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Abstract. With LHD and W7-X the 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 the particle and heat control, and the impact of divertors on plasma performance in
future continuously burning fusion plasmas. The different paths initially followed in these
stellarators were carefully prepared in smaller scale devices like Heliotron E, CHS and W7-AS.
While advanced divertor scenarios relevant for W7-X are still being explored on W7-AS for
another year, other smaller scale experiments like Heliotron-J and CHS will be used for the
further development of divertor concepts and could thereby nourish later divertor generations of
the two large machines. Two types of divertor configurations are presently being investigated,
the helical and the island divertor (including the Local Island Divertor (LID)). The LID concept,
following its successful demonstration on CHS, will be available on LHD from 2002 onward. In
designing LHD, careful consideration was given to the realisation of a helical divertor, the basic
function of which had already been studied in Heliotron-E. First experiments in LHD performed
in an open helical divertor configuration are being followed by experiments with a local helical
divertor on the route to a closed full helical divertor. Owing to the flexibility of the field
configuration control in Heliotron-J comparative studies of helical and island divertors will be
performed in this machine in phase II from 2003 onward. On W7-X an actively cooled discrete
island divertor (10 modules) will be installed. This development is preceded by extensive
investigations into the island divertor concept over many years now, experimentally as well as
theoretically by 3-D modelling, and culminated in the first installation of a discrete island
divertor, very similar to the one planned for W7-X, on W7-AS last year. The first experiments
with this newly installed open island divertor opened a window to a completely new ultra high
density (UHD) operating regime. At high NBI power (up to 2 MW) line averaged densities of up
to 3:10° m™ were for the first time reached in a controlled and quasi stationary way. Without
divertor these discharges ran into a density limit and terminated in a radiative collapse after
about 200-300 ms, while now, with divertor, one no longer looses density control and no
radiation problem arises. While the edge strongly radiates, the core radiation stays low
throughout the entire discharge. The radiation level remained stationary up to the maximum
discharge length of presently 1 sec without any sign of limitations while the impurity
confinement time falls sharply with increasing line averaged density up to the maximum density
so far explored (3.5-10 *° m™). Ramping up density from 1.5-10%° m? to higher values, leads to
stationary local partial detachment at radiation levels of 70-80% of the absorbed neutral beam
power . The radiation was concentrated near the x-points. The emerging radiative mantle has
some resemblance with the TEXTOR RI-mode but with the advantage that, while in TEXTOR
the plasma detaches from the limiter, in W7-AS the plasma partially detaches at the watershed,
but remains attached in other locations on the divertor target. The partial detachment presumably
helps to stabilise the position of the radiation layer. A corollary of this is maintenance of high
neutral gas pressure in the divertor in the 10~ mbar region, which will allow high neutral
pumping via titanium gettering in the divertor sub-volume later in the program. Considerable
efforts have been invested into the development of the 3-D transport code EMC3/EIRENE which



recently has been extended to handle arbitrary ergodic boundaries by using a new reversible
field-line mapping (RFLM) technique. First comparisons with the latest divertor experiments
have shown excellent agreement. They have particularly proven the code prediction that
sufficiently high momentum losses to reach detachment are provided by cross-field transport
associated with the particular island divertor geometry, thereby giving access to detachment
without going through a high recycling phase, a unique feature of the island divertor geometry.

1. Introduction

Two significant problems that need to be solved for any fusion system and which are
intimately connected with the plasma edge, 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, providing a controlled interaction zone between plasma and wall. It is believed
and has partly been shown already, that by carefully designing a divertor, conditions can be
created in front of the divertor targets, which lead to a sufficient reduction of the power
load on the targets by strong radiation redistribution. 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 of course is to find an integral solution
which is optimum in respect to exhaust, heat load and energy confinement.

Two main types of configurations are proposed for a divertor in a helical device: the 'helical
divertor' and the 'island divertor'. So far divertor configurations have only been investigated
in a few helical devices and the theoretical and experimental efforts mainly concentrated on
the suitability of divertor magnetic field structures. Detailed studies of the divertor plasma
properties for the two types of divertor configurations have only recently begun. The
presently available data are certainly not yet sufficient to compare the advantages and
disadvantages of the two approaches.

The paper is organised as follows. In section 2 the helical and island divertor concepts and
their physics background are introduced and different physics operational modes discussed.
In chapter 3 the helical and island divertor experiments performed and planned for different
devices are being reviewed. The status of the divertor plasma simulation codes, which are
used for predictive studies as well as for the interpretation of the divertor experiments, are
also discussed in this context. Finally in chapter 4 the present status of the divertor concept
developments will be briefly assessed.

2. The divertor concepts in stellarators
2.1 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 from the additional flexibility to create externally
imposed 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-shear advanced
stellarators like W7-AS and W7-X one makes use of the intrinsic islands. This so called
island divertor concept has initially been proposed in the 1970s for tokamaks, as small-



current alternative to the poloidal divertor [Karger 1974, 1977] and it is now nearly 15
years that an open and a closed version of an iota(a)=5/9 island divertor has been proposed
for the W7-AS stellarator [Karger 1987, Kisslinger]. This concept, though never
implemented in tokamaks, evolved to the main route followed in stellarators. Since the field
perturbations associated with the islands are very small AB,/B,, ~ 107-10*, 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.

2.2 The helical divertor

The structure of a helical divertor can best be illustrated by Poincaré plots in the poloidal
(¢=18°) and the helical plane (¢=0°), (Fig. 2.1) [Ohyabu 1994]. The structure in the
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Figure 2.1: Schematic view of the LHD helical divertor in the poloidal (®=18°) and the helical (6=90°)
plane. [Ohyabu 1994]

poloidal plane is not easy to understand since the divertor regions are helically twisted like
the helical coils. In the helical plane the structure near the X-point looks more familiar,
since it resembles the one known from tokamaks. However, even though matters are
usually discussed in either of these planes, one needs to keep in mind, that the divertor
geometry exhibits a strong poloidal variation.



The helical divertor makes use of the inherent magnetic field configuration. The edge
magnetic field structure in the poloidal plane is depicted in an exaggerated form (not to
scale) in figure 2.2 [Ohyabu 2001]. Just
outside the LCMS several island layers
with toroidal mode number m=10 are
embedded. With increasing radius, the
poloidal mode number of the island layers
decrease, while the size of the islands ©
increases until the layers begin to overlap,
resulting in a stochastic field region.
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Figure 2.3: Effect of a plasma axis shift (A) relative to R=3.9 m for LHD on the edge surface layer (at the
poloidal plane 6=0°)[Ohyabu 1994].

circulations reach the 'X-point' of the 'separatrix' and then hit the divertor plate. The
connection lengths of these field lines are typically of the order of several hundred meters.
The 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 in
these regions move as a group in the forward (backward) toroidal direction from 0 => 1(-1)
=> 2(-2) => ... until they finally reach the divertor plate (see fig. 2.1). The field lines
outside the 'separatrix', i.e. also the field lines between the X-point and the divertor, have
very short connection lengths of only a few meters. Taking cross-field transport into
account by tracing the field lines with a random walk process the wetted areas on the
targets were roughly estimated. For a 20 MW discharge run with an optimum configuration
a maximum heat flux of approximately 5 MW/m? is expected for example in LHD.

The X-point itself rotates nearly with the same pitch as the helical coils. The field line
distance between the X-point and the divertor plate is very short, of the order of the plasma
minor radius. The X-point is located at a minor radius which is close to the minor radius of



the helical coil r.. The helical coils generate a strong axisymmetric toroidal field only inside
the region r < r,, while for r > r. , i.e. beyond the X-point, the toroidal field rapidly
decreases. The increase in the local rotational transform is therefore caused by the decrease
of the toroidal field By with increasing r. One should bear in mind here that this cause is
quite contrary to the situation in classical stellarator configurations, where it is due to an
increase in the poloidal field Bg. In these configurations By increases with r since one is
getting closer to the helical coils with counter running currents [Ohyabu 1994]. In classical
stellarators toroidal coils located outside the helical ones are needed to generate a strong
axisymmetric field, since the helical coils cannot provide this because of the alternating
direction of the helical coil currents.

On the way to a fully closed helical divertor it is being considered to first use a simpler
open divertor with baffles to minimise recycling [Ohyabu 1998, Ohyabu 1999]. A suitable
candidate for a divertor upgrade suggested for LHD is the configuration depicted in figure
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Figure 2.5: Locations of the possible upgrade open divertor
segments for LHD [Ohyabu 2001].

Figure 2.4: Candidate for LHD open divertor
upgrade [Ohyabu 1999].

2.4, which could be installed at the inboard side of the vessel (fig. 2.5). A design study for
LHD shows that such a system could withstand 20 MW of heating power and would cost an
order of magnitude less than a full helical divertor. 10 units with a helical extension of 2 m
and a width of 0.3 m could handle a steady state input power of 10 MWm™. For the
simultaneous achievement of H-mode and radiative cooling (SHC operation, see chapter
2.4.1.1), localisation of the recycling in the open region is an important requirement. The
concept is believed to be realisable with this configuration because the width of the open
plasma region in front of the divertor plate is at least as wide as 10 cm and because the
plasma density at the LCMS is expected to be ~2 10" m™.



