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Turbulent SOL transport in stellarators and tokamaks

M. Endler

Max-Planck-Institut fiir Plasmaphysik, EURATOM Association, 85740 Garching, Germany

Abstract

Spatially highly resolved Langmuir probe measurements of ion saturation
current and floating potential fluctuations in the SOL and edge of several
tokamaks and stellarators have revealed the spatial structure of these
fluctuations. The knowledge of the phase angle and coherency between the
fluctuations of these quantities is important for a comparison with models and
for the calculation of the induced radial transport.

The fluctuations occur as individual events of interchange character, causing
burst-like ExB flows which are very localised in poloidal position and in time.
The resulting particle transport can account for the confinement time inferred
from particle balance considerations and from the observed gradients in the SOL.

The role of fluctuations of the electron temperature and of the magnetic field
and our understanding of the instability mechanism acting in the plasma edge is
summarised. A brief account is given on the changes of the fluctuations and the

resulting transport when discharge parameters are varied.

1 Introduction

The interest in plasma turbulence within nuclear fusion research is based primarily on the
fact that turbulent convection due to fluctuating ExB velocity is, at least in the edge and

scrape-off layer (SOL) of all major fusion experiments on which this has been verified, a

major contribution to the observed “anomalous” radial transport [1-5]. By investigating the
fluctuations of various plasma quantities we hope to understand better the instability
mechanisms underlying plasma turbulence and to get insight into how to modify the
fluctuation-induced transport. In this paper, I shall summarise our knowledge of the basic
properties of fluctuations in the SOL and the related radial transport. These basic properties

have been found to be quite the same in devices as different in size and magnetic



configuration as tokamaks and stellarators, as JET and “table-top” tokamaks. I shall restrict
myself on the “electrostatic” fluctuations of plasma density 7, electron temperature T, and
electric potential @, except for section 5 where the role of magnetic fluctuations and the
meaning of the notion “electrostatic fluctuations™ are discussed. Furthermore, I shall not
consider fluctuations and transport associated with “Edge Localized Modes” (ELMs).

Many fluctuation measurements in the SOL rely on the high spatial and temporal
resolution of Langmuir probes (see, e. g., [6-8]), which have the additional advantage that
several fluctuating quantities like ion saturation current fluctuations I, and floating
potential fluctuations o 7 can be measured. Frequently, for lack of better knowledge,
temperature fluctuations are neglected and I, fluctuations are taken to be o« 7, and
L6 A X @pl. However, recently 7, T, and @)pl have been measured simultaneously with
Langmuir probes on various devices with slightly different techniques, offering the chance to
verify the validity of the conclusions drawn from [,q and éﬂ measurements [9—13]. Further
density fluctuation diagnostics such as the poloidally resolved measurement of the H, or Dq
light [14, 15, 5], collective scattering [16—1 8, 5], radially resolved measurement of the line
radiation emitted by a fast lithium beam [19] and microwave reflectometry [20, 21], confirm
the results obtained with Langmuir probes. Mirnov coils and miniaturised Rogowski coils
have been used to detect fluctuations of the magnetic field and electric current.

Reviews on fluctuations and transport in toroidal magnetic confinement devices can be
found in [22-24] and an overview on diagnostic methods for fluctuation investigations is
given in [25].

In this paper, I first report on the basic properties of the electrostatic fluctuations in the
SOL in section 2 and then establish their relation with radial transport in section 3. A very
brief account on our theoretical understanding of the instability mechanism in section 4 will
be followed by a discussion of the role of fluctuations of the magnetic field in section 5 and
of the influence of plasma parameters on fluctuations and transport in section 6, before I

draw conclusions in section 7.

2 Properties of electrostatic fluctuations in the SOL

Fluctuation measurements in the SOL with a single detector, e. g., one Langmuir probe, give

a time signal which at first sight much resembles random noise. Most of the spectral power




is located at frequencies below 10-50 kHz, and the spectra are decaying towards higher
frequencies. Measurements with poloidal resolution reveal structures propagating poloidally
in the ion diamagnetic drift direction [14, 2, 5]. The direction of propagation is consistent
with the idea that these structures are convected by the poloidal ExB drift due to the radial
eleciric field in the SOL. The structures are randomly distributed in time and in poloidal
direction, they grow and decay again. They have also been called “blobs” [2, 26] or
“events” [27, 28]. The spatio-temporal structure of the fluctuations can be characterised by
various data analysis techniques, €. g., by calculating the frequency-wavenumber spectra
S(E, w) (either “locally” using a two-point method [1, 29] or from the data of multi-tip
arrays [30, 5]), the spatial-temporal correlation function [31, 5], or by biorthogonal
decomposition [32]. The diagnostic channels were frequently arranged only in poloidal
direction. From the correlation function, parameters like correlation time, poloidal
correlation length and poloidal propagation velocity have been extracted to characterize
changes in the fluctuations when discharge parameters are varied [5]. An algorithm to
identify and parametrise the above mentioned fluctuation events has been conceived and
used for advanced statistical analysis and conditional averaging of fluctuation data [28, 33].
The typical fluctuation parameters obtained are a correlation time (lifetime of the events, not
autocorrelation time) of 10-50 us, a poloidal correlation length of 1-4cm and a poloidal
propagation velocity of a few 100 m/s up to a few 1000 m/s, the lower values of the velocity
being found chiefly on experiments with a toroidal magnetic field of 2-3 T such as ASDEX
[5] or W7-AS at 2.5T [27], the higher values on experiments with a toroidal magnetic field
of 1=2 T such as Pretext [1], TEXT at 1T [34] or W7-AS at 1.25T [27].

In radial direction, correlation lengths of the fluctuations have been found to be
typically by a factor of 2 smaller than poloidal correlation lengths [2, 29, 35-37]. Due to
the poloidal propagation of the fluctuations, a simultaneous poloidal resolution is required to
avoid the erroneous interpretation of the measurements: Structures which are oblique in the
poloidal-radial plane, together with their poloidal velocity, will show a radial propagation if
observed at a single poloidal position, as was recently pointed out by Bleuel et al. [38]. In
those cases where fluctuations in the SOL were measured with simultaneous radial and
poloidal resolution, very low radial (as compared to poloidal) propagation velocities of

~ 100 nv/s or below were found (2, 26, 37].




What has been reported up to now in this section on the spatial and temporal structure
is true for the fluctuations of both I, and ®5. The database of simultaneous 7, T, and épz
measurements is much smaller, and nothing at all is known about fluctuations of the ion
temperature 7;. Density fluctuations behave quite similar to I, whereas the poloidal
correlation length of T, was found to be smaller [11]. It is, however, an ongoing effort to
establish the same knowledge of the spatial structure of 7, T, and épl as has been achieved
for I,e and ®p.

The phase angle between the fluctuating quantities is relevant for the calculation of the
induced radial transport (see section 3) and for the comparisbn with theory (see section 4).
Experimentally, the phase angle between Ioqt and @ # has been found to be in the range
;llw—%w for the frequency range containing most of the power [24, 5]. Simultaneous
measurements of 7, T, and ® 7 in the SOL with fast swept Langmuir probes gave phase
angles close to 0 between 7 and T, [39, 12, 13] and $m—3m between ®4 and 7 [12].

In the direction parallel to the magnetic field, very high correlations (frequently
8090 %) over distances of 6~12m were found on several devices, both for Tou
[40, 41, 31, 37] and éﬁ [42, 38, 43]. The plasma edge turbulence thus has a
“two-dimensional” structure with filaments extending only few cm perpendicular to the
magnetic field but many metres in parallel direction (this does not imply that the parallel
dynamics may be neglected in models, see section 4). These filaments are directly visible
on high speed movies and videos from ASDEX [44, 45], DITE [45], TFTR [46, 15] and
COMPASS [47]. The parallel correlation measurements were performed with Langmuir
probes at different toroidal and poloidal locations, positioned approximately on the same
- magnetic field line. The radial position of one of the probes and the safety factor were then
varied until maximum correlation was achieved, which occured at time delay 0. To
determine the magnitude of the parallel wavevector component k), magnetic field line
tracing codes were used to determine the angle between the magnetic field and the line
connecting the two toroidally separated probes at maximum correlation. The accuracy of
this comparison is limited by the precision to which the plasma current and the toroidal field
coil currents are known. Both kj = 0 within the errors [42, 41, 31, 38] and small non-zero
values of ky [42, 40, 43] have been reported for the SOL. In all cases, & [kpor < 1072 was

found, and this ratio was smaller when a larger separation between the probes was available.




In contrast, a clear time delay or phase shift could be detected downstream on the

same magnetic field line when a driving signal was actively fed into a Langmuir probe,
corresponding to a finite k) of the excited wave [43, 48, 49]. These data are consistent with

an Alfvén-type wave propagating along the magnetic flux tube.

3 Electrostatic fluctuations and transport

Particle and thermal transport perpendicular to the magnetic field results due to correlated
fluctuations of the plasma drift velocity 7, and density 7 and/or temperature T, or T;. The

radial transport due to fluctuations of the radial plasma Velobity is
T, = (A) (1)

for particles and
Qs = 577 )

for heat (species j) [50]. Given the phase angles between the fluctuating quantities as
reported in section 2, the dominant contributions to T, and Q. are due to fluctuations of the
radial ExB velocity, caused by fluctuations of the poloidal electric field component Eg. To
measure the turbulent fluxes therefore requires a simultaneous recording of 7, TJ and E, (or
V,®) at the same location with sufficient temporal and spatial resolution to resolve the
dominant components of the fluctuations in the frequency-wavevector spectra. Except for a
few results with a heavy ion beam probe (HIBP) [51], this has so far only been achieved
using Langmuir probes. In these measuremcnts; E, is calculated from the difference in <i> as
measured by two probe tips separated a few mm poloidally. The radial particle transport I,
was in most cases calculated from I st and ) 4, neglecting the influence of temperature
fluctuations. As simultaneous Langmuir probe measurements of Iy, Te and fi)ﬁ were
performed [39, 12, 13], it became evident that T, and 7i are nearly in phase for the dominant
spectral range of fluctuations and that the relative fluctuation amplitude T./T. often is
smaller than 7/7. Therefore, 7 is overestimated by calculating it from I, with the neglect
of T. A more severe error is introduced by the assumption &,y ~ @5 However, due to the
measured phase between 7, T, and éﬂ, this error does not severely affect the radial
transport, eq. (1) and (2), as was recently pointed out by Pfeiffer et al. [12].

The coherency between I.q: and @ﬁ or 7n and i)pz is usually found to be in the order of

0.5 for the frequency range with significant spectral power, and, together with the phase




angles between the fluctuating quantities reported in section 2, a net transport of particles
and heat directed radially outwards results (see, e.g., [22, 24] and references therein). If

T, (t) = #(t) 0,(t) is plotted versus time, its probability distribution function is found to be
highly asymmetric, reflected by large values for the third and fourth central moments
(skewness and flatness) [5, 52]. A large fraction of the tansport is due to several high
amplitude “events” during comparatively short intervals of time [5]. Likewise in space, the
statistical event analysis of the poloidally resolved Ioq: and @ﬁ measurements in the SOL of
ASDEX revealed that the poloidal extent of the regions of high outwards transport is
smaller than for the underlying I, and <i>ﬁ signals and that the largest (T)ﬂ events do not
necessarily contribute most to the transport [33].

The particle fluxes thus calculated from simultaneous I, and @ﬂ measurements at the
LCMS and in the SOL have been compared with the global particle balance [1, 3, 41, 53]
and with the observed density profile in the SOL [2, 3] on various tokamaks. Although the
turbulent particle flux measured locally at one position in the plasma edge had to be taken
as valid for the whole surface area of the torus, an agreement within a factor of 2 usually
was found (see also section 6).

To assess the fluctuation-induced heat flux, eq. (2), p = kg(AT + AT + AT) is usnally
written as p = kg(AT + AT), neglecting the term AT as of higher order in the fluctuating
quantities. Accordingly, Q, is subdivided into a “convective” part 3kpT (7 7,) = 3kpTT,
and a “conductive” part %kgﬁ(f’ #,). Since T, can be estimated fairly well using Langmuir
probes, the convective part of the turbulent electron heat flux can be calculated, once the
turbulent particle flux T, is known. In TEXT, the values thus obtained were too low by a
factor of the order of 2 to account for the global energy balance unless unreasonably high
contributions from the conductive part were assumed [54]. In contrast, Vayakis concluded
that, within the uncertainties of his measurement and invoking a conductive part of the same
order of magnitude as the measured convective one, on DITE the global energy balance
could be accounted for by the observed electrostatic fluctuations [53]. In an experiment
actually measuring electron temperature fluctuations in the Caltech tokamak, Liewer et al.
concluded that the observed turbulent fluxes could account for the global energy
confinement found in this device, too [55]. In recent simultaneous Iiw, T. and @ﬁ Langmuir

probe measurements in the SOL of the W7-AS stellarator, the particle transport calculated




from I,q and <i>ﬂ neglecting T, was found to be by a factor of 1-2 larger than the value
calculated from 7 and @pl. Furthermore, the conducted heat flux was found to be 0.5-1
times the convected heat flux [12].

No measurements of ion temperature fluctuations are available so far. In the context of
turbulent convection due to ExB drift [5] one would, however, expect ion thermal energy
%pi to be transported radially in a similar manner and at a similar rate as particles and

electron thermal energy.

4 Theoretical understanding

The class of instabilities much discussed to be responsible for the turbulence observed in the
plasma edge are drift wave instabilities in a very general sense. In the most simple version
of an electrostatic drift wave, as it can be found in textbooks (e. g., [56]), perturbations of
plasma density and electric potential are considered in the presence of a density gradient
Vng perpendicular to the magnetic field. With Vng in z direction, the magnetic field in 2
direction and the wavevector of the perturbation chiefly in y direction, ExB drift in z
direction due to the potential perturbation occurs, and so do electric currents perpendicular
to the magnetic field due to polarisation and diamagnetic drifts. These currents are not
divergence-free (for the diamagnectic current this is true only in the presence of a magnetic
field gradient) but must be balanced by currents parallel to the magnetic field. These are
carried mainly by the electrons due to their higher mobility. In a geometry periodic in 2
direction, the wavevector of the perturbation must then have a non-zero z component. An

analysis of this simple model shows that the electrons tend to establish a Boltzmann

distribution

ed
n=-—--:. 3
If they could move unimpeded parallel to the magnetic field, and if polarisation drift and

finite Larmor radius effects are neglected, this Boltzmann relation would hold exactly, and
density and potential perturbation were in phase. In this case, the drift wave would
propagate in y direction but would not be unstable. Every mechanism restricting the motion
of the electrons parallel to the magnetic field adds to the phase shift between 7 and ® and
drives the drift wave more unstable. The first such mechanisms considered were plasma

resistivity (collisional drift wave) and trapping of electrons (see, €. g., [57] and references




therein). For the typical plasma parameters in the edge of fusion experifnents the phase shift
in such a simple model is still quite small. However, the Boltzmann relation (3) was in
general not found to be satisfied experimentally in the plasma edge, neither in amplitude nor
in phase between 7 and d (see, e. g., [24] and references therein). In more realistic drift
wave models and numerical simulations larger deviations from the Boltzmann relation are
reproduced (see, e. g., [58-60]).

In toroidal geometry, suitable periodic boundary conditions are required in the
confinement region, linking the y and z components of the perturbation wavevectors [61].
In contrast, in the SOL by definition each magnetic field line is limited by a target plate.
Here, the sheath conditions introduce a new mechanism to impede the electron currents in z
direction [62—66, 5]. The sheath “resistivity” scales differently from the bulk plasma
resistivity (Spitzer resistivity) and depends also on quantities like the secondary electron
emission of the target plates or the average net current to the target plates for each magnetic
flux tube [5, 67]. This instability can still be called drift instability in the sense that it is
derived using the drift approximation for velocities perpendicular to the magnetic field (see,
e.g., [56] or the derivation in [68]) and that particle and energy transport perpendicular to
the magnetic field is dominantly due to ExB drift.

A second way in which the target plates and the SOL geometry can influence plasma
turbulence is through the formation of a radial electric field: Each magnetic flux tube is
charged with respect to the target plates to a potential following the sheath equations (see,
e.g., [69]). In first approximation, this potential is proportional to the electron temperature,
but it also depends on the electric current to the target plates and the secondary electron
emission coefficient for each flux tube [5, 67]. The radial profile of the resulting radial
electric field is therefore intimately related to parallel gradients or changes in the connection
length to the target plates, in short, to the whole SOL physics including the position of
recycling and impurity sources. An additional possibility of influencing the plasma potential
is the biasing of parts of the target plates. Examples for the interplay between the SOL
geometry, the radial electric field, the radial profiles of @4 and I, and also the fluctuation
parameters can be found in [70, 5]. As the radial electric field induces a poloidal ExB drift,
the radial shear of this drift velocity depends on the detailed shape of the radial plasma

potential profile. The influence of this velocity shear on plasma turbulence and the possible




connection with the L-H transition has been discussed extensively ([71, 72], and references

in the latter). Due to the complex nature of the problem, involving plasma edge geometry,
recycling and possibly impurity radiation, no comprehensive model has been presented as
yet.

Meanwhile it has become possible to compare the influence of the various terms on
the properties of the turbulence simulated in numerical codes. Although the basic dynamics
for edge and SOL plasma turbulence appear to be unchanged from a rather simplified
model, it seems to be necessary to include all of heat transport and temperature fluctuations,
gradients and curvature of the magnetic field, electromagnetic induction, electron inertia,
sheath boundary conditions and radial electric field to quantitatively reproduce the observed

fluctuation characteristics and induced transport [59, 73].

5 The role of magnetic fluctuations

Fluctuations of the magnetic field need to be considered in plasma edge turbulence in two
ways. The first question is whether they play a role for the dynamics of the turbulence, the
second whether they must be taken into account for the turbulent radial transport. The
magnetic field is assumed to be stationary in simple drift wave models. On the other hand,
fluctuating electric currents parallel and perpendicular to the magnetic field do occur in all
these models, so fluctuations of the magnetic field naturally exist. The order of magnitude
of broadband magnetic fluctuations observed with Mirnov coils is indeed consistent with the
values expected due to the measured density and potential fluctuations in the SOL [5, 74].

The first of the above questions then is whether these fluctuations of the magnetic field
are strong enough to influence the turbulence dynamics. According to estimates and
numerical simulations, this is the case for a plasma pressure as it can be found close to the
LCMS even in the SOL [75, 59]. The resulting turbulence in the simulations is stronger
when including the magnetic fluctuations, but the nature of the dominant influence
mechanism is still subject of discussion [59, 76].

The second question addressed is whether the fluctuations of the radial component of
the magnetic field are sufficient to contribute a significant amount to the radial particle or
heat transport via “magnetic flutter” [77]. Although in some cases fluctuating ExB transport

was found to be too small to completely account for the energy balance in the SOL [54], the




amplitude of magnetic fluctuations was always found to be far too small to contribute
significantly to the transport, at least in the SOL of tokamaks and stellarators

[55, 54, 78, 24]. This was verified by direct measurements of the radial electron heat
transport due to correlated fluctuations of parallel electron heat flux and radial magnetic
field by means of a fast pyrobolometer in the SOL of TEXT-U [79]. The result that radial
transport even of electron heat due to magnetic fluctuations is negligible is reproduced by
numerical drift wave simulations for typical plasma edge parameters [59].

If the broadband magnetic fluctuations observed in the plasma edge are due to the
fluctuating parallel electric currents of drift wave turbulence, a correlation between the
signals of Mirnov coils and those of close-by Langmuir probes is expected. In most devices
in which such correlations have been investigated, they were found to exist [80, 81, 82]. In
recent direct measurements of parallel current fluctuations on CASTOR by means of a
miniaturised Rogowski coil inserted into the edge plasma, a significant correlation with a @ﬁ

measurement at the same position was found [74].

6 Influence of the plasma parameters on the SOL fluctuations and on the induced

transport

For the comparison of experimental observations with the predictions of plasma turbulence
models, the change in fluctuation parameters and ExB transport for variations of the
discharge parameters are of particular interest. On the other hand, a comparison between the
observed ExB fluxes and global particle and energy confinement time is required to assess
the relevance of the measured fluxes for various discharge conditions in addition to the
order-of-magnitude agreement reported in section 3. Only few such parameter scans have
been done so far. Rowan et al. measured the ExB particle transport across the LCMS
derived from @ﬁ and I,,; measurements and compared the particle confinement time
calculated from these data with the particle confinement time calculated from H,
measurements of the plasma source. This comparison was done for scans of the plasma
density, the toroidal magnetic field and the radial plasma position in TEXT [3]. Endler et al.
calculated fluctuation parameters like lifetime, poloidal correlation length, poloidal
wavelength and poloidal propagation velocity of the fluctuations from the data of an H,

optical imaging diagnostic for variations of plasma density, toroidal magnetic field, plasma
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current and vertical plasma position in ASDEX and compared the results with a linear target

plate instability model [70, 5]. Bleuel calculated fluctuation parameter and radial ExB
particle transport profiles from o q and I, measurements in the SOL and slightly inside the
LCMS for variations of plasma density, ECR heating power, magnetic field and gas species
(hydrogen or deuterium) in W7-AS and compard the scaling of the ExB flux with the
energy confinement time [37].

For the SOL fluctuation parameters (0-2 cm outside the LCMS), the following
behaviour has been observed: With increasing average plasma density, the lifetime and the
poloidal and radial correlation lengths increase, and the poloidal velocity (in the ion
diamagnetic drift direction) decreases [5, 37]. In ASDEX, density and separatrix
temperature had an inverse scaling in ohmic discharges with constant plasma current and
magnetic field [83], so the observed changes in the fluctuation parameters could be due to a
decrease of the temperature rather than an increase of the density. In W7-AS, however, the
fluctnation parameters in the SOL remained unchanged when the ECR heating power (and
thus T}, in the SOL) was varied at constant density. It seems therefore to be the plasma
density or a related parameter rather than the electron temperature which influences the
. fluctuation parameters in the SOL. The second discharge parameter strongly affecting the
poloidal and radial correlation lengths and the poloidal velocity of the fluctuations is the
magnetic field: At low magnetic field, the correlation lengths and the velocity are larger,
whereas the lifetime is not significantly changed [5, 37]. The strong dependence of the
poloidal propagation velocity of the fluctuations in the SOL on the magnitude of the
magnetic field becomes also evident when comparing data from different machines (see
section 2 and references given there). A strong variation of the fluctuation parameters with
vertical plasma position was found on ASDEX. In such a scan, the SOL configuration
changed from single null upper X-point through double null to single null lower X-point,
and the changes, however not yet understood, emphasize the importance of the detailed SOL
and target plate configuration on the quantitative behaviour of the fluctuations [70].

The ExB particle fluxes measured at the LCMS slightly decrease with increasing
plasma density in W7-AS. Together with a steepening of the density profiles, a lower
anomalous diffusion coefficient is calculated [37]. The same was found in TEXT, where the

particle confinement time derived was in good agreement with the values and the scaling
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obtained from H, measurements [3]. In W7-AS, likewise, the increase of the energy
confinement time with plasma density is in qualitative agreement with the decrease of the
turbulent particle flux. The same agreement was found for the increase of particle flux and
decrease of energy confinement time when the ECR heating power is increased [37]
(assuming again that particle and heat transport are due to the same turbulent convection
and hence scale in a similar way). Changes in the magnitude of the magnetic field do not
strongly affect the turbulent particle flux both in TEXT and in W7-AS, in contrast to their
influence on the size and poloidal propagation velocity of the fluctuation structures.

The question remaining unanswered is whether the SOL fluctuations determine the
anomalous transport across the LCMS and thus the global confinement time or whether they
just adapt to take over the fluxes passing the LCMS due to processes originating in the

confinement region.

7 Conclusions

The observation of the SOL fluctuations in tokamaks and stellarators suggests that they are
of drift-wave type in a very general sense, as detailed in section 4. In addition to the terms
used in the early drift wave models, the magnetic geometry (gradients and curvature of the
magnetic field), magnetic induction due to fluctuating parallel electric currents, temperature
fluctuations, sheath boundary conditions and possibly further effects must be included to
account for the observed turbulence quantitatively in a numerical simulation. The interplay
between the radial pressure gradients serving as source of free energy for the turbulence, the
resulting radial transport flattening the gradients, parallel average electric currents onto the
target plates (which are, together with the radial electron temperature gradient, determining
the radial electric field), the location of plasma recycling sources or gas puffing and the
geometry of the SOL is rather involved and not yet understood in detail.

The radial ExB particle flux calculated from measured floating potential and ion
saturation current fluctuations usually agrees well with the flux inferred from radial profiles
and particle balance analysis. Magnetic fluctuations play no direct role (“magnetic flutter”
transport) in the SOL of tokamaks and stellarators. The question whether the observed
energy confinement and radial temperature profiles are also consistent with the turbulent

ExB heat transport requires further investigation.
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The qualitative understanding of the instability mechanism offers the chance to
influence the turbulence in the SOL, e. g., by applying DC or AC voltages to target plate
sections or probe tips inserted into the SOL [84, 85].

Our increased understanding of SOL turbulence has been much advanced by the high
spatial and temporal resolution offered by Langmuir probes and by the fact that this
diagnostic allows a simultaneous measurement of density and potential fluctuations.
Unfortunately, in large fusion experiments probes are restricted to the very edge. We are
still lacking a diagnostic measuring plasma potential or electric field fluctuations deeper in
the confinement region with a resolution comparable to Langmuir probes (except for the
HIBP, which suffers from beam intensity problems in large devices). This and the
quantitative understanding and the modification of SOL turbulence and transport will be the

next goals of fluctuation investigations in stellarators and tokamaks.
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Abstract

An extended version of the 3D Monte Carlo edge plasma transport code EMC3
including more complex physics is presented. The balance equations for mass, momentum
and energies are formulated in a general conservation form suited for direct application of the
Monte Carlo solving algorithm. The new extended version is applied to the planned W7-AS
island divertor. First results of the investigations, which are focused on neutral pump-out
efficiency, power load distribution on the plates and high recycling performance, are

presented.

1. Introduction

In the last years, the urgent need of 3D transport models for understanding the divertor
physics in a helical device such as W7-AS has become evident. A 3D Monte Carlo code
(EMC3) [1], based on a simplified version of Braginskii’s fluid equations [2], was developed
in the last years and used successfully to interpret high recycling experiments in W7-AS
island configurations [1,3,4]. However, the simplifications of the physical model (single fluid
plasma (Te = Tj), neglect of heat convection and parametric treatment of parallel momentum
losses by using experimental data) restricted the code applicability so far.

Recently, the EMC3 code has been extended substantially. The ion parallel momentum
equation has been completed by including the cross-B viscous and convective transport of
paralle] momentum as well as the friction with neutrals provided by the neutral code EIRENE
[5], which was coupled selfconsistently to EMC3. In addition, the convective energy fluxes
have been introduced into the heat balance equations and the electron and the ion energy
transports were treated separately, which allows application of the code to low density
plasmas, for which the electron temperature may largely differ from the ion temperature. The
balance equations for mass, momentum and energies, which can be written into a general
form, are treated with the same Monte Carlo algorithm, which solves both the diffusive and
convective terms. The Monte Carlo procedure allows high flexibility in the 3D grid




construction for both the plasma and plasma-facing components. An extension of the
EMC3/EIRENE code to include impurity transport is under way.

Additionally, the code has been parallelized on the massive parallel computing system
Cray-T3E (784 application processing elements at present), leading to a roughly linear, drastic

speed-up of the computations.

2. The EMC3 code

The EMC3 code solves a set of Braginskii’s fluid equations in a three-dimensional
space with a Monte Carlo technique. One of the main reasons for applying a Monte Carlo
method is its high flexibility in the construction of the computational mesh. The magnetic
islands and the discontinuous divertor plates in W7-AS and W7-X introduce a complex three-
dimensional edge structure. Owing to the shear of the diverted magnetic structures, the helical
variation of the island shape and the strong anisotropy of the transports, the feasibility of a
computational mesh acceptable for standard finite-difference methods is still an open
question. The Monte Carlo method, on the other hand, allows high flexibility in construction
and distribution of the computational mesh. Instead of solving a linear matrix for the unknown
quantities at the grid points, the EMC3 code follows Monte Carlo particles, which undergo
convective and diffusive processes in parallel and cross-field directions. If the magnetic field
line vectors are everywhere defined, particles can be traced along and across the B-field lines
through the edge plasma, independent on the mesh and coordinates selected. The
computational cells are required just for scoring the Monte Carlo particles representing
physical quantities such as mass, momentum and energy. Therefore, the grid can be locally

adjusted according to the physical resolution.

2.1 Fluid model

We assume a simple neutral plasma consisting of electrons and a single ion species,
i.e. N = ng = n;. The plasma transports are described by a simplifed time-independent version

of Braginskii’s fluid equations for particle, momentum and heat balance. In the absence of the

electric field and plasma current, the equations for mass, momentum and energy read
Vi-nv, + Vi,-(-DVn) = §, (2.1

Vy{mnV,V, ~mVyv,) + Vo (-mV DVin-n,VV,)
= —V”p+ Sm (22)




V(=K VyT; +3nT;Vy )+ Vi (-2in VT -2T;,DVn)
= K(T,~T;)+S. (2.3)

VII (- K, VIITe +% nTeVII) + VJ_, '(—zen V_LTe ';2 T.D V_Ln)
=-k(T,-T;) + S., (2.4)

where p = n(Ti+Te) and = MinD. The signs Il and L denote the components parallel and
perpendicular to the magnetic field. The parallel transport coefficients My, Ki and K are

considered to be classical, while the cross-B transports are usually assumed to be anomalous
with D, x; and ye being determined from experiments. Sp and Sy, are the ionization source
and momentum loss via charge exchange with neutrals. In the present version, See and Sej
represent the energy loss or gain of electrons and ions due only to the hydrogen neutrals. All
the volume sources due to neutrals are provided by the EIRENE code.

The transport Egs. (2.1) through (2.4) obey a generalized conservation principle.
Introducing the dependent variable f standing for density, parallel velocity and ion or electron
temperature, we can rewrite Egs. (2. 1) through (2.4) into a common Fokker-Planck form [6]:

V- [owf =Vl Buf )]+ v, [af-Vi(Bf)]=S (2.5)

where oy, By, o1, BL and S represent transport coefficients and source terms which are

specific to a particular meaning of f (see Table 1).

E/?g:irlxg of the symbolic transport coefficients and sources associated with f
mass momentum heat
f: n Vi 1,;
ap: Vy o mnVy+ Vg 2 nVy + Vike,;
Bu: O yh Kei
a;: 0 0 (Ze,i‘_% D)Vn
B.: D m;nD NXe
S: Sy - Vyp+Sn Fh(T,—T; )+ See i

In spite of the different structure of the boundary conditions for the mass, momentum
and energy equations, the concept of the generalization of the fluid equations enables us to
formulate a general numerical method, which can be used for determining the whole set of

plasma parameters N, Vj, T; and Te.




