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Abstract. During the last shutdown the Stellarator W7-AS underwent two major modifications: First, the limi-
ters were replaced by ten divertor modules, and the diagnostic set associated with the plasma boundary and
target plate regions was greatly expanded. Secondly, the previously counter tangential neutral beam injector box
was shifted to a co-position. Thus, the heating efficiency should be considerably increased at low magnetic fields
and high densities. After resuming experiments these improvements will be used to test the boundary island
divertor concept and further expand operational boundaries during the remaining experimental time until perma-
nent shutdown in 2002. The present operational boundaries are reviewed with respect to the stability of high β
and density limit discharges. Discharges with good confinement properties will be discussed where further
progress was achieved after installing control coils to modify the size and properties of vacuum field islands. In
contrast to the usual net-current free mode, W7-AS also allows operation at large toroidal currents. In this way
disruption-like events in the presence of rather large external poloidal fields can be produced.

1. Introduction

The stellarator line of IPP concentrates on low shear devices, which allow exclusion of reso-
nances with low order rational numbers n/m = 1/3,  1/2,... from the confinement region and
provide stability by a magnetic well rather than by strong shear. A typical representative of
this concept was W7-A, where the flux surfaces were produced by toroidal field coils together
with an l=2, m=5 helical winding. However, this classical stellarator approach has enhanced
neoclassical transport by trapped particles, and the β-limit is too low for an economic fusion
reactor. The pressure driven bootstrap current generates a significant contribution to the total
rotational transform and thus contradicts the concept that the magnetic configuration can be
controlled by external currents alone. It is concluded from these arguments that this classical
stellarator concept needs to be optimized [1,2].

W7-AS [1,3] is a first step on the way to such an optimized stellarator. Its magnetic field is
generated by modular twisted coils, which carry both the required helical and toroidal current
components. The toroidal and vertical field coils are just for experimental flexibility. The OH
transformer is commonly used to compensate toroidal currents, such as the bootstrap current
(tokamak-like on W7-AS), to zero, this being called "net-current-free" operation. The plasma
cross-section varies toroidally between a rather triangular shape and an almost elliptical shape
[1]. The magnetic axis is not circular, but rather pentagonal in keeping with the 5 toroidal
field periods. W7-AS was designed to test two improvements:



-  the generation of closed flux surfaces by (normal conducting) modular field coils [4]
-  the reduction of the Pfirsch-Schlüter (PS) currents and their effect on the plasma behaviour,
especially on equilibrium and stability and on neoclassical transport.

The successor W7-X [5], presently being built in Greifswald in northern Germany, is intended
to demonstrate the suitability of the optimized stellarator concept as a steady state fusion re-
actor. Improved numerical tools are used to optimize the magnetic field properties in three
dimensions so that the major fusion plasma parameters subject to classical physics should be
reached simultaneously. In addition, a plasma produced in such an optimized magnetic field
configuration must not change the magnetic flux surfaces significantly. For the optimization
the following set of criteria was employed [1,2]:

1)  high quality of vacuum field magnetic surfaces:  only small islands allowed
2)  PS-currents further reduced:  small Shafranov shift, high equilibrium β
3)  high stability β:  <β> ≈ 5% should be achievable
4)  sufficiently small neoclassical transport in the lmfp regime
5)  minimized bootstrap current
6)  good confinement of hot α particles in the reactor extrapolation
7)  good modular coil feasibility and inherent divertor properties

These optimization criteria do not contradict each other and can in fact be satisfied simultane-
ously, if some compromises are accepted.