2.3 The island divertor

The basic idea of the island divertor is to
utilise the islands for exhaust. The
divertor islands originate from small
radial field perturbations b,,,=B" /B
At the radial location where the rotational

transform ¥ =M, m/n (M, = number of
toroidal field periods) has a rational
value, a sideband Fourier harmonic B',,,
of the radial B' spectrum, which is

resonant to that rational %, tears the
nested flux surfaces so far apart that
magnetic islands are formed. This
process can roughly be described as
follows: The radial component of a
perturbing field B, B~=-B, sin(nf),
tears a magnetic field line away from a
resonant surface. Its radial deviation from Figure 2.6: Iota-profile dependence of island formation
the resonant surface is dAr/d® = -R b,,, [Wobig 1987, Brakel 2000]

sin(n@). With d0 = Ar t' d® (¥'=dvdr=

magn. shear), integration then yields Ar’=2 R by,,/n ¥’ [1+cos(n8)], by making use of Ar=0
at n6= xm. This eq. describes the poloidal modulation of the radial distance of a magnetic

field line from an undisturbed resonant surface, leading to the formation of magnetic
islands with a radial width of r; = Ar(6=0)
=2(Rb,,/n%’)". The poloidal width of an
island scales as 8, ~ a/n, (a: minor
radius). The harmonics reflect the
inherent  non-axisymmetry of the
configurations and the properties of the
modular coils. The largest islands appear
at the edge at the lowest order

resonances, i.e. for the lowest m (often
m=1). As figure 2.6 shows [Wobig 1987,

Brakel 2000], at low shear ¥’ the islands
can become large, but also can be Figure 2.7: 'Natural island chain of the i=5/9 resonance in
avoided altogether by an appropriate the triangular and elliptical plains of W7-AS [Sardei 1997]
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islands cannot be excluded and the islands become small and increase in number. In W7-
AS and W7-X the rotational transform can for example be varied in the range from 0.3-0.7
and 0.83-1.25 respectively by adjusting the ratio of modular to toroidal field coils. In W7-
AS for example only the low-order m=1, n=8-10 islands have a divertor relevant size, and
the best compromise in terms of island and core plasma size, is My,=5, m=1 and n=9.
Poincaré plots of the chain of 9 ‘natural’ islands resulting from such a t; =5/9 resonance are
shown in figure 2.7 [Sardei 1997]. The diversion property of the islands results from the
finite shear at the edge. The rotational transform can be separated into two parts, i.e. 1 = 15,

+1; V. The first term describes only the helical rotation of the islands around the torus at the
5/n resonance, while the second one, which describes the internal poloidal pitch of the field



lines around the island centre (O-point), is the important one for the functioning of the
island divertor concept. Island size and shear are geometric parameters which largely
determine plasma transport inside the islands. Their impact on cross-field transport has
already been assessed theoretically as well as experimentally in W7-AS (see chapter 3.5.2).

The t-profile determines the topology of the islands. One differentiates between
topologically closed and open islands. 1f in low shear configurations the intrinsic

perturbation field is sufficiently weak, as e.g. in the W7-X standard case (¢, =1), the island
region can be topologically 'closed’, i.e. true flux surfaces exist and can be used for
mapping experimental data and for defining a 3D modelling grid. A small reduction of %,
relative to this case, caused by an increase of the intrinsic perturbation field as the plasma
gets closer to the coils, e.g. by a radial outward shift of the plasma by an imposed B,-field,
or by raising the field of special island divertor control coils [McCormick 1999], or by
plasma pressure effects [Strumberger 1999], is sufficient to cause an outward shift of the
island chain and a break-up and ergodisation of the island flux surfaces, beginning at the
separatrix and gradually extending towards the O-point (‘open’ island case). With

decreasing t; one finally gets a chain of strongly diverted island fragments. These are
regularly distributed according to the poloidal mode number of the island resonance.
Fortunately the degree of ergodisation in the low shear configurations of W7-AS and W7-X

is still sufficiently low as to not destroy the basic field structure of the dominant t; = 5/n
edge resonance, so that the regular field structures can still be represented by nested ‘open
magnetic surfaces’, spanned by field lines for which generalised flux co-ordinates can be
obtained [Sardei 1994]. While until recently it was only because of these remaining
regularities possible to still create a mapping framework for all ‘open’ edge configurations

of W7-AS in the t range relevant for divertor operation, now even open islands and ergodic
regions can be treated properly. A newly developed 'reversible field-line mapping (RFLM)
technique has recently been implemented in the EMC3/EIRENE code which removes this
limitation [Feng 2001].

Although with an island divertor (ID) one is
aiming at influencing the same parameters as in a
tokamak and is trying to do this in a similar fashion,
the dominant processes that are used to create
similar conditions in front of the divertor target
plates are quite different in stellarators. This is
largely due to the fact that a number of leading
geometrical parameters are significantly different in
stellarators:

e field line pitch 0.001-0.005 compared to 0.1 for
tokamaks
e connection length for IDs generally larger than

for large tokamaks due to low t inside island
islands (ﬁg. 2.8) Figure 2.8: Poloidal movement of a flux tube
e distance main plasma — target much smaller Dper toroidal module in W7-X.
than in tokamaks leading to a less efficient
screening of recycling neutrals
e the larger L, and the smaller plasma-to-target distance causes that cross-field transport
plays a stronger roll in stellarators than in tokamaks
e [Ds are inherently three-dimensional



The required discontinuous target plates
imply a toroidal localisation of recycling
neutrals and ionisation sources. The targets
are usually placed at the elliptical cross
sections where the islands have their largest
radial extent and their largest distance from
the magnetic axis (fig. 2.9). While for low
recycling conditions ionisation takes place
inside the LCFS, under high conditions the
particles are getting ionised inside the
islands, i.e. the recycling fluxes are focussed igure 2.9: Magnetic island intersected by a target
predominantly into the islands, enhancing plate [Sardei 1997]
the effect by building up even more density
in there (2.10a,b). The fact that the island SOL is poloidally closed in front of the targets,
enables more efficient trapping of the recycling particles than in comparable tokamaks,
thereby compensating for the fairly short distances between the targets and the LCFS and
ensuring a sufficient de-coupling of the recycling neutrals and target-released impurities
from the plasma core. Earlier EMC3/EIRENE calculations performed without taking
impurities into account and without parallel momentum losses being fully implemented,
already showed [Sardei 1997] that for the W7-AS
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Figure 2.10b: Principle of high recycling

Figure 2.10a: Principle of low recycling inside inside islands intersected by a target plate.
islands intersected by a target plate. [Sardei [Sardei 1997]

19971
island divertor geometry ionisation inside the

islands leads to a strong density rise inside the islands. The maximum efficiency in terms of
recycling and diverting property of the islands can be reached when parallel and cross field
heat transport are roughly in balance (in tokamaks parallel heat conduction always strongly
dominates transport from up- to downstream, while cross-field transport only results in a
finite radial width of the SOL in these machines). This condition is fulfilled when the
temperature gradient scale length A becomes comparable to the average radial extension of
the island region intersected by the target plates [Sardei 1997]: Ar/0=7/4 L, (ayL
n, / % T,H)% / 8=1with o = (1-0.5 Ly/L.) Ly/L. and L,/L. being the fraction of the
connection length facing the core plasma. Here it is assumed, that the influx into the island
only takes place at the interface between island and main separatrix, while the influx from
the sides of the island, which might as well play a significant role, depending on the
particular conditions, has been neglected here. Typical values for W7-AS are A1/ & = 0.45.
A further useful expression telling when parallel dominates over the cross-field poloidal
heat conduction is [Feng 1999]: Te > () n./6” k), with 6 field line pitch and y = ¥, + ¥;.
For y1 =2m?s and n. = 5 10" m™ one gets for a tokamak (6=0.1): T, > 1 eV while for the



W7-AS divertor (6=0.001) one gets T, > 36 eV. Therefore in tokamaks parallel heat
conduction is usually dominate throughout the SOL, while in the island divertor the
situation is more complex. ‘Upstream’ usually parallel heat conduction governs the energy
transport since the temperature there is usually > 36 eV, while further downstream towards
the target with falling temperature parallel heat flux is gradually exchanged for
perpendicular one. This effect could reduce the impurity influx since the cross-field
poloidal energy transport can smooth out the strong parallel temperature gradient close to
the targets and can thereby reduce the thermal force acting on the impurities, which tends to
drive the impurities away from the targets up to the X-point. For cold islands cross-field
heat conduction could become dominating throughout the island SOL, thereby causing Tk,
to decrease with increasing ne, at high densities (Two-point model).

An important effect not known from tokamak
divertors is the loss of parallel momentum
through strong anomalous shear viscosity
between the counter streaming particles in Isiand fan
adjacent island fans, due to their relatively small
radial scale length. (fig. 2.11) The momentum
loss due to the counter streaming particles can be
roughly estimated by: Ms = pu — 2 pg = VL (-D
Vi mI) dl ; I parallel particle flux, d
integration along field line. By using a simplified
2-D geometry with a continuous target this Stagn. point
equation can be solved analytically, resulting for
W7-AS in a ratio of My / pa = 1.3, i.e. the small Figurg 2.11: Friction between two counter
island size and long connection length leads to streaming fans causes momentum losses by

L. radial shear viscosity. [Sardei 2001]
significant momentum loss by cross-field
diffusion [Feng 1999].
Another effect, not known from tokamaks, which also leads to momentum losses, arises
from the three-dimensionality of island divertors. 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 T4<10eV. Figure 2.12 illustrates the
process. A parallel flux tube of long connection Main flow
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 [Feng 1999]. toroidal

EMC3/EIRENE calculations showed further Figure 2.12: Poloidal diffusion into shadowed
that neutral compression due to target inclination region and friction between main flow and
and baffles should lead to neutral densities in the gapp;d flow cause momentum loss by poloidal

X iffusion and shear viscosity. [Feng 1999]
divertor chamber more than two orders of
magnitude higher than outside of it.
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Detailed theoretical studies concerning the transition to detachment in an island divertor
configuration have been undertaken in the course of the last years, mainly with the aim to
predict the behaviour of the W7-AS island divertor recently installed. This has been done
on different levels, from simple two-point and 1-D models [Feng 1999, Feng 1999a], giving
easy direct physical insight into the processes involved, to 2-D B2/EIRENE [Braams 1986,
Reiter 1984, Herre 1997, 1999,Feng 2000] (based on helically averaged island geometry
and a continuous divertor plate, sputtered carbon as radiating impurity) and full 3-D
EMC3/EIRENE [Feng 1997, Feng 1999a] (Monte Carlo code solving a set of stationary
Braginskii fluid equations in 3D space, self-consistently treating plasma, neutrals and
impurities taking into account the complex 3-D island structures and discontinuous divertor
plates and baffles) calculations providing the most sophisticated prediction of all relevant
parameters so far.