2.2 Monte Carlo method

Equation (2.5) describes the conservation of a physical quantity such as mass,
momentum and energy during the convective and diffusive processes which can be simulated
by following Monte Carlo particles. Particles are randomly generated according to a given
source distribution and then followed in small time steps At. The corresponding random walk
step, Ar, is determined by:

ar =-JZﬂ,,At§”+a”At+{ 4ﬂ_LAZ‘§J_+a_LAt (2.6)

where & and &) are the 1D and 2D random unit vectors parallel and perpendicular to B,

respectively. The first and the third terms on the r.h.s. of Eq. (2.6) represent diffusion, the
others convection of Monte Carlo particles in the two specific directions. Particles are traced
and scored in a given mesh. If a particle is lost to target plates or to other sinks, a new particle
is started and the computation continues until the desired statistical accuracy is achieved.
Finally, the distribution function f is given by:

At-ANp
Qs ——+
Np-Av

(2.7)

where Np is the total number of the particles followed and ANp is the number of particles
scored in the volume element Av. Qg is the total source strength including the contributions of
volume sources and surface sources specified on the boundary.

The time step At appearing in Eqgs. (2.6) and (2.7) does, of course, not mean that the
solution of the problem depends on the time step chosen in the computation. In fact, the
quantity (AtANp)/Np is just the average time interval spent by the particles to travel through
the volume element Av. This quantity is completely determined by the transport coefficients,
source distributions and boundary conditions. As long as the time step is kept sufficiently
small, it has no effect on the final solution.

2.3 Computational mesh

An optimal choice of the computational mesh is essential to improve the computation
performance. Two points have to be considered in the mesh construction. First, a mesh is
needed to store the Monte Carlo particles representing physical quantities such as density,
velocity and temperatures. The transport coefficients listed in Table 1 depend strongly on such
quantities. Due to both the high non-linearity of the equations and the large difference



between the parallel and perpendicular transports, a nonuniform cell distribution is necessary
to meet the physical requirements. Second, for tracing Monte Carlo particles the magnetic
field lines need to be specified. The mesh should be able to accurately define them, in order to
avoid a time-consuming integration procedure for the field lines of the individual particles.
According to these considerations, we choose magnetic coordinates for particle tracing as they
allow a simple representation of the B-field lines. However, due to the large number of the
grid points needed to describe the complex magnetic surface geometry, storage problem will
emerge if the plasma parameters are based on the same mesh. Therefore, in order to reduce the
memory and to speed up the computations, two different meshes are defined, the basic
geometric mesh for tracing particles and a coarser physical mesh for representing plasma
parameters, which can be locally adjusted according to the required resolution.

Figure 1 illustrates the cell distributions of an 1=5/9 W7-AS configuration at a cross
section of a lower divertor. The basic geometric mesh consists of about 200,000 grid points,
covering a half period of the edge configuration, according to the stellarator symmetry in W7-
AS. The grids on each cross section are adjusted as to meet both the geometrical and physical
requirements. The toroidal geometric grids, on the other hand, are constructed uniformly and
then reduced to give a nonuniform subset which represents the physical mesh satisfying the
required resolution, for example, finer cells at the plates (right figure).

In order to speed up the computation, it is necessary to represent the target plates in the

magnetic coordinates as well.

3. Applications

Calculations are based on the divertor configuration given in the previous section. Pure
hydrogen plasma is assumed with a total power outflow of 400 kW through the separatrix.
This power is kept constant for all calculations. The edge plasma density is varied by
increasing the total particle outflow to the targets. The diffusion coefficients are kept spatially
constant, however scaled with the average edge density roughly as 1/<n>sol, with Xe = %i =

2D. Radial decay lengths of 2 and 4 cm are set on the last radial surface for the density and

temperatures. Momentum entering the plasma core is absorbed, which corresponds to a
boundary condition of Vi = 0 at the innermost surface contacting the main plasma. Bohm’s

boundary conditions are assumed at the plates. All source terms due to neutrals are calculated
by the EIRENE code.

3.1 Low and high recycling




Two density cases resulting from the given particle fluxes of 6.25 X 10%! and 2.5
% 10%%/s to the targets are compared in Fig. 2, which shows the temperature and density
distributions on a cross section cutting the lower divertor plates. The diffusion coefficient D is
taken to be 1 m?/s for the lower density case and decreases to 0.25 m?%s as the density
increases. Despite the small pitch angle of the magnetic field lines inside the islands, the
parallel heat conduction dominates the energy transport for electrons, which is indicated both
by the energy flux diversion and the weak dependence of the electron upstream temperature
on the density. The ion energy transport, on the other hand, is governed by the cross-B
anomalous heat conduction due to the weak parallel conductivity, especially in the higher
density case. The electron and ion downstream temperature, Te down and Tj down, decrease from
24 and 39 eV to 9 and 12 eV as the density increases, which are still high enough for
ionization of neutrals. Thus, no significant momentum losses via charge exchange contribute
to the momentum balance. A very important momentum loss mechanism instead is the cross-
B momentum transport resulting from the enhanced anomalous cross-B diffusion of the ions.
Because of the large ratio of the connection length to the island size, perpendicular particle
diffusion dominates over parallel convection in a large island region away from the targets.
Momentum loss occurs if the ions exchange their momentum through diffusion inside the
islands. For the lower recycling case, neutrals penetrate deeply into the islands, causing a
monotonous radial drop of the density profile. Density increases with increasing recycling
flux, especially at the downstream position close to the targets. The increasing density shifts
the ionization zone outwards and decreases the down-stream temperatures, leading to a
density rise in front of the targets. Toroidally away from the targets, the density peak is
smoothed by diffusion, resulting in a rather broad density profile in the island SOL between

the targets.

3.2 Energy and particle exhaust

Control of the energy and particle exhaust is the basic task of the island divertor,
where the energy flux density to the plates must be kept below a technical limit. For the
planned W7-AS divertor, ten discontinuous divertor plates are installed up-down
symmetrically on the elliptical cross sections with a toroidal extension of 18 degrees each.
Each divertor plate cuts poloidally two islands so that the ten plates cover a total toroidal
length comparable to the single null divertor in a tokamak of the same size. However, unlike
in tokamaks, the complex magnetic island structure introduces a two-dimensional distribution
of the power load on each target, which can only be studied by a 3D model, for example the
EMC3 code.

Figure 3 shows the power load distribution on a target for the high density case, which
does not differ significantly from the low density case because of the inverse dependence of




the cross-B transport coefficients on the density. A large portion (84%) of the heating power
is convected to the plates while the rest is radiated by neutrals. Energy flows along island fans
to the targets, resulting in poloidally peaked profiles of the power load with a maximum of 1.7
MW/m? at the position of the largest connection length. Toroidally at the plate centre two tiles
are introduced for diagnostic purposes, which are retracted in order to avoid direct exposure to
the plasma. This explains why the power load distribution in ¢ direction is strongly
inhomogeneous. The plates are optimized to allow operations of W7-AS with different
magnetic configurations covering a wide 1 range. In practice, for a given configuration, the
power load distribution can be smoothed by twisting the plates poloidally. This, however,
would restrict the operating configuration range.

In order to reach a steady-state operation at the presence of NBI heating the injected
particles must be pumped out in the divertor. Neutrals are compressed in divertor chambers in
which titanium gettered plates are mounted for absorbing the incoming neutrals. Figure 4
shows the distributions of the ionization rate, atom and molecule densities for the high
recycling case. Ions flowing onto the targets are partly reflected as atoms and the rest is
absorbed and emitted as cold molecules. The neutrals can directly enter the divertor chamber
or indirectly through charge exchange with ions inside the islands. Reflection between the
walls in the divertor chamber leads to reduction of the atom fluxes in favor of cold molecules,
resulting in much higher densities for molecules than for atoms.

For a given absorbing area of the titanium plates (about 1.8 m? in total), the pumping
speed is determined by the sticking probability and the influx of the neutrals into the divertor
chamber. The dependence of the pumping speed on the divertor gap is shown in Fig. 5(a), in
which the sticking probability for hydrogen atoms, due to lack of a reliable knowledge, is
varied from 2 to 10% while for molecules it is fixed to be 2%. For a vary narrow divertor gap
(<2 cm), all the neutrals coming into the chamber are absorbed by the titanium plates,
showing a roughly linear dependence of the influx on the width of the divertor gap. With
increasing gap width, more and more neutrals will escape from the chamber without being
absorbed, which moderates the increase of the pumping speed and may even lead to decrease
in pumping speed if the gap becomes too wide. The optimal width is about 5 cm, slightly
depending on the sticking probability. In this case, the pumping speed reaches a value of 4
% 102%s if the same sticking probability of 2% is assumed for both atoms and molecules. This
allows a NBI heating power of 2 MW for the neutral particle injectors on W7-AS. Higher
heating power (3.5 MW available) will increase the plasma edge density.

If the sticking probabilities for atoms and molecules are comparably small, more
molecules are pumped out than atoms, as shown in Fig. 5(b). The pumping speed for atoms
will exceed that for molecules if the atoms have a sticking probability higher than 7%.




4, Conclusions

The physical model in the EMC3 code has been greatly improved. The anomalous
cross-B momentum transport terms are introduced which are found to give dominant
contributions to the momentum balance due to the small pitch angles of the magnetic field
lines in the islands. Separation of the electron and ion energy transports and introduction of
the corresponding convective energy fluxes considerably extend the application range. All the
fluid equations obey a same conservation principle, and are therefore treated with the same
Monte Carlo algorithm. Parallelization of the EMC3 code leads to a roughly linear speed-up
of the computations.

Simulations show that the anomalous cross-B transports play an important role in the
mass, momentum and ion energy balance. Increasing the plasma edge density shifts the
ionization zone outwards, leading to a density rise in front of the targets. Toroidally away
from the recycling zones, the anomalous diffusion smooths the density distribution, resulting
in a rather broad density profile in the edge. Calculations show inhomogeneous distributions
of the power load on the targets. In the absence of impurities, 84% of the 0.4 MW heating
power entering the island SOL is convected to the divertor plates, with a maximal energy flux
of 1.7 MW/m? localized at the position of the largest connection length. Neutrals are well
confined in the divertor chamber with a 5 c¢m divertor gap being the optimal choice for
pumping out the neutrals. For an average edge density of 4 X 10! m -3, a pumping speed of 4
x 10?0 /s is achieved, which allows a steady-state operation with NBI heating up to 2 MW.

Higher heating power will increase the plasma edge density.
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Captions

.

Fig.1. 3D grid distributions for 2 5/9 island divertor configuration.

Fig.2. 2D distributions of the electron and ion temperatures and the density at the cross section of a lower
divertor target for the particles fluxes of (a) 6.25 X 102! and (b) 2.5 X 1022 /s,

Fig.3. Power load distribution on a target for the high density case where R and ¢ indicate the radial and toroidal
directions.

Fig.4. 2D distributions of the jonization rate and atom and molecule density at the cross section of a lower
divertor chamber for the high density case.

Fig.5. Dependence of the pumping speed on the divertor gap width (a) and the ratio of the pumped atoms and
molecules as a function of the atom sticking probability (b).
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Abstract

Knowledge of the impurity concentration and temperature in the core plasma gradient region as
well as the SOL is a vital element on the road to documenting and understanding the physics of
L- and H-mode transport and the transport barrier itself. To this end, the Li-beam diagnostic
capabilities on W7-AS and ASDEX Upgrade have been expanded to include the measurement
of radial profiles of impurity ion density and temperature via charge-exchange-spectroscopy (Li-
CXS).

After presenting the method of Li-CXS this paper describes the experimental setup on W7-AS
as well as ASDEX Upgrade and presents first results on both experiments. Measurements of
C* andNe'" spectral lines prove the viability of Li-CXS. In the plasma edge region of W7-AS
(r;> 8 cm) a C* concentration of about 0.5% could be measured. Temperature values found
for C** are similar to proton/deuteron temperatures.

The intensities of several Lil spectral lines (2p—2s, 3d—2p, 4s—2p, 4d—2p) have been
measured and are used to critically check the underlying cross section database employed within
the collisional-excitation Li-beam model, especially for collision processes involving higher Li-
states (n = 3). It was found that the ratio of the spectral lines corresponding to 3d—2p and
2p—2s transitions is overestimated by the model. These deviations could be eliminated by

using improved cross sections in the database.

1. Introduction impurity ions via charge exchange

Li-beam diagnostics are a multi-purpose
technique for investigating fusion edge
plasmas. While the determination of electron
densities by lithium impact excitation
spectroscopy (Li-IXS) has already reached a
satisfactory standard on both large fusion
experiments at IPP Garching [1,2], neutral Li-
beams can also be used to determine local

concentrations as well as temperatures of

spectroscopy (Li-CXS) [3,4]. This method
has been proposed by Winter [5] and was
applied for the first time at the TEXTOR
tokamak at KFA Jiilich [6,7]. In order to
achieve simultaneous Li-IXS and Li-CXS
measurements, the setup for electron density
measurements has been extended. First results
prove the feasibility of Li-CXS with the
improved Li-injector [1] in W7-AS plasmas.




2. Principles

From observation of the resonant line
radiation profile of the injected Li-beam it is
possible to deduce the electron density profile
as well as the local Li(nl) state distribution
along the injected Li-beam by modeling the Li-
beam-plasma interaction. In addition to the
impact excitation process the weakly bound
outer electron of the Li-atom can also be
captured by impurity ions. This charge -
exchange process populates highly excited
of the
subsequently rise to characteristic impurity

states impurity ions, giving
line radiation. Observation of this line
emission in conjunction with the calculated
Li(nl) state distribution allows for evaluation
of the impurity density profile along the
injected Li-beam. In addition, the temperature
profile of the impurity ions is determined from

the spectral line shape.

3. Experimental setup on W7-AS

The existing Li-beam diagnostic layout [1] has
been supplemented by a 14 channel
observation system with a radial resolution of
dr ~ 6 mm for a range of ~13 cm along the
beam, corresponding to an effective plasma
radius from 3 to 17 cm, cf. Fig. 1. Two
glass lenses (Q/4m ~ 2.9x107 sr) image the
light onto 14 bundles, each consisting of a
2x4 array of 400 pm quartz fibers. The
bundles are coupled one by one to the entrance
slit of a monochromator (ACTON, Czerny-
Turner, f=0.75m)
resolution for Li-CXS and Lil radiation. A
(Proscan CCD

camera, 512x512 pixels, each 19x19 umz) is

to permit spectral
detector

two-dimensional

directly connected to the monochromator exit.

The spectral resolution can reach up to
0.018 nm/pixel, using a 1800 g/mm grating.
An additional system of R928 or R3896
Hamamatsu photomultipliers in conjunction
with interference filters (A = 529.0 nm for
C%, FWHM ~ 0.5 nm) can be coupled to the
guides  for

same light simultaneous

measurements at the 14 radial locations.

Li - beam
20 - 66 keV
0.5-3.0mA

14 channel quartz fiber array
28 channel optical fiber array

Fig. 1: Experimental set-up on the W7-AS
stellarator. The observation geometry for Li-IXS (28
channels), Li-CXS (14 channels) and neutral density

N, is indicated.

The extraction geometry of the Li-beam
injector was changed to increase the Li-beam
current delivered by the gun [1]. These
experiments were carried out at 50 keV
injection energy with an equivalent neutral Li-
beam current of 1.9 mA and a Li-beam

diameter of Dgyyy < 1 cm.




4. Experimental setup on ASDEX
Upgrade

On the ASDEX Upgrade tokamak the Lithium
beam diagnostics has a new location 33 cm
above midplane. It is equipped with a
completely rebuilt 35 channel optics to
measure electron density profiles, a 16
channel charge exchange optics and a 3
channel neutral density monitoring system
(Fig. 2). At the new position of the ion gun,
which is similar to the one on W7-AS, the
magnetic field is weaker. There is also
additional p-metal shielding around the ion
beam. Thus, we expect magnetic field effects
on the lithium beam (E =35 keV,
I= 1.2 mA) to be reduced considerably.

4.1 Electron density measurement setup

In the former optical system each spatial
channel consisted of three 400 pm fibers. The
light collection/transmission efficiency varied
drastically from fiber to fiber and the system
was sensitive to the beam position [8]. To
overcome these difficulties, a new head for the
fiberguides was built with each spatial channel
corresponding to a bundle of 35 quartz fibers
(100/130 pm). The light from each bundle is
coupled to a 48 m long, 600 um monofiber
(numerical aperture = 0.37) that carries the
light to the detection units. About seven
percent of the incoming light can be collected
in this way. A new BK7 optical system -a
wedge and two lenses- was built to gather
light into 35 channels from about 16 cm along
the beam path. The observation region can be
radially shifted by a couple of centimeters,
allowing it to be adjusted to different plasma

scenarios. Each detection unit is equipped
with an interference filter (T > 40%,
FWHM < 0.7 nm)
photomultiplier.

followed by a

35 channet
electron density
optics

passive stabilizer loop

l

- +0.5m

% Libeam
o o

midplane

separatrix

‘ T /neutral density
e, 3 1
».° 16 channel optics

¢, charge-exchange H
e 7 :
. .0.5m S optics /
4 L’

Fig. 2: Optical observation systems of extended

lithium beam diagnostics on ASDEX Upgrade.

4.2 CXS measurement setup

Two quartz lenses (Q/4m ~ 1.5x103 sr)
focus the light onto an array of 16 quartz
fibers (400 um) enabling the radial
distribution of the emitted light in a 16 cm
region around the separatrix to be measured
with 1 cm spatial resolution. The fibers are
coupled to the entrance slit of the same CXS
spectroscopic system as described for W7-
AS. Temporal resolution is limited by the




readout time of the CCD detector for 16
channels (13 ms).

4.3 Neutral density measurement setup

Two BK7 lenses (Q/4w ~ 1.8x10-3 sr) focus
the light onto an array of 21 quartz fibers
(400 pm) that are grouped into three bundles.
The light is gathered from a region far from
the separatrix where lithium excitation by
collision with neutrals is the dominant process
[2]. Each channel is equipped with an
interference filter (T > 40%,
FWHM < 0.7 nm) to select the Li(2p—>25s)
line.

5. Lithium beam composition

Since the cross sections for charge exchange
processes from the Li donor atom into excited
states of various plasma impurities depend
strongly on the originating Li(nl) states, the
composition of the Li-beam is of great
importance for evaluating CXS data. We have
therefore investigated several Lil spectral lines
(2p—2s, 3d—2p, 4s—>2p, 4d—>2p) in
W7-AS and ASDEX Upgrade discharges.
While the measurements of the most relevant
line Li2p—2s) at A =670.8 nm were
performed to calibrate the CXS setup relative
to the Li-IXS photomultiplier setup (see
below), all other Lil lines were investigated to
check the attenuation model of the Li-beam
[9]. In a first approach on W7-AS, measured
intensities of emission from higher levels were
found to differ considerably (30-60%) from
We
observed no dependence on magnetic field
strength and beam energy (20-66 keV). The
plasma density had a strong influence on the

corresponding  theoretical ~ values.

conformity of experimental and theoretical
values, with the deviation becoming larger at
higher densities.

As the major reason for these disagreements,
inadequate scaling relations for excitation and
ionisation processes involving electrons and
protons in the underlying database [10] were
identified. These have now been measured
and recalculated by more advanced means and
have been found to be considerably lower than
the (scaled) cross sections used so far (cf.
Fig. 3).

] 2 " 2

H* + Li(2s) -» H' + Li3)
10 a1 PR S 1 " PR
1 eeae-2530,A037.40
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1 +---@--- 25-35, AO37_30
1 ce@e-253p, A037.40
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Fig. 3: Comparison of proton impact excitation cross
sections from the current database [10] with recent
atomic orbital - close coupling calculations
(A037_40). Calculated values are significantly lower

than scaled values from the database.

When comparing experimental values of
relative Li(nl) population numbers with results
from the improved beam modelling, an
excellent agreement can be stated (Fig. 4).

However, since the relative population of the
Li(3d) state in the Li-beam is in the range of
1%, and populations of all other Li(nl) levels
(n>2) are even smaller, the influences of

these new cross sections on electron density




calculations remain below 10% (cf. Fig. 5).
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Fig. 4. Radial profiles of relative Li(nl) populations
when the Li beam penetrates the plasma edge.
Experimental results prove the reliability of the beam

modelling when utilising the new cross sections.
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Fig. 5: Comparision of reconstructed electron density
profile using ‘new’ and ‘old’ cross sections. The
influences on the electron density calculations remain

below 10%.

6. CXS investigations on W7-AS

6.1 Impurity density profiles

To determine the absolute concentration of
C6+ impurity ions, both Li-beam diagnostic
systems are necessary (IXS and CXS). While

5

the IXS system (28 PM) records the Li(2p)
light emission, the CXS system (CCD-
camera) delivers the CVI line radiation at
529.0 nm. Since both systems use different
observation optics, the detection efficiency has
to be cross-calibrated. This is done by
measuring the Li(2p) light with both systems,
the IXS-PM- (U, (i)) and the CXS-CCD-
system (Us "(i)), rtespectively in one
calibration discharge.

Uy (i) = kg (i) 1+ Ay 35 N(2P)
UsP (i) = kg (D)1 Agposas - N(2P)
k denotes the detection efficiency for the two

A =671.0 nm, i the
corresponding radial channel, A,, the

(1a/b)

systems  at

transition probability, n; the particle density
of the Li-beam and N(2p) the relative
occupation number of the 2p-state. The CXS-

signal (USSP (i)) can be expressed by

cep ccp;
Uy () =ksyg () VMo i

3 G () -N(nl) )
nl

Calculating the ratio of equations (1b) and (2)

for the discharges in question and using the

ratio of equations (la) and (1b) for the

calibration discharge, the C6+ density can be

expressed by

Uga () kgn () ke @)

U @) ki @) kg (D)
Aypne- N(2P) ©)

v, 21“ O (nl)-N(nl)

Nee (2 (D) =

In equation (3) the first ratio describes the
measured signals ratio (IXS and CXS
systems), the second ratio is determined by
the calibration procedure (see above) and the
third ratio expresses the different detection




probabilities of the CCD camera at the two
wavelengths. v,; denotes the Li-beam particle
velocity and Os,(nl) the cross section for
electron capture from the Li(nl)-level, giving
rise to line radiation at A = 529.0 nm. The
relative occupation numbers N(nl) of the Li-
beam atoms are calculated in the
reconstruction process for the electron density
(Li-IXS, [9]). The described algorithm was
applied in a series of equivalent discharges
(Pgcry = 400 kW, D,, 1= 0.34,
B, =20.0 mT, up/down limiters attached,
[n dI(HCN) = 2x10” m?) to determine the
C6+ impurity ion density for different radial
positions [different z;; in equation (3)]. The
result is shown in Fig. 6. The CO+ impurity
ion concentration increases from about 0.41%
atr, = 16.7 cm to 0.63% at r = 8.3 cm.
In the gradient region of the profile good
agreement is found with the result from the H-
CXS diagnostics [11].

For a single light guide in the radial range of
the maximum of the Li(2p) profile we also
investigated the signal-to-background ratio for
other impurity ions. While the ratio was about
0.25 for C* we found a ratio of 0.2 for C**
and B* respectively, clearly demonstrating the
applicability of Li-CXS also for these impurity
ions. The exposure time of the CCD camera
was about 5.7 ms with a readout time of
3ms. Each 10ms a CCD-picture was
recorded. The
electronically with a beam on - and off time of
40 ms each. Thus 4 CCD-pictures could be
used to determine Li-CXS and background

Li-beam was chopped

signals. For the determination of impurity
densities the Li-CXS signals were summed
over the Li-beam on-time interval (40 ms).

No impurity ion concentrations giving rise to
CXS-line radiation in the UV-spectral range
could be investigated, due to insufficient

transmission of the observation optics (glass).

6.2 Simulation of the charge state distribution
The IONEQ code [12] was used to simulate
the radial carbon charge state distribution for
W7-AS plasmas. Within this simulation the
charge state distribution is calculated
according to the Corona equilibrium. In
addition the impurity transport fluxes are
modelled by assuming resonable values for a
diffusion coefficient and a convection
velocity. As input data the electron density
profile from the Li beam and the temperature
profile from the Thomson diagnostics was
used. The neutral gas density was modelled
by the EIRENE code and calibrated with the
H, and the neutral density measurement of the

Li beam diagnostics [13].

W7-AS #39360 - 39368
s . - P IS 6

c*  (x107 n )
n, (x10”nr)

] === % simulated
1 —®—C* i - Cxs)
] —o—c* H - cxs)
0 —— e e
0 5 10 15 20

L, (cm)

Fig. 6: Radial impurity density profile of C** and
electron density profiles as a function of effective
radius r; for discharges #39360 -39368. Thick line
shows the result of a simulation with the IONEQ
code. The last closed magnetic surface (LCMS) is

indicated by a dotted line.




A good agreement was achieved with a

m2

diffusion coefficient of D=0.2—
s
To account for the relatively high displacement
of electron and C® density profiles a strong
inward velocity of
D |m
Viers = ~4X -

TicrsL S

with a radial depender;cy of
v(r) = viers X (l‘lf—)
Frers
had to be assumed and cannot be explained by
uncertainties in the mapping process of local
to magnetic coordinates, as the electron and
impurity density profiles are measured at the
same toroidal position. Only the electron
temperature profile is subject to errors in the
radial position of about 0.5 cm. By shifting
the T, profile 1cm inwards and by the
variation of the neutral density profile as well
as the diffusion coefficient the influence of
these parameters on the radial position of the
simulated C® profile was found to be below a

few millimetres (Fig. 6).

6.3 Impurity temperature profiles

Temperature values are obtained by fitting a
Gaussian profile to the CCD-camera data. To
reduce the scatter of the calculated spectral line
widths, all CCD-pictures taken in the flat top
phase of one discharge had to be summed up.
This typically implies an integration time of
about 300-400 ms. The time resolution will
be improved by a better coupling of the light
guide bundles to the spectrometer entrance
slit, where now an important fraction of the
light signal is being lost.

For the fitting procedure line broadening
effects such as Zeeman splitting and I-level

mixing are taken into account [7]. C*
temperature values in the plasma edge
obtained in the same series of discharges (see
above) are shown in Fig. 7. For r; < 12 cm
C* temperature values are similar to
proton/deuteron temperatures measured via
active neutral particle analysis [14].

W7 - AS #39360 - 39368

1200 " L PR A i bl | T 2 2 1 i 2 n
1 —0—T, (NPA) "
1000 - e T, (Li-CX§) |
] —a&—T, (Thomson) [
800 - =
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®
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= 4 L
400 - »
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4 L
200 -
0 T T T L
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Fig. 7: Radial impurity temperature profiles of Cﬁ*,
electron temperature T, and deuterium temperature Tp,

measured by neutral particle analysis (NPA) [14].

7. CXS investigations on ASDEX
Upgrade

Impurity density profiles

On ASDEX Upgrade we use the spectrometer
and CCD camera for investigation of impurity
ion spectral lines in the range from
250 < A < 800 nm. The complex temporal
behaviour of the ASDEX Upgrade discharges
poses severe difficulties for the Li-CXS
method with the current setup. First results
indicate the feasibility of Li-CXS for several
impurities (Ne**, Ne'**, O, He", B™). As an
example Fig. 8 shows the profiles of electron
and Ne'™ densities as a function of major
radius R in a discharge (#10492,
/n,dI(DCN) = 8x10" m?, I, = 1 MA,




NI =5.6MW) with a strong Ne gas puff.

AUG #10492 Ne'®* (524.9 nm)
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Fig. 8: Profiles of electron and Ne'® densities in
discharge #10492 as a function of major radius R. A
strong Ne gas puff occured during this discharge.
have been averaged in the

Signals period

2.5<t<3s.

8. Conclusions

With the improved Li-injector now available
we have demonstrated the applicability of Li-
CXS, both for impurity density and impurity
W7-AS.
Concentrations found for C* ions are in the
order of 0.5%. The radial profile in the

temperature measurements, on
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Abstract

Density limit discharges in the W7-AS stellarator with a strong density ramp were compared to a series of
discharges with constant line integrated density approaching the maximum value achieved in the density ramp.
The physics of the density limit in stellarators was demonstrated to be consistent with the predictions of the two
point model, indicating that this model successfully describes the density limit process in both stellarators and
tokamaks. The discharges with a strong density ramp were found to have broader density profiles than those
discharges with constant line integrated density. The latter discharges had the electron density profile form
found in the improved confinement H-NBI mode on W7-AS. Modeling of the radiation profile, to simultaneously
match the measured bolometer and soft x-ray radial profiles of radiated power, implies that impurity density
profiles were peaked and continuously increased during the discharge. The increase in radiated power
decreased the net deposited power to the plasma and the diamagnetic energy fell. The aim of producing steady
state discharges at the highest possible density is aided by the reduction of impurity sources by helium glow
discharge cleaning.

1. Introduction
In W7-AS, a discharge with rising line integrated electron density reaches a maximum

density, then the diamagnetic energy falls and the radiated power rises continuously until the
discharge terminates. This maximum density defines the density limit in W7-AS. Discharges
with a constant line integrated density ( density plateau ) were also studied. In discharges at
successively higher density plateaus, the rate of diamagnetic energy decrease after the peak in
diamagnetic energy was larger at higher densities. Decreasing net power to the plasma due to
core radiation is believed to be responsible for the observed fall in diamagnetic energy.

The density profiles in discharges with a density ramp were markedly broader than those
with a density plateau. These density plateau discharges are therefore closely related to the
improved confinement scenario in W7-AS (H-NBI mode) but at densities in the vicinity of the
density limit [1]. At sufficiently low densities, discharges of duration up to 1.8 s were
possible. Such experiments in both tokamaks and stellarators are relevant to the future
operation scenario of a reactor, as sustainable steady state high density discharges will be
required for power handling and ignition [2].

Measurements of the time evolution of the density and temperature in front of the limiter

were compared with predictions of simulations by the time dependent transport code ASTRA




[3] combined with a one dimensional scrape-off layer model of the plasma edge ( the two
point model ) [4]. The addition of the impurity transport code STRAHL [5] allowed radiation
profile measurements of the bolometer and soft x-ray cameras to be simulated. The increase in
radiated power during density plateau discharges was due to a central peaking of the radiation
power density. Such a peaking has been observed previously in the W-VIIA stellarator [6] and
accounted for by neoclassical impurity transport of oxygen ions from the vessel walls and
tungsten from the NI beams. In W7-AS, 3% shine through losses and 2% charge exchange
losses were calculated. Impurity ions, produced by energetic ions impinging on the wall,

could therefore have been a relevant factor in the observed discharge evolution.