The main task of W7-AS was and is to verify the predictions of the optimization procedure as
far as possible by experiments [6]. In the past it has been demonstrated that the PS currents
are reduced as expected [1,7], and that neoclassical transport can be described by the 3D
DKES code including the important trapped particle effects and radial electric fields in the
long mean free path (lmfp) regime [8]. Consequently, predictions for W7-X, where neoclassi-
cal transport must be strongly reduced, have a solid foundation. Bootstrap currents can be
measured rather easily and agree with theoretical predictions within a factor 2 where experi-
mental uncertainties in profiles, Zeff etc. also have to be taken into account [9]. Maximum
<β>-values close to 2% were achieved with maximum neutral beam (NB) heating power at
very high densities of about 2·1014 cm-3. They are determined by a slow radiative decay; no
violent MHD processes are observed. Thus, maximum <β>-values are limited by the available
heating power at given radiation losses.

On the other hand, experiments with high NB heating power demonstrate very clearly that a
divertor is needed to improve the insufficient density and impurity control and to reduce the
high local heat loads on limiters. Therefore, during the shutdown in 1999/2000 all limiters
have been replaced by ten divertor modules, with the aim to perform extensive tests of the
island divertor concept foreseen for W7-X. At the same time the (previously counter) tangen-
tial NB injector box has been shifted to a co-position, leading to an augmented heating effi-
ciency at low magnetic fields and at high densities. These improvements will allow W7-AS to
expand operational boundaries during the remaining experimental time.

The present operational boundaries are reviewed with respect to the stability of high β and
density limit discharges (Section 2 and 3) and with respect to high confinement where further
progress was achieved after installing control coils to modify the size and properties of vacu-
um field islands (Section 5). The preparation of island divertor experiments is discussed in
Section 4. New H-mode results are presented in Section 6. Finally, disruption-like events in
the case of finite toroidal currents are addressed in Section 7. Results on recent progress with
ICRH, ECRH and electron cyclotron current drive (ECCD) can be found in Refs.[10-12].



2. Stability at high ββββ

The predicted high β stability was an important criterion for the choice of the W7-X magnetic
field configuration. Thus high β-limits were carefully checked on W7-AS to obtain experi-
mental information on the reliability of theoretical predictions, although the achievable tem-
perature and β-values are quite different. Whereas for W7-X ideal and resistive interchange as
well as ideal ballooning modes are expected to be stable up to <β> ≈ 5% [see e.g. 1,13],
resistive interchange modes are predicted unstable below the experimentally achieved <β>-
values on W7-AS, especially in configurations with high vertical fields where the magnetic
well is strongly reduced [14]. A more detailed stability analysis compared with experimental
results will be published in Ref. [15].

Experimentally, maximum β-values (<β> ≈ 2% or β(0) < 4.5%) were obtained at a toroidal
field of Bo ≈ 1.25 T and at densities of about 2·1014 cm-3 with balanced 2.5 MW NB heating
(4 co- and 4 counter-sources). They are limited by a slow radiative decay with no violent
MHD processes being observed [16]. Also the equilibrium β-limit imposes no serious prob-
lem, although the Shafranov shift is large [17]. It is large due to the large aspect ratio and the
small rotational transform ι > 1/3 and reduced by an optimization factor of just 2. Thus, up
to now maximum <β>-values are determined by the available heating power at given radia-
tion losses. At still lower Bo <β>-values remained almost constant, because the heating effi-
ciency of the counter sources decreases considerably. The deviations of the 50 keV ion drift
surfaces from the flux surfaces are large compared with the rather small plasma radius of
about 17 cm and are directed to the plasma boundary for counter injection. In addition, at high
density the fast ions are born preferentially at large plasma radii. The resulting different
heating efficiencies of co- and counter sources are predicted by Monte-Carlo codes [18] and
have been demonstrated experimentally (Fig. 1).

Fig. 1. Heating efficiency of co- and counter NB sources. Left: discharges with only counter NI suffer
from a radiation collapse at rather low densities, whereas discharges with only co NI allow much
higher densities and lead to much higher energy contents (Bo = 1.25 T, ι  = 0.35). Right: calculated
gyro-center orbits for 50 keV ions in magnetic coordinates at Bo = 1.7 T and ι  = 0.40. The large
deviation of the drift surfaces causes considerable hot ion losses in the case of counter injected ions.