Within the framework of the two-point model low and high-recycling regimes can
clearly be identified. The model predicts a sharp transition from low- to high recycling
accompanied by a steep rise of the downstream — Two-point model 8= EMC3 results
density and a strong drop of the downstream 100
temperature (fig. 2.13). The EMC3 code
calculations (impurities not included) confirm the
general trends of the simple model but show a
smoother change of T4 and n.q with n.,. They also
show the island divertor specific, strong
momentum loss at relatively low densities arising
from cross-field transport. Moreover the EMC3
calculations reveal a linear drop of T, with n,, at
high densities, indicating that the cross-field heat
conduction dominates over the parallel one [Feng
1999b]. With a 1-D radial energy transport
model it was possible to reproduce the sharp ‘ .
transition and jump of the radiation zone at the ' 1013 1014
transition to detachment. The model showed, for Upstream density / cm-3

. . 19 3 2 -1 Fig. 2.13: Comparison of two-point model with
Psor=1 MW, n,,=8 107 m™, x= 3m’s", that at a EMC3 calculations. [Feng 1999b]
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carbon concentration between 1.3 and 1.4%
the radiated power fraction jumps from ~30 to
~100%. Fig. 2.14 shows the resulting location
of the radiation zones above the target for both 7w
the attached and detached state together with
the temperature profile. From this model a
simple condition for stable detachment can be !
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Figure 2.15: Two branch transition (hysteresis loop) between attached and detached state. [Feng 2001a]

From this follows that detachment is stable within the
SOL if the radiation capability is higher than the input
power at the target and lower at the upstream SOL
position [Feng 2001, 2001a,b]. Detailed modelling
with the EMC3/EIRENE code (parameters as above,
but D=0.5 m’s’, x= x= 3D) showed that the
transition into and out of detachment occurs at
different total carbon sputtering coefficients giving
rise to a hysteresis loop (fig. 2.15) [Feng 2001a]. This
effect is related to the form of the cooling rate
function L(T). The simulations show further, that the
radiation zone is thin (~1cm) (fig. 2.14), compared to
the island size (~5cm), and jumps from the target to
the X-point at detachment [Sardei 2001]. For higher
upstream densities the transition finally becomes
smooth (fig. 2.16).

Fraction of radiation / %

Carbon sputtering (%)

Figure 2.16: Sharp increase of radiation
and drop of T at detachment transition..
[Feng 2001, 2001a]
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The Local Island Divertor (LID)

The LID is a closed divertor utilising the island
geometry [Komori 1994]. In order to establish the
required magnetic configuration in a Heliotron device
an additional set of control coils is required. Fig. 2.17

Figure 2.18: Magnetic surfaces
created by  adding  resonant
perturbation fields to the standard
LHD magnetic configuration. The
perturbation fields are generated by
(a) two pairs of adjacent island
control coils above and below the
torus, (b) another pair of coils at right
angle to those of (a), and (c) these
three pairs of coils with a proper coil
current distribution. [Komori 1994]

shows the coil set
installed in LHD above
and below the cryostat.
By proper arrangement
of the currents in the
different control coils,
a magnetic
configuration
consisting of a clean
m/n=1/1 island at the
/2w = 1 surface with
an almost eliminated
m/n=2/1 island at the

Island control Sy
coils )

Figure 2.17: A set of 20 LID coils
is used in LHD. [Komori 1994]
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(fig. 2.18). Fig. 2.19 particle flow to divertor plates. [ Komori
shows the m/n=1/1 1998

island geometry as it
is utilised for a LID.
The divertor head is

inserted into the
island such that the
leading edges are
inside the island and
thereby get not
exposed to  the

exhaust (fig. 2.19,

2.20). The heat and particle flux leaving the confined
plasma crosses the island separatrix by perpendicular
diffusion and then flows along the field lines through a narrow gap between the exhaust
duct and the LID head towards the target plates on the back side of the head. Because one
thereby forces recycling to take place in a fairly closed chamber one expects to achieve a
pumping efficiency of up to 30 % by attaching a cryopump to the exhaust duct. In contrast
to the helical divertor, in which the transition from the LCMS to the open region takes place
in a very fuzzy, gradual way over more than ~50 mm, it is a characteristic feature of the
LID that the transition happens radially very sharply within 2 mm. This feature is believed
to be important for generating an H-mode thermal barrier, which typically has a width of
10-20 mm, just inside the LCMS. With this type of a closed divertor it is hoped to achieve
a considerable improvement in T for 1 /2w = 1.

Outer island
separatrix

Divertor
head

Inner islan
separatrix

Figure 2.20: Schematic view of the LID
explaining the relation between divertor
head and island separatrix. [ Komori 1998]
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2.4.1 LID configuration based divertor operational modes

Two further operational modes based on LID field configurations are expected to give
access to new operating regimes: low temperature, radiative operation and high temperature
divertor plasma operation [Ohyabu 1994a, 1995, 1998].

24.1.1 Low temperature radiative divertor plasma operation
The possibility to form an m/n=1/1 island surrounded by an
open ergodic boundary (fig. 2.21) opens the unique
opportunity to combine an H-mode compatible low density
edge region with a radiative cooling layer with a wide heat
flux  distribution. (SHC operation: Simultaneous
achievement of H-mode and radiative Cooling)

When a low m single island layer is located in the inner Eool
ergodic region (LID operation without inserting the head) i
(fig. 2.22), then temperature and density are constant along

o5

N the island and thus the density -®5[ ]
at the LCMS can be kept low.
The low m island serves to |
sharply separate the closed 10 as a0 s

surface region from the high
density, radiative boundary with
Vp=0. This configuration is
similar to that of the
conventional poloidal tokamak
divertor, but with the significant

R (m)

Figure 2.21: m/n=1/1 island
configuration. [Ohyabu 1998]

erpodic
slruciure

Figure 2.22: Separation of the
closed surface region and the
high density, radiative

difference of a large radiative
cooling volume (~10% of V,).
The connection length between

j SOL

a point just outside the LCMS
and the divertor plate is ~200
m, which is similar to a tokamak with long divertor
channels (fig. 2.23). In this approach the magnetic
configuration is the same as that for the LID, however
without the LID head inserted into the island and with
pumping not being essential.

boundary. [Ohyabu 1995]

% Divertor Channel

Divertor Plate

Figure 2.23: Similar, large
divertor volume, poloidal
divertor (tokamak).
[Ohyabu 1998]

2.4.1.2 High temperature divertor plasma operation (HT operation) [Ohyabu

1994a, 1995, 1998]

It is believed that high divertor temperature low recycling operation is a prerequisite to
enhanced energy confinement in tokamaks and helical devices [Ohyabu 1992, Ohyabu
1993]. From power balance considerations it has been estimated, that in an NBI heated
plasma divertor temperatures of 4-5 keV should be achievable in LHD by efficient pumping
in the divertor chamber. Efficient hydrogen pumping could possibly already be achieved in
LHD with an open, but baffled, helical divertor with additional carbon sheet [Sagara 1995]
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or membrane [Livshitz 1990] pumping panels (see fig. 2.4), while for reactor applications a
new divertor magnetic field geometry has been suggested, which guides the outward
flowing plasma to a very remote area [Takase 1994]. To maintain peaked density profiles a
combination of deep fuelling by NBI heating or pellet injection and efficient pumping could
be employed. Under these conditions particle confinement considerably influences energy
confinement. This is particularly important in LHD since it can counteract the effect of high
ripple induced electron heat losses which tend to lower the edge temperature gradient. The
effective particle diffusion coefficient is not particularly high though, since the ions are
well confined by the E x B drift. An advantage is however that the radial electric field in
this regime is positive, so that the neoclassical outward impurity pinch is hoped to prevent
impurity accumulation. In tokamaks impurity accumulation could be a major obstacle for
HT operation since the neoclassical impurity pinch is directed inwardly in these machines.

3. Helical and Island Divertor Experiments

Within about the last 15 years considerable progress has already been made in the
understanding of what role different divertor types could possibly play in present day and
future helical devices. Our understanding of the functioning of the different divertor
concepts is not only based on a large theoretical effort but also on a considerable number of
experimental tests performed on different helical devices. In the following it will be
attempted to summarise the main insights gained from experiments performed on a number
of different machines which had run dedicated divertor experiments.

3.1 Heliotron E

Heliotron E was a planar axis heliotron with a 1=2/m=19 helical coil (m: helical pitch
number). The magnetic field in this machine was controlled by additional toroidal and
vertical field coils. The investigation of a helical 'whisker-like' divertor configuration, as
described in section 2.2, was one of the principle purposes of this machine [Matsuura 1992,
Obiki 1988, Motojima 1984]. Fig. 3.1 shows a plot of such a configuration produced in
Heliotron E. As the figure shows the stochastic
magnetic field lines outside the LCFS form flux

bundles, which in this machine simply CT__:?
/Wnll

intersected the chamber wall. The intersection -

points concentrate in a very narrow region (the .

‘divertor trace’) in the 6—¢ (pol.-tor.) plane. As / % oum)
ot

expected, the edge plasma has been found to r(m, T

flow along these distinct flux bundles to the {
wall. Since the flux bundles terminate at a metal !

surface  (the vacuum  chamber  wall), t Divertor Region f E
ambipolarity in the plasma flow is not required ! o

. . 0 e . .
in a local area and the edge transport might be ]H o © @ o

affected by the electric field due to this non- L ) .