2. Two point model

Simulations of the time evolution of the electron density and temperature measurements
in front of the limiter were carried out with the time dependent transport code ASTRA. This
code solves the particle balance, electron energy power balance and ion energy power balance
equations as a function of time, allowing time dependent simulations to be carried out. The
equations are one dimensional and averaged over closed magnetic flux surfaces. A module
was added to ASTRA to describe the physics of the scrape off layer in terms of the two point
model. The two point model is a one dimensional model based on electron heat conduction
and pressure balance along the field line from the last closed flux surface to a limiter or
divertor plate [4] and the predictions of this model have been shown to be consistent with
observations in density limit experiments in limiter discharges in a tokamak [7]. A modified
pressure balance equation along field lines to account for momentum loss effects due to ion-

neutral friction is used [8] :

7 277 T 712\217
T=(T+@-qL} (1—[;) } M
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m “es e

where n,, and T, are the density and temperature at the last closed flux surface, n,, and T, are
the density and temperature in front of the limiter, L_ is the connection length from the last
closed flux surface to the limiter ( typically 30 m - 100 m depending on the poloidal angle ), k,
is the factor in the electron thermal conductivity equation, f,, is the reduction factor in pressure
along the field line and A, is the temperature fall off length in the scrape off layer . The
parallel heat flux to the limiter, g, ,, given by the perpendicular heat flux at the last closed flux
surface, g, , multiplied by the geometrical factor, L,/ Ag. The heat flux across a flux tube of

length L, is projected onto the limiter within an energy fall length A;=2/7 A.. This parallel




flux to the limiter is balanced by the sum of losses by ionization of neutrals, by impurity

radiation and in the sheath in front of the limiter or divertor plate:
Gus = TLg. 120, = npcsBE + Cmdl'}’impné +ympTpCs 3)
These equations can be solved for n,,,T,, and T,, , usingn,, and g, asinputs.

3. Density ramps
The lithium beam diagnostic measures the time evolution of the radial profile of n,,

therefore providing the input value of n,.. The total radiated power is deduced from Abel
‘nverted measurements of the line integrated power flux onto 4 pm gold foil absorbers of a 12
channel bolometer array and then g, is calculated from the deposited NBI power minus the
total radiated power. The soft x-ray measurements are carried out with 2 cameras, each of 36
channels, of surface barrier diodes. The placement of a 12.5 um beryllium foil in front of the
entrance slit allows the filtering out of energy components below 1 keV.

A discharge at B = 2.5 T with 380 kW of neutral beam injection (NBI) heating and a
density ramp that increased the central density from 5.5x10" m? to 1.5x10° m™ in the time
interval from 0.2 s to 0.6 s is shown in Fig. 1. The magnetic configuration, with an edge value
of rotational transform, i(a) , of 0.34 is bounded by two tangential graphite limiters at the top
and bottom of an elliptical cross section of magnetic flux surfaces. A comparison of the
Langmuir probe measurements of n,, and T, and the predictions of the modified two point
model are also shown. The evolution of n,, and T,, are reasonably simulated with a
continuously falling temperature and a density reaching a maximum at 0.5 sand a
continuously falling temperature. In agreement with the usual descﬁption of the density limit
in tokamaks, a critical edge density is reached at which the value of net power flux can no
longer sustain power balance in front of the limiter and detachment from the limiter follows
[9]. The physics of the density limit in stellarators can therefore be adequately described by
the two point model indicating that this model describes the density limit process in both
stellarators and tokamaks. After 0.56 s the radiated power is greater than the deposited power
and the discharge rapidly collapses. However, no tearing mode instability is triggered in a
stellarator in contrast to observations of a the density limit on a tokamak [10]. The difference
in maximum value of density in front of the limiter predicted and observed, may be partially
explained by the overestimation of the measured electron temperature suggested to occur in
the presence of non-thermal electrons from the upstream plasma [9]. From the Langmuir
probe measurements of ion saturation current, the calculated density is then underestimated.

Discharges with a Murakami parameter greater than the Greenwald limit were achieved
transiently in W7-AS in this set of discharges. Similarly plasma parameters yielding values



above the Greenwald limit in tokamak density limit discharges have also been achieved
transiently using pellet injection [11] or for a duration of 0.8 s with only a slow increase of
radiated power [12]. Such global comparisons will be extended in the near future by
measurements at the density limit of local electron density and temperature inside the last
closed flux surface to compare to the edge operational diagram for tokamaks [13]. A
sequence of energy detachment, an edge thermal instability, particle detachment and
disruption at the density limit is observed below a critical edge temperature and above a

critical edge density [14].

4.  Density plateaus

Discharges at B = 2.5 T with 380 kW of NBI heating at successively higher line
averaged densities starting from 5.5x10" m™ to 8.0x10"” m™ or peak densities of 1.1 to
1.6x10% m?showed that for each density plateau a peak in the diamagnetic energy was
reached and that the level of radiated power rose during the discharge. Again the magnetic
configuration was bounded by the two tangential limiters at the top and bottom of an elliptical
cross section for discharges with i(a) of 0.34. The limiter radius was atr = 16.2 cm. The
diamagnetic energy decreased faster in those discharges at higher density. In Fig. 2, density
plateau discharges before and after helium glow discharge cleaning at a density of 1.3x10® m™
display the extent to which wall conditioning can influence the time evolution. At a lower
density the discharge takes longer to collapse because the radiated power does not increase to
the same level so quickly. A simple explanation is that the impurity particle flux is drastically
reduced. The particle flux to the limiter, as measured by the ion saturation current to a
Langmuir probe embedded there, did not change after helium glow discharge cleaning. This
indicates that the source of impurity ions at the surface have been modified by the discharge
cleaning.

In addition to possible changes in the impurity flux, density and temperature profile
changes or a change in particle or heat transport coetficients are also factors determining the
evolution of the radiation profiles. At present, only the time evolution of the central electron
temperature from Thomson scattering was available and the temperature profile from a single
time point was scaled appropriately. Under these experimental limitations a detailed analysis
is not possible. This analysis can be performed when the profiles of density and temperature
from Thomson scattering every 50 ms are available in the near future. It will be then also
possible to calculate the change in impurity flux at the boundary needed to adequately
simulate the discharge prior to discharge cleaning.

The density profile evolution was measured by the lithium beam diagnostic. Even
though the level of gas puffing is reduced after 0.5 s, the central density slowly increased and

the density at r = 10 cm remained approximately constant, indciating a peaking of the density




profile during the discharge. The increasing central electron density and consequent plasma
cooling is one factor involved in the observed deterioration in diamagnetic energy during the

discharge.

5. Radiation profiles
The radial profiles of the diffusion coefficient, D, and inward pinch velocity, v, shown

in Fig. 3 were calculated from measurements of the time evolution soft x-ray emission and Al
impurity lines after aluminum impurity injection by laser blow-off [15]. The Al impurity lines
were measured by a Jobin-Yvon spectrometer ( Al X1 ) and a Bragg spectrometer ( Al XII).
The soft x-ray emission with and without impurity injection are subtracted to yield the net
emission due to impurity injection. The electron density profiles of this discharge were within
10% of the density plateau discharge after helium glow discharge cleaning shown in Fig. 2.
It should be noted that the following simulation of this density plateau discharge assumes that
the measured diffusion coefficient and inward pinch velocity do not change significantly with
density or density profile during the discharge.

Spectroscopic measurements of line radiation by the SPRED VUV spectrometer
showed that the impurity elements carbon, chlorine and copper were dominant in the density
limit discharges studied. Using the radial profiles of D and v derived from laser blow off
experiments, together with the time evolution of the density and temperature profiles and an
assumed constant impurity flux of each impurity at the boundary, simulations of the time
evolution of bolometer and soft x-ray radiation profiles were carried out with the impurity
transport code, STRAHL. This code calculates the impurity ion balance of a single impurity
species according to the input parameters described and uses tabulated atomic rate coefficient
data for ionization, radiative recombination, dielectronic recombination and charge exchange
recombination to calculate the radiated power as a function of minor radius in the plasma. In
Fig. 4, the measured and simulated radiation profiles for the bolometer and soft x-ray
(12.5 um beryllium foil filter) cameras for the density plateau discharge considered in Fig. 2
are compared. These simplified assumptions are sufficient to satisfactorily simulate the
peaking of the measured bolometer and soft x-ray profiles. Maximum central relative impurity
densities at the end of the discharge for carbon, chlorine and copper of 0.057, 0.004 and
0.0005 respectively, and therefore a Z, of 3.6, were estimated. The contribution to the
radiated power density for the bolometer measurements in the center is in roughly equal
proportions for each impurity element, while for the soft x-ray measurements they were 16%,
50% and 34% respectively. Because of the similar peaked power profiles from both chlorine
and copper, a unique fit for the relative contributions of these elements to the two sets of
measured data cannot be made. Simultaneous soft x-ray measurements of radiated power

profiles at a number of beryllium filter thicknesses would increase the reliability of the




estimates of the relative proportions of each impurity element. Further experimental inputs,
such as calibrated impurity line intensities from spectrometers or soft x-ray pulse height
analysis measurements, would also increase the reliability of the estimates of Z .

These simulations show that during the discharge the impurity density profiles with a
central peak continuously increase, as the time constant for attaining equilibrium is much
longer than the duration of the discharge. The consequent increase of the central radiated
power and the decrease in net power to the plasma together with the slow central density rise,
leads to a reduction of the central temperature which reinforces the increase in radiated power.

A comparison of the radiation profiles of a density plateau discharge at a line integrated
density of 1.6x10** m™ and a ramped density limit discharge reaching the same line integrated
density is shown in Fig. 5. At the time when the diamagnetic energy is falling in both
discharges the radiation profiles are peaked, suggesting that in both cases core radiation is the
ultimate limitation for reaching higher densities. A divertor is currently being installed for
W7-AS and should significantly reduce the level of impurity particle influx and allow steady
state discharges to be achieved. The identified impurities in particular can be strongly reduced
by component baking or shielding to restrict particle flux onto exposed surfaces.

6. Conclusions

Modeling of density limit discharges with a modified two point model can reproduce the
features of a falling temperature and rising density in front of the limiter plates. The plasma
detaches when the net power flux at the plasma edge decreases so that power balance in front
of the limiter plate can no longer be fulfilled. The plasma collapsed rapidly after the total
radiated power was greater than the NBI input power. The simple one dimensional two point
model therefore describes the physics of the density limit in stellarators and tokamaks.

The time dependent simulation of the bolometer measurements and soft x-ray radiation
measurements with a beryllium foil filter using density and temperature profiles, ASTRA,
STRAHL and simple assumptions about the impurity flux at the boundary were carried out.
This has proved to be a valuable tool for the interpretation of density limit discharges in
W7-AS. The integration of further experimental measurements, such as calibrated impurity
line intensities from spectrometers, soft x-ray pulse height analysis and simultaneous soft x-
ray radiation power densities at a number of filter thicknesses, should be a goal for increasing
the reliability of the estimates of Z ;.

[t was demonstrated that in the density plateau discharges the centrally peaked radial
profile of the radiation power density was due to peaked impurity density profiles with a time
constant for attaining equilibrium longer than the duration of the discharge. Decreasing net
power to the plasma due to increasing radiated power from the plasma core is shown to be

responsible for the observed fall in diamagnetic energy. The decrease of diamagnetic energy




with time in density plateau discharges is influenced greatly by the vessel wall conditioning

of helium glow discharges. Increased central temperatures and reduced total radiated power

are then measured. The reduction of impurity fluxes to the discharge by the planned divertor

for W7-AS will therefore be critical to achieving steady state operation at the highest possible

density.
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Fig. 1. Diamagnetic energy, line integrated density, radiated power and net heat flux at the plasma edge for a
density limit discharge with a density maximum in front of the limiter at 0.5 s followed by detachment and a fail
in the diamagnetic energy. After 0.56 s the radiated power is greater than the deposited power and the plasma
collapses rapidly. The time evolution of the density and temperature in front of the limiter is compared to the
calculated values from the modified two point model.
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Abstract

Density limit discharges in the W7-AS stellarator with a strong density ramp were compared to a series of
discharges with constant line integrated density approaching the maximum value achieved in the density ramp.
The physics of the density limit in stellarators was demonstrated to be consistent with the predictions of the two
point model, indicating that this model successfully describes the density limit process in both stellarators and
tokamaks. The discharges with a strong density ramp were found to have broader density profiles than those
discharges with constant line integrated density. The latter discharges had the electron density profile form
found in the improved confinement H-NBI mode on W7-AS. Modeling of the radiation profile, to simultaneously
match the measured bolometer and soft x-ray radial profiles of radiated power, implies that impurity density
profiles were peaked and continuously increased during the discharge. The increase in radiated power
decreased the net deposited power to the plasma and the diamagnetic energy fell. The aim of producing steady

state discharges at the highest possible density is aided by the reduction of impurity sources by helium glow
discharge cleaning.

1. Introduction

In W7-AS, a discharge with rising line integrated electron density reaches a maximum
density, then the diamagnetic energy falls and the radiated power rises continuously until the
discharge terminates. This maximum density defines the density limit in W7-AS. Discharges
with a constant line integrated density ( density plateau ) were also studied. In discharges at
successively higher density plateaus, the rate of diamagnetic energy decrease after the peak in
diamagnetic energy was larger at higher densities. Decreasing net power to the plasma due to
core radiation is believed to be responsible for the observed fall in diamagnetic energy.

The density profiles in discharges with a density ramp were markedly broader than those
with a density plateau. These density plateau discharges are therefore closely related to the
improved confinement scenario in W7-AS (H-NBI mode) but at densities in the vicinity of the
density limit [1]. At sufficiently low densities, discharges of duration up to 1.8 s were
possible. Such experiments in both tokamaks and stellarators are relevant to the future
operation scenario of a reactor, as sustainable steady state high density discharges will be
required for power handling and ignition [2].

Measurements of the time evolution of the density and temperature in front of the limiter

were compared with predictions of simulations by the time dependent transport code ASTRA




[3] combined with a one dimensional scrape-off layer model of the plasma edge ( the two
point model ) [4]. The addition of the impurity transport code STRAHL [5] allowed radiation |
profile measurements of the bolometer and soft x-ray cameras to be simulated. The increase in
radiated power during density plateau discharges was due to a central peaking of the radiation
power density. Such a peaking has been observed previously in the W-VIIA stellarator [6] and
accounted for by neoclassical impurity transport of oxygen ions from the vessel walls and
tungsten from the NI beams. In W7-AS, 3% shine through losses and 2% charge exchange
losses were calculated. Impurity ions, produced by energetic ions impinging on the wall,

could therefore have been a relevant factor in the observed discharge evolution.

2. Two point model

Simulations of the time evolution of the electron density and temperature measurements
in front of the limiter were carried out with the time dependent transport code ASTRA. This
code solves the particle balance, electron energy power balance and ion energy power balance
equations as a function of time, allowing time dependent simulations to be carried out. The
equations are one dimensional and averaged over closed magnetic flux surfaces. A module
was added to ASTRA to describe the physics of the scrape off layer in terms of the two point
model. The two point model is a one dimensional model based on electron heat conduction
and pressure balance along the field line from the last closed flux surface to a limiter or
divertor plate [4] and the predictions of this model have been shown to be consistent with
observations in density limit experiments in limiter discharges in a tokamak [7]. A modified
pressure balance equation along field lines to account for momenturmn loss effects due to ion-

neutral friction is used [8] :
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where n,, and T,, are the density and temperature at the last closed flux surface, n,, and T, are
the density and temperature in front of the limiter, L, is the connection length from the last
closed flux surface to the limiter ( typically 30 m - 100 m depending on the poloidal angle ), x,
is the factor in the electron thermal conductivity equation, f, is the reduction factor in pressure
along the field line and A is the temperature fall off length in the scrape off layer . The
parallel heat flux to the limiter, g, ,, given by the perpendicular heat flux at the last closed flux
surface, ¢, , multiplied by the geometrical factor, L_/ Ag. The heat flux across a flux tube of

length L is projected onto the limiter within an energy fall length Ag=2/7 A;. This parallel



flux to the limiter is balanced by the sum of losses by ionization of neutrals, by impurity

radiation and in the sheath in front of the limiter or divertor plate:
dus = 7L(:q_L /2AT = nDCSﬁé + Cmdlyimpné + M1DTDCS (3)
These equations can be solved for n,,, T, and T, , using n,, and g, as inputs.

3. Density ramps

The lithium beam diagnostic measures the time evolution of the radial profile of n,,
therefore providing the input value of n,. The total radiated power is deduced from Abel
inverted measurements of the line integrated power flux onto 4 um gold foil absorbers of a 12
channel bolometer array and then g, is calculated from the deposited NBI power minus the
total radiated power. The soft x-ray measurements are carried out with 2 cameras, each of 36
channels, of surface barrier diodes. The placement of a 12.5 um beryllium foil in front of the
entrance slit allows the filtering out of energy components below 1 keV.

A discharge at B = 2.5 T with 380 kW of neutral beam injection (NBI) heating and a
density ramp that increased the central density from 5.5% 10" m? to 1.5x10*°m™ in the time
interval from 0.2 s to 0.6 s is shown in Fig. 1. The magnetic configuration, with an edge value
of rotational transform, i(a) , of 0.34 is bounded by two tangential graphite limiters at the top
and bottom of an elliptical cross section of magnetic flux surfaces. A comparison of the
Langmuir probe measurements of n,, and T, and the predictions of the modified two point
model are also shown. The evolution of n,, and T, are reasonably simulated with a
continuously falling temperature and a density reaching a maximum at 0.5 s and a
continuously falling temperature. In agreement with the usual description of the density limit
in tokamaks, a critical edge density is reached at which the value of net power flux can no
longer sustain power balance in front of the limiter and detachment from the limiter follows
[9]. The physics of the density limit in stellarators can therefore be adequately described by
the two point model indicating that this model describes the density limit process in both
stellarators and tokamaks. After 0.56 s the radiated power is greater than the deposited power
and the discharge rapidly collapses. However, no tearing mode instability is triggered ina
stellarator in contrast to observations of a the density limit on a tokamak [10]. The difference
in maximum value of density in front of the limiter predicted and observed, may be partially
explained by the overestimation of the measured electron temperature suggested to occur in
the presence of non-thermal electrons from the upstream plasma [9]. From the Lan gmuir
probe measurements of ion saturation current, the calculated density is then underestimated.

Discharges with a Murakami parameter greater than the Greenwald limit were achieved

transiently in W7-AS in this set of discharges. Similarly plasma parameters yielding values




above the Greenwald limit in tokamak density limit discharges have also been achieved |
transiently using pellet injection [11] or for a duration of 0.8 s with only a slow increase of |
radiated power [12]. Such global comparisons will be extended in the near future by

measurements at the density limit of local electron density and temperature inside the last

closed flux surface to compare to the edge operational diagram for tokamaks [13]. A

sequence of energy detachment, an edge thermal instability, particle detachment and

disruption at the density limit is observed below a critical edge temperature and above a

critical edge density [14].

4. Density plateaus

Discharges at B = 2.5 T with 380 kW of NBT heating at successively higher line
averaged densities starting from 5.5x10" m? to 8.0x10" m™ or peak densities of 1.1 to
1.6x10% m™ showed that for each density plateau a peak in the diamagnetic energy was
reached and that the level of radiated power rose during the discharge. Again the magnetic
configuration was bounded by the two tangential limiters at the top and bottom of an elliptical
cross section for discharges with #(a) of 0.34. The limiter radius was atr = 16.2 cm. The
diamagnetic energy decreased faster in those discharges at higher density. In Fig. 2, density
plateau discharges before and after helium glow discharge cleaning at a density of 1.3x10% m”
display the extent to which wall conditioning can influence the time evolution. At a lower
density the discharge takes longer to collapse because the radiated power does not increase to
the same level so quickly. A simple explanation is that the impurity particle flux is drastically
reduced. The particle flux to the limiter, as measured by the ion saturation current to a
Langmuir probe embedded there, did not change after helium glow discharge cleaning. This
indicates that the source of impurity ions at the surface have been modified by the discharge
cleaning.

In addition to possible changes in the impurity flux, density and temperature profile
changes or a change in particle or heat transport coefficients are also factors determining the
evolution of the radiation profiles. At present, only the time evolution of the central electron
temperature from Thomson scattering was available and the temperature profile from a single
time point was scaled appropriately. Under these experimental limitations a detailed analysis
is not possible. This analysis can be performed when the profiles of density and temperature
from Thomson scattering every 50 ms are available in the near future. It will be then also
possible to calculate the change in impurity flux at the boundary needed to adequately
simulate the discharge prior to discharge cleaning.

The density profile evolution was measured by the lithium beam diagnostic. Even
though the level of gas puffing is reduced after 0.5 s, the central density slowly increased and

the density at r = 10 cm remained approximately constant, indciating a peaking of the density



profile during the discharge. The increasing central electron density and consequent plasma
cooling is one factor involved in the observed deterioration in diamagnetic energy during the

discharge.

5.  Radiation profiles

The radial profiles of the diffusion coefficient, D, and inward pinch velocity, v, shown
in Fig. 3 were calculated from measurements of the time evolution soft x-ray emission and Al
impurity lines after aluminum impurity injection by laser blow-off [15]. The Al impurity lines
were measured by a Jobin-Yvon spectrometer ( Al XI ) and a Bragg spectrometer ( Al XII).
The soft x-ray emission with and without impurity injection are subtracted to yield the net
emission due to impurity injection. The electron density profiles of this discharge were within
10% of the density plateau discharge after helium glow discharge cleaning shown in Fig. 2.
It should be noted that the following simulation of this density plateau discharge assumes that
the measured diffusion coefficient and inward pinch velocity do not change significantly with
density or density profile during the discharge.

Spectroscopic measurements of line radiation by the SPRED VUYV spectrometer
showed that the impurity elements carbon, chlorine and copper were dominant in the density
limit discharges studied. Using the radial profiles of D and v derived from laser blow off
experiments, together with the time evolution of the density and temperature profiles and an
assumed constant impurity flux of each impurity at the boundary, simulations of the time
evolution of bolometer and soft x-ray radiation profiles were carried out with the impurity
transport code, STRAHL. This code calculates the impurity ion balance of a single impurity
species according to the input parameters described and uses tabulated atomic rate coefficient
data for ionization, radiative recombination, dielectronic recombination and charge exchange
recombination to calculate the radiated power as a function of minor radius in the plasma. In
Fig. 4, the measured and simulated radiation profiles for the bolometer and soft x-ray
(12.5 um beryllium foil filter) cameras for the density plateau discharge considered in Fig. 2
are compared. These simplified assumptions are sufficient to satisfactorily simulate the
peaking of the measured bolometer and soft x-ray profiles. Maximum central relative impurity
densities at the end of the discharge for carbon, chlorine and copper of 0.057, 0.004 and
0.0005 respectively, and therefore a Z g of 3.6, were estimated. The contribution to the
radiated power density for the bolometer measurements in the center is in roughly equal
proportions for each impurity element, while for the soft x-ray measurements they were 16%,
50% and 34% respectively. Because of the similar peaked power profiles from both chlorine
and copper, a unique fit for the relative contributions of these elements to the two sets of
measured data cannot be made. Simultaneous soft x-ray measurements of radiated power

profiles at a number of beryllium filter thicknesses would increase the reliability of the




estimates of the relative proportions of each impurity element. Further experimental inputs,
such as calibrated impurity line intensities from spectrometers or soft x-ray pulse height
analysis measurements, would also increase the reliability of the estimates of Z .

These simulations show that during the discharge the impurity density profiles with a
central peak continuously increase, as the time constant for attaining equilibrium is much
longer than the duration of the discharge. The consequent increase of the central radiated
power and the decrease in net power to the plasma together with the slow central density rise,
leads to a reduction of the central temperature which reinforces the increase in radiated power.

A comparison of the radiation profiles of a density plateau discharge at a line integrated
density of 1.6x10° m™ and a ramped density limit discharge reaching the same line integrated
density is shown in Fig. 5. At the time when the diamagnetic energy is falling in both
discharges the radiation profiles are peaked, suggesting that in both cases core radiation is the
ultimate limitation for reaching higher densities. A divertor is currently being installed for
W7-AS and should significantly reduce the level of impurity particle influx and allow steady
state discharges to be achieved. The identified impurities in particular can be strongly reduced
by component baking or shielding to restrict particle flux onto exposed surfaces.

6. Conclusions

Modeling of density limit discharges with a modified two point model can reproduce the
features of a falling temperature and rising density in front of the limiter plates. The plasma
detaches when the net power flux at the plasma edge decreases so that power balance in front
of the limiter plate can no longer be fulfilled. The plasma collapsed rapidly after the total
radiated power was greater than the NBI input power. The simple one dimensional two point
model therefore describes the physics of the density limit in stellarators and tokamaks.

The time dependent simulation of the bolometer measurements and soft x-ray radiation
measurements with a beryllium foil filter using density and temperature profiles, ASTRA,
STRAHL and simple assumptions about the impurity flux at the boundary were carried out.
This has proved to be a valuable tool for the interpretation of density limit discharges in
W7-AS. The integration of further experimental measurements, such as calibrated impurity
line intensities from spectrometers, soft x-ray pulse height analysis and simultaneous soft x-
ray radiation power densities at a number of filter thicknesses, should be a goal for increasing
the reliability of the estimates of Z .

It was demonstrated that in the density plateau discharges the centrally peaked radial
profile of the radiation power density was due to peaked impurity density profiles with a time
constant for attaining equilibrium longer than the duration of the discharge. Decreasing net
power to the plasma due to increasing radiated power from the plasma core is shown to be

responsible for the observed fall in diamagnetic energy. The decrease of diamagnetic energy



with time in density plateau discharges is influenced greatly by the vessel wall conditioning
of helium glow discharges. Increased central temperatures and reduced total radiated power
are then measured. The reduction of impurity fluxes to the discharge by the planned divertor
for W7-AS will therefore be critical to achieving steady state operation at the highest possible
density.

References

[1] U. Stroth et al., ,,High confinement NBI discharges in the W7-AS Stellarator®,
submitted to Plasma Phys. and Contr. Fusion., 40, (1998).

[2] G. Janeschitz et al., Plasma Phys. and Contr. Fusion, 37, (1995), 11A, A19.

[3] G. Pereverzey et. al, IPP Report 5/42, 1991.

[4] K. Borrass, Nucl. Fusion, 31, (1991), 1035.

[5] K.Behringer, JET Report, JET-R(87)08, (1987).

[6] W-VIIA Team, NI Group, Nucl. Fusion, 25, 1593, 1985.

[71 K. Borrass, Nucl. Fusion, 33, (1993), 63.

[8] C.S. Pitcher and P.C. Stangeby, Plasma Phys. and Contr. Fusion, 39, (1997), 779.

[9] P. Grigull et al., to be published in Proceedings of ITC-8 Conference,
J. Plasma Fusion Research, 1998.

[10] W. Suttrop et al., Nucl. Fusion, 37, (1997), 119.

[11] V.Mertens et al., Proc. 23rd EPS Conference on Contr. Fusion and Plasma Physics,
(Kiev), (1996), Vol. I, 15.

[12] P.C.de Vries, J. Rapp, F.C. Schuller and M.Z. Tokar,

Phys. Rev. Letters, 80, (1998) 3519.

[13] W. Suttrop et al., Plasma Phys. and Contr. Fusion, 39, (1997), 2051.

[14] V. Mertens et al., Nucl. Fusion, 37, (1997), 1607.

[15] R. Burhenn et al., Proc. 24 th EPS Conference on Contr. Fusion and Plasma Physics,
(Berchtesgaden), Vol. IV (1997), 1659.




=
=
8
~
=
o
g
(Y
=
=
I:0
0 .
1000
g
< 500 — |
E
Ay
o
20
c:ll-\
g
: —
&
N
=
= 100 * ' |
=
=
E‘ 50—
=
g
7] 0 ‘ I ‘
10 -
———n -
_ elim .
7 -----simulation et
5 = 5 —-n,, (Li beam)‘__." ‘ r—- ]
=8 e~ N
z 'b . . — *
= .
0
80
o - elim
5 | e simulation
]
55 40
Q-v
E
L]
=

Fig. 1. Diamagnetic energy, line integrated density, radiated power and net heat flux at the plasma edge for a
density limit discharge with a density maximum in front of the limiter at 0.5 s followed by detachment and a fall
in the diamagnetic energy. After 0.56 s the radiated power is greater than the deposited power and the plasma
collapses rapidly. The time evolution of the density and temperature in front of the limiter is compared to the
calculated values from the modified two point model.
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Abstract

The multifluid plasma scrape-off layer transport code B2 coupled to the EIRENE Monte
Carlo neutral gas transport code was applyed to a proto-typical island divertor configuration
in W7-AS. The approach predicts the accessibility of stable, layer-like energy detachment
within a relatively broad density range. The island geometry with typically small field line
pitch has the beneficial effects of efficient shielding of the main plasma against neutrals, and
of strong momentum losses from the power carrying layer due to momentum radial transport.
The latter reduces the peak power load and eases detachment. The power exhaust properties
and the onset of detachment can be positively affected by the choice of the field line pitch
which can be varied in W7-AS by superimposed control fields.

1. Introduction

In the context of the development and near future operation of large stellarators (e.g. LHD and
W7-X), the search for adequate power and particle exhaust scenarios comparable to those in
tokamak divertors has become mandatory. A favoured option generally compatible with
stellarator-specific confinement concepts is the island divertor which utilizes macroscopic
magnetic islands at the plasma boundary in combination with adequately arranged targets and
baffles for plasma exhaust. The islands can be produced by intrinsic (e.g. W7-AS, W7-X) or
relatively small additional perturbation fields. Nevertheless, the suitability of this concept has
not yet been proven. The relevant data base is scarce and stems exclusively from few pre-
investigations in CHS (local island divertor, LID) [1] and W7-AS (island configuration with
inboard limiters) [2,3]. The present analysis applies the two-dimensional B2(Braams) edge
plasma transport code [4] linked with the EIRENE neutral transport code [5,6] to a specific
W7-AS island divertor configuration but allows, nevertheless, to exemplarily assess crucial
elements of the concept. The study is part of an ongoing island divertor programme which
comprises, besides this ,,proof of priciple®, the further development of a more adequate 3D
(Monte Carlo) edge transport code [3,7,8], the installation and study of a modular island
divertor in W7-AS [3], and future investigations of an island divertor with flexible
configuration in the W7-X device [9]. The paper continues previous studies [10] mainly by
extending the parameter range to values relevant for detachment regimes. It addresses the
questions whether in particular the extremely small field line pitch inside the islands and the
neutral mean free path relative to the islands radial width allow to establish stable detachment
at all in this approach, and to what degree island-specific 2D effects affect the scenarios. The

aim is to give a status report.

