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Abstract. With LHD and W7-X stellarator development is now taking a large leap forward on 
the path to a steady-state fusion reactor.  Important issues that need to be settled in these 
machines are particle flux and heat control, and the impact of divertors on plasma 
performance in future continuously burning fusion plasmas. The divertor concepts that will 
initially be explored in these large stellarators were carefully prepared in smaller scale devices 
like Heliotron E, CHS and W7-AS. While advanced divertor scenarios relevant for W7-X 
were already studied in W7-AS, other smaller scale experiments like Heliotron-J, CHS and 
NCSX will be used for the further development of divertor concepts. The two divertor 
configurations that are presently being investigated, are the helical and the island divertor, as 
well as the local island divertor (LID), which was successfully demonstrated on CHS and just 
went into operation on LHD. Presently, on its route to a fully closed helical divertor, LHD 
operates in an open helical divertor configuration. W7-X will be equipped right from the start 
with an actively cooled discrete island divertor which will allow quasi continuous operation. 
The divertor design is very similar to the one explored on W7-AS. For sufficiently large 
island sizes and not too long field line connection lengths, this divertor gives access to a 
partially detached quasi steady-state operating scenario in a newly found high density H-mode 
operating regime, which benefits from high energy and extremely low impurity confinement 
times, with edge radiation levels of up to 90 % and sufficient neutral compression in the sub-
divertor region (> 10) for active pumping. The basic physics of the different divertor concepts 
and associated implementation problems, like asymmetries due to drifts, accessibility of 
essential operating scenarios and toroidal asymmetries due to symmetry breaking error fields, 
etc. will be discussed.   
 
1. Introduction  

Two significant problems that need to be solved for any future fusion device are heat 
removal and particle control. A very promising method to attack these problems in tokamaks 
and helical devices is the use of a divertor, as a means to provide a controlled interaction zone 
between plasma and wall. By carefully designing a divertor, conditions can be created, which 
lead to a sufficient reduction of the power load on the targets by strong radiation redistribution 
and which at the same time are suitable for efficient particle pumping. Any solution of course 
needs to allow for an energy confinement which is at least sufficient for the realisation of a 
fusion reactor. Since energy confinement  has been found to be strongly related to edge 
anomalous transport and edge plasma profiles, the ultimate aim is to find an integral solution 
which is optimum with respect to exhaust, heat load and energy confinement. 
Two different types of divertors are presently being investigated in helical devices: the 'helical 
divertor' and two types of 'island divertors'.  
So far divertor concepts have been investigated only in a few helical devices. Theoretical and 
experimental efforts have mainly concentrated on the suitability of divertor magnetic field 
structures, while detailed experimental studies of the divertor plasma properties for the two 
types of divertor configurations have only recently begun in W7-AS and LHD [1]. 
It is the aim of the paper to introduce the reader to the basic physics of the different divertor 
concepts presently being investigated. This is largely done by making use of modelling results 
which have already proven to well describe the experimental data since this often allows to 
best illustrate the main points. Finally it will be attempted to give an idea in which direction 



divertor research is presently heading and what are the areas in which one is either lacking 
sufficient physical understanding or facing technical challenges. 
 
2. General Considerations 

Depending on the stellarator type, divertors are realised in different ways. In moderate to 
high-shear heliotrons like Heliotron-E and -J, CHS and LHD one can make use of intrinsic 
helical diverting field lines to create a helical divertor. By employing additional field 
perturbation coils these machines benefit also from the flexibility to create externally imposed 
islands n/m=1/1 islands, which allow the installation of a so called local island divertor (LID). 
These coils can also be used to correct for any error fields.  

In low to moderate shear advanced stellarators like W7-AS and W7-X one makes use of 
the intrinsic islands. Since the field perturbations associated with the islands are very small 
�Br/�tor ~ 10-3-10-4, additional resonant perturbations of the same magnitude created by 
control coils are sufficient to modify the island geometry, thereby giving control over key 
parameters for the creation of an effective divertor plasma, like island size, connection length 
and x-point height above the target. 
 