. . . . . Figure 3.1: Poincaré plot of the divertor region
ambipolar ﬂOW in the edge _reglon [Mlzuuchl The stochastic region with L>5m is indicated.
1991, Chechkin 2000, Zushi 1996, Chechkin [Motojima 1984]

1997, Boykov 1998]. It is assumed that not

every field line in the stochastic region has a characteristic which works as a divertor, but
more than 90 % of the charged particles are expected to flow along the field lines of the
stochastic region to the wall [Motojima 1984]. Experiments have shown, that there are
divertor traces on the surface of the vacuum chamber. The charged-particle flux is

i Helical Coil
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concentrated on these traces and the
plasma-wall interaction occurs there.
Langmuir probe and calorimeter (fig. 3.2)
measurements have been performed across
the divertor traces near the wall. The half-
widths of the ion saturation current and of
the time averaged heat flux, were about 2
cm. These widths were consistent with
what one expected from field structure
calculations taking particle diffusion inside -
the region r < 31.5 cm into account. With
this width the total divertor trace arca was 4
estimated to be ~2.7 m® or ~8 % of the ™ ] p—
total inside surface. area O.f the .Vacuum Figure 3.(2:)C0rhparison of measured peak and half
chamber. The experiments in Heliotron E  maximum (-—) ion saturation current (M) and heat flux
showed that the density and heat flux (@ ) for two different ratios of vertical (B,) to toroidal
distribution was sharply localised in a (B,) field strengths (a) 8 = -0.1873 and (b) 3=-0.173. The

. . lower figures show the Poincaré plots. The horizontal
narrow region where the field lines had .
lines mark the measurement range of the moveable

long connection lengths L. It was found [angmuir probes and calorimeters. [Obiki 1988]

that the shape and the position of the

distributions were fairly insensitive to changes in density, input power or vertical field
strength. The estimated total heat flux in divertor field region was found to be roughly
balanced with P;, - P01, [Obiki 1988].

An up/down asymmetry in the peak particle and heat flux has been observed which
might be caused by an ion grad B drift [Matsuura 1992, Mizuuchi 1991]. The possibility
that the grad B drift plays an important part in the particle flow is supported by floating
potential measurements, which showed non-uniformities in poloidal and toroidal directions,
which suggest that the ambipolarity of the plasma is broken in a local area. It has been
observed that the polarity of the floating potential of many metal calorimeter plates was
consistent with the direction of the grad B drift and was reversed by the change of the
helical field direction.

A shift of the magnetic axis has a strong effect on plasma confinement, not only in
Heliotron-E but also in other heliotron-type devices such as Heliotron-DR, CHS, ATF and
LHD. An auxiliary vertical field (causing a radial shift) however was found to have little
effect on the edge structure. For the design of a helical divertor, this is a good property
since high B operation is naturally accompanied by a shift of the magnetic axis [Matsuura
1992].

When the confinement volume is changed with the help of an additional toroidal field,
there is a shift of the edge density and temperature profile. The toroidal field has a strong
effect on the position of the divertor trace. It moves towards the midplane with increasing
field and departs from it with decreasing field [Matsuura 1992].

Error field coils were used to produce artificially destroyed magnetic field lines with
m=1/n=1. Field line calculations show that a large island appears at the rational surface
(iota=1) and the magnetic surfaces around this island become ergodic. The central plasma
parameters are not affected, but the edge density reduces by ~ factor 10. The error field
was not so strong as to destroy the divertor trace structure [Matsuura 1992, Obiki 1990].

Experiments with stainless steel baffle plates installed in one-fifths section of the torus
to investigate the effect of retaining the recycling neutrals have been performed (fig. 3.3).
To avoid melting, the throat in the baffle plates had to be somewhat wider than the width of
the divertor layer, so that in effect a leaky divertor chamber was created. The divertor
plasma parameters (nq, Toq) Showed little or no difference with or without baffles, only the

Z (em)

2 (em)
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neutral densities in the baffled and non-
baffled sections seemed to be somewhat
different. The reasons why the baffled o4 Baffle
section had so little effect were believed to X PENE) P'Tfe
be the short field line length inside the
'divertor chamber' L, i.e. from divertor
throat to the divertor plate (the wall) and
the low ionisation rate in the thin divertor
plasma. The short connection length L,
makes it difficult to sustain a gradient in
the plasma density and temperature along

Z (m)
o

the field line and the low ionisation rate ~04y .
results from the separatrix not being T8 ) T8
baffled all around the torus [Obiki 1990]. R {m)

The edge plasma behaviour has been Figure 3.3: Poincaré plot with baffle plates installed.
investigated in different in ECR and NBI [Obiki 1990]

heated plasmas. High power ECH had been found to lead to a degradation of particle
confinement, a decrease of the central density (‘density clamping’) and an increase in the
edge density. The heat losses to the inboard divertor with increasing NBI power were
observed to increase rapidly, most likely due, to theoretically predicted, enhanced direct
losses of deeply trapped particles in that region. The total heat loss to the divertor region
(estimated under the assumption of a constant heat loss in toroidal direction, by summing
over the three peak heat flux densities multiplied by their half widths in poloidal direction)
is almost equal to the input power and the fraction deposited in the divertor increased with
plasma density, which is preferential for any divertor design. The divertor density was
approximately proportional to the line averaged density of the core plasma. According to a
simple particle balance model, the divertor plasma density is proportional to the line
averaged density of the core plasma and inversely proportional to the connection length to
the wall. Since the connection length of the magnetic field in heliotrons is short, this model
can explain the results [Matsuura 1992].
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3.2 Heliotron J

Heliotron J, which went into operation in July 2000, is a I=1/M=4 helical-axis heliotron
device [Obiki 1999, 2000]. It is planned to install a divertor for phase II starting in 2003.
This requires the installation of a modified coils assembly.

One of the main design goals of Heliotron J is the comparison of the advantages and
disadvantages of helical/island divertor concepts and the development of advanced and
possibly innovative divertor structures for helical axis heliotron devices [Mizuuchi 1999].
Owing to the flexibility of field configuration control in Heliotron-J, helical (similar to the
conventional 'whisker-structure') and island divertor (island-chain structure) configurations
can be realised in one and the same device. When /2w is far from any low mode resonance
condition the topology similar to the conventional helical divertor is found, while when
/21 is close to a low rational number, a clear island chain is observed outside the LCFS.

3.2.1  Helical configuration

A helical divertor configuration, which is similar to the conventional heliotron
configuration with ergodic edge field lines (‘whisker-structure'), is from the viewpoint of
plasma confinement the prime candidate for “the standard divertor configuration”. The field
structure of this configuration becomes rather simple since the field lines cross the wall
before the so-called “fold and stretch” effect becomes noticeable (Fig. 3.4 and Fig. 3.5).
The connection length of the divertor field lines is much shorter than for the island divertor
cases. The connection length of a field line starting 5 mm outside the LCFS is

T T T T T T T T T T T T
0.4k 0=675° ]
0.2pF -
E of ]
N :
0.2 =
0.4} -
PP B i L il il P R
R 09 1 1.1 1.2 1.3 14 1.5
. R R (m)
Figure 3.4: Poincaré plot of helical dlvertorF igure 3.5: Poincar¢ plot of helical divertor

configuration (yellow & red dots: open field lines;
yellow dots made by field lines started 1 & 5 mm
outside LCFS). [Mizuuchi 1999]

configuration, cutting field lines at the wall. The colours
differentiate between co- and counter field line tracing.
[Mizuuchi 1999]
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~40m, while it would be ~300 m or more for

example for an m/n=7/4 island divertor 180 e r
configuration. On the low field side only one or the b2 ¢ High Field Side

other of the two divertor legs, the clockwise or the ’512";' Aol E
counter-clockwise one, attaches to the wall g 60_ o 1
depending on the toroidal location. In contrast to the @ F //‘)

helical divertor in Heliotron-E, where the divertor g of S-= LowFielgside  ___ ]
trace runs continuously along the torus helically, the g ; S i /'/‘)
divertor footprints are not only localised in poloidal § -6°f &é"‘\ -
but also in toroidal direction (fig. 3.6). The divertor "9;_1205_ & ]
footprints appear mainly at the low-field side but : :E?pi‘:f:‘ Rt
some interaction also appears at the high field side. 180(; - 2 Ve 4

The ratio of divertor footprints on the low and high toroidal angle (deg.)

field sides can be controlled by setting and shaping . .

the target plates appropriately. The field line pitch Figure 3.6: Footprint locations on the wall
(BR2 +B 2) / B(pz is ~0.4-0.45 for the low field line surface. Colours see fig. 3.5 [Mizuuchi 1999]
legs and ~0.6 for the high field side ones.

3.2.2 Island divertor

Two different modes of island divertor structures with m/n=7/4 (V2rn = 0.57) and with
m/n=8/4 (1/2n = 0.5) can be produced.

3.2.2.1 Configuration with m/n=7/4 island

In this configuration the centre of the islands (O-points) is far from the confinement region
(fig. 3.7). Although the basic mode of this island is m/n=7/4, a detailed survey of the field
topology shows that some other islands exist around an m/n=7/4 island. As in the helical
case two footprints exist at the wall on the low field side, one originating from the co- and
one from the counter field line direction. The footprints can be moved to the high field side
by positioning a target plate somewhere appropriately above the wall on the high field side

(fig. 3.8). The connection lengths in the

T T | FFERLTTR TR PR R EEL ) [ 180 r T T
0.4F . F
[ —120F i
-Ti] £
I o :
0.2 1 2 of
[ o F Gl
— b bn :
E of 1 & of :
N | - B ~§° Low Field Side ]
i E 60F - i
0.2 1 9 : ]
I / 2 i :
o B120 E ]
0.4 - - - ; ]
1 L 1 1 1 _ L L 1 M . 1 . M 1
08 1 1z 11 16 1806 30 60 %0
R (m) toroidal angle (deg.)