The following chapter briefly describes the W7-AS magnetic field configuration and grids
used for numerical computation; free parameters and boundary conditions are specified in
Section 3. In Section 4, the results are presented and discussed. Section 5 gives a summary of
the results and draws conclusions.

2. Magnetic field configuration and numerical grids

The W7-AS configuration (major radius R = 2 m, minor radius a = 0.18 m, five magnetic field
periods, B < 2.5 T, rotational transform ¢ = 0.3 - 0.7, low magnetic shear) is, at += nim > 0.4,
bounded by a chain of macroscopic magnetic islands of the symmetry 5/m. The radial
position, size and internal rotational transform % of the islands can be controlled by the
externally adjustable edge rotational transform 4, superimposed vertical field and/or, in the
near future divertor phase, by additional control fields which may also compensate finite-f3




effects. The planned island divertor is designed for configurations with 4, = 5/9 providing
both, sufficient main plasma cross section and relatively large island dimensions (Fig. 1). For
these reasons, this type was also chosen for the present analysis. In this case, the island cross
sections shown in Fig. 1 belong to a unique island which closes after nine toroidal
revolutions.

Target
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Fig. I: Triangular cross section of the W7-AS
magnetic field configuration with n/m = 5/9
boundary islands used for the B2-EIRENE code
simulations. The cross sections change from
triangular over elliptic to triangular with fivefold
periodicity.

Fig. 2: Section of the EIRENE code numerical
grid with points for text explanation. The grid is
adapted to the helically averaged island
Structure.

As stellarators like W7-AS are strongly non-axisymmetric, the application of the two-
dimensional B2 fluid approach requires helical averaging of the three-dimensional edge
structure. For that purpose the B2 geometric coefficients were derived from a 3D grid (with
closest approximation to orthogonality) by helically averaging distances and integrating up
areas and volumes. Periodical boundary conditions at the connection to poloidally
neighboured islands and inter-cell connections along the symmetry line outside the o-point
(corresponding to line JK in Fig. 2) were treated by three topological cuts in the B2 grid. The
EIRENE grid (Fig. 2) was generated by geometrically averaging the island structure along the
helical coordinate. Computations were performed in the standard way: B2 results mapped
onto the EIRENE grid provided the EIRENE input; the resulting neutral distribution mapped
onto the B2 grid provided the next iteration B2 source terms etc.

3. Free parameters and boundary conditions

The B2 fluid approach solves the continuity, momentum and energy equations (details can be
seen from Ref. [4]). Paralle] transport is described by Navier-Stokes type equations; for the
radial transport an a diffusive Ansatz is made. Particle radial diffusion coefficients were
chosen according to the empirical W7-AS scaling D, = 2P % " (with P, being the net
power crossing the separatrix in MW and n, the upstream separatrix density in 10" m) up to
n., = 3x10" m™ [11]; above this density, D, was set to constant. Pinch velocities were
assumed to be zero. The value of the electron anomalous heat diffusivity ., was taken as
three times D ; the coefficient of anomalous cross field viscosity was set to 1, = myn,D,. At
the inner grid boundary (line AB in Fig. 2), the total power outflux from the core P, and the
deuterium density were prescribed. Sheath boundary conditions [12] were used at the target
plates. At the outside boundary of the private flux region (line GH), radial decay lengths (2
cm for densities and 3 cm for temperatures) have been fixed. Deuterium recycling coefficients
were assumed to be R = 1 at the targets and R = 0.98 at the walls.




In oder to elucidate effects of the island geometry under less complex conditions, the
upstream separatrix density n, was scanned first for pure deuterium plasmas at varied field
line pitch at the edge and relatively low power, P, = 220 kW. The pitch variation
approximately covers the experimentally accessible range in W7-AS and includes the
standard pitch distribution (without additional correction fields, denoted as ,,medium pitch“ in
the following) and pitch values increased by a factor of four (,,high pitch*) or decreased by a
factor of two (,,low pitch®). At the standard distribution, the pitch poloidally averaged along
the grid cells just inside the island separatrix (see Fig. 2) is sin@ = 0.002; the corresponding
field line connection length from the upstream stagnation point to the target is L, = 98 m. The
effect of impurity radiation is then shown at medium pitch by an n,, scan at P.= 600 kW with
selfconsistent treatment of carbon as edge dominating, intrinsic impurity considering physical
(TRIM code data [13]) and chemical sputtering from the carbon targets. The chemical
sputtering efficiency was assumed to be 2% of the incoming particle flux.

4. Results and discussion

Pure deuterium plasmas. Figure 3 plots divertor plasma parameters versus the upstream
separatrix density 7., At medium field line pitch (solid lines), the course of the downstream
parameters 7,y (maximum electron temperature), 7™ (maximum electron density) and I

(particle flux onto target) indicate the transition from a linear regime to divertor higﬁ
recycling at n,, = 10" m™ and the onset of slight (energy) detachment at 7, = 2.5x10". Above
n,, = 2x10° m?, volume recombination becomes strongly effective leading to complete
detachment and unstationarity. The stable detachment scenarios show saturating n.q and I,
values, a divertor leakage for neutrals of about 1%, increasing divertor radiated power
fractions £ (Fig. 3c) and significant net momentum losses indicated by respective loss
factors F, (Fig. 3d, for definitions see below). With increasing upstream density, the
ionization front is found to quickly move away from the target towards the x-points as it is
more or less typical also for tokamak divertor geometries. As Fig. 4 shows, the island
geometry with small field line pitch and the two ,,divertor tails“ at close proximity (partially
overlapping) involves, however, some characteristic features. Due to the specific 2D patterns
in particular of energy and momentum flow, the downstream power carrying layer nearly
homogeneously spreads over the scrape-off layer (SOL) between the two strike points as it is
indicated by the parallel power flux gy profiles in Fig. 4b (peaking of the target thermal load
g, in the private sector (PS) is caused by increasing field line inclination in this range). The n 4
and in particular T,q radial profiles are relatively flat over the whole n,, range (Fig. 4a) thus
leading to a ,,layer” type detachment without strong profile changes.

This behaviour shall be illustrated by some details of the momentum balance. In analogy to
simple two-point models [14], we define integral momentum loss factors for the SOL+PS
region as

Flot= f Syt Ve L mll)dzdll[/ f PtV M
SOL+PS P

with Sy, [y 2 and ¥/ being the volume source or sink of parallel momentum due to friction
with neutrals (charge exchange, ionization), the radial flux of parallel momentum (convective
+ conductive), the coordinate parallel to B, and the magnetic flux, respectively. p*up = Neup Lewp
(1+y M %) (with y the adiabatic coefficient and M the Mach number) is the plasma pressure at
the upstream position along line GEF in Fig. 2 (in analogy to a tokamak x-point divertor
entrance). Loss factors F, " considering only momentum transport were obtained by omitting
Sqy in (1) the difference between both factors stands for the losses by friction with neutrals.
Corresponding local loss factors f;, (along a flux tube) were obtained by substituting the
integration overy by multiplication with the corresponding flux increment Ay. As Fig. 3d
shows, there are big differences between integral and local loss factors. At detachment, the
integral losses are dominated by friction with neutrals. The divergence term in Eq. (1)
contributes about 20%-30% (mainly transported to the closed island range where it becomes
balanced by parallel viscosity). It leads, however, to strong local losses along the flux tube




range with maximum upstream pressure (just inside the island separatrix) over the whole
density range as it is indicated by the respective local loss factor £,7, and to pressure increase
in the PS. This momentum re-distribution superimposed to a nearly homogeneous
concentration of momentum sinks by neutrals within the SOL range (see respective local
pressure losses Ap" and Ap” in Fig. 4c) strongly flattens the downstream pressure profiles and
supports the formation of layer detachment.

Fig. 3: Pure deuterium plasmas. Divertor
plasma parameters versus the upstream
density n,, (at point C in Fig. 2) at a power
outflow from the core of P, = 220 kW. Solid,
dashed or dotted lines indicate medium,
high or low field line pitch at the edge,

L . respectively (see text). T,, T,/™, n, ™
10 leakage 2% L, g™ and £ are the upstream and

- (b) ® downstream electron temperatures, the peak
1 b A 100 downstream density, the maximum particle
3 flux, the peak power load onto the target,
and the divertor radiated power fraction,
respectively. F, and f,, are integral (SOL +
private sector) and local (along the flux tube
just inside the island separatrix) momentum
loss factors, respectively. Upper indices
indicate total losses (tot) and losses by
momentum radial transport (tr, definitions
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field (radial) transport. At high pitch (dashed lines in Fig. 3), T,, is decreased by more than a
factor of two. The intermediate high recycling scenario vanishes, the leakage for neutrals is
about 10%, and detachment is less pronounced. From downstream parameter radial profiles
(not shown) it is inferred, that the 2D smoothing effects mentioned are less efficient, but in
the detached state the momentum sinks by neutrals are now peaked close to the strike line
which finally leads to similarly flat qyq profiles at highest density as with median pitch. The
target peak load is, however, less reduced (Fig. 3c), and the density limit for stationary
operation is decreased. Low pitch (dotted lines in Fig. 3) has the opposite effect. The onset of
detachment is shifted to slightly higher density, the leakage for neutrals is favourably reduced




(about 0.3%), and the 2D features accentuated above become stronger developed but do not
yet lead to qualitatively new scenarios. These results indicate that low pitch is basically
preferable, but pitch variations within the accessible range may provide a ,»,knob* to optimize
scenarios with transport coefficients (not too strongly) deviating from the above assumptions.

Deuterium plasmas with carbon as intrinsic impurity. Applying the picture of coupled
momentum and impurity radiation losses [14], one expects the same qualitative behaviour
also for deuterium plasmas with carbon which is indeed reproduced by the results.

Private sector Strike point
—— — — : 3
E_Tm"""",‘, T

SOL center

- Radial distance along target (cm)

Fig. 6: Plasmas with carbon as intrinsic
impurity. (a, b) Downstream parameter radial
e profiles for an attached and a detached scenario.
Symbols as in Fig. 4. (c) Radial distribution of
momentum losses f,/* (by momentum transport +
friction with neutrals) and energy losses P,c* by
carbon radiation (total emissivity integrated up
along flux tubes).

Fig. 5: Plasmas with carbon as intrinsic impurity.
Divertor plasma parameters versus n,, at medium
pitch and P, = 600 kW. Lower indices in (c) denote
the total line radiation from carbon (C) or deuterium
(D); the upper index “isl” denotes the contribution
from the closed island range. L,y (d) indicates the

shift of the T, As Fig. 5 shows, stable detachment sets in

at n,, = 2 10”m™ and extends to 7 10" m”.
Similar to the pure deuterium case, it is
partial in the sense that I, saturates but
does not beak off (Fig. 5b3- The divertor
radiated power fraction f.*" due to carbon
line radiation reaches up to 80%; the main
part comes from the SOL region. Deuterium
radiation contributes about 10% (Fig. 5¢);
energy losses due to charge exchange (not
shown) are negligible. The ionization and
radiation fronts are found to remain nearly
parallel to the target indicating layer type
detachment without strong profile changes
also at these conditions. In analogy to the
pure deuterium case, the development of the
integral and local momentum loss factors in
Fig. 5d as well as the downstream parameter
radial profiles in Figs. 6a,b demonstrate
again the strong effects of radial transport.
The T., profiles are flat even before detachment, n.4 and gy, are maximum within the SOL
range between the two strike points. Momentum losses due to the superimposed effects of
momentum radial transport and friction with neutrals as well as radiative losses concentrate at
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Fig.7: Distribution of the carbon line total emissivity
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this latter region (Figs. 6¢, 7) thus leading to nearly homogeneous detachment over this radial
range.

5. Summary and conclusions

The B2-EIRENE code package was applied to a proto-typical W7-AS island divertor
configuration. The divertor operational regimes are found to pass through the same sequence
of states from low recycling to detachment as in a tokamak x-point divertor, thus
demonstrating the proof of principle for successful operation. The power exhaust properties
and the onset of detachment can be positively influenced by the choice of the field line pitch
at the edge which affects the efficiency of radial relative to parallel transport. Small pitch has
the benefits of good shielding of the main plasma against neutrals and of strong momentum
losses close to the island separatrix due to momentum radial transport which reduces the peak
power load and supports detachment. Detachment is generally layer-like which may, similar
to horizontal targets in tokamak divertors, implicate a somewhat reduced SOL- and therewith
global density limit. Widening of the operational window should, however, be possible by
optimizing the target geometry for preferential reflection of neutrals and restriction of
detachment to the strike point vicinity (like e.g. in ASDEX Upgrade). Corresponding
sensitivity studies are planned.

It is conjectured that basic elements of this picture are not strongly changed by 3D effects like
varying flux tube cross sections and helically disconnected target plates. This is, however,
speculative at present. More information is expected from the planned divertor experiment in
W7-AS supported by a 3D (Monte Carlo) edge transport code which is under development
[7.81.
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Abstract

Typical B-direction dependent asymmetries observed in the limiter and island SOL of
W7-AS low-density ECRH discharges are shortly reviewed and explained in terms of classical
drifts. While grad-B drifts are responsible for the up/down asymmetries of the limiter load,
ExB drifts associated with temperature inhomogeneities in the plasma give rise to asymmetric
plasma distributions in the limiter and island SOL. After a careful analysis of the transport
implications of these drifts, simple 1D and 2D models have been defined, which reproduce
consistently the experimental observations. The main results are confirmed by more rigorous
treatment based on the 3D Monte Carlo transport code EMC3.

1. Introduction

For low density, low recycling ECRH discharges in W7-AS, B-direction dependent
asymmetries of the plasma distribution in the SOL and of the power deposition and particle

fluxes on the target plates have been observed for both limiter (1 < 0.4) and island divertor (1 2

0.5) configurations [1-3]. In both cases the asymmetries can be explained by classical drift
effects.

In tokamaks, classical drifts have been shown to also affect the asymmetries of power
and particle fluxes between the inner and outer divertor branches [4]. In particular, the ExB
drift contributions to the cross-field particle transport can be of the same order of magnitude as
that of the anomalous particle transport and of the poloidal component of the parallel transport,
as estimated by Chankin for a typical tokamak scrape-off layer (SOL) [5]. Therefore, these
terms have been included recently in several 2D edge transport codes in addition to the usual
anomalous terms [6-8].

Classical particle drifts can be expressed cither in guiding centre or fluid approximation
[5,9]. In the fluid approximation, which is commonly used in the edge transport codes, the




classical cross-field particle flux density, which includes all relevant drifts, can be written in the
form [10]
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to first order in 1,/L, with r, the Larmor radius and L the relevant gradient scale length. The

first term on the r.h.s is the ExB drift, the second term is the magnetisation flux associated with’
Larmor rotation, the third term makes a small correction to the parallel guiding centre flux and
is exactly compensated by the parallel component of the magnetisation flux. The last two terms
describe the almost vertical drifts associated with the spatial variation of the magnetic field,
namely the grad-B and curvature drifts. Being the curl of a vector, the magnetisation flux is
divergence-free and thus drops out of particle transport equation. A similar expression can be
written for the perpendicular momentum and energy fluxes. They also contain corresponding
divergence-free magnetisation flux terms which drop out of the momentum and energy
transport equations [10]. Thus the magnetisation fluxes do not lead to a redistribution of the
plasma parameters nor to any asymmetry of particle and power deposition to the plates, as they
do not carry fluxes to the material surfaces [11]. This is also supported by 2D particle kinetic
simulations [12]. Therefore, the analysis can be restricted to the electric and vertical drifts.
They mainly arise, respectively, from radial and poloidal temperature inhomogeneities and from
the 1/R dependence of the main field.

2. Limiter configurations

2.1. Limiter SOL geometry

For W7-AS low 1 (<0.4) configurations, smooth, resonant-free magnetic flux surfaces

extend deeply into the SOL of two up/down symmetric rail limiters [Fig. 1(a)]. The two
limiters are positioned up/down symmetrically at two neighbouring ,.elliptical“ planes of
symmetry and their aperture can be changed by shifting them vertically with respect to each

other. For 1 ~ 1/3 and small limiter aperture, the SOL is governed by large flux bundles with

connection lengths of 1, 2 and 3 toroidal transits [Fig. 1(b)]. They originate, in the first two
cases, from the mapping of the limiters onto each other, in the third case from the mapping of |



each limiter onto itself, The poloidal sequence of flux tubes with different connection lengths

introduces a poloidal distribution of the plasma parameters in the SOL.

2.2. Up/down asymmetries

For low density, low recycling ECRH hydrogen plasma with small limiter aperture
(<>, = 5%10"* m?, Z,,,=21.5 cm), asymmetric and B-direction dependent power loads on
the up/down limiters were typically found from calorimetric measurements. The observed £20-
30% up/down asymmetry is consistent with a parallel momentum imbalance driven by classical
vertical particle drifts and can be estimated by a simple 1D parallel transport model. The ion

vertical drift arising from the 1/R dependence of the toroidal field component is

~ 2pi(1+M%) .
an =i-ﬁgﬁ—‘220 (2)s

where M is the Mach number, pi = piL = Pill and + indicates the B-field direction.

For the given plasma parameters, the parallel temperature drop in the SOL is negligible.
Poloidal diffusion of particles and momentum is also negligible, owing to the large ratio of
poloidal to radial scale lengths fora limiter SOL. Radial loss of parallel momentum by viscosity

and radial diffusion is also ignored, as it gives no up/down contributions. Assuming, for

simplicity, a circular cross section, the parallel particle and momentum transport equations for

the SOL region read [3]
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with 8 the poloidal direction, ® the pitch of B, r, the radius of the last closed magnetic surface,
S the particle source in the SOL due to radial diffusion from the main plasma and p = 2p, = 2p;-
The radial gradients are represented by the respective gradient lengths, namely 1/ for eq. (3)
and 1/Ap, for eq. (4). Considering the case of a vertical drift directed upwards, substituting eq.
(2) into egs. (3) and (4) and integrating from the midplane to the lower limiter, we get for the
relative momentum loss of ions, 3, as defined by

2
Pt,lower - 1 (5),
Po 1+6




the relation
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where C is the sound speed and . = 0.82 or 0.64 depending on whether the analysis refers to
flux tubes mapping each limiter onto itself or mapping the two limiters onto each other.
Assuming Apm=Ap=1 cm, we get for the given plasma parameters §=0.29 and 0.23 for the two

flux tubes. This momentum loss for the ions flowing to the lower limiter is due to a vertical
drift directed radially inwards, i.e. into the confined region. No loss occurs for the ions flowing
to the upper limiter, as they drift radially outwards, i.e. into the open field line region contacting
the limiters. That is, the pressure at the upper limiter is prupper = po/2. Neglecting parallel
temperature gradients in the SOL, we then get for the power asymmetry Pload,upper/Pload lower =

Ptupper/Pt,lower = 1+5. This momentum imbalance is reversed if the B field is reversed.

2.3. Asymmetries of the radial density profiles

Additionally to the vertical drift discussed in the previous section, poloidal and radial
ExB drifts arise in the limiter configuration shown in Fig. 1. The poloidal modulation of
connection lengths shown in Fig. 1(b) implies a poloidal modulation of the radial decay lengths

(. o< L.*?) and hence of the radial plasma density and temperature profiles. Density profiles

from low-density discharges, obtained from a Langmuir probe placed on the midplane at a
triangular cross section [Fig. 1(b)], are shown in Fig. 2(2) for positive and negative B. In the
absence of plasma, the probe intersects the boundary between flux tubes of longer and shorter
connection lengths [Fig. 1(b)]. A poloidal ExB drift arising from the radial temperature
gradients tends to shift this boundary in positive or negative poloidal direction. Depending on
the sign of B, flux tubes of longer or shorter L i.e. of broader or steeper density profiles, are
then ,,seen” by the probe [Fig. 2(a)]. This effect has been reproduced by a 2D radial/poloidal
model for particle and energy transport including the poloidal drift [3]:
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where L_ is the 2D distribution of connection lengths, T=T;=T,, x = %% = %.=3D, D=
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At the poloidal probe position, the calculations reproduce the change in the slope, i.e. in
the decay length of the density profiles in the region from 1 = 14 to 17 cm, as measured by the
probe [Fig. 2(b)]. Fig. 3 compares the density contours for positive and negative B calculated
with this model in the relevant SOL region over the full poloidal angle. The plots clearly show
the ExB driven poloidal phase shift of the radial density profiles corresponding to the flux
tubes with L, = 1, 2 and 3 toroidal transits. Similar results have been obtained with more
sophisticated 3D Monte Carlo transport simulations including the poloidal drift [1]. The profile
variations in the outside SOL regions (rs > 17), however, cannot be explained by a poloidal
ExB drift. Here, radial ExB drifts resulting from the poloidal temperature modulation must be
taken into account [13]. They lead to radially inward or outward drift flows depending on the

magnetic field direction. These drifts modify the shape of the density profiles consistently with

the probe data [3].

3. Island divertor configurations
3.1. Island SOL geometry

At 1 2> 0.5, the boundary of W7-AS is governed by intrinsic magnetic islands of

considerable size, which define the topology of the island divertor [14]. The 1 = 5/9 edge

configuration, represented by a poloidal chain of 9 islands, has been chosen for standard
divertor operation, as it offers the best compromise between large plasma and large island size
and has the appropriate internal rotational transform. The present target arrangement consists of
10 inboard target plates placed symmetrically on both sides of the triangular cross section. Each

plate intersects two islands ata variable radial position which can be changed by 1 and a vertical

magnetic field. In the cases analysed here, the islands are cut through the O-point (Fig. 4).
3.2. Poloidal asymmetries

The discharges investigated are at very low density, <ne>line < 1019 m-3, and ECR
heating power of about 200 kW. Fig. 4 compares the poloidal profiles of power deposition and

particle outflux along the target plate from calorimetric and H_ measurements for positive and

negative B. The profiles generally peak at the island (a), reflecting the larger connection length
at this position. Here, the highest particle flux is found in the left SOL fan (contacting tile 1) of




the island for positive B, in the right one (tile 2) for negative B. A similar behaviour is
observed for the power deposition. .

A corresponding B-dependent asymmetry is found for the density contours of a 2D
Langmuir probe array located at the inboard side of the triangular cross section [Fig. 5(2)]. The
contour lines [Fig. 5(b)] reproduce correcily the poloidal structure of the vacuum island chain,
but not its up/down symmetry [Fig. 5(a)l- After reversing the field direction, the observed
asymmetry is reversed as well. This effect can be explained by a poloidal ExB drift inside the
islands as follows. For the low density condifions of the analysed discharges, ionisation mainly
occurs in the main plasma. The recycled particles diffuse outwards into the islands, where they
experience a poloidal electric drift in addition to the parallel motion along the island fans . The
drift originates from the radial electric field associated with the radial temperature drop from the
separatrix to the O-point: E = 3(T,, T op)/€Tigs Tisl being the average island radius at the
separatrix. (The islands are intersected and electrically linked by the plates.) A particle
accumulation results in the upper or lower island fans, depending on the field direction. From
3D transport simulations with the EMC3 code [15,16], the temperature difference between the
island fan and the island core is estimated to be about 20 eV, which leads to a poloidal drift of
about 1.5 km/s.

In the following we show that this poloidal drift governs the particle transport in the

islands. First of all, the almost vertical grad—B and curvature drifts have no relevance for

asymmetries inside the islands, owing t0 the helical path of the islands around the torus.
Furthermore, for a low density plasma the estimated total particle flow per toroidal unit length

due to the poloidal drift, (Tg)tot = 3 Te,downne/eB [4], dominates over the flow due to the radial
drift, (Tr)tot = (Te,up-Te,down)ne/eB, because of the small poloidal variation of the temperature,

Teup = 90 €V and Tegown ~ 60 eV [2]. These are temperatures at the upstream and target

positions, as estimated from EMC3 code simulations and Langmuir probe array data
(downstream value). The impact of both drifts on the particle transport is stronger than in
tokamak divertors for the same plasma parameters and major radius, due to the larger toroidal
length of the X-line (poloidal periodicity of N=9 for W7-AS compared to 1 for single-null
tokamaks). As for the diffusive particle transport, the time scale for the particles to reach the

targets by drift motion is tdrift = dpol/ VExB = 4.7%10-5 s, which is much shorter than that by
cross-field diffusion tqig = (Ar)2/(2D) = 8x10-4 s, with dpol = 7 cm, Ar=4cmand D=1

m?/s. Finally, the poloidal drift velocity is also substantially larger than the poloidal component
of the parallel velocity, owing to the very small pitch of the magnetic field in the island

reference frame (sin®; = 0.001). In fact, for a hydrogen sound speed consistent Wwith



T =T; =Te= 60 eV, we get Cisin; = 100 m/s, which is more than an order of magnitude

smaller than the estimated drift velocity. For the same reason, the drift energy flux dominates
over the parallel convection energy flux. T herefore, the particle and energy transports are
decoupled from the parallel momentum transport.

Based on these considerations, a simple 1D poloidal fluid transport model for particles
(ExB drift) and heat (ExB drift and parallel heat conduction) has been defined [2):

d nC n
—(@V ={S: 0 ——t-D— 9),
dy( ExB) {Sp I Ar?»n} 9

(10),

3
“'d—(-®2KT2 9;r-+3nTVE B)=(Se 0 - ynTC; - 50T y nT )
dy dy ‘ L, A A

where the first terms on the r.h.s of the equations represent the particle and energy diffusion
sources from the main plasma into the SOL, the second terms the negligible losses in the region
from the X-point to the target boundary, and the third terms the losses to the plates and to the
private region. , :

The resulting enhancement (for positive B) and reduction (for negative B) factor of the
density over the region covering the poloidal depth of the plate region is about a factor of two,
which is in good agreement with the asymmetry of the probe array data. For the temperature,
on the other hand, the calculated asymmetry is less than 30%, which is also consistent with the
probe array measurements and reflects the predominance of the parallel conduction over the
drift-convection for the considered low-density plasma. The asymmetry of the calculated power
fluxes between the upper and lower island fans of the lower island is about a factor of 2.4,
which is stronger than the measured asymmetry of the power load on the plate at the
corresponding strike points (about 50%, see Fig. 4). This discrepancy is dué both to the poor
calorimetric resolution of the relatively large tiles and to the missing power load hitting the
plates from the private region, which has not been accounted for by the 1D model. The
described asymmetry of the poloidal densities and its inversion with reversed B direction is
confirmed quantitatively by the poloidal phase shift of the density distribution obtained from a
more rigorous 3D simulation with the EMC3 code after including the estimated poloidal drift
velocity [2]. The shift (shaded picture in Fig. 5(b)) is in excellent agreement with that of the
density from the Langmuir probe array data (contour lines in Fig. 5(b))-

A problem in particle control may arise from discontinuous target plates in the presence
ofa strong poloidal particle drift. In fact, if the particle transport is dominated by the poloidal
drift and if the toroidal extension of the plates is small, which is the case for the low-density
discharges presented here, a significant fraction of the particle flux can drift poloidally outwards




i the toroidal regions between the plates. This may be crucial if these drifting particles diffuse
into open field lines (like those in the private region or in open island structures). A careful
optimisation of the plate design would be necessary if the problem persists for divertor-relevant
high density conditions. On the other hand, higher densities imply lower downstream
temperatures, which should reduce, according to simple estimates, the average radial electric
field and thus the poloidal ExB drift in favour of the radial ExB drift. However, for large
parallel temperature gradients and high recycling inside the islands, the electric field becomes
fully 3D in the presence of discontinuous target plates. This makes its determination a non-
trivial task both experimentally and numerically. Langmuir probe array data for high density
conditions do not indicate sharply outlined poloidal asymmetries of the density contours nor
simple reversal of the asymmetries with reversed field direction. Therefore, a definitive
assessment of the classical drift effects on plasma transport for divertor-relevant conditions is

not possible on the basis of the data available sofar.

4. Conclusions

Classical grad-B and ExB drifts have been shown to significantly pertufb the symmetry
of up/down limiter power loads and plasma density distributions in limiter and island divertor
configurations for low density, high temperature ECRH discharges in W7-AS. For these
plasma conditions, the poloidal ExB drift arising from radial temperature gradients inside the
islands dominates not only over the radial ExB drift, but also over the poloidal component of
the parallel motion, which no longer determines the particle transport. A parallel particle
mapping onto the target plates becomes questionable in this case. The effects of the vertical and
electric drifts on the plasma transport in both limiter and island configurations can be described
with sufficient accuracy by relatively simple 1D and 2D models, and are confirmed by more
rigorous 3D code simulations. For divertor-relevant high density conditions, lower target
temperatures should reduce the magnitude of the poloidal electric drift, but parallel temperature
gradients will lead to inhomogeneous poloidal and toroidal distribution of the radial electric
field. A 3D resolving diagnostic of the plasma parameters will be needed for divertor-relevant
plasma conditions to reliably estimate the impact of the electric drifts on the power exhaust and
particle control in W7-AS and W7-X. A selfconsistent 3D treatment of the drifts will also be
needed, which is beyond the present capability of the EMC3 code.
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Figure captions

Fig. 1. (a) Two up/down symmetric rail limiters positioned at two neighbouring elliptical planes
deeply cut the smooth flux surfaces of the 1~ 1/3 configuration.

(b) Connection length distribution in the limiter SOL at a triangular plane. A Langmuir
probe is placed horizontally at the outboard side of the configuration.

Fig. 2. (a) Field reversal effects (shoulder) on the density profiles from Langmuir probe data.
(b) 2D simulation results. The shaded region is the radial transition zone between L=1

and 3 toroidal transits.

Fig. 3. Radial/poloidal density contours in the SOL for +B, showing poloidal modulations due

to L= 1,2,3 toroidal transits.

Fig. 4. (Top): Calorimetric and H, profiles along the target plate for two discharges with +B.
(Bottom ): Poloidal cross-section of the 1= 5/9 configuration at the toroidal position of a

target plate.

Fig. 5. (a) Moveable Langmuir probe array consisting of 16 probes placed on the inboard side
of a triangular cross-section and shaped as to follow the magnetic edge structure.
(b) Density contour lines from the probe array compared to calculated distributions
(shaded areas) from the EMC3 code for 1B.
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Spectroscopic measurement of the non-thermal electron-root
feature in W7-AS

J. Baldzuhn, W7-AS Team
Max-Planck-Institut fiir Plasmaphysik, EURATOM-Association
35748 Garching, Germany

[ntroduction

In the advanced stellarator W7-AS [1], the radial electric field E; [2] is measured by active
charge exchange recombination spectroscopy (CXRS) [3] on He III: radial profiles of the
poloidal and toroidal rotation velocity, the ion temperature and the helium density are
determined after CX in a modulated diagnostic beam [4]. Then the radial force balance
equation is solved with these measured data, providing radial profiles of Ey. In parallel,
neoclassical DKES (Drift kinetic equation solver) transport code calculations [5] are
performed, taking into account the W7-AS magnetic field geometry [6]. DKES provides,
among other things, the neoclassical transport matrix as a function of the minor plasma
radius, the collisionality and E;. The ambipolarity condition of the particle fluxes is then
solved to determine the neoclassical radial electric field. The measured and calculated E are
compared [7]. In general, consistency is found.