3. The Helical Divertor 

The helical divertor makes use of the 
inherent magnetic field configuration. The 
edge magnetic field structure in the poloidal 
plane is shown in figure 1 in an exaggerated 
form. Just outside the last closed flux surface 
(LCFS) several island layers with toroidal 
mode number m=10 are embedded in LHD. 
With increasing minor radius, the poloidal 
mode number of the island layers decreases, 
while the size of the islands increases until 
the layers begin to overlap, resulting in an 
ergodic field region.  

The stochastic region is followed by a 
region with multiple thin curved layers, the 
so called 'edge surface layer region', which is 
itself bounded by an elliptically shaped 
boundary. Field lines from the stochastic 
region enter these surface layers and after 
many toroidal circulations reach the 'X-point' 
and then hit the divertor plate. The 
connection lengths Lc of these field lines are 
typically of the order of several hundred 
meters.  

The white regions without points are not 
connected to the stochastic region but 
directly to the divertor target plates and therefore only have short connection lengths. The 
field lines outside the green elliptically shaped boundary, i.e. also the field lines between the 
X-point and the divertor, have very short connection lengths of only a few meters [2].  

The magnetic field lines near the divertor plate are almost in the poloidal �-direction - this 
is one of the features of this type of divertor magnetic configuration. 

The nominal axis position of LHD is 3.9 m, however, further inward shifted 
configurations are showing better performance than those with Rax = 3.9 m. By shifting the 
magnetic axis from its nominal position at 3.9 m further inward (fig. 2) has many favourable 
effects on the overall plasma performance [3, 4]: 
a) The volume of the confinement region becomes maximal [5]. 
b) Shifting the magnetic axis to Rax = 3.6 m results in improved particle orbit properties and 

thereby mitigates the neo-classical helical ripple transport [3]. 
c) Even though according to linear theory the interchange MHD instability is a concern for a 

magnetic axis position of Rax =3.6 m, experimentally no stability limit has been hit up to 
the maximum investigated  <ß> = 2.4% [6]. A factor 1.6 enhancement in energy 
confinement has been achieved with Rax = 3.6 m in LHD.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic Poincaré plot of the magnetic 
structure and the corresponding connection lengths Lc 
as a function of the starting points on the midplane 
(Z=0) for LHD [2]. 



 
All these favourable effects are the reason why the Rax = 3.6 m configuration became the 

‘standard configuration’ for the LHD experiments. 

 
4. Effect of the Ergodic Layer on Transport 

In the case of the thick ergodic layer 
configurations (large Rax values) three density 
regimes were found (fig. 3) [5]. In the low density 
range, regime I, the downstream temperature, that 
is the temperature at the target plate measured by 
Langmuir probes, decreases roughly proportional to 
one over the square root of line averaged density 
and is almost proportional to the upstream 
temperature determined at the LCFS. With 
increasing density in regime II the downstream 
temperature begins to fall more strongly until at 
some point, which we call the start of regime III, 
the downstream density begins to fall even with 
further increasing upstream density. This behaviour 
has some resemblance to the behaviour at 
detachment in other machines.  

In the thin ergodic layer configuration, i.e. for 
Rax = 3.6 m, the plasma just shows a regime I 
behaviour throughout nearly the entire density 
range. Only just before the threshold density for the 
radiative collapse is reached are both, the   Te, up 
and Te,down, beginning to strongly decrease with 
density.  

In the case of the thin ergodic layer about 15% 
of the total radiated power is radiated from the thin 
layer close to the separatrix while for the thick 
layer it amounts to about 40 %, with the difference 
being attributed to the difference in the volumes of 
the layers. 
 
5. The Local Island Divertor 

A different divertor type which can be implemented in helical devices is the so called 
Local Island Divertor (LID) [3, 7, 8, 9]. Its design makes it inherently a closed divertor.  In 
order to establish the required magnetic configuration in a Heliotron device an additional set 
of control coils is required, to impose an n/m=1/1 island surrounding the closed surfaces at the 
edge region (m: pol., n: tor. mode numbers).  