7/4 island divertor Figure 3.8: Footprint locations on the wall surface for

Fi 3.7: Poi ¢ plot of m/n=
gilre oare pot e v m/n=7/4 island divertor configuration. [Mizuuchi 1999]

configuration. [Mizuuchi 1999]
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m/n=7/4 island case are very much longer than for the helical case. Moreover the divertor
legs are fairly long, similar to a high X-point case in  Low Field Side Footprints __(wau)
tokamaks. The fact that the field strength changes along a
field line as a function of distance from the target plate (fig.

3.9) can be used to investigate VB-effects along the field line 1 _‘/\/~ﬂ

on edge particle and heat transport.

IB] (T}
L~

3.2.22 Configuration with m/n=8/4 island 3k Freid Bide Poolpfnts

g,
Characteristic for this configuration is that the centre of the Ei_/x\/

island (O-points) is close to the confinement region. The 1F .

islands of this configuration are actually located inside the

LCFS, but by placing the target plates at the island position 3 2 1 0

this configuration can also be used as an island divertor. In Distanee from the target (m)

fig. 3.10 an example of an Poincaré plot with a target placed Figure 3.9: Change of the field

26 cm from the strength along the field line.
. . [Mizuuchi 1999]

wall in each period

is shown.

The influence of particle diffusion
perpendicular to the magnetic field lines has been
simulated by a random walk process in the field
lines, corresponding to an effective perpendicular
diffusion coefficient of D =~ 1 m%s. Fig. 3.11
shows all three configurations with diffusion
taken into account. The calculations show, that in
the case of the helical divertor diffusion does not
affect the width of the divertor legs, due to its
short connection lengths, while it does expand the
width of the legs of m/n=7/4 island divertor
configurations. For the m/n=8/4 configurations
Figure 3.10: Poincaré plot of m/n=8/4 island diffusion is only dominant if only one target is
divertor ~ configuration ~with an artificially yged, jts effect however becomes much less
introduced localised target block. (white: field .\ 0t if targets are placed in every field pitch.
line structure without target block) [Mizuuchi X . R .

1999] While in Heliotron-E the divertor traces were

continuously running helically around the torus,

all 3 divertor structures of Heliotron J are toroidally discontinuous local divertor structures.
Only future investigations will tell which of the two concepts is more advantageous.

R (m)

1

R (m) R{m)
Figure 3.11: Effect of particle diffusion simulated by field line diffusion for (a) a helical divertor , (b) a m/n=7/4
island and (c) a m/n=8/4 island divertor configuration. [Mizuuchi 1999]
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Another m/n=8/4 island configuration has recently been constructed [Mizuuchi 2001],
which constitutes a fair compromise between core plasma and island size (fig. 3.12). In this
configuration a target is placed at Iy = 0.33 m, i.e. ~5 cm from the chamber wall. This
results in a clearance of 2-3 cm on the HFC side. In this configuration the divertor field
crosses the target at four discrete regions per field period (fig. 3.13). The total wetted area
on the target plate around the torus has been estimated from these calculations to 600 cm2,
which corresponds to about 1% of the total surface area of the LCFS. Fig. 3.14 shows the
distribution of the field line connection lengths at the footprint location Al of fig. 3.13.

toroidal pitch
0 0.2 0.4 07.6 0:8

1.1 1:2 1.3 1:4 1:5
R (m)

Figure 3.12: Poincaré plot of
configuration with target plates. The field
line traces (followed in both directions)
were stopped at the target. White lines:
Topology without targets or wall
[Mizuuchi 2001]

08 09 1

0 30
the toroidal angle (deg.)

Figure 3.13: Footprint locations on the target plate.
[Mizuuchi 2001]

The field lines with long L. seem to be concentrated along the island separatrix side. The
long connection lengths are expected to be an advantage for obtaining a large temperature
gradient between the SOL and the target plates. Fig. 3.15 shows the distribution of the
connection lengths within a 2 cm zone outside the LCFS. The field lines starting near the
X-point have longer Lc than those starting near the O-points. The incident angles of the
field lines to the target, which are important for the distribution of the heat loads on the
target, were found to be less than 10° in the case investigated. In the present Heliotron J one
gets for this configuration for Pyg~1MW and P4 ~ 40% an averaged heat load on the target
of about 10 MW/m’. Taking the profile across the footprints into account, the peak heat
loads will be even higher. Due to the short pulse lengths of the discharges this does
however not pose a problem in Heliotron J.

y — 0.2 : .
+ L, <100m ' Faarget = 0:33m, ¢ = 0 deg.
260+ 100m <L <200m e
|- 200m<L, <300
S |- 300m<L
)
z v )
® Lr LA L T 1.3 T4 15
i T Divertor Trace R (m)
25 L : .A'1 o L,>800m
$2 786 60 64 68 - toomoL suom
[ (deg.) : ;gomm>>LLc> 50m

Figure 3.14: Connection lengths of the footprint Al in
figure 3.13.Colour code from short to long Lec: grey,
brown, blue, red [Mizuuchi 2001]

Figure 3.15: Field line connection length
distribution in a 2 cm zone outside the LCFS.
[Mizuuchi 2001]
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33 CHS (Compact Helical System)

On CHS, a 1=2/m=8 heliotron/torsatron device, the first Local Island Divertor (LID)
experiments have been performed. They provided critical information on the edge plasma
behaviour in the heliotron/torsatron device and serve as a guidance for the design of the
LID for LHD [Morisaki 1997]. An interesting characteristic of CHS is its magnetic field
structure in the edge region. Toroidal effects make the separatrix surface fairly vague. The
closed surface region is surrounded by the stochastic structure and no clear separatrix
exists.

An LID has been installed on CHS to demonstrate its principle functioning and to study
its effects on the edge plasma. It was originally proposed as a means to enhance energy
confinement through neutral particle control, i.e. its main purpose is to control neutral
particle recycling [Masuzaki 1998]. The advantage of the LID over the closed full helical
divertor is the technical ease of hydrogen pumping because the hydrogen recycling is
toroidally localised.

The LID is a closed divertor segment with a head shaped to the magnetic flux surface. It
utilises an m/n = 1/1 magnetic island, formed
in the edge region, as a divertor configuration
(fig. 3.16) The separatrix of the m/n=1/1
(pol./tor. mode numbers) island is formed by
the perturbation field By p produced by 8 pairs
of circular perturbation coils located above and —
below CHS. The ration of the perturbation Pumping duct
field to the toroidal field was about 0.1 %, and -

the width of the island was about 5 cm. Little ) B o

Shift of the edge boundary fakes place by [ 16 The mh Ul mupntc isnd
applying the perturbation field. Li-beam edge O-point operation. The outer edge of the island
density profile measurements show, that too intersects target plates on the back of the LID
large control coil currents I, lead to a head.[Lyon1997]

destruction of the magnetic surface in the edge

region and a widening of the ergodic layer [Masuzaki 1997]. The current in the LID coils
can be chosen to position either the O-point or the X-point of the island at the location of
the LID head. In the following we will only consider the O-point case since it has much
higher exhaust efficiency. Some information on X-point operation can be found in ref.
[Lyon 1997].

The divertor head is inserted into the island (fig. 3.16) from a port at the horizontally
elongated cross section, where the island width is maximal. The island separatrix provides
the connection between the edge plasma region surrounding the core plasma and the back
plate of the divertor head through the field lines. The particle flux and the associated heat
flux from the core plasma strike the back plate of the divertor head and thus particle
recycling is localised in this region. The divertor head is placed into the pumping duct such
that the LID forms a closed divertor system with high pumping efficiency (cryogenic pump
with a hydrogen pumping speed of 21000 1/sec) for efficient particle exhaust [Masuzaki
1998, Komori 1994].

1A island

IR camera pictures of the target area as well as ion saturation current measurements
with target integrated Langmuir probes, clearly demonstrated that the particle flow is
indeed guided to the back side of the divertor head by the island magnetic field structure,
the fundamental function of this type of divertor. The particle flux derived from the probe
measurements indicated that the LID pumping efficiency in CHS could be as high as 10 %.
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A much higher pumping rate will be achieved in LHD because a majority of plasma flux
flowing outwards is expected to be guided to the target plates on the divertor head without
diffusing to the wall due to LHD's smaller diffusion coefficient and larger size.

The gap between divertor head and pumping duct was 4 cm. The IR camera pictures
showed that the strike points were located ~lcm away from the leading edge of the LID.
For the standard LID configuration the leading edges of the divertor head were located well
inside the island, thereby being well protected from the outward heat flux from the core
(fig. 3.16). This ensures that even at considerably higher input power one doesn't get a
leading edge problem.

Neutral pressure measurements with a fast-ion gauge located in the pumping duct
directly behind the divertor head indicated that efficient pumping of the recycled neutral
particles takes place when the perturbation field Byp for the LID is switched on. This
observation is strengthened further by the fact that the H, radiation behind the divertor
head behaves similarly to the neutral particle pressure in the pumping duct [Komori 1997].

The effect of LID operation on edge and core plasma has been investigated by comparing
discharges run with By p, to produce the m/n=1/1 island, and without By p.

For the plasma edge it was found that the use of the LID does not lead to a reduction of
the edge density near the O-point (Li-beam measurements) despite a factor 2 reduction of
<ne>. Moreover T, above the strike points at the back plate of the divertor head was about
twice as large with Byp and the particle flux to the edge of the divertor head was clearly
reduced by applying the m/n=1/1 island [Masuzaki 1998].

