN VII-AS. In general good confinement is ob-
tained if the edge value {a) of the rotational transform is slightly above or below the
low order rationals 1/2 and 1/3. Confinement is strongly reduced in the shearless con-
figuration when ¢{a) reaches these values [2].

Strong temperature fluctuations were observed during EC heated transient plasma dis-
charges conducted at 2.5 T which cross ¢{a)=1/3 due to the monotonic development of
a bootstrap current.

The low field side of the electron temperature profile was monitored with the ECE
radiometer system at 12 different radii. When the resonant iota value is reached, the
confinement time collapses to about 15 per cent, accompanied by a shrinking of the hot
core of the plasma column. It takes about 100 ms until the regime of poor confinement is
crossed. This interval was analyzed by applying autocorrelation techniques to determine
the relative level §T./T. of the temperature fluctuations. Fig.4 gives the result as a
function of the plasma radius. About 3 per cent are found in the central confinement
region of the plasma with a strong increase towards the plasma edge.

After the ¢ range of poor confinement is crossed, the high fluctuation level almost
completely disappears: Fig.4 for comparison gives §T. /T, as determined from the same
discharge about 150 ms later. The central value is reduced by about a factor of 3, while
the edge value drops to at least 1/15.

The whole phenomenon can be suppressed by controlling the plasma current to zero
level with the aid of a small counterdirected OH current. The results obtained in a dif-
ferent shot conducted under these conditions are included in the figure too. Within the
estimated experimental errors they are identical to results obtained in the unperturbed
phase of the discharge discussed before.

Two fundamental difficulties in the measurement of temperature fluctuations with ECE
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diagnostics should be mentioned. A fundamental fluctuation level always exists observ-
ing an incoherent, thermal light source. The level observed depends on the detection
method applied i.e. coherent or incoherent detection, and the input and video band-
width of the radiometer involved [3]|. Below this fundamental lower limit of temperature
fluctuations no source fluctuation can be detected. The fluctuation level of 1 per cent
which is reached in the plasma center corresponds to this limit for the parameters of
the ECE radiometer in use. Therefore the true temperature fluctuation in the plasma
center cannot be measured in this case. Crossed sightline correlation techniques may
overcome the fundamental difficulties.

The second difficulty deals with the optical depth of the plasma at its edge. It depends
both on the electron temperature and density. Because the radiation temperature de-
pends on the optical depth, the measured ECE signal is not only determined by the
electron temperature but becomes dependent on the electron density at the plasma edge
too. In this way density fluctuations can be converted to apparent temperature fluctu-
ations. The total fluctuations observed are a combination of density and temperature
fluctuations and are always higher than the temperature fluctuations alone.

Cross correlation between channels monitoring at different radial positions shows that
the strong fluctuations as found during the t=1/3 crossing are coherent over a large part
of the profile whereas in the current controlled case spatial coherence is clearly below 1
cm.

The dominating part of the fluctuation spectrum is restricted to below about 3 kHz,
reflecting the timescale of rearrangement of the bootstrap current in the plasma column.

In a second example the relative fluctuation level has been measured near the plasma
center (1 ECE channel evaluated only) during a series of shots in which (a) has been
scanned around 1/2. As mentioned above confinement maxima are found in close vicin-
ity to the sharp confinement minimum at 1/2. In this series of shots the line density
has been kept constant. No stationary discharge could be established at the resonant
iota value 1/2.

Fig.5 shows 6T./T. as function of t{a). A broad minimum in the fluctuation level
is observed which corresponds to the maxima of confinement near t=1/2 and its flat
decrease with increasing distance to this value. Because no stationary discharge was
possible at £=1/2 the expected sharp peak in the fluctuation level cannot be observed.
Again the central fluctuation level at optimum confinement is about 1 per cent identical
to the radiometric fundamental level. At poor confinement in the wings of the curve
about 3 per cent are found as before in the transient discharge.
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Fig.1 Snapshot of the fluctuating plasma as
used for the ray tracing calculation.
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Fig.3 Power deposition profiles: Dots are de-
rived from the slope of ECE temperature
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Fig. 5 Temperature fluctuations of central
temperature as function of the edge value of
the rotational transform.

Fig.2 Breakdown of the experimental ECE
"profile” (dots) at plasma density near cut
off. The line is the result of a simulation,
squares give the temperature profile as mea-
sured by Thomson scattering.
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Fig. 4 Temperature fluctuations as function
of plasma radius as derived from ECE data
during the crossing of t=1/3 and for com-
parison without perturbation from resonant
surface.
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