The total number of possible solutions for the ambipolarity condition, the so-called roots, is
always odd. At W7-AS, for most discharges the ion-root is predicted by DKES and measured
by CXRS, showing strong negative E; in the gradient region and small negative or slightly
positive values near the plasma center. The strongly positive electron-root is predicted by
DKES for the close vicinity to the magnetic axis. However, only in a few cases with
particular discharge conditions those positive E; could be observed experimentally. Most
important, outward drifts of trapped suprathermal electrons are assumed to be decisive for the
ambipolarity condition, rather than thermal electron fluxes [8].

The ECRH driven electron-root at 140 GHz

Strong positive Er, as described before, are observed in W7-AS for 140 GHz ECRH second
harmonic X-mode discharges at 2.5 T with perfectly located on-axis depositon. Up to + 600
V/cm are measured by CXRS close to the magnetic axis at minor radii r < 5 cm. An example
for such a discharge with an ECRH power of 760 kW at low density is shown in figure 1
below. The high central electron temperatures Te (upper left) result from the strong positive E;
(lower left) reducing the central electron heat diffusivity % (lower right). This is confirmed
by the steepened VTe (r = 3 cm). The experimental heat balance analysis (dot-dashed) comes
much closer to the neoclassical calculation for the ambipolar E; (crosses) than to the
calculation for E; = 0 (points), supporting the existence of the strongly positive By. However,



the X agreement near the plasma center is not very good, possibly indicating that the
neoclassical DKES results are not valid for such strong E; and high rotation velocities. For
higher ECRH power (up to 1.25 MW), the electron-root is maintained even for higher
electron densities ne(0) up to = 7 - 1019 m3. For low ne(0) = 2 - 1019 m3, central Te(0) up to
=6 keV are %@X&CL
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Figure 1: Upper left: ¢lectron temperature (solid linc), ion temperature (broken linc). Upper right: electron
density. Lower left: radial electric field (dots: CXRS, crosses and points: neoclassical calculation). Lower
right: electron heat balance (dot-dashed: experimental, crosses and points: neoclassical calculation).

For r > 6 cm, the neoclassical ion-root with small E; is predicted by DKES (lower left,
crosses) and measured by CXRS (lower left, dots). Forr < 5 cm, CXRS measures positive
Er which is consistent to the neoclassical electron-root solution, calculated by DKES. From
Monte-Carlo simulations [9], however, it is found that the radial electron fluxes being
decisive for the ambipolarity condition in this case result from outward drifling suprathermal
trapped electrons, created by the highly localized ECRH in the local magnetic field minimum
in the ECRH launching plane. Hence the strongly positive E; can be driven by that
‘convective' contribution, rather than by thermal fluxes alone (as assurned by DKES). This is
supported by the fact that the strongly positive E; can be removed experimentally by removing
this local magnetic field minimum, thus reducing the population of trapped suprathermal
electrons (an effect which is not predicted by DKES). For this case the suprathermal tail is
still predicted by the simulations, but with reduced radial fluxes. For slightly, off-axis ECRH
power deposition, electron cyclotron emission BCE measurements reveal rapid spontaneous
transitions of the central Te (on a timescale = 300 ps), possibly indicating a bifurcation

mechanism [11] (which can also not be explained by assuming thermal electron fluxes alone).




This behavior might be comparable to findings in the CHS heliotron [12]. Other experimental
indications for the importance of the ECRH driven electron fluxes come from heating power
scans, density scans and variations of the ECRH power deposition zone, revealing a
threshold behavior for the appearance of the 140 GHZ electron-root. Finally, the ECE
measurements reveal two different time scales for the T, decay directly after switching the
ECRH power off [8]: in radial regions with the strongly positive E; a rapid decay (during less
than 1 ms due to the instantaneously missing suprathermal fluxes, hence collapsing positive
E; accompanied by an instantaneously increasing y.) is followed by a slower decrease on a
time scale comparable to the radial region outside the electron-root .

The thermally driven electron-root with 70 GHz?

Up to now, the thermal electron-root could not be realized free from any doubt
experimentally. This is in contradiction to DKES calculations, which predict the appearance
of the electran-root for low density ECRH discharges from the thermal fluxes only. To come
closer to a situation where the thermal electron fluxes are more decisive for the ambipolarity
condition, low density discharges with 70 GHz O-mode at 2.5 T with 370 kW are performed.
They have reduced suprathermal electron fluxes roughly by a factor of two in comparison to
140 GHz [9] and, hence, higher significance of thermal fluxes.

High helium concentrations (about 30%) arc maintained to provide a good signal-to-noise
ratio for CXRS. During magnetic field scans the ECRH power deposition zone is shifted
across the magnetic axis. The Te profiles are monitored by ECE during these scans to control
for the power deposition. For perfect on-axis deposition, the VT, as well as T(0) are
maximum, providing the best chances for the formation of the electron-root. During these
scans, T, E; and the density of He ITI (in arb. units) are measured by CXRS. For the
electron-root, increased T;j(0) is expected because of the reduced y; as a consequence of the
strong central Er. It is still subject to investigations, why this effect cannot be observed for the
140 GHz electron-root. In parallcl, the impurity density profiles are expected to become
hollow as result of the outward convection due to their high Z (an effect which has already
been demonstrated on He*+ experimentally with the positive ion-root in W7-AS [10], for the
140 GHz electron-root as shown before, and which is also predicted by DKES calculations).
As we perform CXRS on He ITI, we use that ion species to monitor the entite He ITT density
profile. VUV measurements, radially resolved soft-X after ablation of Al and C, as wcll as
bolometry are used additionally to detect the expected outward convection.

Figure 2 shows some results of the B scans. Perfect on-axis deposition is sustained for B =
2.55 T, as supported by ECE. Maximum Te(0) = 3.5 keV are obtained, slightly less than for
the 140 GHz electron-root. A strong positive E; (r = 1.6 cm) is observed by CXRS up to
+550 V/cm at 2.55 T (middle), E; = 0 V/cm is found for off-axis deposition. As expected, Tj
(r = 1.6 cm) increases considerably (left) for on-axis, measured by CXRS as well as by CX




neutral particle energy analysis. The He I density profile (right) becomes clearly hollow for
on-axis deposition (increased inv. peaking factor), an effect which disappears for off-axis.
Unfortunately, these findings are restricted to an extremely narrow zone very close the the
magnetic axis, within a minor radius r = 1-3 cm. It is assumed that this is the reason why the
VUV and soft-X measurements fail in supporting the outward convection for impurities. The
spatial resolution for CXRS is restricted to about + 1 cm. Also the radially resolved heat
balance analysis, as performed for the 140 GHz electron-root, is impossible for this case
because only one or two measurement points are within the interval with positive E;.
Increasing the heating power further to expand the radial zone is impossible because the 370
kW used for the scans are the maximum for the 70 GHZ gyrotrons available at W7-AS.
Reducing the electron density further to enhance the observed effects is not possible because
of the wall recycling fluxes, and because a minimum He density has to be maintained to allow
for the CXRS measurements with a reasonable signal-to-noise ratio. The fast central T, decay
after switching the ECRH off and the spontaneous ccatral T transitions for slight off-axis

ECRH deposition, as described for the 140 GHz electron-root, are found for the 70 GHz
discharges, t0o.
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Fig. 2: Left: central {on temperature, middle: central radial electric field, right: inverse density profilc peaking
factor for He 1. All versus the magnetic field strength measured at r= 1.6 cm.
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Plasma edge turbulence: Comparison between theory
and experiment
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1. Introduction

The physics of plasma edge turbulence is very complex and all efforts towards a theoreticzl
description rely on major simplifications. This implies the necessity to compare theore:-
ical predictions and experimental observations in order to identify the most appropriaze
models.

While earlier investigations [1] focused mainly on the scaling behaviour of different fluct-=-
ation features like amplitudes and transport coefficients, the aim of this work is a detailed
comparison of the structure, the statistical properties and the scales of these fluctuatiors
in space and time. It is related to the investigation of electrostatic fluctuations by mears
of Langmuir-probe measurements in the SOL and the outer confinement zone of the Wer-
delstein 7-AS stellarator, which allowed a fully three-dimensional characterization of these
fluctuations [2]. Within the last years, nonlinear simulation methods have been developed
which can treat the saturated turbulent state represented by these fluctuations.

As no global simulation of a plasma discharge is feasible as yet, input parameters fcr
these simulations must be taken from the experiments. These parameters are the loczl
temperature and density, the temperature and density gradients and the radial fluxes cf
particles and energy.

By using spatially resolving Langmuir probe arrays for the simultaneous measurement i
the fluctuating floating potential and ion saturation current in combination with a slowly
swept Langmuir probe, all these input parameters could be directly measured or fairiy

well approximated.

2. The Model

The underlying model is a nonlinear electrostatic drift wave model, which describes tke
SOL plasma by taking the sheath dynamics at the target plates into account as parallel
boundary conditions. By neglecting ion temperature effects and viscosity and assumirg
electrostatic fluctuations, a set of nonlinear equations can be derived, which describes tke
time evolution of the fluctuating quantities density, temperature and electrostatic poter-
tial on a twodimensional area perpendicular to the magnetic field. The model assumes

zero parallel wavenumber. Two different numerical schemes have been applied to this se:




of equations: The first one assumes the background gradients of density and temperatiire
to be fixed in time (local model), while the second one allows for a self-consistent evolution
of the plasma profiles together with the fluctuations (nonlocal model). The geometry of
the machine is approximated by assuming the magnetic curvature to be constant along

the magnetic field and that the connection length to the limiters is the same everywhere.

The experimental determination of the code’s input parameters was realised by using
a Langmuir probe array measuring both the fluctuating floating potential and ion satura-
tion current simultaneously with high resolution in time and poloidal direction, and the
average values of density and temperature by a slowly swept probe tip. The whole array
was moved radially inwards during a stationary discharge phase in order to allow for a
measurement of the plasma profiles. In case of the local model the determination of the
local density and temperature and the gradients of density and temperature is sufficient.
while for the nonlocal model the radial fluxes of particles and energy are needed instead of
the gradients. The forementioned probe array allows the calculation of the radial particle
flux from the simultaneous measurement of density and potential fluctuations if E x B
drift is assumed as transport mechanism. For a direct calculation of the radial energyv
flux, temperature flucutation data would be necessary, which were not available for our
investigations. However, it is known that temperature fluctuations are nearly in phase
with the density fluctuations and that their relative amplitudes are also comparable [3].

Assuming temperature and density fluctuations to be in phase and of the same relative

amplitude, one gets:

Qrad = 3kT I‘fad 3 (1)

if T'yqq is the radial particle flux.
3. Results

At first glance, different fluctuation amplitudes in experiment and simulation results at-
tract attention. In the local model, the amplitudes are by a factor of 3-5 larger than
in the experiment. This occurs due to the assumption of fixed gradients of density and
temperature made in this model. The nonlocal model gives much smaller amplitudes, by
a factor of 2 smaller than in the experiment. This may be due to the assumption of a
constant connection length to the target plates. In the experiment, the connection length
varies with the radial position, resulting in steeper gradients of density and temperature
than observed in the nonlocal simulations. Since the gradients are the major driving

term, the lower fluctuation level is due to the simplification made by assuming a constant




connection length.

The structure of the fluctuations can be characterized by their correlation functions. Both
the local and the nonlocal model can reproduce the poloidal structure of the fluctuations
quite well (see Fig. 1). The poloidal velocity is made up of two parts: The fluctuations’
poloidal velocity, which is in the electron drift direction, and the plasma rotation velocity
due to radial electric fields, which is in the ion drift direction and typically overcom-
pensates the fluctuations’ propagation velocity. The local model neglects radial electric
fields for numerical reasons and therefore its results can not be compared to the experi-
mental results as far as poloidal velocities are concerned. The nonlocal model generates
smaller radial electric fields than observed in the experiments because the temperature
gradients generated in the simulations are smaller. Due to the sheath boundary condi-
tion at the target plates the radial electron temperature gradient largely determines the
radial electric field in the SOL. If the different temperature gradients are taken into ac-
count, the poloidal velocity in experiment and nonlocal simulation is the same within the

errors. Lifetime and poloidal size of the fluctuations show an agreement better than 30 %.
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Figure 1: Poloidal-temporal correlation function of floating potential fluctuations in the
SOL of the Wendelstein 7-AS stellarator (top) and of simulated fluctuation data (nonlocal
model, bottom).




The two-dimensional structure of the fluctuations is qualitatively reproduced both by lo-
cal and nonlocal models. In the radial direction, the neglect of magnetic shear is a critical
issue. It may be the reason for the overestimation of the radial correlation length by a
factor of two both in the local and the nonlocal model.

The floating potential fluctuations have a gaussian amplitude distribution function in all
the experiments and numerical simulations. Despite of this, the ion saturation current
distribution funtion observed depends on the radial density profile assumed. The assump-
tion of constant gradients in the local model automatically leads to a gaussian distribution
of the ion saturation current amplitudes. In the experiment and the nonlocal model the
profiles are nearly exponential resulting in a non-gaussian distribution of ion saturation
current amplitudes.

The simulated fluctuation spectra extend over a smaller frequency range than in the exper-
iment. Investigations including ion temperature effects [4] showed much broader spectra,

so that the neglect of them may be the reason for the difference observed here.
4. Conclusions

The results of nonlinear electrostatic drift wave simulations were compared to the obser-
vations of Langmuir probe arrays in the SOL of the Wendelstein 7-AS stellarator. While
the basic structure of the fluctuations could be reproduced both by local and nonlocal
models, only the nonlocal version of the code could reproduce the fluctuation amplitudes,
the spectra (qualitatively) and the amplitude distribution functions correctly.

There are still differences between theory and experiment due to the simplifcations of
these models: The radial scales are not described correctly since magnetic shear is not
considered. There is also no radial propagation of fluctuations in the simulations while
there is one in the experiments [2]. The width of the fluctuation spectrum is somewhat
smaller in the simulations than in the experiments. This may be due to the neglect of ion

temperature effects [4].
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1. Introduction

Confinement in low shear stellarators is - at moderate /3 - known to be very sensitive to thie
boundary value ¢, of the rotational transform. Optimum confinement is established in narrow
operation windows around low order major rationals ¢, =1/2, 1/3, etc. These regions are free
from the otherwise densely spaced higher order rational #-values [1]. In W7-AS, there :s
evidence that internal perturbations at such higher order rational flux surfaces cause confinemerit
degradation by enhancing the anomalous electron energy transport. Their effect is reduced with
increasing magnetic shear [2]. Although being very low in the vacuum field, magnetic shear s
introduced at finite by the intrinsic pressure driven (bootstrap, Pfirsch-Schliiter (PS)) and b
externally (inductively, electron cyclotron resonance (ECR), neutral beam) driven currents.

Here, we compare experimental data from moderate density ECRH discharges in W7-AS
with a simple transport model, which selfconsistently accounts for the mutual dependence cif
shear (from bootstrap and inductive current) and confinement by using an electron hean

conductivity which depends on the magnetic shear and the location of rational ¢-values.

2. The model

In the ECR heated discharges under consideration the electrons dominate the plasma
confinement. The electron temperature profile 7,(r) is calculated from a simplified power
balance, which neglects convective and radiation losses as well as electron-ion coupling.

Guided by experimental results [2], a dependence
2.(rtt") = XN + Z X, (B, X0 =exp(Ec, (rla))) m’fs, ¥, = a,,exp( —It—n/ml/&t— y|t’|

is assumed for the electron heat conductivity yx,. ¥, accounts for the transport at optimurn
confinement, the parameters c, being adjusted to reproduce the experimental 7,(r) in the absenc=
of resonances. The neoclassical contribution to ¥, is included in ¥,. x,, describes an additional
enhancement of ), near a rational value ¢+ = n/m which is damped with increasing absolute value
of the magnetic shear +'= d#/dr. a is the minor plasma radius; the parameters ¢, 8, and yhave

to be determined by comparison with experiments which vary #r).




25th EPS, Prag 1998

The rotational transform profile #(r) is calculated from the vacuum field and the toroidal
bootstrap and inductive current densities, j,, and j,.. The PS current is neglected. For the
bootstrap current density js = 0.7 j"" is used, where j,* is the bootstrap current density in a
circular tokamak [3]. The factor 0.7 adjusts the current to the value obtained with the DKES
code [4] for optimum confinement (in the plateau regime a factor of 0.5 would be expected for a
tokamak with the mean elongation of the W7-AS flux surfaces). The inductive current density
profile is calculated from the tokamak neoclassical conductivity [3] and normalized such that
bootstrap and inductive current balance to the given net plasma current I,. Density and power
deposition profiles, n(r) and P, ,(r), net plasma current and boundary value ¢, of the rotational
transform are input to the model. For all conditions Z,=2 and T(a) = 100 eV are used. Hr) -
and thus y,, () - and T,(r) are selfconsistently determined in an iteration procedure which starts

with the optimum confinement profile for 7 (r).

3. Results

3 ¥ 3

Experiment T/l : ] Model Te;kev ] Experimentally, the dependence of
:  confinement on the boundary value of the
rotational transform and the net plasma
- current has been investigated in stationary
discharges heated by 450 kW ECRH at
central densities n, ~ 4 X 10” m™ (B = 2.5
T,R=2m, a=0.15m, f, <0.6%, for

details see [2]). In the model, rational

19 -3
ng/10'%m

values up to m = 20 and the following set

of parameters have been used: ¢, = 0.1,
c,=—1.0, ¢, =2.0,6t=0.004, y= 1.1 m,

1

and «, = 1.1 g, ms. g, is the

degeneracy of a n/m value, i.e. every

p—— S— ms:fcrm rational number is counted only once.

7 /KA  NEMEGDKES | : - Radial profiles are shown in Fig. 1 at
ViR - selected values of , and I, which yield
- optimum and degraded confinement near ¢,
= 1/2. At least at the outer radii, #/a > 0.5,

the model reproduces the experimental

profiles quite well. The T,-profile flattens
Fig. 1: Radial profiles of electron temperature, density

and heat conductivity and profiles of the rotational when #(r) lies in the zone with densely

transform for plasma currents of 0 and 5 kA and t, = spaced resonances, and becomes steep
0.480 and 0.495. The shaded areas indicate the +range otherwise. A single density profile was
which is free from resonances with m < 20. used since the measured density profiles

Left: experiment. Right: model.
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of the rotational transform for various values of the vertical 400 500 600
magnetic field (1, = 0). time / ms
Fig. 4: Time traces of plasma energy, H,
change only slightly (in the experiment the line light, magnetic fluctuations and boundary
averaged density was constant by feedback control).  rorational transform, and time evolution of

To calculate #(r), the tokamak approximation has  temperature (from ECE) and density (from
been used for j,s and j,, in both cases, experiment  interferometry) profiles during a transition

and model. t-profiles calculated with jpg and j,, from degraded 1o optimum  confinement
from the DKES code [4] and PS currents from the

NEMEC code [5] are given for reference. The observed dependencies of global confinement are

induced by a current ramp.

qualitatively reproduced for a wide range of %, and I, by the model as well (Fig. 2).

The model can also account for details of confinement near ¢, = 1/3 (Fig. 3, a=0.17 m, n,
~ 8 x 10" m™). The shift of the optimum confinement zone to larger %,-values with a vertical
magnetic field B, arises at least partly from the positive shear which is introduced at the
boundary by the vertical field. It has to be mentioned that these discharges have higher densities
and some assumptions of the simple model may no longer be valid, e.g. the smallness of
electron-ion coupling and PS currents.

Along with improved confinement, a reduction in the measured fluctuation level is
observed when the rotational transform is moved into a resonance free region. Figure 4 shows a

transition which is induced by a plasma current ramp from 7, =0 to 5 kA. As soon as t, comes
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into the resonance free region, confinement improves

by a persistant steepening of the T ,-gradient, while the

n,-profile steepens transiently and then relaxes to its é

initial form. Comparing the stationary phases before é

and after the transition, the level of H_ light indicates %

improved particle confinement, which is compensated %

by a reduced gas puffing rate. The reduction of the o

fluctuation level is seen from the H, light, microwave 90 ] 1 ' :
scattering and Mirnov probes. The frequency spectra of 3 'O'Sfreq' s:m ; MHS'S !
magnetic and density fluctuations narrow significantly Fig. 5: Microwave scattering spectra
(Fig. 5). before and after the transition for the

Another way to obtain good confinement even in dischargein Fig. 4.

the presence of resonances is to provide sufficient

magnetic shear in the boundary region, e.g. by an inductive current (see the 25 kA curve in Fig.
2, the bootstrap current is of the order 7 kA for optimum confinement). Although the
temperature gradient strongly increases with shear [2], a clear correlation to the observed
fluctuations has not yet been found.

4. Conclusions

In spite of its simplicity, the presented model reproduces the basic dependencies of
confinement on rotational transform and plasma current induced shear in moderate §, ECR
heated W7-AS plasmas. The qualitative agreement with experimental results over a wide range
of parameters (t,, /,, B,) gives strong support to the hypothesis that electron energy transport is
enhanced in the presence of higher order rational values ¢ = n/m with m < 20 of the rotational
transform and that these perturbations are reduced by magnetic shear, independent of its sign.

For optimum confinement such resonances have to be avoided at least in the boundary region,

i.e. t, must be set to the resonance free regions near ¢, = 1/2, 1/3, etc, or shear must be

sufficiently large, i.e. +"> o(y™" = | m™), which is achieved with an inductive plasma current.
In the absence of high order resonances the measured fluctuation level reduces

significantly. The mode structure of these fluctuations could not be identified and it is still

unclear which kind of perturbations/instabilities enhance the electron transport.
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Impurity ions in ASDEX Upgrade and WENDELSTEIN 7-AS

studied by lithium beam charge-exchange spectroscopy
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1. Introduction

Impurity ion concentration and -temperature in the core plasma region as well as the scrape-off
layer are essential for understanding the physics of L- and H-mode transport and the transport
barrier itself. To gain access to these properties, the well established Li-beam diagnostic
capabilities on both fusion experiments at IPP Garching (ASDEX Upgrade tokamak and
WENDELSTEIN 7 AS stellarator) have been extended [1] and now include the measurement of
radial profiles of impurity-ion density and -temperature by means of lithium beam charge-
exchange spectroscopy (Li-CXS) [2,3,4,5].

2. Methodical principles

In competition with the impact ASDEX Upgrade #10366, t=1.26s
excitation process, which serves 044 P .
i calculations
for plasma electron density s e experiment
L . 0.12
determination  (Li-IXS), the - 4
weakly bound outer electron of o1 L b
the Li atom may also be captured [ ]
by impurity ions. This charge- @ 008k ]
exchange process  produces ~ A i
highly excited states of impurity 5; 0.06 - u
| r 4
ions and as a result characteristic I % .
impurity ion line radiation. 004 7
Observation of such emitted ]
. . . . . 0.02 - ~
spectral lines in conjunction with ]
the modelled‘Li(nl) state 0'.,,n...x,.|x,,.1...11.'.|,..“
distribution in the diagnostic 208 21 212 214 216 218 22 222
beam allows for evaluation of the R [m]

impurity density profile along the _
- Fig. 1: Radial profile of Li(3d) and Li(2p) population ratio.
beam. In addition, temperature Experimental results prove the reliability of the beam modelling.



profiles of impurity ions are derived from the

respective spectral line shapes. Determination

! 35 channel
1/\ electron density

of absolute values from the diagnostic raw
data requires a reliable database as well as a NN
detailed modelling [6] of the diagnostic beam -\\
which has been checked recently [7] by N

passive stabilizer loop

observing the Li(3d—2p) spectral line.
Taking into account that the Li(3d) level
represents less than 1% of the beam atoms, +0.5m
excellent agreement between experimental
results and theoretical values demonstrate a
now satisfactory status of the beam

modelling (fig. 1). Effective emission cross

A . i midplane h
sections which describe charge exchange o
processes between Li atoms and impurity coparatrix
ions are calculated within the ADAS file N\

system [8].

j neutral density
Vo optics

Evaluation of impurity density profiles """ 16 channel
,?*,7." charge-exchange i
: -0.5 RO . :
The current setups on both experiments have "L optics /

already been described extensively [1,9]. To

determine the absolute concentration of Fyg 2: Oprical observation systems of extended lithium
impurity ions, both Li beam diagnostic beam diagnostics on ASDEX Upgrade.

methods are applied simultaneously [9].

While the photomultipliers of the IXS system record the Li(2p—2s) light emission at
A =670.8 nm, the CXS system (spectrometer + CCD camera) detects the impurity ion
radiation. Since both systems use different observation optics (cf. fig. 2), the detection
efficiency has to be cross-calibrated. This is done by measuring the Li(2p—2s) radiation with
both systems in one calibration discharge, as described in equs. 1a/1b.

Uzlf;s(i) = kgf(l) "Ry 'Azp—m “N(2p)

. . (la/b)
U2CPCD(l) = kci(;?D(l) "Ry 'A2p—>25 “N(2p)

k denotes the detection efficiency for the two systems at A = 671.0 nm, i the corresponding
radial channel, 4,, ,, the transition probability, n,; the particle density of the Li-beam and
N(2p) the relative occupation number of the Li(2p)-state. The CXS-signal (US?(i)) can be

imp
expressed by

Ulsng(l) = ktfziD(l) ’ va ' nimp ’ nLi : Zo-em (nl) N(nl) (2)

nl

Calculating the ratio of equs.1b and 2 for the discharges in question and using the ratio of equs.




la and 1b for the calibration discharge, the impurity ion density can be expressed by

USPG) KESG) kEPG)  Ayyone  NQD)
Ul‘f);S(l) kéfD(l) k’S;D(l) Vi Zo-cm (nl) N(nl)
nl

Py (21;(D)) =

3)

In equ. 3 the first ratio relates the measured signals of both systems, the second ratio is
determined by the calibration procedure (see above) and the third ratio expresses the different
detection probabilities of the CCD camera at the two wavelengths. v;; denotes the Li-beam
particle velocity and o,,(nl) the cross section for emission following electron capture from the
Li(nl)-level. The relative occupation numbers N(nl) of the Li-beam atoms are calculated in the
reconstruction process for the electron density [6].

With the current setups, spatial resolution is Ax = 0.5 cm on W7AS and 1 cm on ASDEX
Upgrade; temporal resolution is limited by the readout time of the CCD camera to 80 ms for 16

simultaneous measurements.

3. Results

cXS investigations on W7-AS
The described algorithm was applied in a series of equivalent discharges (Pgcpy=400kW, D,
1=0.34, B,=20.0 mT, up/down limiters attached, [n,dI(HCN) = 2-10" m™) to determine
the C® impurity ion density for different radial positions (different z,; in equ. 3). The result is
shown in fig. 2. The C* impurity ion concentration increases from about 0.41% at
r.=16.7 cm to 0.63% at = 8.3 cm. In the gradient region of the profile good agreement is
found with the result from the H-CXS diagnostics [10].

Simulation  of  charge  state s W7-AS =~ #39360-39368
distributions

The IONEQ code [11] was used to
simulate the radial carbon charge
state  distribution for W7-AS

plasmas. Within this simulation the

charge state distribution is calculated

according to the Corona equilibrium.
— " simulated
—®— % (Li- CX8)
—OC* (H-CXS)

assuming resonable values for a 0 T T T s ';00

diffusion coefficient and a r, [cm]

In addition the neoclassical impurity 1 —

transport fluxes are modelled by

convection velocity. As input data

the electron density profile from the Fig. 3: Radial impurity density profile of C°* and electron density

Li beam and the temperature profile profiles as a function of effective radius r,; for discharges #39360 -

. . 39368. The strong line shows the result of a simulation with the
from the Thomson diagnostics was JONEQ code.




used. The neutral gas density was modelled by the EIRENE code and calibrated with the H, and

the neutral density measurement of the Li beam diagnostics [12]. Good agreement was achieved

with a diffusion coefficent of D =

0.2 m%™".

CXS investigations on ASDEX Upgrade

On ASDEX Upgrade we use the
spectrometer and CCD camera for
ion

investigation of impurity

spectral lines in the range from

250 < A <800 nm.  Although

the complex temporal behaviour
of the ASDEX  Upgrade
discharges poses severe
difficulties the Li-CXS

method with the current setup,

for

first results indicate the feasibility
of Li-CXS for several impurities
(He*, Nes+’ NelO+’ 02+, F*, B2+).
Comparing radial resolution of
data obtained with the Li beam
and the hydrogen heating beam,
respectively, we can clearly
demonstrate the advantage of the
Li-CXS method in the plasma

edge (fig. 4).
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Observation of poloidal rotation by microwave reflectometry
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Abstract

Density turbulence measurements are obtained by microwave reflectometry under various
conditions and confinement regimes of W7AS. Properties of poloidal propagation of electrom
density fluctuations are investigated, and features observed in the microwave spectra are found
to display different effects in the different confinement regimes studied. Use of the microwave

reflectometer to measure poloidal propagation of electron density fluctuations is demonstrated.

Microwave Reflectometry

The W7AS microwave reflectometer [1,2] uses X-mode propagation and operates in the W
band (75-110GHz). The instrument possesses two conical antennas oriented radially towards
the centre of the torus axis and separated poloidally by 12° with their symmetry axis in the
equatorial plane. The normal to the cutoff surface lies at a tilt angle of 2.6° to the probinz
direction resulting in an asymmetric fluctuation frequency spectrum. This diagnostic has been
used to measure density profiles and to investigate fluctuation propagation by the phase
runaway method [3]. There exist three possible components to the backscattered signal detected
by the receiver antenna; (i) the coherently reflected signal with unshifted frequency, (ii) tre
symmetrically Doppler-broadened signal lying around the unshifted signal caused by radial
movement of the cutoff layer, and (iii) the asymmetric frequency shifted sidebands caused by
scattering from density fluctuations propagating in the poloidal direction across the field of view
of the reflectometer.