; . — T F OV line intensity (arb.unit)
<ng> (10"m 3 without LID a

with LID

o wiB = (#53475)

+ wioB _ (#53473)
Lo

] R 3

o 19,3
A.n‘){ﬂ') ™)

Pas kW) without LID

100

Figure 3.18: OV line intensity as a function of line
(e} ] averaged density. The stored energy is almost the same
for both cases in this density range. [Masuzaki 1998]

- O

LID operation also had considerable impact on
; the core plasma parameters (fig. 3.17)
[Masuzaki 1998]. The core density was
! 4‘01‘ g5 55 T&E reduced by almost a factor 2 compared to non-
time(msec) LID discharges at the same gas puff rate. The

core radiation was reduced by a similar factor

Figure 3.17: Typical time evolution of (a) line due to a considerably smaller core oxygen
(© dtamagnetic sired cnergy, The same g putt COnCCNtration with Bup (fig. 3.18). It was
rate was applied. [Masuzaki 1958] fot.md that Zeff is constant for O-point and X-
point operation, independent of the control coil

current (fig. 3.19) [Lyon 1997]. At the same time, by activating the LID, the stored energy
could be increased by about 20 % compared to a discharge run at the same density (reduced

gas puff).
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These observations indicate, that the edge plasma
changes provoked by the LID configuration have
considerable impact on the core plasma parameters.
The main role the edge plasma plays in this, is the
screening hydrogen neutrals and other impurities. The
higher edge T, led to reduced ionisation lengths and
thereby helped to considerably reduce the influx to
the confinement region, thereby leading to a lower
core density and radiation power. Recycling particles
ionised at the outer separatrix region can easily be
removed by LID pumping.

Pressure measurements inside the LID chamber
suggested that the plasma flux into the LID pump
chamber does not affect the flow of neutrals back into
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Figure 3.19: Prad/ne2 is independent of
O- (o) or X-point (x) operation with the

LID head in. [Lyon 1997]

the CHS vacuum chamber, i.e. one gets no plasma blocking in the relatively wide channel

into the LID pump chamber [Lyon 1997].
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34 LHD

LHD is a superconducting heliotron type device
with a pair of I/m = 2/10 (m=toroidal mode
number) continuous helical coils with pitch
modulation and three pairs of upper and lower
poloidal coils, - the inner vertical, the inner
shaping and the outer vertical coils [liyoshi 1999].

Poloidal coilg

Various innovative divertor concepts have been
developed for LHD. Two different divertor
magnetic configurations are being explored in
LHD, the helical and the island divertor. While the
helical divertor utilises the inherent divertor
magnetic configuration, the island divertor Figure 3.20: LHD cryostat and coils [Ohyabu
configuration is enforced by additional control 20011

coils (fig. 3.20). Closed divertors, like the LID and

the closed full helical divertor, are expected to be equally suitable for high edge
temperature low density discharges, due to their high pumping efficiency, and for low
temperature and high density radiatively cooled divertor plasmas because of the high
plasma plugging efficiency required for high recycling operation [Komori 1994].
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|
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3.4.1 Magnetic flux mapping

One magnetic flux mapping was performed under steady state conditions at reduced
magnetic fields of up to 0.25 T, using a 1 m x 2 m fluorescent mesh. The diameter of the
electron beam was less than 3 mm. Closed nested magnetic surfaces which agreed well with
the theoretical calculations have been observed. The m/n=1/1 and 2/1 islands caused by the
terrestrial magnetic field are only showing up on the measured and calculated surfaces
because the magnetic field used for the
mapping was very low [liyoshi 1999].

A further flux mapping which was
carried out at R,, = 3.6 m and at B, =
2.75 T, showed an m/n=1/1 island with a
width of ~8 cm and an 2/1 island with a
width of ~5 cm, which seems to be
generated by an error field. The cause for {
such large islands is unclear. Both
islands could however be almost
simultaneously eliminated by employing
the perturbation coil system (fig. 3.21).
The accuracy of the thus realised
magnetic surfaces was beter than. what Figure 3.21: Magnetic surfaces measured by fluorescent
could be expeCted from the maximum mapping at Bt =2.75 T and Rax = 3.6 m. (a) without and
tolerance  permitted in the  coil (b) with compensation by LID coil. [Komori 2001]
specifications [Komori 2001].
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3.4.2 The Helical Divertor

In LHD the intrinsic helical divertor magnetic field structure forms a clean separatrix,
which can be utilised for particle and heat control and for various confinement
improvement schemes. The long term aim
is to install a closed full helical divertor
which utilises the natural separatrix in the
edge region (fig. 3.22). This aim is being
approached in several steps. In the 1% and
2" experimental campaign the divertor
structure interacted with the vacuum vessel
and divertor strike plates made of stainless
steel. This led to a high level of high Z
impurities in the plasma core causing a
slow (~1s) cyclic oscillation in the plasma
parameters during long pulse NBI heated
discharges, sometimes described as a
'breathing' plasma [Peterson 2001]. Initial
experiments to investigate the divertor
plasma properties of the 'natural' helical
divertor have already been performed in Figure 3.22: Sketch of a possible fully closed helical
these stainless steel bounded plasmas divertor. [Noda2001]

[Masuzaki 1999, 2001]. Since the 3"

experimental campaign an open, actively cooled helical divertor is being used (fig. 3.23 and
3.24), which consists of isotropic graphite armour tiles with a copper heat sink, a water
cooling pipe and a graphite sheet [Kubota 1998]. The total graphite area amounts to about
30 m” or 4 % of the total wall surface [Peterson 2001]. This structure is designed for a
maximum heat load of 5 MW/m? for 10 s or 10 MW/m” for 5 s [Ohyabu 1998].
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’“‘\\ (graphit

amay
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Figure 3.24: The blue bands mark the regions

Figure 3.23: The divertor structure of one full toroidal along which the divertor target plates shown in fig.
sector is shown together with the locations of target 6.3 are running along the torus wall. [Ohyabu
integrated diagnostics. [Ohyabu 2001] 2001]

Experiments have shown that an inward magnetic axis shift of A=-0.15 cm results in better
confinement, as had been expected from particle orbit calculations [Ohyabu 1994a]. The
investigation was limited to configurations with R,, = 3.9, 3.75 and 3.6 m (see fig. 2.3) and
with a toroidal ellipticity of 1, since for R, outside this range the divertor legs would have
missed the carbon divertor plates. An inward-shift of the magnetic axis by A=-30cm (R, =
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3.6 m), relative to the machine axis at R=3.9 m, has been found to exhibit much better
plasma performance than could be achieved with standard configuration (A=-15cm, R, =
3.75 m). A factor of 1.6 enhancement of the energy confinement time over ISS95 was
achieved. The new configuration had been expected to have unfavourable MHD properties,
based on linear theory, but significantly better particle-orbit properties [Ohyabu 1994a], and
hence lower neoclassical transport losses. No serious confinement degradation due to the
MHD activities has been observed up to <B> = 2.4 %. The plasma performance at R,x = 3.9
m was found to be the worst of all three
configurations investigated. LC
Suppression of the 1/1 and 2/1 islands E
with the perturbation coils for R,=3.6
m and B=2.75 T resulted in a slight
increase in T, n. and stored energy,
suggesting that a magnetic
configuration with no island is
favourable for plasma confinement.

Fig. 3.25 shows T, and n, profiles in
the edge open field region, measured
for different magnetic axis positions,
together with calculated L. profiles
[Masuzaki 2001, Ohyabu 2000]. For 103 ; . :

R.,x = 3.6m the connection lengths R {m)4'8 46 R (m)d"B
between R = 4.66 and 4.84 m are less Figure 3.25: Te, ne and Lc profiles in the edge open field
than 10 m. Such short field lines region along R in the elongated cross section for different
connecting to the divertor plates cannot magnetic axis shifts. Dashed lines indicate location of the

. LCFS. [Ohyabu 2000]

approach the core region. Therefore T,

and n, profiles do not extend to this region with short connection length. The measured
edge profiles are determined by parallel and perpendicular transport, sources and sinks as in
tokamaks. However the transport mechanisms which determine the profiles are much more
complicated in the helical configurations with stochastic magnetic field lines, than in X-
point divertor tokamaks. The L. profile
clearly determines the T. and n,
profiles. Moreover the pressure in the
edge region is obviously not constant
since both n, and T, are decreasing with
R.

Expected  particle deposition
profiles along the open helical divertor
target plates were derived by 'magnetic
field diffusion' calculations for different
magnetic axis locations (fig. 3.26). The
calculations as well as the experimental
observations indicate that the wetting of
the targets along the helical direction is
not uniform and that the particle and
heat depO?lthl’l profiles are sen.s1t1ve .to 10 Tlért;iliiai Angle (delarefé)} :
the location of the magnetic axis. R =3.6m R =3.75m
Particle fluxes and downstream o ax
temperatures and  densities were Figure 3.26: Particle deposition profiles on the open helical
measured across the divertor target divertor calculated by field line diffusion. [Ohyabu 2001]
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Figure 3.27: Measured particle flux and calculated
field line connection lengths for different magnetic axis
locations. [Ohyabu 2001]

plates at different 'toroidal' locations by
target integrated Langmuir probe arrays
with a spatial resolution of ~6 mm.
Measurements of particle flux profiles
across a divertor target plate at one location
on the inboard side for different magnetic
axis positions show that a peaking of the
fluxes can, as expected, be observed where
the connection length profiles have their
maxima, since only field lines with long
connection lengths can approach the core
region locations (fig. 3.27).

Measurements  of  upstream  and
downstream plasma parameters in hydrogen
and helium discharges (fig 3.28) show that
both densities increase linearly with line
averaged density (ngg ~ (1/50) <n.> in H),
while the temperatures are nearly constant
or slowly falling with <n,> (T.,~80-100 eV
and T.~10-30 eV). The upstream and
downstream temperatures and densities
indicate that the

electron pressure is not constant in the open
field layer due to the collisions and viscosity
for the long connection lengths L.