Consequently, a rather easy method to increase the NB heating power was to "turn around"
one NB injection box or shift it to another co-position. Thus, higher β-values should be acces-
sible, offering another chance to test high β stability predictions. Another interesting aspect of
powerful unbalanced NB injection will be the expected toroidal plasma rotation. However, as
long as the density cannot be kept sufficiently small (potential improvement by means of di-
vertor pumping) this rotation will be heavily damped due to the low temperatures.
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3. Density Limit

The high β limit is essentially determined by the available neutral beam heating power (see
Section 2) and the maximum achievable plasma density, which is a function of the heating
power as well. Thus the β limit and the density limit ( n

_
e ≈ 2.5 1014 cm-3 at Bo = 2.5T) often

coincide. Both are characterized by a slow radiation collapse where MHD instabilities do not
play a significant role. However, these discharges with maximum NB heating power are not
stationary at least with respect to the particle transport since density control is a substantial
problem without active pumping due to the neutral beam particle fuelling. To investigate the
detailed physics of the density limit, long pulses at low ECRH or NB heating power are better
suited [19].

Typical examples are discharges with 350 kW NB heating power at constant line density for
different pulse lengths up to 1.8 s. They demonstrate that the achievable maximum density
decreases with increasing pulse duration. Due to the rising central radiation a stationary state
of the impurity radiation is never reached at high densities before the central radiation power
density exceeds that of the deposited power density. Thus at higher densities the radiation
collapse occurs earlier. The measured impurity radiation can be simulated by a simple model
of bulk radiation, and a scaling law can be derived for the maximum achievable density as a
function of the volume averaged heating power pabs and the toroidal field (entering as a con-
sequence of the magnetic field dependence of the transport) [20]:

nmax  ∝  pabs0.48·Bo0.54

The existence of a density limit on W7-AS can also be demonstrated with ECRH density
ramp discharges where the heating power is reduced such that the maximum density is no
longer given by the cutoff density. The interesting aspect is that at some maximum density the
density can no longer be raised even with stronger gas puffing. Evidently, the plasma simply
does not "accept" gas coming from the outside (Fig. 2), similar to the refuelling limit observed
on JET [21]. This may underline the importance of the plasma edge as it is widely accepted in
tokamak models (see e.g. [22]) where the edge density is claimed to be given by the power
flux through the plasma boundary which in turn is determined by the bulk impurity radiation.
In that sense it will be interesting to see whether the density limit remains determined by core
impurity radiation, or whether MHD instabilities will also become important in the presence
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of the divertor.

4. Preparation of the Island Divertor Experiments

As mentioned in previous sections, high power NB-heated discharges on W7-AS suffer from
an uncontrollable density increase and require a low impurity content. In addition, the limiter
thermal load was often found to exceed the critical value of 10 MW/m2. The non-axisymmet-
ric stellarator offers an elegant solution for these problems via a divertor based on the use of
so-called "natural islands". Such islands are an intrinsic property of non-axisymmetric flux
surfaces - meaning that additional coils to produce a divertor x-point are not required. The
natural islands are resonant magnetic field islands appearing for ι = n/m, where n=5 is given
by the 5 toroidal field periods. They can be large enough for effective divertor action. W7-X
will be equipped with such an island divertor, but W7-AS already allows basic elements of
this concept to be evaluated [23,24].

A schematic view of the W7-AS island divertor is presented in Fig. 3. Ten divertor modules
have been installed (2 per field period at the top and bottom of the elliptical plasma cross
section). The divertor modules have to follow the 3D magnetic island structure (Fig. 4). As
documented in first divertor experiments, the plasma-wall interaction indicated by the Hα
emission in Fig. 5 takes place essentially on the target plates for the divertor-relevant ι = 5/9
configuration. The other plates act as baffles to enhance neutral recycling near the target plate,
both to increase the plasma density at that point and to promote higher neutral pumping by the
titanium getter pumps placed in the divertor subvolume. In addition to Hα, an extensive
arsenal of new diagnostics has been prepared to join established core diagnostics in order to
document plasma behaviour both upstream near the core plasma and downstream at the target
plates. Emphasis is placed on duplication of diagnostics to assess up-down and toroidal
asymmetries, as well as a concentration of key diagnostics within one sector [25].
Island divertor experiments on W7-AS will be dictated by experience gained from tokamaks,
in addition to preparatory experiments performed on W7-AS using the inboard limiters as
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Fig. 3. Schematic view of island divertor.