Reflectometry and confinement

Differences in reflectometry spectra for different confinement regimes are illustrated in figures
la-d, which show frequency-time plots obtained with two D, plasma shots heated by 400k™

ECRH. The confinement time is different due to a small change in edge iota value. All other
shot parameters are unchanged. The first example, with confinement time T, of 20ms and
diamagnetic energy W, of 10kJ, shows a sideband feature clearly separated from the sharn
central peak at the carrier frequency, in contrast to the second example (t,= 10ms, W, = 5k

where no such separation is observed. Additionally, analysis of the spectrum close to the carrier
frequency shows that the central peak is broader and lower in the shot with the lower
confinement time. A similar result occurs with NBI shots, where the peak at the carrer

frequency is seen to become sharper with an increse in T, Possible causes for the broadening o1




the peak include the presence of the asymmetric feature at very small frequency shifts and the
Doppler shift of the reflected signal caused by the radial movement of the cut-off layer

In order to quantify the sideband development, numerical routines have been developed
to fit the signal with various curves. Usually, the backscattered frequency spectrum was fitted
with a triple Gaussian curve. The degrees of freedom in these fits were the heights, widths and
frequencies of the sidebands and of the peak near the carrier frequency. Good fits were obtained
for time-frequency traces with pronounced sidebands. The fitting was not so succesful for shots
in which no clear separation could be seen between sidebands and the peak near the carrier
frequency. In the latter case the single apparent peak was found to be broader than the carrier
peak observed in spectra with clearly defined sidebands, and this apparent single peak was
found to reproducibly shift from the carrier frequency. It was therefore concluded that the single
apparent peak contained both the peak at the carrier frequency and the sidebands.
Spectroscopic measurement of the radial electric field
The radial electric field E, near the plasma edge is determined by spectroscopic measurement of

the Doppler spectral line shift AA in the B IV line at a wavelength of A,=2822 A, due to the B

IV poloidal rotation velocity [4]. Time traces of the wavelength shift AA(#) are recorded at
fixed minor radii between 13 cm (in the gradient region) and 19 cm (outside the plasma). The
poloidal rotation velocity V,=cA4/A, is related to the B IV ion pressure gradient term dp,/dr

and the EX B drift velocity corresponding to the simplified radial force balance equation:

o= ez, ;iz,(r) . apél‘}(‘r) " E';r)
Here, eZ, is the ion charge, B is the magnetic field, and #, the ion density. By determination
of the ion pressure profile p,(r) the value of E, at a particular minor radius is obtained [5]. For
typical discharge conditions, V, is dominated by the EXB contribution (60% - 80%) in
comparison to the dp,/dr contribution (26% - 40%). Therefore, the relative value of V,(r,?)

and its temporal changes are a rough estimate for the temporal development of E, during an
individual shot. Those time traces are used to derive a qualitative comparison to the temporal
frequency shift of the reflectrometry sideband. As E, (and, thus V,(r,2)) is a decisive factor for
transport and confinement [6], that comparison reveals the significance of the reflectometry
sideband feature in conjunction with the transport analysis in W7-AS.

For the evaluation of the electron poloidal rotation profile (which is given by the force
balance equation above, correspondingly) the EXB contribution is taken into account as
obtained by the procedure described above. The electron pressure gradient term is calculated
from electron temperature and density data, delivered by Thomson scattering, electron cyclotron
emission ECE, multichannel interferometry and Lithium-beam diagnostics.

Correlation of reflectometry and spectroscopy

Figure 2 is a contour plot of the spectral power measured for a 500kW NBI discharge in D,.

The confinement time, 7, in this case was 20ms. The prominent feature in this signal is the




development of a strongly shifted sideband in the reflectometry spectrum. The poloidal rotation
velocity for the same shot has been determined from the Doppler shift of the B IV emission line.
and is shown in figure 3. Comparison of the two figures shows that the sideband shift
increrases when the poloidal rotation increases and remains constant when the poloidal rotation
value is constant. For shots with similar conditions but a lower confinement time, the measured
poloidal rotation velocity is much lower, and also the fluctuation velocity is reduced to an extent
that the shifted sidebands are indistinguishable from the peak at the carrier frequency.The
velocity determined from Doppler shift measurements is the plasma poloidal drift velocity.
whereas the reflectometer measures the propagation velocity of density fluctuations, which
includes a poloidal rotation term and as well as the group velocity of the fluctuations in the
plasma. Typical calculated values for poloidal propagation of density fluctuations are greater
than a theoretically calculated electron poloidal drift velocity by a factor of 2-5 and are
significantly greater than the ion poloidal rotation velocity. Uncertainty in the angle of incidence
at the cut-off layer make absolute measurements difficult.

Confinement transitions

A time-frequency plot for a IMW NBI-heated D, plasma is shown in figure 4. In this shot,

confinement time has a higher valuein the time from 0.5 to 0.65s. During this phase T, is

approximately 16ms and the poloidal rotation velocity is 4.0km/s, compared with T, of 13ms

and V of 3.4km/s before and after this phase. The shift of the sideband measured by the

reflectometer increases during the phase with better confinement, consistent with an increase in

poloidal

poloidal propagation velocity of density fluctuations. There is a clear reduction in the
reflectometry signal at frequency values between the unshifted signal and the asymmetric
sideband during the period of enhanced confinement. This may be due to the damping of

density fluctuation activity in the O to IMHz range during the higher confinement operation.

Conclusions

Microwave reflectometry is demonstrated to be a practicable tool for the analysis of poloidal
propagation of density fluctuations, and backscattered spectra are seen to reflect confinement
characteristics of the W7-AS plasma.
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Figurela&b: Reflectometer spectra from ECRH discharges. Left, T,=20ms: Right, 1,=10ms
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Polarimetric Line Density Measurements at W7-AS
Using the Cotton-Mouton Effect
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A polarimeter based on the Cotton-Mouton effect has been developed and installed at the W7-
AS stellarator. It is operated in the sub-millimeter wave region at frequencies between 500 and
650 GHz. The change of the polarization state is calculated numerically using Segre’s formalism
and compared with measurements. The polarimeter demonstrated its capability to perform ab-
solute, robust measurements of the line integrated electron density. An improved version for the
future W7-X stellarator is briefly discussed.

Introduction

Polarimetry makes use of the birefringence of a magnetized plasma. It can provide a
robust measurement of the line integrated density, which is of special importance for long
pulse operation as expected for future devices like the W7-X stellarator or for ITER. In
this context a Cotton-Mouton polarimeter was proposed for ITER [1].

Both the Faraday and the Cotton-Mouton magneto-optic effects can be used for mea-
surements of the line density. The Faraday effect is caused by circular birefringence which
leads to a phase shift between the left- and the right-handed circularly polarized waves,
resulting in a rotation of the plane of polarization; the magnetic field is parallel to the
direction of propagation.

The Cotton-Mouton effect is observed if the magnetic field is perpendicular to the
direction of propagation. The characteristic waves are linear polarized waves with the
plane of polarization parallel and perpendicular to the magnetic field. The phase difference
caused by linear birefringence leads to a change of the ellipticity. If the magnetic field B
along the line of sight is known, the line density can be determined by a measurement of
this phase difference.

Optimal conditions are provided by the Wendelstein stellarators which offer lines of
sight where |§ | is almost constant and the field component By in propagation direction
of the wave is negligible. In this case the position of the plasma and the density profile
need not be known and the Faraday effect is negligibly small.

Calculation of the changes in the polarization state

Owing to the small twist of the magnetic field, it is not possible to obtain pure o- and x-
modes along the whole line of sight. In addition, a possible misalignment leads to By # 0
which provokes an unwanted Faraday effect. A general formalism [2, 3] is used to describe
the changes of the polarization state along the probing beam path. The polarization state
is described by the three Stokes parameters s;, s and s3, the components of the Stokes
vector 5. The evolution along the line of sight (z-direction) is d 5(z)/dz = Q(2) x 5(2).
The vector Q(z) describes the plasma-wave interaction. The components £; and {2 of
the vector () represent the Cotton-Mouton, while {23 describes the Faraday effect. The
quantity s is 1ON-Z€ro due to the twist of the magnetic field. The beam path and an
example of n., B and the components of O along the chosen line of sight in W7-AS are
shown in figures 1 and 2.




3.0

detector 2 — I
B
2.0 M
Q4 [-rad/m]
ng [1020m™3)
1.0 '
Qo [-rad/m]
-
0.0 —
R B, /Q3
-20 10 20
P4 z[cm]

Fig. 2. Plasma parameters along the line of sight
Fig. 1. Beam path at the W7-AS stel- for a typical configuration of the magnetic field at
larator. W7-AS.

In the case of a dominating Cotton-Mouton effect and sufficiently small twist of the
magnetic field (£ > Q,, Q3), the phase shift between the z- and the y-components of
a launched wave with the direction of the magnetic field being mainly in y-direction is
given by the quantity Wi = [ dzQi(2). For w? > w? and w? > w?, where w, and
w, are the plasma- and the electron cyclotron angular frequencies and w = 27 f is the
probing beam frequency, the approximation Q; = (e?/(2cm?w?)) - w2(BZ — B2) can be
made. In this approximation, the quantity W; is exactly proportional to the electron line
density p, = [} dzn.(z). In the case of an almost constant magnetic field B, W; becomes

independent on the shape of the density profile. An extensive discussion is given in [4].

Measurement of the Cotton Mouton effect

The quantity W; contains the line density M 1'.39-}18 Interferometer 432“—_
pe- Knowledge of the B-field allows the de- 4o | ve Cottor-blouton A
pendence of Wi on p, to be determined. To € =635 GHz / B=25T :
measure W, a modulation technique as pro- s 0T L
posed in [3] is used. The probing wave is Ea ]
composed of two orthogonal linear polarized
waves. The phase between these waves is 10 1
linearly shifted with a modulation frequency 00 __/ L

Wm, leading to an elliptical modulation of
the probing wave. The Stokes parameters
before entering the plasma are s;(z5) = 0,
sa(z0) = cos(wmt) and s3(zp) = sin(wpt),
assuming identical intensity of the probing

wave components.
The Stokes parameter sy(2;) after passing the plasma becomes sy(z1) = cos(wmt + W1)
[4]. In this way, W is just the phase difference between the Stokes parameters s2(zg) and

82(21).
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Fig. 5. Plasma discharge with pellet injection.
The interferometer shows fringe jumps.




The given expression for ; is valid for high frequencies, but can lead to errors up to
about 10 % for the set-up at W7-AS. Therefore more exact calculations using an expression
for ; as given in [2] are conducted to obtain the line density p. [4]. An example for a
measurement of p, is shown in figure 5. By performing systematic scans of the magnetic
field at two different frequencies (535 and 627 GHz) and comparing the measured phase
differences with calculated values, it could be verified that the Faraday effect, which
depends on w2 - B, is negligible. More results are discussed in [4].

Experimental set-up

The total experimental set-up is sketched in figure 3. A backwardwave oscillator (BWO)
is used as a tunable radiation source in the frequency range 500-650 GHz. Oversized
waveguides (¢ = 24mm) are used throughout in the guided wave sections. The modula-
tion of the wave ellipticity is accomplished in a way as described in [5]. A polarizing wire
grid reflects the y-polarized component of the wave, whereas the z-component is guided
to a delay line. After reflection at two mirrors which rotate the polarization plane by 90°
this component is added to the reflected one. The phase difference of the two compo-
nents depends on the wave frequency and the length of the delay line. A BWO-frequency
modulation with wy,/(27) = 47kHz and Af = 300 MHz then transforms to an ellipticity
modulation of the probing wave. Detectors 1 (reference detector) and 2 (signal detector)
with 45° analyzers deliver signals proportional to ss(zy) and sy(21) respectively. Their
phase difference is the quantity of interest which is evaluated digitally. Errors introduced
by unwanted amplitude modulation of the BWO are eliminated by the interpretation code
with data from a monitor detector at the BWO output.
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Fig. 3. Ezperimental set-up at the W7-AS stel- Fig. 4. Proposed experimental set-up for the

larator. W7-X stellarator.

Small changes of the polarization in the transmission line cause errors in the W, measure-



ment of about 1 %. Considering also misalignments in the probing beam path, numerical
calculations result in maximum errors between —3 % and +2% for the lowest B-field
(1.25T) where the effect is smallest. Another error results from different phase shifts for
the z- and y-components in the transmission line in combination with BWO instabilities
which lead to phase errors of about 1°. Other errors include amplitude modulation caused
by the frequency dependent vacuum window transmission, plasma diamagnetism and un-
certainities in the probing beam frequency. Errors owing to refraction effects, which could
lead to a path length difference for the z- and the y-polarized components of the probing
beam, are negligible as proven by ray tracing calculations. The relative errors sum up to
an error range of —5.5% to 5.6 % for B = 1.25T and —4.5% to 5.1% for B = 2.5T in
maximum, including maximum misalignment of the probing beam.

Proposal for an optimized set-up at W7-X

Based on the experience, an optimized set-up for W7-X is proposed. It is sketched in
figure 4. Owing to the larger beam path in the plasma and the double-pass of the probing
wave, the optimum frequency is about 900 GHz. In this case, the measured phase shift
remains below 360° and the line density derived is unambiguously connected with the
phase measurements. Therefore, HCN lasers with 890 GHz (preferably COy-pumped) are
well suited as radiation sources. Two lasers with a small frequency offset w,, of the order
of 1 MHz deliver an elliptically modulated wave with a modulation frequency of w,, by
combining the orthogonal polarized beams. The two windows to the vacuum vessel are
slightly tilted to avoid reflections. The transmission line should be fully quasi-optical to
avoid polarization changes.

With an output power of the order of 10 mW, high signal-to-noise ratios can be reached.
This enables a time resolution of about 1 us and a phase resulution of 0.1° simultaneously.
Systematic errors also could be in the region of 0.1°%. The corresponding density resolutions
is about n, = 10'"m=3 for B=25T and n, =4-10"m™3 for B =1.25 7.

Conclusion

"The capability of the Cotton-Mouton effect for a robust measurement of the line integrated
density at W7-AS has been demonstrated. This is of great importance for long pulse
machines like the future W7-X. Both W7-X and W7-AS offer a favourable magnetic field
topology for the method.

The main problem of the W7-AS set-up are the transmission properties of the oversized
waveguides with respect to conservation of the polarization state; this is not discussed in
this short contribution. Changes of the polarization state could be avoided in an advanced
experimental set-up by using quasi-optical transmission techniques if space allows.
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L. Introduction

Alfvén eigenmodes are widely investigated in fusion experiments, since they are expected
to be destabilized by energetic particles and eventually may cause losses of fast alpha particles
in future fusion reactors. In current experiments, NBI-driven Alfvén eigenmodes are seen in
stellarators and tokamaks but they differ by the way of mode formation. In the stellarator case
with low shear the Global Alfvén Eigenmode (GAE) below the Alfvén continuum is expected,
whereas in a tokamak-like case with high shear, Toroidal Alfvén Eigenmodes (TAE) are the
dominant mode types.

Beside low shear, the advanced stellarator W7-AS is characterised by large aspect ratio
(about 12) and a 3D-field geometry, which also influences the Alfvén spectra. The study of
GAE modes in W7-AS can possibly be related to reversed shear scenarios in advanced toka-
mak experiments, where extended regions of low shear are present. On the other hand, by
increasing the shear in W7-AS, the common physics of Alfvén eigenmodes in stellarators and
tokamaks can be investigated in studying the transition from GAE to TAE modes depending
on the profile of the rotational transform.

We compare experimental results with expectations based on the Alfvén continuum spec-
tra, with numerical calculations using a gyrofluid model [1] and with a 3-dimensional MHD-

code CAS3D [2].

In W7-AS, shear is modified with
respect to the vacuum configuration by equi- 12F l ' I .
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II. Experimental Plasma Set-up

Experiments are done with the standard
magnetic field of B = 2.5T and different val- . e f3904]
ues of the ohmic current to change strongly the :\ e #3042
shear of the magnetic configuration. In order to 0.40L : o #3909
keep the edge value of the rotational transform ' ""‘“\\ """"" g |
+, constant, the vacuum iota ,coa was adjusted ' '
depending on the ohmic current. See Fig. 2 for a
sequence of +-profiles with different magnetic
shear but almost equal +,. Plasma heating is I
done purely with neutral beam injection (NBI), 030 0 dondalle
the ohmic power is negligible. Balanced injec- 0 5 '110 s 20
tion is used in most cases to avoid effects from Radius (cm)
toroidal plasma rotation on mode frequencies Figure 2: Magnetic shear-variation from

C . ohmic current drive in W7AS. All profiles are
and to minimize the beam-driven plasma cur- negative (positive shear in q in toka-
rents. Usually a density ramp is performed t0  maks).
enable the study of mode frequencies that
should scale like the Alfvén velocity v, = B/ m (p, mass density). The energy source for

the excitation of Alfvén eigenmodes is provided by resonant fast particles from the NBIL.
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IIT. MHD Diagnostics

An important tool to analyse the mode structures is a tomographic system for the soft-X
radiation, composed of 10 cameras inside the vacuum vessel with a total number of 320 view-
ing chords [3]. The 2-D mode reconstructions can be done without assumptions about the
magnetic topology. The spatial resolution is around lcm and tomographic reconstructions
with experimental data showed the potential to identify structures up to poloidal mode num-
bers of m = 9 and a radial mode number s = 1.The sampling rate is up to 200kHz, which is
sufficient for analysing Alfvén-eigenmodes with typical frequencies of 30kHz at W7-AS. Sin-
gular value decomposition (SVD) and filtering in the frequency domain on a rectangular grid
radially limited by the borders of the soft-X profile, proved to be good tools for extracting the
fluctuating part of the soft-X emission [3].

Since the soft-X emission is restricted to the hot plasma region (up to 70% of the plasma
radius a for NBI discharges), the ECE diagnostic (100kHz sampling), reflectometry (1 MHz)
and magnetic pick-up coils (250kHz) are used to check the tomographic reconstructions and
to get further information about the mode structure near the plasma edge. The comparison of
different diagnostics can be made in terms of the radial displacement of flux surfaces as
deduced from the measurements.

IV. Transition from GAE to TAE modes with increasing magnetic shear

Alfvén eigenmodes like the GAE and TAE mode, which extend over a large part of the
plasma cross-section are predicted to occur as weakly damped discrete solutions in the mag-




neto hydrodynamic (MHD) spectrum. They typically occur in frequency gaps of the continu-
ous branch of solutions, the so called Alfvén continuum, consisting of a strongly damped class
of radially localized elgenmodes The frequenmes of the Alfvén continua are given by the
local dispersion relation © = = (kv A) with ky = (m+—-n)/R the parallel wave number,
n the toroidal mode number and R the major radius. The dependence on the +-profile causes
a characteristic difference in the gap structure of tokamaks and low shear stellarators. Two
possible ways of gap formation are shown in Fig. 3. In the tokamak case with a strong shear a
TAE mode contains a large number of poloidal harmonics, where the dominant poloidal mode
number is inherited from the nearest Alfvén continuum at the same radius (see e.g. [4]).

In contrast, the low shear at W7-AS usually leads to a well defined (m, n) -structure of a
GAE [5] (like in Fig. 3a). In discharges at +, = 0.35, we increased the shear using ohmic cur-
rents such to create a TAE gap for n = 2, where only two adjacent poloidal mode numbers (m
= 5 and 6) are involved over the whole plasma cross-section (discharge #39042 in Fig 2 and
Fig. 3b). Experimentally, we in deed found the predicted TAE mode at a frequency of 63 kHz.
This is a case, for which the full 2-D mode structure of a TAE mode could be obtained for the
first time by soft-X tomography (Fig. 4a). Both components, the m = 5 in the inner region and
the m = 6 in the outer region are seen in the tomograms in accordance with the expectations.
The contributions of these two components to the mode eigenfunction have been derived
quantitatively by poloidal Fourier analysis of the tomograms (see Fig. 4b). A comparison to
theoretical expectation was done in 2 ways. First, numerical calculations of the linear growth
rates with a gyrofluid code [1] taking into account the fast particle physics but using an
axisymmetric approximation shows the destabilization of the mode. Secondly, to compare the
mode structure calculations in the stable part of the MHD spectrum were performed using the
CAS3D stability code which uses the proper 3-D equilibrium information, but neglects fast
particles. Also there, TAE modes were found as discrete solutions with radially extended
eigenfunctions. A comparison of the radial distribution of the leading Fourier harmonics
(Fig.4 and 5) shows a slight disagreement in the radial position which may be due to uncer-
tainties in the profiles entering the equilibrium and the CAS3D calculations. Good agreement

120 ! 1 1
- 1 T / T
L
a) 100& 1 1
i (2.1) ]
w 80‘_’ (3.1) T T
= s0f 1 i
G A ]
40£ — 1 +
204 + 3
0 ): N - ! P | N ] -
0 5 10 15 20 . 20
Radius (cm) Radius (cm)

Figure 3: Alfvén continua for low (a) and increased magnetic shear (b).
a) GAE mode (plotted bar) in the gap below the (3,1)-continuum.
b) TAE gap mode in the gap induced by coupling of to two continua with (Am, An) = (1,0).
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Figure 4: Mode structure found in shot #39042 from tomographic reconstruction.

a) Poloidal cross-section of the mode structure. The arrow marks the radial position, where the
m = 5 structure changes to m =6 (at rege = 9.5cm)

b) Radial distribution of Fourier-harmonics with m =5 and 6 from tomographic reconstruction.
The mode frequency in the laboratory frame is 47kHz.

was found for the frequencies, if the Doppler shift in the measured frequency due to poloidal
plasma rotation (-15kHz) is accounted for.

Taking the shear value in the TAE-case as a reference, with increasing shear first the for-
mation of a rational surface + = 2/5 = 0.4 is observed by the appearance of a pressure
driven mode, which exists in the presence of the TAE mode. Further increase of shear leads to
only weak mode-activity, that cannot be analysed anymore. With decreased shear (#39039 and
#39040 in Fig. 2), GAE modes with m = 3 or m = 5 were found in accordance with the expec-
tations together with additional mode activities. An attempt was made to excite TAE modes
with different mode numbers by changing the edge rotational transform. First results indicate
the presence of the TAE modes with the expected poloidal mode structure. These observations
demonstrate the close relationships between the structure of global Alfvén eigenmodes in stel-

larators and tokamaks. More studies are needed to
Fourier coefficients of normal displacement .. . .. e
GASID for W7-AS #38042, CASD frequenoy=5akHz explain in particular the conditions for the destabili-
zation of the different modes and their effect on the
fast particle confinement.
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Parameter Dependencies of Temperature Fluctuationsrand their
Correlation with Density Fluctuations in W7-AS
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Abstract Electron temperature fluctuations down to a level of 0.1% can be measured with correlation
radiometry of the electron cyclotron emission. The fluctuation spectra found can be characterized by two different
components below and above about 10 kHz, propagating into different radial directions with strongly differing
phase velocities. The high frequency component disappears under grad T, = 0 conditions and is in-phase correlated
with density fluctuations. The behaviour might qualitatively be understood in the frame of convective micro-
turbulence. Parameter scans of density, temperature and the gradients of these quantities show that the "universal
dependency" is on the local temperature: the temperature fluctuations normalized to the local temperature gradient

decrease with increasing temperature.

Introduction

The radial electron heat transport is assumed to be driven in part by fluctuations of density,
electric field, temperature and magnetic field. Temperature fluctuations at the plasma edge can
be measured using probes. Correlation radiometry of the electron cyclotron emission (ECE) has
made the measurement in the plasma core possible [1,2,3]. The sensitivity of a single ECE
radiometer channel to temperature fluctuations is limited by the inherent thermal noise (wave
noise) of the blackbody emission. The method developed at W7-AS [1,5] makes use of a pair
of identical multichannel radiometers viewing the same plasma volume with two Gaussian
beams symmetric to the horizontal midplane of W7-AS. Due to the observation along different
lines of sight, the thermal noise decorrelates. The relative sensitivity to temperature fluctuations
reached is about 0.1. The beam waist of a single sightline is about 2 cm. The resulting
sensitivity to poloidal wavenumbers is limited to kg < 3.5 cm~l. The radial resolution is
typically 0.5 cm, the temporal resolution about | MHz. The resolutions are sufficient to study
the fluctuations in more detail.

Parameter dependencies

The temperature fluctuation spectra consist of two components with different physical
properties [4]. A strong component below about 10 kHz propagating inward and a broad
component extending into the 100 kHz range propagating outward. The turbulent high
frequency component is assumed to be the oﬁe which might be transport relevant. A quantitative
analysis of transport is not possible due to the lack of information about the poloidal electric
field fluctuations and their phase relation to the temperature fluctuations. However as a first
attempt, parameter studies of the temperature fluctuation level have been carried out as the

electron heat diffusivity shows characteristic dependencies. In a series of discharges the radial



fluctuation level, i.e. the square root of the relative spectral fluctuation power integrated over the
frequency range 20-60 kHz, at 6 radial positions on the high field side of the temperature profile
(see Fig. 1) has been investigated for dependencies on discharge parameters.

Broad flat temperature profiles can be conducted in W7-AS by using off-axis power deposition
of the ECRH. In this case the temperature gradient vanishes in the radial observation region and
fluctuations above 20 kHz disappear completely [4,6]. The low frequency component is
unaffected by this measure.

The disappearance of the high frequency component would be expected if a turbulent mixing
process is assumed which exchanges plasma volumes on the scale of a mixing length. In this
case the turbulence, which itself might depend on local parameters, would only be observable
by a temperature diagnostic through a finite temperature gradient. Density fluctuations in the
observation region are not significantly affected by the flattening of the temperature profile.
Assuming this process, for all parameter studies the local fluctuation level has therefore been
divided by the local temperature gradient. |

Because of the clear dependence of energy confinement time on heating power, the fluctuation
level has been measured as a function of ECRH power in the range of 290 to 830 kW. As
found already earlier [7], the fluctuation level decreases with increasing heating power. This
result is in clear contradiction assuming a direct connection between transport and fluctuation
level. From drift-wave calculations an increase of the normalized temperature fluctuations with
the square root of Te is expected [8]. The power scan results in a local temperature variation of
700 to 2000 eV. Again the experiments are in contradiction to the expectations. The fluctuations
decraese with Te®, with o0 = -3/2 as shown in Fig. 1.
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Fig 1: Temperature (solid lines) and density (dashed lines) profiles for 3 different ECRH heating powers.
Temperature fluctuation measurements are conducted in the gradient region of the high field side as indicated in
the temperature profiles (left figure). The rms-value of the high ferquency component of the fluctuations
normalized to the local temperature gradient is decreasing with increasing local temperature.

Plasma turbulence depends on the electron density. With reflectometry measurements a decrease
of the density fluctuations with increasing density is observed. A density scan in the frame of
the temperature fluctuation studies has been conducted at constant heating power of 450 kW.
The relative temperature fluctuation level decreases with increasing density. Because of constant

heating power, besides the density profile, the temperature profile changes as well. Various




combinations of the local quantities temperature and density. i.e. pressure, pressure gradien:
and collision frequency were tested to look for dependencies of the local fluctuation level. No
clear correlation could be found. As before, the only dependency found is the temperature
dependency as given in Fig. 3 (left).

Higher densities lead to a stronger decrease of the fluctuation level with electron temperature.
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Fig. 2: The figures give the variation of the normalized temperature fluctuations as a function of the loca:
electron temperature. Increasing the electron density from 1.3 to 8.7 1019m73 increases the exponent of the Te-

dependence from -2 at low to -3.5 at high density (left figure).The right figure summarizes the results of a scan or
the edge rotational transform between 0.34 and 0.365. Under constant heating conditions the temperature profile

varies while the density profile is almost constant with a peak density of 8 1 019 m™3. The total stored energy
varies from 6.5 to 11.5 kJ. The fluctuations can be described by a "universal” dependence like Te‘] 2,

In W7-AS the confinement strongly depends on the edge value of the rotational transform. The
total stored energy can vary by a factor of two and more under otherwise constant conditions of
heating power and density. It is found that the lowest fluctuation level is found for plasmas with
highest confinement. This might be a hint pointing to a connection between turbulence and
transport. Unfortunately the profile of the rotational transform is not sufficiently known to plot
the local fluctuation levels measured against local values of the rotational transform. The
experiments are therefore interpreted as a variation of the local temperature under constant
density conditions. As in the power scan, all measured fluctuation levels decrease with
temperature in the same way as found in the power scan (Fig. 3 right).

The search for parameter dependencies is connnected with the question whether local or non-
local parameters determine the turbulence and the confinement. This question cannot be
answered finally. But it seems that the possibility to sort the measurements by temperature and
temperature gradient, points to local plasma parameters. Summarizing all scans, it is supposed
that the temperature fluctuations can possibly be described by a general law, which might
besides the temperature and density profiles be determined also by their gradient lengths and

other parameters characterizing the magnetic configuration and local shear etc.:
T, =VT, AT, n, Ly, Ly,...), Ae<l/TF, 1<a<3.5

However, besides the dependencies described, no other ones have been found. The temperature

dependency might be caused by increasing parallel heat exchange with increasing temperature.




Correlations with d(;nsity fluctuations

In a combined experiment of correlation radiometry and reflectometry where both diagnostic :
share the same lines of sight, correlations between density fluctuations and temperaturs
fluctuations have been found. The correlations are in-phase and are observed only for the higi-
frequency turbulent component of the temperature fluctuations (Figs. 3) and are only founc
under conditions where both diagnostics view the same plasma volume, as has been verified or:
a shot-to-shot basis by shifting the reflectometry postion along the density gradient. The
maximum coherenec found is about 0.3, probably due to the well known fact, that not all phase
fluctuations seen by the reflectometer are caused by density fluctuations. The correlation rapidly
deacrease with increasing distance between the observation volumes of reflectometry and ECE.
The in-phase correlation_s' of temperature and density fluctuations confirm the assumption of
convective turbulence: inward convection increase both temperature and density and vice versa.
respectively [9].
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Fig. 3: Results as obtained with the combined reflectometer correlation radiometer experiment. Correlation
between density and temperature fluctuations are found only for the high frequency component of the temperature
fluctuations above about 30 kHz (left figure). The correlations are maximum if the radiometer and the
reflectometer are viewing the same plasma volume and decrease rapidly with increasing distance (central figure).
In the common volume the density and the temperature fluctuations are in phase. The phase change with distance
reflects their radial propagation (right figure).
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Second Harmonic Hydrogen Heating on the Stellarator WT7-AS

D.A. Hartmann, G.Cattanei
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1. Introduction

Ion cyclotron resonance heating (ICRH) on the W7-AS stellarator has successfully
been demonstrated for a hydrogen minority in a deuterium plasma [1]. This heating
scheme, however, imposes severe restrictions on the torus wall condition since the heating
efficiency drops drastically for hydrogen concentrations larger than 10%. Thus an alter-
native heating method is desirable. Second harmonic hydrogen heating is such a means.
Using this heating scheme on W7-AS it was possible to sustain plasmas with ICRH alone
and to heat NBI target plasmas. The heating efficiency was about 20% worse than that of
hydrogen minority heating, but no significant impurity production was observed. Earier
attempts to heat ECRH generated hydrogen plasmas were not successful; most likely be-
cause the RF power was not sufficiently high to generate a tail in the hydrogen distribution

function.