A non-linear increase in the divertor pressure with increasing line averaged density has
been observed in the open helical divertor configuration (fig. 3.29) [Noda 2001]. The
absolute pressure, however, was even at n,=6 10" m still as low as 3 10° Pa underlining
the necessity of a carefully designed closed divertor, to build up sufficiently high pressures

for efficient particle removal.
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Figure 3.28: Upstream and downstream plasma parameters as a function of line averaged density. [Ohyabu
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A significant enhancement of the global 0.003 8:2'_",51-' Rz?'e'“' "I'E gas

energy confinement (factor 1.6 over ISS95 i
[Komori 2001]) has been achieved by the o
formation of an edge thermal barrier, which F
exhibits a steep edge temperature gradient
[Ohyabu 2000]. The achieved energy
confinement times were comparable to
ELMy H-mode confinement in tokamaks,
however key features associated with the
barrier are quite different from those in
tokamaks:
e almost no change in particle ( including :
impurity) transport PN T T TS BT TR
e gradual formation of the barrier (not 0 i 2 3 4 5
sudden transition into H-mode) ne-har (x10 ")

e very high ratio of edge temperature to Figure 3.29: Neutral pressure measured in the divertor
average temperature T eq / <Te> ~0.7- region during long pulse shots as a function of line
0.8 (tokamak ~0.2 in hot-ion H-modes?) averaged density. [Noda 2001]
e 1o edge relaxation phenomena observed
(no ELMs)
Well outside the LCFS the plasma density is observed to be as large as 50% of the pedestal
density and thus still a considerable fraction of the average density. This means that the
particles in this open edge surface layer region are almost confined, which is not too
surprising, since cold ions, T<40 eV was measured in this multiple surface layer region, are
well confined in this region with L. > 300 m. The radiated power remained at about 40% of
the deposited power during the steady state part of the discharge and the radiation profile
was found to be very hollow and asymmetrically stronger on the outboard side, with the
peak emission clearly located outside the LCFS at the location of the pedestal (fig. 3.30)
[Komori 1999]).

In the R, = 3.6 m configuration the
ergodic and multiple surface layer
regions are very narrow (see fig. 2.3a),
resulting in a fair overlapping of the
high grad T, and grad n, regions, which
is believed to be favourable for the
confinement enhancement. In smaller
devices the edge transport barrier was
observed, when the LCMS was close to
the major rational surface. In the
investigated LHD configurations the A o
rational surface or its associated island 04 06 08 10 12
(m/n=1/1) was always located in the time (s)
pedestal region, suggesting that they
may play some role in the formation of Figure 3.30: Time evolution of the radiation measured with
the edge thermal transport barrier, 2Polometer. [Komori 1999]

Interestingly however, limiter
experiments, in which a carbon limiter
head was gradually inserted from p=1.2 to 0.8 (fig. 3.31), caused the flux to the divertor
plates to fall almost to zero at every position, but did not lead to a destruction of the
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Figure 3.32: Electron temperature profiles with limiter
head moved into (red) and pulled out (blue) of the plasma.
Figure 3.31: Moveable limiter head. [Komori 1999]

[Nishimura 2001] . .
pedestal (fig. 3.32), suggesting that neither the

ergodic layer nor fairly strong pumping in the edge region (the insertion of the limiter
caused an increase in <ne> due to large amounts of gas being desorbed from the limiter
when the plasma strikes the limiter) are actually necessary for the formation of the
temperature pedestal [Komori 1999, Nishimura 2001]. The temperature gradient at the
pedestal remained high and no serious degradation of the energy confinement time was
observed (~1.1 +£0.3 of ISS95), i.e. good energy confinement can also be expected in limiter
discharges.

The costs of a carbon sheet or membrane pumped closed helical divertor are quite
considerable due to the required total length of 40 m x 4 legs. For this reason a simplified
closed divertor, which costs an order of magnitude less, has been proposed, consisting of
ten 2 m long x 30 cm wide units. The units are located radially slightly inside the X-point
and poloidally at the inboard side of the torus (135° < 8 < 225°). Fig. 2.4 showed already
the configuration with pumping panels included for HT operation.

3.4.3 The local island divertor

20 LID coils (Fig. 2.17), located above and below the cryostat, are installed to control

Figure 3.33: Top and front view and a 3D image of the LID head with magnetic field lines. [Komori 1998]
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islands and also allow to
correct low mode error fields.
The construction phase of the
LID itself has been preceded
by detailed design studies and
experimental test on CHS. The
divertor head has a size of
1000 x 600 mm (fig. 3.33). It
has been designed to take an
average heat load of 5 MW/m®
during steady state discharges. |t —
The main area of the divertor Figure 3.34: Design of the complete LID system. [Komori 1998]
head that receives the particle

flux has been designed to be about 0.3 m* with the angles between the divertor target plates
and the particle orbits being less than 10° [Komori 1998, 1998a]. The construction of the
vacuum pumping system for the local island divertor was completed in September 2000
(fig. 3.34). This system, which has eight cryogenic pumps with a pumping speed of 42,000
I/s (Hy) and one turbomolecular pump with pumping speed of 5,000 /s, has been used
during the fourth experimental campaign as a vacuum system. The LID head is presently
being fabricated and experiments with the complete system will start in 2002.

First LID configuration tests, without an LID head installed, have already been
performed in 1998/99 [liyoshi 1999]. An m/n=1/1 island was generated with the LID coils
to study the effect that the LID configuration has on ECH plasmas. In the case of
configurations with small core plasmas
volumes (V, < V,mx), the LID
configuration led to significant changes 3

3200 14000

_Divertor head Crysgenic pump
p ,

_ 1FL 5500

in the plasma parameters. The radiation .
power was considerably reduced while whk
n. decreased slightly. The stored energy 35 |}
W, increased significantly , suggesting . sl
improved confinement. In the case of =
configurations with large core plasma o
volumes (V, = V), however, only % T
little changes in the plasma parameters 2, z2f
were observed. = 1
More detailed experiments, without le* .
the LID head yet installed, have since  _ o+
been undertaken to investigate the &

functionality of the LID configuration
[Komori 2001]. The effect of the
m/n=1/1 island generated by the 0 v —t—t—t—t—t—t
perturbation coil system on plasma ;
performance has been looked at and
compared with that of the intrinsic island,
by using the ICRH antennas as limiters
by moving them to a location outside the
LCFS and just inside the outer ergodic

layer. The maximum width of the Figure 3.35: Time histories of Phea, Wp, <ne>, Prag, Int.(O

_ : V) for R\=3.75 m in the standard configuration with the
m/n lé ! . ISIan.(li . ger;e;rated }})Iyl 1};1116 intrinsic island (dotted lines) and the LID configuration
perturbation coils is ~15 cm, while that (i lines). [Komori 2001]

of the intrinsic island is about 8 cm. The
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most different point between these two configurations is the width of the inner ergodic
layer, between the closed flux surface region around the plasma centre and the m/n=1/1
island, which is only a few mm in the standard configuration and ~2 cm for the LID
configuration formed by the perturbation coils. The m/n=2/1 islands are the same in both
configurations. Fig. 3.35 shows that a much improved plasma performance can already be
achieved in this simplified set-up by using the enforced LID configuration, because it
prevents impurities from penetrating into the core plasma. While the standard configuration
terminates in a radiation collapse, no increase in P4 is observed throughout the entire NBI
heating phase in the LID configuration. Bolometer measurements show that in the standard
case an intense radiation layer located between p = +(0.6-0.8) moves into the core plasma
just before the collapse while the LID configuration obviously prevents a weak radiation
layer located at p ~ 0.8 from penetrating into the core plasma. The observed decrease in
<n.> is a further expected feature of the LID, which in the preparatory LID experiments
performed on CHS has been demonstrated to be attributed to a particle flow along the
ergodic layer around the m/n=1/1 island to its back side. The observed variation in P4 in
the standard case believed to be due to plasma 'breathing'.

3.44  Wall conditioning

Wall conditioning on LHD is performed by overnight He (or H) GDC followed by
Titanium gettering for 1 hour every morning . Every weekend He GDC is run for 3 days at
95°C baking and boronisation [Livshitz 1990] is being applied as required [Iiyoshi 1999,
Noda 2001].

It is expected that the LID can be used as a means for effective wall conditioning with an

input power of 500 kW. One hour of LID cleaning is expected to replace a few weeks of
conventional discharge cleaning [Komori 1994].
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3.5 W7-AS

W7-AS is a low shear, M=5
period modular stellarator with
non-planar field coils (fig. 3.36).

Within each period the plasma \\\\\\\\\\\\\\\)l\'\'fyf/;//},
cross section varies from g N
triangular ®=0 to elliptical
(®=36°) and back to triangular
again (fig. 2.7), such that the
field configuration above the

Toroidal Field Coil

horizontal plane over ¢=0-36 ° is P

. . ] :
mirror-symmetric to the
Conﬁguratlon below the Figure 3.36: W7-AS modular coil system

horizontal plane over ¢=36-72 °,

and vice-versa. The rotational transform can be varied between 0.25 and 0.6 by a set of
planar toroidal field coils. By adjusting iota appropriately the 'natural' n/m=5/9 island
configuration can be induced, which for W7-AS constitutes the most suitable configuration
for divertor operation.

The island divertor concept is presently being put to a realistic test on W7-AS. The
strong similarity of the divertor concepts for W7-AS and W7-X make W7-AS an ideal
testbed. Initially a set of 10 inboard limiters has been used as a sort of local open divertor
structure. In the next step a set of 10 control coils has been build into the machine to gain
control over important configurational parameters, like island width, field line pitch inside
the island (connection length) and X-point height above the target plate. Following
experiments which proved the proper functioning of these coils, a set of 10 discrete divertor
modules were installed. This divertor structure is, due to its similarity to the structure
envisaged for W7-X, well suited to perform first explorative investigations into the island
divertor concept under realistic operating conditions. Moreover these experiments allow for
the first time a proper benchmarking of the 3-D transport code ECM3, which has been
coupled to the EIRENE neutral gas code.