 
 
 
 
 
 
 
 
 
 
Fig. 2. Effect of a plasma-axis shift for LHD on the edge surface layer (at the poloidal plane θ=0°) [3]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Plasma parameters close to the separatrix and 
at the divertor target plates for a configuration with 
a thick ergodic layer as a function of the line 
averaged density. I, II and III indicate the three 
density regimes with different divertor plasma 
characteristics [5]. 

Rax = 3.75 Rax = 3.7 Rax = 3.9 



The idea behind the LID is that particles 
that are lost from the plasma core cross the 
island separatrix and then flow along the 
periphery of the island (fig. 4). After several 
toroidal turns the particles reach the outside of 
the island where the divertor head is placed and 
strike its backside on which they are neutralised. 
The leading edge of the head is placed safely 
deep inside the island, far away from any high 
heat flux zones. The neutrals created at the 
backplate of the LID head are pumped out 
efficiently by a strong pumping system. It 
should be noted here, that the LID is not a 
pump limiter since the divertor head does not 
penetrate into the closed flux surfaces of the 
core plasma.  

The first experiments with a LID performed 
on CHS were quite promising. Langmuir probe 
measurements of the ion saturation current 
showed that the imposed island caused that 
three times as many ions were directed to the 
divertor head and the observed increased 
neutral pressure in the pumping duct indicates 
that the island structure actually leads to an 
enhanced particle exhaust. The effectiveness 
becomes obvious when the gas fuelling is 
turned off leading to a strong decrease of the 
core density and thus to a strongly reduced 
particle flux to the LID head (fig. 5). For the 
optimised head of LHD pumping efficiencies of 
up to 30% are expected. The LID also clearly 
improved plasma performance which here 
meant that the degradation of the energy 
confinement time from the ISS95 scaling could 
be fully recovered (fig. 6).  

Looking at the divertor head with an IR camera clearly showed that the leading edge of 
the divertor head in CHS was obviously safe from high heat flux.  

Due to the many favourable attributes of the LID such a system has also been installed on 
LHD and already went into operation recently [10]. First experiments on LHD in the LID 

magnetic configuration, but still without the divertor 
head, already demonstrated its ability to control 
impurity accumulation in long pulse discharges [11]. 
The worry that under some operating conditions the 
leading edge might get overheated triggered some 
further investigations [12]. So far our crude picture 
was only based on vacuum field calculations, though 
in reality of course one also needs to take transport 
into account. If cross field diffusion, due to 
collisions or anomalous transport, becomes too large 
for particles following the island magnetic field 
structure, an unacceptably large fraction could reach 
the leading edge. In this situation the LID would no 
longer behave like a divertor but rather like a limiter. 
Using a field line tracing code coupled to a random 
walk process to simulate the diffusive particle 
behaviour it was found that safe operation can be 
expected for D < 0.1 m2/s while for D = 1 m2/s the 
flux profile becomes almost uniform across the 
entire head, i.e. the wetted area spreads out and the 

 
Fig. 4. Sketch of a Local Island Divertor [12]. 

 
Fig. 5.  Time evolution of (a) ion flux to the 
divertor head and (b) neutral pressure in the 
pumping duct with and without the island [12]. 

Fig. 6. Degradation of the energy confinement 
time from the ISS95 scaling could be fully 
recovered [12]. 



existence of an island can hardly be identified any more. It would be dangerous to operate in 
such a regime since the leading edge of the divertor head then becomes exposed to high heat 
fluxes. Moreover in the case of large diffusion coefficients one would have to move the 
pumping duct back to sufficiently open the gap between the head and the duct, to collect the 
spread out particle flux. This would strongly reduce the pumping efficiency since the neutrals 
then can easily escape again through the wide gap. Fortunately so far the diffusion coefficient 
in LHD has been found to be in the benign region of ~ 0.1 m2/s [13]. 
 
6. The Island Divertor Concept 

Let us now take a closer look at the island divertor concept, which makes use of the 
natural magnetic field boundary structure of low to moderate shear stellarators like W7-AS, 
W7-X, but which can also be imposed by external field coils in helical axis heliotrons like 
Heliotron-J.  