2. ICRH only

Neutral beam (NBI) generated hydrogen start-up plasmas were successfully sus-
tained solely with ICRH for up to 250 msec at the second hydrogen harmonic. About
1.1 MW of radio-frequency (RF) power were applied to one antenna. Pulse duration and
maximum power were limited by arcs in the transmission lines. However, the approximate
500 kW power from the antenna, Pgp, (estimated from the change in antenna loading
resistance with plasma) were sufficient to obtain plasmas with steady-state values of elec-
tron density, n.(0) = 5 x 10 m™3, electron temperature, T,(0) = 300 eV and hydrogen
temperature T3 (0) = 600 eV. No increase in the bolometric signal was observed, thus
there was no rise in impurity concentrations. The time dependence of the major plasma
parameters of a typical shot is shown in Fig. 1. At higher densities steady-state could
not be achieved with the maximum available power.

At sufficiently high RF power this heating method does require neither an initial seed
nor a constant source of fast hydrogen. This is concluded from investigation of the time
evolution of the central hydrogen energy distribution shown in Fig. 2. The distribution
is measured with active charge exchange at an angle of 45° to the magnetic field lines. Az
t=200 msec when NBI is switched-off and ICRH is switched on, the plasma has not yet
reached steady-state and the hydrogen energy distribution is determined by the slowing
down spectrum of NBI. Within 25 msec the supra-thermal part of the distribution has
vanished due to the very short equipartition time with the still cold electrons. During
the following 50 msec the supra-thermal part slowly increases again following the rise

in electron temperature. Eventually at t=275 msec and thereafter the distribution is



steady-state.

This “bootstrapping” of the hydrogen energy distribution is confirmed by measure-
ments with a bandpass limited RF pickup probe. This probe is located toroidally opposite
to the antenna. It is an indicator for the absorption of the launched RF-wave: high signal
meaning poor absorption and vice verca. For second harmonic heating the absorption
should increase with the fraction of tail particles. It is found that the probe signal is
inversely correlated to the measured hydrogen flux at 2 keV.

The central hydrogen energy distribution agrees well with the steady-state solution
of the quasilinear equation [2]. That solution is shown as a solid line in Fig. 2. The calcu-
lation is based on an RF-power density of 0.6 W/cm3. This corresponds to a distribution

of the 500 kW radiated power over a volume about half of the plasma volume of 1.6 m3.

3. ICRH combined with NBI

ICRH at the second harmonic hydrogen frequency was applied to NBI target plas-
mas. With typical plasma parameters of n.(0) = 5 x 101¥m™3, T,(0) =~ Tx(0) = 450 eV
and 400 kW NBI, both electron and ion temperature rose by about 200 eV when 500
kW of radiated RF power were applied for 300 msec. The hydrogen tail temperature
rose from 7 keV to 9 keV with the In those experiments a small increase in bolometric
signal of about 50 kW was observed and could predominantly be attributed to an increase
in carbon radiation. The antenna was operated in 0 and in m—phasing. No substantial
difference was found either in the antenna coupling resistance or in the bolometric signal.

By comparison of the increase in diamagnetic energy, Wy;,, with established W7-AS
confinement time scaling it was found that about 70% of the ICRH power radiated from
the antenna were absorbed in the plasma. Fig. 3. shows the increase in diamagnetic
energy as a function of radiated RF-power at different densities. The solid lines are
calculated for the power dependence of the W7-AS confinement time scaling equating the
absorbed RF power, P;crg, to 70% of the radiated RF power.

In a series of modulation experiments the RF power was square-wave modulated
with frequencies between 2.5 and 200 Hz. A global confinement time model (dW/dt=-
W /74 Pgr) was fitted to the measured amplitudes of Fourier components of the diamag-
netic energy and to the phase shift between RF power and diamagnetic energy. « is the
absorbed fraction of the radiated power and 7 is the incremental confinement time. The
experimental results are shown in Fig. 4. The solid lines are the fit to the data with =0.5
and 7 =12 msec. The discrepancy of the absorbed power from scaling and modulation
measurements was also found for hydrogen in deuterium minority heating experiments.
It is not yet understood.

The radial electric field in the outer region of the NBI plasma is negative with
values up to -15 kV/m (measured passively on Bor). With ICRF it increases at fixed
radial positions up to -23kV. DKES [3] calculations, however, show a weak dependence of




the radial electric field on the radial ion flux. Therefore it is not possible to decide if fast

ion losses in the relatively large local mirror of W7-AS account for the missing RF power.

4. Discussion

Second harmonic hydrogen heating is a reliable means for heating of NBI plasmas
and for sustaining plasmas at medium densities for the W7-AS stellarator. Earlier at-
tempts to heat ECRH generated hydrogen plasmas were not successful. The available RF
power at that time was only about 40% of the power of these recent experiments. This
power was probably too low to generate and sustain a fast hydrogen tail. If so an increase
in the heating efficiency at higher power could be expected especially in the successor
experiment W7-X which should have better fast ion confinement.
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Introduction

In the stellarator W7-AS with plasma parameters close to the operational range of the
quiescent H-mode, edge localized modes (ELMs) appear as bursts of turbulence associated with
increased energy and particle flux across the last closed flux surface (LCFS) [1,2].
Confinement improves if the ELMs disappear and a quiescent H-phase is reached. In this phase
the spectroscopically measured poloidal rotation increases together with the edge gradients for
Ne, Te and Tj.

Outside the parameter range of the quiescent H-regime for a great variety of plasma
conditions relaxation phenomena are observed with characteristics similar to those of ELMs.
We compare these ELM-like transport events with standard ELMs and study their qualitative
dependence on the local plasma parameters and their possible influence on the quality of the

confinement.

Characterization of ELM-like events

An example of ELM-like events in a discharge heated with 380 kW of NBI is shown in
Fig. la. The magnetic configuration (edge rotational transform 1,=0.350, plasma boundary
defined by limiters) differs markedly from the operational range of the quiescent H-mode
(1,=0.525+0.005, separatrix conditions). Neither an increase of heating power nor of density
results in a quiescent H-mode. For comparison Fig. 1b shows typical ELM behaviour in a
stationary ELMy H-mode at 1,=0.523 with 400 kW of ECRH. The density is kept 10% below
the threshold to a quiescent H-mode. A subsequent increase of the density induces the transition
to the quiescent phase.

In both cases bursts of turbulence are correlated with a sudden loss of electron heat and
an increase of Hy-emission. If intervals between this events are sufficiently long to be
characterized (t > 200 ps) they appear like short H-phases, i.e. they show edge turbulence
identical to the one in the quiescent H-mode [2]. Together with ELMs as well as together with
the occurrence of ELM-like phenomena we observe periodic (10 - 30 kHz) but finite lifetime
fluctuations (100 - 300 ps) with a poloidal mode number m = integer(1a!) in both density




a) ELM-like events
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Fig. 1: Signals from Ha-emission, Mirnov coil (dominant coherent mode activity subtracted) and the outermost
channels of the ECE radiometer measured a) during 15 ms of a stationary NBI-heated plasma ( 15=0.350, limiter

configuration ) and b) during a stationary ELMy H-mode ( 15=0.523, separatrix configuration ). Some ELMs and
ELM:-like events are indicated by dashed lines.

and magnetic field [3,4]. This type of fluctuations is not seen during the quiescent H-mode. It is
localized within the first few cm inside the LCFS and extends deeper into the plasma only if the
pressure gradient is weak and confinement is poor. The temporal correlation of these
instabilities with the short increase of transport related to each ELM or ELM-like event is a
subject of further analysis. The magnetic precursor activity (f~400kHz) which has been
observed for ELMs [1] has not yet been investigated for ELM-like phenomena.

ELM-like phenomena and ELMs appear as transport events with increased electron heat
and particle flux across the LCFS. The flattening of the edge density gradient is observed with




beam emission spectroscopy and reflectometry. The immediate loss of electron heat is
characterized by a pivot point as shown by the ECE traces in Fig. 1. Whereas for ELMs this
immediate energy loss affects less than the outermost 4 to 5 cm of the main plasma in case of
the ELM-like events this region can extend up to 8 cm. In any cases, as a cohsequence of the
fast edge cooling, a cold pulse propagates towards the plasma center on a diffusive time scale.
This suggests that the inward propagating component of electron temperature fluctuations as
measured at W7-AS [5] results from ELM-like events of differing size.

Dependence on plasma parameters

ELM-like phenomena are observed for a wide variety of discharge parameters (edge
rotational transform, line averaged density) and different heating scenario with ECRH and NBL
Temperature and density profiles for the discharges used as an example in Fig. 1 are given in
Fig. 2. At1,=0.35, with parameters clearly different from the quiescent H-mode operational
range, the position of the pivot point of the ELM-like events varies within a few cm during the
discharge and in general tends to be more than 3 cm inside the LCFS (3 to 5 cm inside LCFS
for discharge in Figs. 1a and 2). The layer where the pivot point is observed is situated deeper
inside the LCFS in configurations where the pressure gradient is shifted correspondingly.
Single ELM-like events are more pronounced and more clearly separated from each other if
pressure gradients are steep. If the pressure gradient is generally low events tend to merge in
time and are less pronounced than in Fig. la.

This situation is clearly different for ELMs i.e. with operation parameters close to those
of the quiescent H-mode operational window: Pronounced ELM-activity occurs with a pivot
point that is mostly situated in a narrow layer approximately 3+0.5 cm inside the LCFS.
However, no pronounced maximum of the pressure gradient exists at this position (Fig. 2). A
steep pressure gradient develops right at this layer only after a quiescent phase is reached.

The dependence of ELM-like behaviour on the local temperature gradients has not yet
been systematically analysed. In ELMy H-mode discharges the ELMs become more

pronounced with increasing heating power and thus increasing temperature gradients. Below a
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discharges in Fig. 1. Thin lines correspond to the NBI heated discharge in la (#43715). For similar conditions
optimum energy confinement in W7-AS is observed [6,7]. Thick lines correspond to the ELMy H-mode in Fig.
1b (#43536). :



critical threshold power no ELMs are observed.

[n order to identify the underlying instabilities, a stability analysis with respect to
resistive and ideal interchange modes has been carried out for limiter dominated discharges
(1a=0.35) which show ELM-like phenomena. In a radial range of the strong pressure gradients
the NBI heated discharge in Figs. la and 2 is stable with respect to ideal interchange but
marginally unstable with respect to the resistive interchange criteria. However, ELM-like
phenomena are also observed in an ECR heated discharge with the same magnetic configuration
which is expected to be linearly stable.

Impact on Confinement

In the ELMy H-mode at a heating power of 400 kW the typical energy loss per ELM is
estimated from the profile changes to be <4% of the total stored energy at a typical ELM
repetition frequency of about 1 kHz. As the energy confinement time is 25 ms a substantial
fraction of the energy flux across the LCFS should be due to ELMs. Diamagnetic energy
increases by up to 30% if an ELM free state is established. If ELM-like events disappear while
other discharge parameters remain unchanged, an increase of the diamagnetic energy content of
more than 20% has been observed. These observations indicate that a significant amount of
energy flux is carried across the LCFS by ELMs or ELM-like events, respectively.

Conclusion

Both ELMs and ELM-like phenomena were found to be indistinguable with respect to
their appearance as a burst in turbulence together with a transport event. For limiter dominated
discharges at 1,~0.35 the width and the localization of the layer where during an ELM-like event
transport is transiently increased is correlated with width and maximum of the pressure
gradient. However, for the ELMs observed close to the H-mode window the increase of
transport occurs in a narrow layer where during the ELMy phase the pressure gradient shows
no distinct maximum. Strong gradients occur only if ELMs disappear and a quiescent H-mode
develops. Such the characteristics of both phenomena cannot be understood from the pressure
gradient as the only driving force. In addition, also the stability of the transport barrier which is
perturbed by the events will affect the behaviour of ELMs or ELM-like phenomena. These
stabilizing elements are expected to be different for ELMs, i.e. under the separatrix conditions

in the H-mode operational window and the cbnﬁgurations where ELM-like events occur.
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Abstract:

At W7-AS, confinement properties are analysed and compared mainly with
neoclassical predictions for quite different conditions. Low density ECRH
discharges allow access to the very long mean free path regime for electrons (7, up
to 6 keV) whereas pure NBI and combined NB/ECRH dischérges at high density
(T,= T, > 1keV at n, = 10° m™) lead to high performance (7, up to 50 ms).
Depending on the achieved temperatures, the experimental transport analysis in the
plasma core is consistent with the neoclassical predictions. The experimentally
observed “electron root feature with strong E_ > 0 is driven by the convective flux
of ripple-trapped suprathermal electrons generated by the ECRH absorption.
“Optimum® confinement is obtained in discharges with narrow density, but broad
temperature profiles with steep gradients in the region of low densities and strong E_
< 0 close to the plasma edge. The large radial electric fields, both positive and
negative, strongly reduce neoclassical transport. The achieved temperatures,
however, are limited by the strong temperature dependence of the neoclassical
transport.

1. Introduction

High temperatures are very important for the transport analysis in the stellarator long-
mean-free-path (Imfp) regime. For these conditions, neoclassical theory predicts an

unfavourable dependence of the transport coefficients on temperature. Thus, the transport




analysis in low-collisionality plasmas is suited best for the examination of the neoclassical

predictions.

Within the traditional neoclassical theory, the radial electric fiéld, E_, plays an
essential role in the confinement. A significantly improved confinement is predicted in the
very Imfp regime with strongly positive E, the “electron root“ [1] solution of the -
ambipolarity condition of the purely neoclassical particle fluxes. At W7-AS, this feéture is
predicted for the high power ECRH discharges with 7, >> T, and flat n, and T, profiles.
Furthermore, multiple roots of the ambipolarity conditions may exist leading to a
bifurcation problem which is quite similar to lst order phase transitions in non-linear
thermodynamics. For the highly peaked ECRH power deposition at W7-AS, however,
suprathermal electrons being trapped in the toroidal mirror in the launching plane are
responsible for an additional electron flux, I**”, which may be comparable with the
diffusive neoclassical ones and has to be included in the ambipc;lan'ty condition. The
equivalent convective énergy flux leads to a broadening of the “effective deposition

profile [2,3].

Close to the plasma edge at low temperatures, neoclassical theory fails. The
confinement in this region is dominated by “anomalous* transport driven by fluctuations
[4] as a hypothesis. Especially in W7-AS with the fairly low vacuum shear, the
confinement properties depend sensitively both on the value of the rotational transform
(rational values of + can lead to confinement degradation) and on its shear, *’ =d+/dr
[5,6]. For the “optimum® confinement discharges with narrow density and broad
temperature profiles, fairly large negative E, are measured [7-9] at outer radii which
indicate very strong shear in the E x B poloidal plasma rotation close to the plasma edge.

In the picture of fluctuation driven transport, both the magnetic shear + ’, as well as the

'
ro

poloidal rotation shear, E ', are expected [10] to decrease the radial correlation length of
the fluctuations and, as a consequence, to reduce anomalous transport. However, the link
between the spatial-temporal structure of the fluctuations and the driven transport is not

clear yet.




2. ECRH-driven “electron root‘ feature

Strongly positive radial electric fields have been measured at W7-AS in low
density discharges at high ECRH power levels. The electron temperature profiles are
highly peaked (with 7,(0) up to 6 keV) [11], whereas the ion temperature (only several
100 eV) and the density profiles are flat. The finding of the strongly positive E, is related

to an additional peaking of the central T, profile indicating improved electron energy

confinement. The corresponding experimental electron heat conductivity ¥, (from power

balance) is much lower than the neoclassical one if E, is not taken into account; see [9].
This feature is shown in Fig. 1 for a density scan with 1.2 MW ECRH power launched
into the W7-AS “standard” configuration with a local minimum of the magnetic ripple
leading to a significant fraction of trapped particles. Whereas 7, in the central “electron

root“ region decreases with increasing density, the T, profile at intermediate radii is nearly

independent on n,. Thus, the 1/v-scaling of the neoclassical electron transport in the outer
“jon root* region with moderate E, is directly confirmed.

For establishing the “electron root* feature, ECRH power and density thresholds
have been found. These thresholds depend on the specific magnetic configuration, i.e. the
fraction of trapped particles in the ECRH launching plane plays the dominant role. For
example, the equivalent density scan with 1.2 MW in a “low mirror” configuration (i.e.,
much lower fraction of trapped particles in the ECRH launching plane) shows the
“electron root” feature only at the lowest density of about 1.7 - 10" m™. For the W7-AS
“standard* configuration (i.e., a significant fraction of trapped particles exists in the
ECRH launching plane) the additional peaking of the central T, (r) together with strong E,
> 0 were found at the lowest densities of about 1.7 - 10" m™ even at ECRH powers as

low as about 400 kW.

The transient response of the central 7, when the ECRH power is reduced is

shown by the ECE time traces in Fig. 2. At this density (3.5 - 10" m™), the power



threshold for maintaining the “electron root* feature is between 400 kW and 800 kW. If
the power is decreased below this threshold, the central peak of the 7, profile decays

much faster than in the intermediate part of the profile which is determined by the “ion
root“ E . If the non-local (convective) radial flux, [,***", of ripple-trapped suprathermal
electrons contributes significantly to the ambipolarity condition, thus driving the “electron

root* feature, the strongly positive E, should decay on the VB-drift time scale (several 10

us if the @E, /0t term is ignored). Then, the neoclassical heat diffusivity increases nearly
instantaneously to the “ion root™ level.

These conclusions are fully consistent with the fast transitions in the electrostatic
potential profile measured with the heavy ion beam diagnostic at CHS; see [12]. In these
experiments, both the density and the electron temperature, but also the ECRH power is

much lower. Nevertheless, the observed spontaneous transitions in the radial electric field

are very fast at CHS: the decay time of the strongly positive E, is less than 100 ps. Also at

W7-AS, spontaneous transitions in the “electron root* feature are indicated by the ECE

data [11]. With slightly off-axis power deposition (close to the threshold in a B-scan) at

low density and 1.2 MW power, the highly peaked T, disappeared within 300 ps. In

addition, to establish the “electron root* feature needs about three times longer which

corresponds to the CHS findings in spontaneous transitions [12].

3. “Optimum* confinement with narrow density profiles

In high power purely NBI or combined NBI/ECR heated discharges, narrow
density profiles in combination with steep temperature gradients and large E, < 0 close to

the plasma edge, where n, becomes very small, are found. For this type of discharges,

carried out at a rotational transform of + = 1/3 and shifted by a vertical field onto the

inboard limiters, “optimum® confinement properties are found [7,8,13] with T, > T,up to




1.5 keV and 7, exceeding the ISS95 scaling [14] by at least a factor of 2. The

experimental particle fluxes as well as-the ion and electron energy fluxes are in good
agreement with the neoclassical predictions up to 70% of the plasma radius. Furthermore,
the predicted E, obtained from the ambipolarity condition of the neoclassical fluxes is
consistent with the experimental findings [9,15] even at the outer radii where the
ambipolar neoclassical fluxes become very small. The measured steep outer temperature
gradients (with T, = T, within the experimental errors) allow for temperatures such high
that neoclassical transport with its strongly rising temperature characteristic limits the bulk

confinement. At the low outer densities, the strong steepening of the temperature profiles

is consistent with a heat diffusivity 3 only weakly dependent on density, i.e. X is not

proportional to 1/n, as found in [16]. For a fixed heating power the outer energy flux

QO = —nyT’, allows for the high T” at low n.

Good wall conditioning and very low recycling are mandatory to obtain the
narrow density profiles, see Fig. 3, and to provide global density control even for high
NBI power levels (with a particle source strength of up to 2.5 - 10% /s) [7,8]. For NBI
heated discharges under unfavourable recycling conditions, however, much broader
density profiles and significantly lower temperatures were obtained; see Fig. 3 (dashed
line). These different profiles have been obtained with different plasma limitation
scenarios: (1) by symmetrically placed inboard limiters and (2) by movable limiters placed
on top and bottom in the significantly elongated (“elliptical®) planes. The two cases
provide quite different recycling conditions. It is interesting to note that at the elliptical
cross section the flux surface radial expansion is large so that the recycling fluxes for the
top and bottom limiters are located at the very outside of the plasma. For the inboard
limiters, however, flux expansion is much smaller, ‘and, consequently, the neutrals can
penetrate much deeper into the plasma thus leading to narrow density profiles (“density
profile peaking“) [17,18]. Moving the top and bottom limiters inward or applying a
vertical magnetic field B, allows to change from one limiter setting (inboard) to the other

(top and bottom). In the latter case a broadening of the density profile relative to the




limiter position and a flattening of the temperature profile is observed. Eventually the
density control gets lost if the contact to the inboard limiters disappears and the top and
bottom limiters are the main limiting components. Once “optimum‘ confinement with
narrow density profiles has been established it turns out to be very robust: even gas
puffing, e.g., increases the central density, but does affect neither the density control nor

the profile width.

Particle ba»iénce analyses clearly indicate [16,19,20] that the particle diffusivity at
outer radii increases significantly with decreasing density. Then, for the narrow profiles
with very low edge densities, the outer particle flux (being limited by particle sources at
inner radii) determines the shape of the outer n, profile. For the broad density profile, on
the contrary, the flux increases with radius (the outer particle sources decay strongly with
distance from the limiter). Thus the density profile roughly reflects the outer particle
sources which, in turns, depend on the density profile. The particle fluxes at the plasma
edge as found from the DEGAS and EIRENE code simulations [21,20] are by a factor of
about 2 higher and decay much faster with distance from the limiter in the case of the
broad density profiles compared to the narrow ones, see Fig. 4, right plot. Moreover, the
outer (narrow) density profile is - within the experimental errors - independent of both the
central density and the heating power. This result (see Fig. 3) supports the simple picture,
that the shape of the density profile depends mainly on the recycling conditions,
determined by limiter position and material composition. However, since the “optimum"
confinement regime with narrow density profiles, establishes under NBI heating

conditions central fuelling (by NBI) also contributes to the density profile peaking [13].

As a further aspect, the role of “edge physics™ on the density control is briefly
discussed. For the broad density profile of Fig. 3, no global density control was obtained
and the central refuelling by NBI could not be balanced by the particle fluxes, i.e. the bulk
density rises in time. In equivalent discharges with additional ECRH [16], global density
control was obtained only for Pyegy = Pygi- As the ambipolar neoclassical particle fluxes

are dominated by the electrons, the additional ECRH leads to an increased 7, which in




turn allows for higher particle fluxes. This picture might simply explain these early

experimental findings (“ECRH density pump out®).

For “optimum® confinement discharges with narrow density profiles, the
temperature gradients at the outer radii are fairly steep (with 7, = T;) and reflect the heating
power; see Fig. 3. At about 2/3 of the plasma radius, the temperature flattens due to the
strong temperature dependence of the neoclassical transport. Whereas the particle as well
as the energy fluxes are in good agreement with the neoclassical predictions in this bulk
part, the broad density discharge is different: the experimental heat fluxes from the energy

balance are by a factor of about 2 larger than the neoclassical ones.

In order to separate the effect of a narrow density profile and the formation of the

steep temperature gradients close to the plasma edge, an “H-mode* discharge under clear

separatrix conditions (at + = 0.52) and with pure NBI heating was established. After the
density-ramping phase (by applying a sufficient gas pulse), a “quiescent H-mode* phase
with a broad density profile, but fairly low temperatures déveloped; see Fig. 5. Also for
this case, the neoclassical prediction for the energy fluxes is too 10§v compared with the
power balance. In a further transition phase (between 0.32 s and 0.36 s), the density
profile narrows and the regime of “optimum® confinement with narrow density profiles,

as described above, develops with the identical features of the NBI discharges with

contact to the inboard limiters at + = 0.34 (H-NBI regime reported in [13]; see also Fig.
3, dotted lines). A sequence of spontaneously evolving huge ELMs may lead to a strong
particle pump out at the edge and allow for the transition to the state with the narrow
density profile. This ELM activity in the transition phase is located very close to the
separatrix (only found in the outer interferometry channel). Within this transition phase,
despite of energy losses associated with the ELMs, a broad temperature profile with steep
gradients at the outer radii establishes within about 20 ms which is comparable to the
energy confinement time. After the strong ELM activity has disappeared, the central
density continues to increase (loss of the density control with NBI fuelling leads to the

cut-off in the ECE measurements of 7,), but also the profile further narrows. In this



“optimum‘‘ phase, the bulk energy transport is again in agreement with the neoclassical

prediction.

In a quite different experimental scenario with an edge value of %+ close to a

critical one (0.34 < + < 0.36) [5,20] with a strong effect on the global confinement
properties, the link between the density profile broadness and the steepening of the outer
temperature profile is also observed. In these ECRH discharges (400 kW atn, = 6 - 10"
m™) shifted onto the inboard limiters, the density is controlled by external gas puffing

leading to higher edge particle fluxes compared to the NBI discharges without strong gas

feed. Depending sensitively on the rotational transform at the edge, +,, a quite similar
feature of narrow (broad) density profiles and steep (flat) edge temperature gradients
develop [20]. EIRENE code simulations indicate an increased edge particle flux (by about

50%) for the broad density profile.

In summary, different experimental cases have been described with a close
correlation between narrow density profiles with reduced particle edge fluxes and superior
energy confinement with broad temperature profiles. The role of “edge physics in terms
of limiter versus separatrix, limiter location and conditioning but also ELM induced edge

density pump out has been considered as well as central beam fuelling.

Generally, the narrow density profiles with fairly high temperature in the n,-
gradient region where neoclassical transport prevails, lead to rather high radial electric
fields [8,9,13]. Only close to the plasma edge, the measured E_ are even stronger than the
ambipolar neoclassical prediction. For these strongly negative E, however, the traditional
neoclassical ordering fails [22]. On the other hand, additional convective contributions
due to the low density and high temperature (direct losses of ripple-trapped ions) may also
contribute to the ambipolarify condition (i.e., E_ becomes more negative). As an example,
for the broad density profile shown in Fig. 3, the neoclassically predicted E, is much less
pronounced; see Fig. 4. For the “H-mode* phase and the “optimum® confinement with
narrow density profiles in the separatrix discharge of Fig. 5, the neoclassically predicted

and experimental E_ support this picture. However, the E, are less negative and the




difference between both phases is less pronounced compared to the limiter examples of
Fig. 4. For “optimum* confinement conditions the shear in the outer E,, i.e. the velocity
shear in the poloidal plasma rotation, is very large which might affect the anomalous

transport.

4. Behaviour of Fluctuations

Density fluctuations in the plasma edge and their radial structure are measured by a
Lithium beam (LiB) diagnostic with a radial resolution of 0.5 - 1 cm [23]. Their poloidal
propagation properties are observed with a reflectometer using the Doppler shift of the
reflected radiation measured under a finite poloidal tilt angle of the antenna [24]. The
spatial structure of MHD modes is obtained from a 10-carne;a miniature soft X-ray
system (MiniSox) [25]. A poloidal arrangement of 16 Mirnov coils allows the singular
value decomposition (SVD) of the magnetic fluctuations and thus the reconstruction of the
poloidal and temporal structure of different signal components [26]. A combined analysis
of the signals from LiB and Mirnov coils reveals a significant correlation between several
Lithium light channels inside the last closed magnetic surface (LCMS) and the Mimov
signals [27]. Thus, in most discharges (both ECR and NBI heated, exception: the
quiescent "H-mode") a fluctuation feature with a rather broad frequency distribution

around 10-30 kHz is observed. As the typical correlation time of this fluctuation is 50-100
us, i.e. it contains a few oscillations only, it will be called incoherent in the following (it
was called burst-like in [27]). The SVD shows a propagation of this feature in electron

diamagnetic drift direction and an m = integer (I/%,) poloidal mode structure.

Correspondingly, the poloidal "wavelength" of this incoherent feature is about 30-40 cm.
With the parallel wavelength being very large (k; = 0) this implies, that this feature is
“resonant” to the low order rational values of the + profile. The radial extent should be

dependent on the magnetic shear at the “resonant” surface as well as on the shear of the

poloidal rotation, i.e. E, .




In addition, in NBI and combined NBI/ECR heated discharges, a dominant
fluctuation component with a very narrow peak in the frequency spectrum at 25-40 kHz
can show up, see Fig. 6, upper left plot. This coherent mode activity is identified as
Global Alfvén Eigenmode (GAE) [28,29]. These modes are excited by resonant energetic
ions from the mainly tangential NBI and propagate in the ion diamagnetic direction. Both,
the frequency and the poloidal mode structure as derived from soft X-ray tomography

agree with the predictions based an the Alfvén gap structure, and are very sensitive to the

t profile. It seems to be unlikely that these GAE modes significantly affect the
confinement properties at W7-AS for the following reasons: The eigenfunction of the
GAE modes peaks typically within 70% of the plasma radius [28] where neoclassical
transport dominates for the “optimum® confinement. Furthermore, the Mimov coil data

indicate a fairly low amplitude: an upper limit at the “resonant” surface is estimated to

be B/B < 107, Compared to the incoherent feature, the correlation time of this GAE
activity is rather large (0.5 ms to 2 ms).

For the NBI heated discharge of Fig. 6, the GAE mode activity strongly disturbs
the interpretation of the LiB data. For fairly similar ECRH discharges (see also Sect. 3),
however, this analysis is reliable since no GAE activity is driven. In general, high
correlation with the Mimov coil data is observed [27] indicating that the incoherent
feature is localised close to the plasma edge. Although the density fluctuation amplitude is
very similar inside the LCMS for “optimum® and “degraded confinement, the radial
correlation length is shorter for the “optimum® confinement conditions. At low densities
where only a small radial electric field is expected, however, these incoherent fluctuations
can even disappear without affecting the confinement [27].

When comparing the coherent and incoherent fluctuation components between
conditions with "optimum" and “degraded confinement (equivalent to the discharges
discussed in Sect. 3), we note that at "optimum" confinement the average frequencies of
both features are larger than at degraded confinement, whereas their correlation times are

reduced, i.e. their frequency spectra broaden (see Fig. 6, left part).
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The Doppler shift of the reflectometer signals reflected at density structures a few
cm inside the LCMS increases strongly with the improvement of confinement. These
observations can be explained by an increased poloidal propagation velocity of the density
structures and/or a decrease of their poloidal wave vectors. Fig. 6 (right part) compares
the radial profiles of E. obtained from spectroscopy under "optimum" and “degraded™
confinement conditions. As the poloidal propagation velocity of the perturbations and thus
the measured frequency of fluctuations is affected by the poloidal Ex B velocity, the
strongly negative E. could be an explanation for the higher frequencies observed with
"optimum" confinement. In addition, the larger E, is connected to a larger radial E,
shear. The corresponding shear in the poloidal E x B rotation can reéduce both, the radial
correlation length and the correlation time, thus reducing the radial extension of this
incoherent feature.

As a reduced correlation time and radial extent of fluctuations is often thought to
be associated with reduced anomalous transport, such a relation is conjectured here. It
should be kept in mind, however, that a knowledge of the amplitude, correlation lengths
and correlation time of density or magnetic fluctuations is not sufficient to determine the
turbulent E X B transport. For an estimate of the fluctuation driven transport, information
on electric potential or field fluctuations and their correlation and phase with the density
fluctuations would be required in addition, information we are lacking for the confinement
region. On the other hand, even if the two features discussed here were not directly
responsible for the anomalous transport at the edge of W7-AS, those fluctuation
components which are responsible, might well be subject to the ‘same decorrelation

mechanism due to the radial electric field shear as discussed above.