"target plates" [26]. Hereby, edge predictive codes such as EMC3/EIRENE [27] are essential
to allow consideration of differences expected to accrue from the stellarator-specific island
structure and 3D geometry [6].

Fig. 5. First measurements of the Hα emission with a divertor-relevant ι ≈ 5/9 magnetic field con-
figuration (left) indicate that the plasma-wall interaction takes place essentially along a stripe on the
target plates similar to the divertor leg in tokamaks. The gap is the result of modifications for diag-
nostic access. For comparison a low ι = 0.4 case with smooth flux surfaces is shown on the right. In
this case, neutral recycling also takes place on the outer baffle.

To increase flexibility of the edge magnetic structure, 10 control coils were installed already
one year ago. These coils (2 per field period) are again resonant to the fivefold toroidal mag-
netic field symmetry. Therewith, changes in the size of the natural islands as well as in inter-
nal shear are possible. Correspondingly, alteration of the upstream-downstream field line
connection length Lc permits modification of the ratio between cross-field and parallel trans-
port. Preliminary experiments have demonstrated the feasibility of this technique, whereby a
factor of 1.8 increase in Lc resulted in an appropriate broadening of the power deposition pro-
file measured by an IR camera at an inboard limiter [28].

To reduce power loading at the target plates in the next stellarator generation under steady-
state conditions, it will be helpful to operate in at least a partially-detached regime at the tar-
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get plates. EMC3 predictions for W7-AS indicate that with a 1 MW power flow into the
scrape-off layer, upstream separatrix densities nes of roughly 8·1013 cm-3 are necessary to
achieve detachment under the assumption of a carbon sputtering coefficient of 1.5% at the
divertor target plates [29,30]. These conditions (1 MW, 8·1013 cm-3) have already been
achieved with the inboard limiters, giving reason to believe that with the divertor modules
W7-AS will be able to investigate the entire spectrum of target-plasma conditions relevant to
future operations [26].

5. High Confinement Discharges at high Iota

The natural islands on W7-AS are advantageous in the case of an island divertor, but they
deteriorate plasma confinement in the range of high rotational transform ι > 0.45 mainly due
to a restriction of the effective plasma cross section. However, by means of the control coils
the size of the islands can be changed (Fig. 6), and their effect on plasma confinement stud-
ied. Based on vacuum field predictions for the effective plasma radius aeff, roughly a depend-
ence of the diamagnetic energy content Wdia ∝ aeff2 was found [26] at constant average den-
sity, which is close to that expected from the W7-AS scaling law [31]. Also, the variation of
the plasma radius was clearly seen in electron temperature profiles measured by ECE [28].

Thus an interesting application of the control coils was the comparison of high confinement
discharges at ι > 1/3, where they were initially established, with the high iota range ι >1/2
with compensated natural islands. The discharges are distinguished by confinement times
about a factor of 2 above the W7-AS scaling law [31] and have been obtained for two heating
scenarios. The first, with combined ECRH and NB heating, is characterized by high central
electron and ion temperatures [32], and the other, with low power NB heating (just one
source) at the highest possible density (up to about 1.5·1014 cm-3) [33], by τE > 60 ms, the
highest energy confinement times obtained so far on W7-AS. Besides low wall recycling,
especially in the latter case very low impurity radiation is mandatory.