Figure 7 shows as an example, how such 
a divertor was implemented on W7-AS. The 
divertor consists, just like it will also be on 
W7-X, of 10 discrete divertor modules which 
are located in the elliptical planes and which 
consist of a target surface and baffles on 
either side to reduce the flow of neutrals 
from the divertor region into the main 
chamber. A poloidal cut through the chamber 
shows the island chain surrounding the 
confined plasma (fig. 8). The island 
separatrix is marked in the figure and the 
crossing points of the separatrix are called X-
points. The divertor modules are cutting the 

islands such that particles which are lost from the 
plasma core can travel along the field lines, 
mainly within the vicinity of the island separatrix, 
to the divertor.  

Since the effectiveness of an island divertor, 
as we will see, strongly depends on key geometric 
parameters of the magnetic field structure, a set of 
10 control coils were placed at either side of the 
triangular plane, so that by varying � and the 
current in the control coils, one gains ample 
control over the field line pitch within the islands, 
the island size, the connect length and the x-point 
to target distance. 

In order to understand the functioning of an 
island divertor it is important to first of all see 
why cross field transport does play such a 
dominant role in island divertors and what role 
the geometric factors play. Starting from a simple 

poloidal 1D model [14] 
for energy, particle and 
momentum transport 
one finds, that 
perpendicular transport 
is strongly influenced in 
island divertor configurations by the field line pitch within the 
islands and by the field line connection length. The field line pitch � 
is given as the ratio of the poloidal distance from the x-point to the 
target Lxt, divided by the connection length Lc, which is the field line 
length from its closest point to the separatrix up to the divertor target 
plate (fig.9). 

One finds that due to these dependences perpendicular energy 
transport already starts to dominate at fairly high temperatures of 

 
Fig. 7. Arrangement of the divertor modules in W7-AS 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Poloidal cut through the elliptical plane 
showing the island chain of the � = 5/9 
configuration  

 
Fig. 9. SOL geometry for 
the 1D model. 

10 Divertor Modules



about 36 eV while in tokamaks this effect plays a substantial role only in fully detached 
plasmas at conditions where volume recombination already begins to play a role. The reason 
for the different behaviour in the island and the tokamak divertor case is that the field line 
pitch within the islands is about a factor of 100 smaller than in the tokamak SOL.  
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with � = 2 m2/s, ne =5 1019 m-3, � = 0.1 (tokamak) and � = 0.001 (W7-AS). 
Similarly also perpendicular particle and momentum transport plays a significant role in 

stellarators while in tokamaks it is usually negligible: 
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with D = 1 m2/s, v||=6 104 m/s, Lxt = 20 cm (tokamak), 5 cm (W7-AS). 
Two further processes which enhance cross field transport and which are also not known 

from tokamaks, are closely linked to the 3-dimensionality of the island structure. One is the 
loss of parallel momentum through strong anomalous shear viscosity between the counter 
streaming particles in adjacent island fans, due to their relatively small radial scale length (Fig. 
10) [15]. The second one is, that the discontinuous target plates cause, in addition to the 
standard parallel temperature gradients associated with the heat conduction to the targets,  a 
local strong periodic interaction of the out-flowing plasma with recycling neutrals and target 
released impurities, which  no longer smoothes out for downstream temperatures Td < 10 eV 
[16]. Figure 11 illustrates the process. A parallel flux tube of long connection length (main 
flow) terminates on the left target. Due to the long distance between the two plates (9/2 field 
periods in W7-AS)  and the small field line pitch, a large number of particles can diffuse 
poloidally into the shadowed region between the targets and thus carry momentum away from 
the main flux tube. Part of these particles even flow back to the target on the right and thereby 
cause friction to the main streaming ions [16].  