5. Conclusions

Neoclassical theory is confirmed by the experimental transport analysis in low-

collisionality W7-AS plasmas, i.e., if the bulk plasma has sufficiently high temperatures.
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This conclusion holds for the ion and electron heat conduction as well as for the particle
transport. Also the predicted ambipolar electric field is consistent with experimental
findings (except when the strongly positive “electron root“ is predicted). Based on purely
thermal neoclassical particle fluxes, the ambipolarity condition typically predicts these
strongly positive E_ (“electron root”) in low density ECRH plasmas which is not
consistent with the experimental findings [30]. Only for special conditions, where a
significant amount of the ECRH power is absorbed by ripple-trapped electrons, do the
ECRH generated suprathermal electron fluxes lead to the strong E_ > 0. In this sense, an
ECRH driven “electron root“ feature was found at W7-AS (with T, (0) up to 6 keV).
However, the basic assumption of the conventional neoclassical theory (E. small) is
violated for ions (and impurities) by very large E,. In the case of higher density, the radial
electric fields are typically slightly negative allowing for the conventional neoclassical

approach.

Global confinement properties are strongly dependent on the broadness of the
density profiles and the recycling conditions. Only for narrow density profiles steep

temperature gradients develop in the region of low densities leading to “optimum‘ energy

confinement (maximum 7). Strongly negative E, connected with strong E x B shear are

measured at the outermost radii affecting the observed fluctuation features.

With respect to the next generation large stellarators with higher temperatures,
neoclassical theory seems to be a reliable tool for the analysis of the main part of the
plasma. The role of the radial electric field on reducing the neoclassical transport
coefficients in the Imfp regime is experimentally confirmed both for the ions and for the
electrons in further optimised stellarators. The edge region, i.e., the density gradient
region, will be of similar size in larger devices and may play a minor role for the global
confinement properties. However, two aspects need further clarification: the role of
recycling and external pumping (walls, limiter and divertor) on the density profile control,

and the fluctuation driven anomalous transport close to the plasma edge.
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Figure Captions

Fig. 1 Electron density and temperature profiles for density scan at Pgepy = 1.2 MW (at
140 GHz X-mode launching) for the W7-AS “standard” configuration. Equal symbols

and lines chosen for equal discharges.

Fig. 2 Time traces of the electron temperature measured by the ECE diagnostic (central
ECE channels) for the discharge at n, = 3.5 * 10" m™ in Fig. 1. The ECRH power is
reduced from 1200 to 800 kW (left) and from 800 to 400 kW (right).

Fig. 3 Electron density and temperature profiles for “optimum‘ confinement conditions at
different density and heating powers with pure NBI and combined NBI/ECRH (solid line:
NBI, 1350 kW, combined with ECRH, 750 kW; dot-dashed line: NBI, 1300 kW,
combined with ECRH, 350 kW, dotted line: 450 kW, pure NBI). A discharge with
“degraded* confinement is given as reference (dashed line: 850 kW pure NBI).

Fig. 4 Left: The radial electric field profile from neoclassical prediction and from the
poloidal rotation measurements for the “optimum® confinement discharge (solid line:
neocl. predict., and full dots: measurement) and for the “degraded* confinement (dashed
line: neocl. predict.) corresponding to discharges in Fig. 3 (also solid and dashed lines).
Right: The corresponding “experimental particle fluxes as derived from EIRENE code
(dot-dashed line for the “optimum* confinement discharge) and DEGAS code (dotted line
for the “degraded“ confinement) calculations compared to the neoclassical predictions

from DKES code (solid and dashed, respectively).

Fig. 5 Contour plots of density (left, from Li-beam) and of electron temperature (right,
from ECE) vs. radius and time. The “quiescent H-mode®, the transition and the

“optimum‘ confinement phase$ are indicated.

Fig. 6 Left: Comparison of the spectra of coherent (upper left) and incoherent (lower left)

0B/ 9t singular value decomposition (SVD) components between a discharge with
“optimum* confinement (full lines) and degraded (dotted lines) confinement. Right: The

corresponding radial electric fields measured by spectroscopy for “optimum® confinement
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(full symbols and line) and degraded (open symbols and dotted line) confinement, the

radial position of the limiter is indicated within the spatial uncertainty.
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Fig. 1 Electron density and temperature profiles for density scan at Py = 1.2 MW (at

140 GHz X-mode launching) for the W7-AS “standard“ configuration. Equal symbols

and lines chosen for equal discharges
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Fig. 2 Time traces of the electron temperature measured by the ECE diagnostic (upper 2
lines: central ECE channels (“electron root feature), and lower lines: ECE channel at
intermediate radius (“ion root*), respectively) for the discharge at n, = 3.5 - 10" m™ in
Fig. 1. The ECRH power is reduced from 1200 to 800 kW (left) and from 800 to 400 kW
(right).
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Fig. 3 Electron density and temperature profiles for “optimum® confinement conditions at
different density and heating powers with pure NBI and combined NBI/ECRH (solid line:
NBI, 1350 kW, combined with ECRH, 750 kW; dot-dashed line: NBI, 1300 kW,
combined with ECRH, 350 kW, dotted line: 450 kW, pure NBI). A discharge with

“degraded* confinement is given as reference (dashed line: 850 kW pure NBI).
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Fig. 4 Left: The radial electric field profile from neoclassical prediction and from the
poloidal rotation measurements for the “optimum® confinement discharge (solid line:
neocl. predict., and full dots: measurement) and for the “degraded” confinement (dashed
line: neocl. predict.) corresponding to discharges in Fig. 3 (also solid and dashed lines).
Right: The corresponding “experimental particle fluxes as derived from EIRENE code
(dot-dashed line for the “optimum® confinement discharge) and DEGAS code (dotted line
for the “degraded” confinement) calculations compared to the neoclassical predictions

from DKES code (solid and dashed, respectively).
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Fig. 5 Contour plots of density (left, from Li-beam) and of electron temperature (right,
from ECE) vs. radius and time. The “quiescent H-mode“, the transition and the

“optimum confinement phases are indicated.
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Fig. 6 Left: Comparison of the spectra of coherent (upper left) and incoherent (lower left)

dB/Jt singular value decomposition (SVD) components between a discharge with
“optimum* confinement (full lines) and degraded (dotted lines) confinement. Right: The
corresponding radial electric fields measured by spectroscopy for “optimum® confinement
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Introduction: The understanding of the particle transport in fusion devices is as impor-
tant as the understanding of the energy transport. The particle transport is less studied
than the energy transport due to larger experimental difficulties. In particular, perturba-
tive particle transport experiments have the problem that both the production of density
perturbations and accurate measurements of small perturbations in the plasma density
are difficult to obtain.

The earlier experimental knowledge of the transport in the bulk plasma in the W7-AS
stellarator has been based on transport studies made with equilibrium methods (particle
balance) [1-3]. According to these studies the diffusion coefficient depends inversely on
density and increases with heating power. The density dependence leads to an increase
of the diffusivity in the plasma edge region. The particle balance method however does
not separate between diffusive and convective fluxes.

A 10-channel microwave interferometer [4] was build at W7-AS for advanced time depen-
dent particle transport investigations, which allow for a separation of diffusive and con-
vective contributions to the particle transport. This paper reports on extensive transient
particle transport studies carried out with the multichannel interferometer. The density
perturbations were produced by modulating the gas feed to the plasma, as described in

[5].

The method: Electron density perturbations were produced by modulating the particle
source. The signal driving the gas valve was modulated sinusoidally which produced a
harmonic perturbation propagating from the plasma edge to the center. Because the main
particle source in W7-AS comes from the limiter, the perturbation of the source was small
providing a density perturbation of 1-5 percent of the local density.

The 10-channel microwave interferometer measured the line integrals of the electron den-
sity. The electron density perturbation, i.e. the Fourier-coefficients of the density at the
modulation frequency, are determined from the line integrals by inverting the real and
the imaginary part separately with the inversion method described in [6].




In order to model the propagation of the density perturbation we solved the radial, Fourier-
transformed particle transport equation [5]:

wn(r) = (%b—a;r) <—D%ﬁ(r) + Vﬁ(r)) + P(r). (1)
Here r is the radius, w is the gas puff modulation frequency, and thus the frequency of the
harmonic perturbation propagating in the plasma. 7 is the electron density perturbation,
i.e., the Fourier-transform of the density at the gas puff modulation frequency w. D is
the diffusion coefficient and V is the convective velocity (if the sign is negative it is an
inward directed pinch). P is the modulated perturbative electron source simulated with
the Monte-Carlo code EIRENE [7].
The measured complex perturbation profile is fitted with the simulated perturbation pro-
files solved from Eq. (1) by varying the transport coefficients D and V. The diffusion
coefficient was a constant independent of the radius and the convective term was modeled
with the expression V = (a/(1 + exp(—(r + b)/c)) + d)(r/Tsoundary). To summarize, D
had one parameter and V four: a,b,c,d. Increasing the amount of the parameters of
D overparametrized the fitting problem. A fit example is illustrated in Fig. 1 and the
resulting transport coefficients are sketched in Fig. 2. Note, that the inward convection
occurs at the radial region where the amplitude grows in the direction of the propagation.
This cannot be explained without an inward convective term.

Results: We carried out scans in the electron density (line averaged density n = 0.5...3%
10'® m~3, which equals to 1...6x10'® m™ peak density), ECH heating power Prcr =
180...470 kW, and the magnetic field B = 1.25 T and B = 2.5 T. The rotational transform
¢ was always approximately 1/3 and the separatrix at 0.17 m. The regression analysis of
the results from nearly 50 discharges gives a scaling for the transient particle diffusion
coefficient of the form:

D = (084 + 0.05)7’1,6_1'18:}:0'13T£'69i0'22B—0'51i0'22. (2)

Here n. is the central electron density in 10'® m™3, T, is the central electron temperature
in keV and B is the toroidal magnetic field in T. The resulting dimension of D is m?/s.
The scaling is not valid in the region r > 0.12 m. The transport in the outer region is
driven also by the convection and therefore the diffusion coefficient in that region is not
well defined (we fitted constant D). Since only two interferometer channels go through
the plasma center, the scaling might not be relevant at r < 0.05 m.

The earlier particle balance diffusion coefficient scalings in WT7-AS are as follows. Ref.
[1] reports power degradation of the diffusivity and that the doubling of the magnetic
field makes D three times smaller. In [2] (an edge transport study) D scales like 1/(nB).
The temperature dependence was only marginal. In [3] D ~ 1/n® or D ~ 1/(nT.) was
not distinguishable. Our density dependence agrees with all these studies, but there




are differences in the temperature and magnetic field scalings. These differences can e
commented in two ways. The particle balance studies are mainly valid in the outer region
where our scaling is not valid. Furthermore, particle balance studies give in fact scalin:gs
of the total particle flux and not diffusion coefficient. Therefore the existence of a pinch at
the boundary most likely causes this difference. Secondly, equilibrium and perturbation
scalings may differ, if D depends e.g. on Vn. Altough we did not see difference in omr
density scalings (see below).

In the inner plasma, the convective flux is negligible compared with the diffusive flux (in
the example case Fig. 2, r <0.12 m), only in the outer plasma r >0.12 m the convection
plays important role.

We did not find any clear dependence for the convective coefficient in the edge on plasma
parameters. The magnitude of V at the outer region was typically -10 to -100 m;, s.
However, there is a relation between the radial point up to which the pinch is active
(b in the model of the convection coefficient) and the radial point R, where the densitv
gradient region ends. This is illustrated in Fig. 3. The values for R, were calculated
from density profiles measured with Thomson scattering, thus independently of the multi-
channel interferometer. The correlation found is a clear evidence that the density gradient
in WT7-AS is driven not only by the particle source but also by the inward convection.
The inward convection might be driven by e.g. the turbulence in the outer plasma region.

Outward convection: Outward convection was detected with an ECH power > 600
kW in shots with a hollow density profile. The analysis was not possible without a
significant outward convective term in the inner plasma. With ECH of 1.3 MW, the
density perturbation peaked at the plasma edge and could not propagate into the plasma.
The opposite could be expected since the particle balance studies [1] with ECH power
degradation predict a large diffusion coefficient D and hence a fast propagation to the
center. With a large D, the data can be explained only if V is outward directed. A
natural explanation for the outward convection is the neoclassical VT'-term. Therefore
we speculate, that the inward pinch might exist also in the inner plasma but is cancelled
by the VT-driven outward transport for the smaller ECH powers.

Comparison with the equilibrium transport coefficients: The equilibrium trans-
port coefficients can be calculated from the simulated equilibrium source profiles (EIRENE)
and the measured electron density profiles. A comparison between the perturbative and
equilibrium particle diffusion coefficient is illustrated in Fig 4. The ECH power was 470
kW, the magnetic field 2.5 T, ¢ &~ 1/3, and 7=1,2 and 3 x10'® m~3 (the middle density
is shown). The coefficients agree within the error bars in the region not affected by the
inward convection for all three densities.
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Abstract
The access to overdense plasmas (>N, .0fr) for both, the electron Bernstein (EB)

wave heating and the EB-wave diagnostic via the O-X-B mode conversion window
was succesfully demonstrated at W7-AS. In the EB-wave heating experiments clear
evidences for both mode conversion steps were detected and resonant absorption
with a narrow profile was demonstrated. Also the inverse process, the EB-wave
radiation of an overdense plasma was measured with an oblique viewing angle. The
spectrum consists of a local cyclotron emission part and a nonlocal broadband high
frequency part. Edge temperature perturbations excited by carbon injection were
used to demonstrate the relation between frequency and position of emission.

Since for EB-waves no density limit exists, the operation window of the electron
cyclotron heating and diagnostic could be extended to densities above the cutoff
density.

Introduction

Electron cyclotron waves (EC-waves) are used in plasma physics for manifold
purposes. Examples are EC-heating, EC-diagnostic, interferometry, polarimetry and
reflectometry. All these applications have in common that they make use of
electromagnetic waves and therefore are limited by the plasma cutoff density.

Besides the well known electromagnetic EC-waves, there also exist an electrostatic
EC-wave, the electron Bemstein wave (EB-wave). For this wave no upper density
limit exists, but propagation is only possible above a threshold density. Therefore
EB-waves cannot be excited from the vacuum, but have to be generated via mode
conversion from the electromagnetic waves. One possible way for this is the so called
O-X-B process, which was proposed by J. Preinhaelter and V. Kopecky for
electron cyclotron resonance heating [1] and which was recently demonstrated for
fusion plasma heating in [2]. This process is a general physics phenomenon of EC-
waves propagating in hot magnetised plasmas, such as ionosheric or fusion plasmas.
Here O, X, and B represent the ordinary, extraordinary and the electron Bernstein
modes. As shown in Fig. 1 the transverse refractive indices Ny of the O-wave and



X-wave along a wave trajectory in a density gradient are connected at the optimal
launch angle ¢ without passing a region of evanescence (N, 2<0) at the O-mode
cutoff. Here in a first step an O-wave is converted into a slow X-wave. In a second
mode conversion step an EB-wave is generated from the slow X-wave at the upper
hybrid resonance (UHR), where the X-mode branch of the solution of the hot plasma
dispersion relation is connected to the electron Bemstein branch. For EB-waves no
density limit exists, they propagate towards the dense plasma center where they are
absorbed by cyclotron damping. Both mode conversions are reversible, thus the B-
X-O process can also take place. The mode conversion process requires an optimal
parallel component N} of the refractive index vector, or equivalently, an oblique
launch angle ¢ for heating or a detection near an optimal angle ¢ for EB-wave
emission (EBE). Further a plasma density above the O-wave cutoff and a frequency
above the first cyclotron harmonic in the plasma. Since at the cyclotron resonance the
plasma is optically thick for the EB-waves, it is a black body emitter for EB-waves
the same as it is for electromagnetic EC-waves below the cutoff density. But in
contrast to the electromagnetic waves for the EB-waves it is generally not possible to
leave the plasma since they have a density threshold for propagation at the UHR,
which totally encloses the inner part of the plasma. Indeed at the UHR they can be
converted into slow X-waves but these are also not able to leave the plasma and are
backconverted to EB-waves at their next contact with the UHR surface. The EB-wave

radiation is trapped inside the plasma like in a hohlraum. Except for those EB-waves
which were born  with an optimal N (parallel to the magnetic field) for the B-X-O

process or for those EB-waves which had achieved such an /N component on their
way in the plasma by scattering or magnetic configuration effects like the field line
curvature. The optimal N or the optimal launch and viewing angle ¢ respectively are
defined by the following relation [1]: N 2“,01” =cos*(¢p )=(Y/ (Y+1)) with Y=w./0
(w is the wave frequency, @, is the electron cyclotron frequency). In a three
dimensional plasma one has also to take into account the perpendicular (poloidal)
refractive index N or the poloidal angle 6, but in our experiments no variation of
N, was performed. The shape of the angular window or the transmission function
T(N,,Nj) depends on the density scale length L=n./ ong/dx) and is given by
Mjglhus [3] with

TN, N =
exp{-—r:ko L\[g[:Z(l + Y)(]V”,Opt - N”>2 + N_%_ }},

where kg is the wave number. This angular dependence (N)- dependence ) of the
mode conversion was used in the experiments, among other criteria, to identify
electron Bernstein wave heating and emission. Another criteria is the density
threshold of the O-X-B and B-X-O processes respectively. It can only takes place




if the density is above the O-mode cutoff density of the emitted frequency. And
finally for the heating experiments a special footprint for the X-B conversion
exists, which is the parametric decay of a part of the launched waves due to the
strong nonlinearity and the high power density at the upper hybrid resonance where
the X-B mode conversion takes place.

Ray tracing

In model calculations with a ray tracing code for EB-waves the absorption,
emission and propagation of EB-waves were simulated. We used the nonrelativistic
hot dielectric tensor given by [4] and an isotropic electron temperature. Since the
full stellarator field geometry was not implemented in this code, the magnetic field
configuration at the EB-wave propagation volume was approximated by a

toroidally symmetric field with B(reﬁc) = ByAl (A+ 1y /a) (A=10.5,a=0.1lm)

and no poloidal field was taken into account, which is sufficient to illustrate the
basic features of the OXB-mode conversion and EB-wave propagation, but could
not reproduce the experimental results completelly. Especially the measured Doppler
shift of the EB-absorption and emission differs from the ray-tracing calculation by
about 4 GHz. This may originate from the simplification made in describing
stellarator configuration.

For these calculations density and temperature profiles similar to typical neutral
beam sustained W7-AS plasmas were used. First we have similated the EB-heating.
The ray trajectories in the equatorial plane are shown in Fig. 2 and Fig. 3. The beam
is launched from the low field side and propagates through the cutoff, where it is
converted into an X-mode. Then it moves back to the UHR-layer, where the X-B-
conversion takes place. The EB-waves are absorbed near the cyclotron resonance.
A small fraction of the beam power is lost at the UHR due to finite plasma
conductivity. The power deposition zone for resonant heating strongly depends on
the magnetic field and electron temperature as shown in Fig. 3. In the case of non
resonant heating with no strong absorption in the plasma the launched EB-waves
experience a cutoff layer (N —0) at the UHR surface, which in the nonresonant or
higher harmonic (/o <1) field totally encloses the inner plasma. The radiation is
then trapped inside the plasma like in a hohlraum as it was already mentioned
above. The power is then nonlocally dissipated by multiple pass absorption. In the
resonant case due to the nonvanishing parallel component N || =N zops of the

refractive index in the oblique launch the cyclotron absorption is strongly Doppler
shifted.

In Fig. 4 the ray trajectories of the EBE are shown for different frequencies. Since
all processes of mode conversion and cyclotron emission are reversible, for

simplicity the simulation was started at the detector and the ray trajectories were




followed until 99% of the power was absorbed in the resonant case with cyclotron
absorption inside the plasma. In the nonresonant case the calculation was stopped
when the toroidal beam position exceeded the validity region of the approximated
magnetic configuration (¥3° toroidal angle from the launch position). The shaded
area indicates the plasma volume where 1-1/e of the radiation is emitted and shows
the localisation of resonant EB-emission. Each emitting volume is related with a
frequency and the radiation intensity is expected to be at the thermal level as it is for
electromagnetic EC-emission (ECE) below the cutoff density. The emitting
frequency of EB-emission compared with perpendicular ECE is Doppler shifted

due to the nonvanishing N} component of the refractive index for the oblique angle

of observation. In contrast to ECE, for nonresonant frequencies EBW radiation is
not able to leave the plasma and is trapped inside the plasma like in a hohlraum (see
70 GHz beam in Fig. 4). The origin of this radiation is nonlocal and we expect a

thermal emission intensity of the average plasma temperature.

EB-wave heating experiments

The experiments were performed at the W7-AS stellarator (major radius R=2.0m ,
minor radius a=0.18m) with two 70 GHz gyrotrons with 110 kW power each. A
detailed description of W7-AS and its 70 GHz ECH system can be found in [5].
The central magnetic field was set between 1.25T and 2.0T and the edge rotational
transform %, taken from the magnetic reconstruction, near 0.35 according to the

experimental requirements. The central density of the neutral beam injection (NBI)

sustained target plasma was up to 1.6 10 20 m-3, which is more than twice the 70
GHz O-mode cutoff density. Co- and counter NBI with 360 KW power each were
used to compensate the momentum transfer to the plasma.

1. Variation of the launch angle.

The launch angle of the incident O-mode polarised wave was varied at fixed heating
power (220 kW) at a nonresonant magnetic field. The increase of the total stored
plasma energy (from the diamagnetic signal) depends strongly on the launch angle
(see Fig. 5), which is typical for the O-X-conversion process, and fits well to the

calculation. Here the power transmission function given by [3] was normalised to the

maximum energy increase. The central density was 1.5 10 20 m-3 and the central
electron temperature was 500 eV. Heating at the plasma edge could be excluded since
at the nonresonant magnetic field of 1.75T no electron cyclotron resonance existed
inside the plasma. Due to technical limitation of the maximum launch angle, only the
left part of the transmission function could be proved experimentally. The plasma
energy content increased by about 1.5 kJ compared to a similar discharge with

neutral beam injection (NBI) only. More than 70% of the heating power was found in




the plasma if the power scaling of the energy confinement (P-0-6) was taken into
account. Thus O-X-B-heating turned out to be efficient.

2. Density variation and parametric instability (PI).

In these experiments, it should be demonstrated, that a density threshold (O-cutoff)
for the O-X-conversion exists and that the parametric decay process which is a
footprint of the X-B conversion takes place. For this the plasma was build up by
one 70 GHz gyrotron in X-polarisation in a resonant central magnetic field of
1.25T. Then the density was slowly ramped up to density above the O-cutoff. In
parallel as shown in Fig. 6 a second 70 GHz beam O-mode polarised with the
optimal launch angle and modulated with 20% amplitude was launched into the
plasma. During the plasma build up thermal EC emission (ECE) was detected. As
soon as the cutoff density is reached ECE vanished and O-X-B heating started,
which caused an increase of the plasma energy and central soft-x emission shown in
Fig. 6. Simultaneously the PI at the X-B-conversion process generated a decay
spectrum, whose high frequency part could be measured with the ECE-detector.
The modulation amplitude strongly exceeded that of the pump wave, what clearly
demonstrated the nonlinear character (power threshold) of the PI. Fig. 7 shows the
high frequency decay spectrum. Two red shifted and one blue shifted lines can be
recognised. Their spectral distances to the 70 GHz pump wave, which was
suppressed by a Notch filter, are multiples of the lower hybrid resonance (LHR)
frequency (~900MHz). The spectrum of the LHR oscillation itself could be detected

by a loop antenna. The LHR oscillation shows a high degree of correlation with the
high frequency decay waves.

3. Resonant cyclotron absorption.

Here the central magnetic field was varied between 2.0T and 2.5T to show resonant
absorption of the EB-waves. In the equatorial plane the magnetic field as a function

of the effective radius r,z is approximately given by the following relation:
B(rg) = ByA! (A+ 1,4 [ a) with A= 10.5. The power deposition was estimated

from the change of the temperature profile at the power switch-off. Since the
density was far above the ECE cutoff, the temperature profiles were calculated from
the soft-X emission and the Thomson scattering diagnostic. The central temperature

was 500 eV. The X-ray emission was monitored by an array of 36 silicon detectors
with a 25 wm beryllium filter. To obtain the radial X-ray emission profile the signals

were inverted to the magnetic flux co-ordinates. The time resolution was 0.1 ms
and the radial resolution was about 1 cm. In Fig. 9 the absorption profiles for
different magnetic fields are shown. The absorption is strongly Doppler shifted due
to the oblique launch and moves from the high field side at 2.0T through the center

(2.2T) to the low field side at 2.3T with increasing magnetic field, which clearly




demonstrates the propagation and the local cyclotron absorption of the EBW's for

the first time.

EB-emission experiments

The experiments were also performed at the W7-AS. Since the standard ECE-
diagnostic at W7-AS uses fixed antennas with a viewing angle of 90° in respect to
the magnetic field, the ECE radiometers were connected with an unused movable
ECRH launch antenna. The W7-AS ECE-radiometer type is described in [6].

L. Calibration

The system was calibrated with thermal ECE (first harmonic O-mode at By=2.5 T)
at a perpendicular (90°) viewing angle and at plasma densities below the O-mode
cutoff. It was taken into account that for oblique observation the O-mode radiation
is elliptically polarised, where as the receiving system is only sensitive to linear
polarised radiation.

2. Density threshold.

The receiving mirror was turned to the optimum viewing angle of 47° with respect
to the magnetic field and the plasma density was ramped up to above the cutoff
density as shown in Fig.10. The plasma was sustained by two neutral beam
injectors (NBI) with 360 kW power each. The central magnetic field was lowered to
2.1 T to compensate the Doppler shift of the EBE-spectrum. For comparison the
plasma temperature measured with the soft-X filter method for the central line of
sight is plotted at the top of Fig 9. Below, the low field side EBE radiation , the
central EBE and the high field side EBE are shown. When the central density as
measured with a microwave interferometer and by Thomson scattering reaches the
cutoff density of the emitting frequency, the B-X-O window opens and EBE
appears as shown in Fig. 9.

3. Angular window.

Scans of the viewing angle were performed for the first and second harmonic EBE
as shown in Fig. 3 and the predicted angular windows at 47 ° for 2.1 T (69.14
GHz) and 55° for the second harmonic EBE at 1.25T could experimentally be
reproduced. The radiation temperature was up to 70% of the temperature measured
by soft-X emission and Thomson scattering. This might be due to reduced X-O
conversion caused by density fluctuations at the cutoff surface as described in [2].
4. The EBE spectrum.

First, ECE and EBE spectra are compared. The central magnetic field was set at 2.4
T for which both spectra are in the spectral range of our detection system (61-78
GHz). In Fig. 1l both the thermal ECE-spectrum (first harmonic O-mode,

N,<N, cioff> SQuares) received by the ECRH-antenna with 90° viewing angle and the

EBE-spectrum at 47° (first harmonic, n >N o Ccircles) of an NBI sustained




plasma are shown. The ECE-spectrum reflects the plasma temperature profile. The
EBE-spectrum is about 6 GHz Doppler shifted and shows the low field
(frequency) side temperature gradient. The small pedestal at its low frequency part
may originate from stray radiation emitted at the low density plasma edge. In order
fo record also the high frequency part of the spectrum, the magnetic field or the
central EC-resonance frequency were reduced by 0.4 T corresponding to 11.2 GHz
respectively. As shown in Fig. 12 instead of an high field side decay as is typical
for ECE, the EBE-spectrum has a slowly decreasing broadband high frequency
part. By a further shift of the EC resonance frequency we found, that the high
frequency part is emitted up to about 1.7 times the EC-frequencies in the plasma.
We think that this is the nonlocal “hohlraum® radiation as it has been already
discussed in the previous section.

5. Cold pulses

These experiments were conducted to estabish the relation between the frequency of
the thermal EBE and the radial position of the emission zone. Temperature
perturbations at the plasma edge were set by carbon laser blow off. The amount of
ablated carbon was matched to a value where we could find a sufficiently large
temperature decrease in all EBE channels, but with a minimum disturbance of the
plasma discharge, especially with no significant density increase. An example is
shown in Fig. 9 where at 0.34 s the cold pulse was set. One could identify a steep
temperature dip in the edge EBE channels (64.84 GHz, 72.26 GHz), a small dip in
the channel central (69.14 GHz) and nearly no change in the average plasma
density. In Fig. 13 the amplitude and the delay time in which the signal reaches /e
of the amplitude of the cold pulse are plotted as a function of the emission
frequency. Assuming that the cold pulse propagates from the outer radii towards the
center, both the amplitude and the delay time indicate that for the thermal part of the
spectrum there is a clear relation between the emitted frequency and the radial
position of the emission. For the spectrum above 73 GHz no amplitude variation
and no clear phase attachment could be found, which indicates the nonlocal
character of the high frequency part of the EBE.

Summary and Conclusions

EC-heating of an overdense plasma with 70 GHz electron Bernstein waves was
clearly demonstrated at W7-AS. The EB-waves were generated via mode
conversion in the O-X-B process. Both, the angular dependence of the O-X-
conversion and the parametric instability which is typical for X-B-conversion could
be experimentally verified. The position of the narrow absorption profile, estimated
from the soft-X emission, could be changed by a shift of the cyclotron resonance
layer. Thus generation, propagation and local resonant cyclotron absorption of EB-

~ waves was shown.




Also the inverse process, which is the EB-wave emission througth the OXB-mode
conversion window from an overdense plasma was detected with an oblique
observation angle. The emitted spectrum consists of two parts:

The thermal part reflects the local thermal emission of EB-waves and in principle a
radial temperature can be reconstructed from this radiation. The high frequency part
represents nonlocal “hohlraum® radiation since most of the EB-waves are trapped

inside the plasma and only those rays which somehow obtain the optimal Nj and

N, for the small angular window of the B-X-O process can leave the plasma.

Both the local and nonlocal character of the EBE spectrum was demonstrated by
cold wave propagation with laser blow off,

Besides the anewed verification of the hot plasma wave theory and the insight into
EB-wave physics in a fusion plasma, the OXB-process opens also a new
operational window for EC-heating and EC-diagnostic beyond the cutoff for fusion

as well as for ionospheric research.
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Fig. 1: Refractive index Ny versus %/ 2 for the O-X-B conversion process. The
transition represents the connection of the X-mode and B-mode due to the hot
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Fig. 2 Results of ray tracing calculations.
Ray trajectory in the density gradient region at the plasma edge for a magnetic field of
<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>