In fact, for these discharges similar plasma performance (Wdia, electron temperature) could be
achieved at low iota and at high iota with edge islands compensated but the long pulse be-
haviour was still different (Fig. 7). At ι >1/2 the energy content decreased faster in time (at
ι >1/3 almost stationary discharges up to 1.8 s could be produced), probably due to the faster

no coil current

optimum coil current Fig. 6. Compensation of natural islands 
on W7-AS by means of the control coils.



increasing impurity radiation. The remaining difference could be caused by differences in the
magnetic field structure at the plasma boundary. At ι > 1/3 flux surfaces are smooth every-
where, equivalent to very long magnetic field connection lengths, whereas in the high iota
case only the fundamental multipole component of the magnetic perturbation field can be
compensated. The edge structure still remains somewhat deformed partly with short connec-
tion lengths to arbitrary positions in the torus (Fig. 6) so that it is difficult to control the
plasma wall interaction sufficiently well and to avoid enhanced impurity radiation. With the
divertor modules this long time behaviour should be improved further, although the plasma
radius is generally reduced by about 10%.

6. A new H-mode Window

In the experimental campaign following the installation of the control coils a new H-mode
window on the ι -scale was discovered at ι (a) ≈ 0.56 during the plasma edge studies. Like
the two previously reported operational windows, the magnetic field configuration at the
plasma edge is characterized by an island separatrix being within (at ι (a) ≈ 5/9) or close to
the limiters (at ι (a) ≈ 10/19 or 10/21) [34]. Besides the specific edge magnetic field configu-
ration (mixture between magnetic separatrix and materially limited plasma) viscous damping
of the poloidal plasma flow may also be important [35].

The existence range of the H-mode was studied in density ramp discharges at constant heating
power (Fig. 8). The threshold density n

_
ethr for the transition to the H-mode is usually not

much smaller than the density limit in low power NB heated discharges or compared with the
cutoff density in the case of ECRH (ne < 1.2·1014 cm-3). Especially in the new ι  window a
rather distinct improvement of confinement was found in NB heated discharges with a gain in
energy confinement time up to a factor of 1.6 after the transition to an ELM free H*-mode. As
in tokamaks, H*-scenarios are found to be transient. The improvement of the particle con-
finement results in a loss of the density control followed rather rapidly by a radiative density
limit (Fig. 8).

Further information was obtained during these experiments on the phenomena before or dur-
ing the H-mode transition (e.g. a quasi-continuous change in ELM behaviour), on the scaling
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with NB heating power and on changes in edge parameters and gradients [34,36]. Comparing
these results to findings on tokamaks some differences are indicated: the threshold density for
the H-mode transitions increases with power, n

_
ethr ∝ P (varying the constant heating power

from shot to shot), and not the reverse, Pthr ∝ n
_

e, as known from tokamaks. In [36] this be-
haviour is related to edge parameters, in particular to the dependence of the ion temperature
gradient and hence the gradient of the radial electric field on density and heating power.

This can be an important result with respect to the divertor experiments since the new
H-mode ι -window is almost identical to the ι -window for the divertor experiments
( ι (a) ≈ 5/9). However, to achieve plasma detachment in the divertor, high edge densities are
necessary whereas edge densities are typically low during the H*-mode [34,37]. On the other
hand, high edge densities require high NB heating power where nethr for the transition to the
H*-mode increases, whereby bursts of ELMs or quasi-periodic ELMs (with similarities to
type III ELMs in tokamaks) are often observed, leading to increased edge densities under
almost stationary conditions. Such a transition to an ELMy H- mode or even L-mode could
represent an acceptable core-edge compromise for future divertor experiments, if sufficiently
high densities at the separatrix can be established [26].