The substantial effects of perpendicular transport in the SOL, as well as the fact that only 
discontinuous target modules can be used, result in a strong poloidal and toroidal 
inhomogeneity of the plasma parameters. The temperature drops towards the recycling zones 
due to the parallel energy flux supporting the ionisation process, the density increases in the 
recycling zones in consequence of momentum balance and the high density near the target 
may, through charge exchange processes, compensate the inefficiency of the ionisation 
activities at low temperatures and thus improves the neutral screening.  Figure 12 shows, as a 
result of an EMC3/EIRENE calculation, the poloidal and toroidal distribution of the plasma 
parameters along the separatrix of an island [14]. The vertical direction of the contour plot is a 
poloidal roll-up along an island separatrix while in the horizontal direction the island 
separatrix is followed toroidally. Due to the up/down symmetry the structure repeats itself in 
the case the m/n=5/9 standard divertor configuration after 4.5 field periods. The temperature 
in the case shown varies by about a factor of three. 

 
Fig. 10. Friction between counter streaming 
fans causes momentum losses by radial shear 
viscosity [15]. 

 
Fig. 11. Poloidal diffusion into shadowed region and 
friction between main flow and trapped flow cause 
momentum loss by poloidal diffusion and shear viscosity 
[16]. 



 
To further illustrate the complete three-dimensionality of the island divertor, figure 13a  
shows in a poloidal cut the zones in which the particles which were lost from the confined 
plasma are concentrated when they are flowing (mainly toroidally due to their very small field 
line pitch angle �� along the field lines towards the divertor target plates [17]. The bright and 
the dark colours are used to distinguish between the particles flowing in opposite toroidal 
directions. Each of the nine individual islands is only twice cut by a target plate. The 
predicted strike lines on the target surface are shown figure 13b. The 3-dimensional shaping 
of the target separates via its watershed between the particles flowing in opposite toroidal 
directions. This is the reason why the dark shaded areas B and D show up clearly on one side 
of the watershed while zone C only interacts with the target on the other side of the watershed 
(region A is shadowed by other components elsewhere). The actually observed strike line 
patterns are further complicated by E x B drift effects [18, 19] and a higher cross-field heat 
flux on the low field side, i.e. outboard side, of the confined plasma, due to the increased field 
line compression there [20]. While the second effect can be treated well within the modelling, 
it is presently not clear whether a fully self consistent treatment of the E x B drift effects will 
be possible in the framework of the EMC3/EIRENE code. 

Following this introduction into the general features of an island divertor structure it will 
now be attempted to explain the route towards detachment. Fairly instructive, particularly also 
in terms of an understanding of the differences between the detachment process in tokamaks 
and in island divertors is a 
comparison of the important 
parameters derived from Two-Point 
Model and EMC3/EIRENE 
calculations [16]. A simple Two-
Point Model can of course only be 
applied if the SOL is dominated by 
parallel transport, which is generally 
the case only for tokamaks (see eq. 1 
and 2). For the case of the island 
divertor, however, full 
EMC3/EIRENE calculations are 
required. Figure 14 shows that with 
increasing upstream density the 
down stream density in the EMC3 
calculation never exceeds the 
upstream density, i.e. in contrast to 
the Two-Point Model calculation no 
high recycling conditions can be 
expected. However, cross-field heat 

 
Fig. 12.  Toroidal plasma parameter distribution along an island separatrix (red line in flux grid); colour code: 
red = high Te resp. ne; blue = low Te resp. ne; white areas = target surface 

 
Fig. 13. Modelling of a typical attached discharge, nes = 2 1019 m-3, 
PSOL = 1MW. (a) Positive and negative particle flux distribution 
in the SOL. (b) Particle deposition on a target plate [17]. 
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ne 
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transport can be seen to set in, when the 
upstream temperature drops below 36 eV 
(see eq. 1) at an upstream density of ~3 1019 
m-3, leading also to a steady decrease of the 
downstream temperature with rising ne,up. 
To achieve sufficiently low downstream 
temperatures for detachment to set in, the 
island divertor clearly demands much 
higher ne,up than what is typically required 
in tokamaks (two-point model curves in fig. 
14) which as is well known go through a 
high recycling regime. A further process 
supporting the transition towards 
detachment in the island divertor case is the 
onset of momentum losses already at low 
densities ne,up and high temperatures Te,up. 
One can already see from these calculations, 
which did not even take impurity radiation 
into account yet, that for sufficiently high 
upstream densities a parameter window 
opens which could give access to a 
detachment regime. 