7. Disruption-like Phenomena on W7-AS at finite toroidal current

The goal of the optimized stellarator line at IPP is to find a stellarator fusion reactor solution
where all requirements are fulfilled simultaneously at least sufficiently well. Of course, better
solutions for individual properties can exist. In particular, it is an important demand for an
optimized magnetic field configuration that all pressure driven plasma currents remain small
in order not to perturb this configuration. As a consequence there is no energy potential for
plasma current driven instabilities even at high β-values, and current disruptions cannot occur.
On the other hand, a toroidal plasma current provides a simple method to produce the rota-
tional transform necessary for magnetic confinement. Within the flexibility of stellarator con-
figurations it is also possible to maximize the bootstrap current and to increase in this way a
rather small external rotational transform [38].

On W7-AS the bootstrap current is rather large (tokamak-like). Additional ohmic currents can
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Fig. 9. Disruption-like event on W7-AS caused by rapidly growing tearing modes (not shown) during a
rather steep current-ramp experiment (Bo = 2.5 T, <ne>≈ 4×1013 cm-3). On the right it can be seen
that the ECE electron temperature is quenched within about 1 ms. At these low temperatures, the
available loop voltage is not sufficient to maintain the plasma current. The discharge is terminated by
an interlock signal switching off the ECRH at very small energy content. At constant vertical field the
hoizontal plasma shift is limited to ∆r/a < 10% for a plasma current corresponding to q(a)≈  6.

be induced by means of the ohmic heating transformer. In this way the stability against toroi-
dal current driven instabilities can be studied up to tokamak-like currents, but at a rather high
external rotational transform of ι > 0.3 at Bo = 2.5 T. The external poloidal fields are fixed in
space and have a twofold effect. Firstly, they change the relative position of resonant mag-
netic surfaces with respect to the plasma current distribution, which helps especially in the
case of ohmic heating alone to stabilize tearing modes [39]. Secondly, they always provide a
plasma equilibrium in the sense that horizontal displacements of the plasma due to changes in
plasma pressure or toroidal currents are usually small as compared with the plasma radius.

In order to generate disruption-like phenomena on W7-AS the plasma current (sum of boots-
trap and OH current) is ramped up rather quickly (Fig. 9). An electron cyclotron resonance
heated (ECRH) "target" plasma is used so that the ohmic heating is a negligible fraction of the
total heating power because of the high electron temperatures. The toroidal current produces
magnetic shear (its effect on confinement is discussed in Ref. [40,41]), and, in addition, is an
energy source that can drive instabilities. The positional stability of the plasma is demon-
strated by the fact that the vertical field is kept constant throughout the discharge. If the total
rotational transform ι (a) (external plus OH current component) approaches 1/2 at the plasma
boundary during the current ramp, quite often bursts of (m=2, n=1) tearing modes occur with
some intermediate deterioration of the plasma confinement. More details together with the
results of ∆'-code stability calculations can be found in [15,42,43].

Sometimes the amplitudes of (2,1) tearing modes attain such large values that the electron
temperature cools down to some 10 eV within about 1 ms, and consequently the plasma
current is quenched. At these low temperatures the total heating power is radiated away,
whereas the density decays on a 30 ms time scale. The discharge is terminated only when the
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heating power is switched off (Fig. 9). With sufficient heating power or at lower densities it
would be possible to overcome the radiation barrier and to heat up the plasma again. With
combined ECRH and NB heating, pure bootstrap currents (augmented by NB driven currents
due to co-injection) up to 20 kA could be achieved slowly rising according to their L/R time
constant of about 1 s. In this case, only a minor reaction on plasma confinement was observed
for ι (a) ≈ 1/2 [15,43].

8. Future Prospects

After installation of the divertor modules and improvement of the NB heating system the last
experimental period on W7-AS has now been started before the permanent shutdown sched-
uled for summer 2002. Essential goals are to test once more the operational boundaries with
respect to the high β-limit and the density limit and to check plasma performance in high con-
finement and H-mode discharges in the presence of an island divertor. The divertor program
itself aims to evaluate basic elements of the island divertor concept foreseen for W7-X in or-
der to experimentally examine the optimization tools used for the design of W7-X as com-
plete as possible within the technical constraints given by W7-AS.
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