With impurities included in the EMC3/ 
EIRENE calculations it was possible to well 
predict what was eventually found to also be experimentally the route towards detachment in 
W7-AS [14]. Figure 15 shows a comparison of the predicted and measured downstream 
electron density versus upstream density. The roughly linear relation between ned and nes, 
throughout the investigated density range up to the rollover point, which one gets from the 
code simulations, is clearly verified by experiment. Since the route to detachment is clearly 
not supported by a high recycling regime (ned always remained below nes) the island divertor 
demands very high upstream densities in order to reach the density rollover point. At this 
point we benefited strongly from the discovery of the new high density H-mode regime with 
its very high edge densities [21].  

To find out what actually happens at the transition to detachment it is again rather 
instructive to explore the basic physics with the help of the simple analytical 1-D model [14]. 
By solving the radial heat balance equation with impurity radiation loss term one finds, that 
with increasing line averaged density <ne> or carbon concentration the downstream 
temperature gradually drops until eventually it reaches the point at which the radiation 
capability of carbon, which has a maximum around 10 eV, exceeds the loss power PSOL into 
the SOL. This results in the radiation zone detaching from the target and its radial location 
becoming unstable. The radiation zone runs up the SOL until it reaches a location at which its 
radiation capability L(T) no longer exceeds the 
power into the SOL. In the 1-D model (fig. 16), 
no such stable location exists inside the SOL, 
i.e. the radiation layer just about crosses the 
separatrix of the plasma core, with the radiated 
power fraction reaching up to 100 %. Full 
EMC3/EIRENE calculations, however, do 
predict that under certain conditions the 
radiation layer can stabilise in the vicinity of 
the X-points, as has been observed 
experimentally. The location at which the 
radiation zone actually stabilises depends 
critically on the field line connection length, the 
closest separation between X-point and target 
and on the upstream density. For too short X-
point to target separations, however, the island 
becomes transparent to neutrals and no stable 
detachment is possible anymore [18, 17, 22]. 

 
Fig. 14. Comparison of Two-Point Model with 
EMC3/EIRENE calculations [16]. 

 
Fig. 15. D=0.5 m2/s, ce = ci =3D, sputtering coeff.: 
3%, PSOL =1 MW => 0.85 MW (since core plasma 
radiation increasing with ne); gray area: detached 
plasmas 



 
7. Immediate plans concerning divertor developments in helical devices 

On LHD the next step in the divertor development will be the exploration of the LID 
which just went into operation. Though this is expected to be a suitable device to study 
different aspects of closed divertor operation and its impact on overall plasma performance, 
one will in parallel also gradually increase the closure of the helical divertor and investigate 
its long pulse, high power capabilities.  

In the smaller machines like Heliotron-E and –J, as well as Uragan-3M, work will 
continue to be concentrated on target power load asymmetries [23, 24, 25, 26]. A further 
important long term aim of the very flexible machine Heliotron-J will be to compare the 
performance of the helical and the island divertor concept within one machine [27]. 
Concerning W7-AS, which stopped operation for good on July 31st 2002, still many data  
await analysis. Work is presently strongly geared towards a deeper theoretical as well as 
experimental understanding of the poloidal and toroidal locations of the radiation zones under 
different operating conditions [28, 29], of various aspects of neutral penetration [20, 22], of 
volume recombination and the formation of a high density (~6-8 1021 m-3) low temperature 
(0.1-0.3 eV)  zone close to the target surface in deeply detached plasmas [30, 31] and of the 
formation of MARFS in extremely high density discharges [28, 29]. Furthermore great efforts 
are undertaken to implement as far as possible E x B drift effects in the EMC3/EIRENE code 
which seem to have considerable impact on the overall divertor performance. The new 
advanced modular stellarator W7-X, which is presently under construction, will also make use 
of the island divertor concept. This machine will right from the start be equipped with an 
actively cooled divertor structure which is nearly identical to the one explored on W7-AS [32]. 
For active particle pumping this divertor will be equipped with cryo-pumps which will be 
installed behind the pumping slit on the back side of the divertor baffles [32, 33]. In the case 
of the new compact stellarator NCSX, a step wise introduction of a divertor structure which 
on first sight looks very much like the one installed in W7-AS and W7-X is foreseen [34]. In 
this machine it will be explored whether the inherent stochastic boundary with its high flux 
expansion can be utilised for divertor operation. The field line connection lengths are 
comparable to those of the island divertors (Lc ~100 m) while the stochasticity of the field 
lines is still fairly moderate with Kolmogorov lengths of LK ~ 30-50 m [35].  

 
 

 
Fig. 16. a) SOL geometry for the 1D ‘radial’ energy model. b) Cooling rate for carbon. c) Jump of the radiation 
level at carbon concentrations between 1.3% and 1.4%. No stable solution exists in the radiation range above 
40%.  d) Jump of the radiation zone from the target to the separatrix at detachment.[14]    



 
8. Problems that Require Further Investigations 

Concerning Heliotron/Torsatrons as well as advanced 
stellarators impurity accumulation is certainly one of the 
major challenges for steady state discharges. In the case of 
the advanced stellarators the newly discovered HDH-mode 
in W7-AS with its extremely low impurity confinement 
times could certainly lead the way out of the dilemma. 
However, here one is faced with the problem, that one still 
lacks a physical understanding of the HDH-mode and 
therefore access to this mode can presently not be guaranteed 
for W7-X. This mode with its steep edge gradients also helps 
considerably to reach the high upstream densities required 
for the island divertor to get access to the divertor 
detachment regimes. Both types of helical devices still suffer 
from inhomogeneous target loads as a result of up/down 
asymmetries which one needs to alleviate. In the case of the 
advanced stellarators they seem to be connected to drifts 
while in Heliotron/Torsatrons the different divertor legs seem to be differently affected by the 
ergodicity. Also the divertor flows due to ripple loss particles need to be further investigated. 
For all machines the efforts to ensure as homogeneous as possible power loads on the targets 
certainly need to be intensified in the future. Concerning detached plasmas an important 
question still is, how one could stabilise the radiation layer in the divertor, i.e. prevent is from 
moving all the way up to the separatrix and in particular poloidally up to the X-points at the 
inboard side of the plasma, as observed in W7-AS, resulting in high local power loads on the 
inner wall.   

 
9. Summary and Conclusions 

Several promising divertor concepts are being investigated in the different machines, i.e. 
the Helical Divertor in LHD, Heliotron-E and -J, and Uragan-3M, the Local Island Divertor in 
CHS and LHD, the Island Divertor in W7-AS and W7-X and a more on ergodicity relying 
divertor in NCSX. In Heliotron E the helical divertor structure has been demonstrated for the 
first time. On Heliotron-J and Uragan-3M one presently concentrates on exploring the 
different divertor flow sources typical for these types of devices. The successful 
demonstration of the LID concept on CHS has resulted in an installation of such a divertor on 
LHD as a first step towards closed divertor structures. In W7-AS for the first time quasi 
steady-state partial detachment divertor operation could be demonstrated in a stellarator. The 
newly found HDH-mode not only helps to reach the particularly high upstream densities nes, 
required to get access to the detachment regime, despite the lacking of a high recycling phase, 
but also insures the quasi steady-state capability of this type of discharge since it flushes out 
all impurities thereby preventing impurity accumulation. Also the neutral pressures achieved 
in the sub-divertor volume were sufficiently large for efficient active neutral pumping. The 
successful experiments of W7-AS give great confidence that it will be possible to explore the 
steady-state capability of the island divertor concept in its full in W7-X, which is being 
equipped with water cooled divertor target tiles and an additional cryo-pump in the sub-
divertor volume for efficient particle control. A further step in the exploration of various 
divertor concepts, mainly driven by the inherent field structures of the different machine types, 
will be the exploration of the ergodic divertor concept in the quasi-axisymmetric stellarator 
NCSX. 

Fig. 17. Divertor structure foreseen 
for NCSX [36]. 
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