3.5.1 Inboard limiter experiments without control coils

As a first step towards an island divertor for W7-AS, a set of 10 inboard target plates
(segmented CFC graphite blocks of 23 ¢cm poloidal and 12 c¢m toroidal size each) have been

10 Inboard Sector
Limiters
{1994-1999)

Figure 3.37: Configuration of W7-AS with inboard limiters
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installed [Sardei 1997]. The X-point height above the target surface could be varied by
applying a vertical field which shifts the configuration horizontally outward with respect to
the targets. The edge island structure of the 5/8 to 5/11 island chains could clearly be
evidenced by the footprints of the island tips on the targets, i.e. by the flux of the recycling
particles (Hy-light) and by the heat load (calorimetry) across the 8 target tiles of each
module (fig. 3.37a and b). Similarly, density measurements with a moveable Langmuir
probe array in the triangular plane could confirm the island structure (fig. 3.38d). The
maxima of the profiles clearly appear at the intersections of the corrugated island boundary
with the target while the minima reflect the usual radial decay of the plasma parameters in a
limiter SOL. The phase shift of the island position between resonances with even and odd
poloidal mode numbers is well reproduced by the experimental profiles. Since in these
experiments the island tips were only just interacting with the targets, while the islands
themselves remained well defined and closed, no divertor action could develop in these
cases.

separatrix b)

a) symmetry

{200KW ECRH, Bo = 1.25T, Bz = 0, <fi> = 0.1%}

lila#: 15 10 1 s 10 ) 18 10 E 15
107 = T T H
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position across limiter
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poloidal angle 6
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Figure 3.38: (a) Particle flux (H,) and energy deposition (target calorimetry) profiles on a target plate for
different edge resonances. The profiles peak at the intersections of the corrugated island boundary with the
target. (b) He, profile across a limiter as a function of iota. (¢) Arrangement of the probe tips of the moveable
Langmuir probe array used to measure the density profile in the triangular plane shown in (d).

As figure 3.38d already indicates one observes in these configurations a poloidal
asymmetry of the density contours, i.e. the peak density is for example for the 5/9 island not
centred around 6=180° as should be expected. The asymmetry was shown to clearly depend
on the magnetic field direction as the two H, imaged in fig. 3.39 clearly show [K&nig
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2001]. Feng et al. [Feng 1999c] have been able to explain the asymmetry in low density
plasmas by a poloidal ExB-drift inside the island. Particles diffusing across the separatrix
into the islands 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(Tcs,-Teo)/€rig, Tig being the island
radius at the separatrix. The resulting force then leads to a particle accumulation in the

strike point
std. field
strike point E

reversed field

P — =—— =L __
(20 40 60 80100120 Oﬂ] 40 60 80100120

standard field direction reversed field direction

Figure 3.39: Effect of the E,xB drift in the island SOL on the strike point location for standard and reversed
field operation for two very low density pulses. The green circles indicate the locations of target integrated
Langmuir probes. [Konig 2001 ]

upper or lower island fans, depending on the field direction. By detailed 3-D transport
calculations with ECM3 it was possible to reproduce the experimental findings.

The impact of high B operation on the island structure has been particularly investigated
for the divertor relevant 5/9 island configuration [Sardei 1997]. In these experiments the
islands were intersected by the target plates like in figs. 2.8 or 3.37, so that divertor fans
were being formed along the outer separatrix .H, images of the strike points clearly showed
that the structure and phase of the observed poloidal strike sequence remained locally stable
at least up to central By of ~ 3.7 %, corresponding to <> ~ 1.8 %. Equilibrium calculations
for By=1% accurately reproduced the strike point locations. These calculations showed that
the equilibrium currents lead in this case to a doubling of the field line pitch inside the
islands, which implies that the connection length is reduced by a factor 2.

An analysis of high density NBI discharges gave strong indications that high recycling
with significant flux enhancement was achieved in this geometry for n, > 10*’ m” and a
loss power of 1 MW crossing the separatrix. Fig. 3.40 shows that at <n> = 1.5 10*” m™ the
measured downstream density and H, dropped again, suggesting a rollover consistent with
detachment [Sardei 1997, Grigull 1997]. But plasma pressure losses towards the targets
were relatively strong and high recycling therefore sets in only at <n.> > 10*° m”. The
resulting density enhancement in front of the targets was only moderate (up to a factor of 3
relative to the upstream density). The observed scenarios were in basic agreement with
code predictions. The target integrated Langmuir probe density and the H,, profiles were
reproduced satisfactorily by the EMC3/ERIRENE code [Feng 1997] calculations. Density
control was generally lost near the time of detachment and the discharges terminated in a
radiative collapse. From the comparison of the experiments and code calculations it became
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EMC3/EIRENE code calculations and experimental downstream data from probe measurements versus <ne>.
Local downstream densities from the code were matched to the probe data. (b) Power flow across the LCFS
(input for the EMC3/EIRENE code), total power losses due to neutral hydrogen and particle flux enhancement

factors Fr from the code versus <n.>. Calc. and meas. rel. Hy, intensities normalised at lowest density. [Grigull
1997]

clear that for further improvements in the divertor performance control coils were needed to
gain control over the field line pitch inside the islands and better optimised targets and a
more closed structure was required to better focus the recycling neutrals into the islands.

3.5.2 Inboard limiter experiments with control coils
As a further step to full divertor
operation a set of 10 control coils,
two per field period, has been
installed inside the machine (fig.
3.41). By varying the control coil
current between +3.5 keV one can
change the island width, the core
plasma radius and the ratio of island
width to connection length. The

Figure 3.41: Control coils.

effect the additional field component has

4 L L L L L L
0.014 0.016 0.018 0.02 0.022 0.024 0.026 0.02

a2 (m?

Figure 3.42: Stored energy and control coil current
versus effective minor radius a.” at <n>=1 10°m>

[Kénig 2001]

4
5 s 9 depends on the resonant m-number, the
gestl 2e radial position of the resonance, on the
5 °f o8 vertical field and on B. The proper
2 55 - .. .
=l 03 functioning of the control coils has been
g s s 3 confirmed for example by inducing a

-4

8

phase jump in the density structure
measured with the Langmuir probe array
as a function of the control coil current
[Feng 1997]. Furthermore the predicted
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change in the core plasma radius as a function of the control coil current could be verified
through an appropriate change in confinement (Wdia, Icc showed the expected scaling
~at) (fig. 3.42) and measured changes of the widths of electron temperature profiles from
ECE. Even though it has not been possible to create detached plasmas in the course of the
inboard limiter divertor experiments with control coils, nevertheless high recycling
conditions could be driven by a

combination of high power NBI heating 25 T A ARaaa
and strong gas puffing. This was necessary Arwr-as  FATB-

0.038 1
to prevent a transition into an ELM-free j
quiescent H*-mode [Grigull 1999], i.e. to :E 15F E/E/‘: ]
keep up sufficiently high edge densities. &

2f 0 ]
The radiation collapse exhibited by ELM- o 1 - ]
free discharges, essentially defining the L H

density limit, can be ameliorated (or
pushed to higher <n.>) by augmented
heating power. Additional heating brings
with it the synergetic effect of increased

<ngs> for entrance into the H*-mode Figure 3.43: The route into the ELM-free quiescent H-
Fic.3.4 for =(). a 1l as mode in the W7-AS stellarator is orthogonal to the one
(Fig.3.43, for & =0.538) as we S in tokamaks. [K6nig 2001]

tokamak

O 1 1 1 1 1 1 1
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
P/(S*B) /MW m2 T

increased separatrix densities for a given
<n> (Fig. 3.44). Both effects work in the direction of providing the upstream conditions
necessary for a viable high density island divertor. Note, the observed increase in <n g, >

with Pyg; is in direct contrast to tokamak

‘ experience, where a power threshold Py, ~ <n.> B,
4l nes [1019 m'3] 1 . . . . :
L is found, i.e. where higher <n>> necessitates higher
A x'{xl power and not vice-versa. . -
3 a 12 ] According to fig. 3.44 separatrix densities neg
j‘ Xi} | approaching 4x10" m? at Ppi~1.2MW can be
st los realised.
2 e 3 .
2fd 5t T As a preparatory measure for future experiments
;&“ & | the upper boundary for n. has been explored
1] S~ INB1 0.MW [McCormick 1999, 2001]. P.>1.2MW s
:ECRH 0.4MW necessary to assure suppression of the H-mode. For
0 ‘ ‘ the following investigations therefore an NBI
0 1 2 power of investigations P,,=2MW was chosen.

ne [1020 m-3]

Figure 3.44: Separatrix densities ne vs.

(The machine was freshly boronised to minimise
impurity influx.) The two cases of fig. 3.45 exhibit

<n>With Pyy; as a parameter. [McCormick nearly the same <p_>, but differ in gas puff rates by
1999] more than a factor 2. n/™ at the lower limiter
shows a rapid increase with ng, following an n"™ ~n,” characteristic (Fig. 3.46) (which is
slower than n,"™ ~n,;® from the 2-point model), and reaching densities >1.5x10% m'.3. The
upper limiter probe achieves still higher n,™ - which cannot be documented as L™ was
constrained by the power supply (fig. 3.46). T."™ falls under 10eV. The rollover in n,™
suggests imminent plasma detachment from the limiter. However, it appears more likely to
be due to the shift of the hot spot across the limiter and away from the probe as the plasma
beta increases. In support of this supposition, the 2D H, camera does not detect any
dramatic increase in radiation - which would normally accompany an approach to
detachment. Indeed, it shows the plasma-limiter interaction region moving past the probe,

and can even absolutely reproduce the temporal form of I,™ within better than a factor 2
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Figure 3.45: Peak strike point densities at the upper and
lower limiter from Langmuir probes for discharges of
Fig.7.10. The arrow indicates still higher densities at the
upper limiter, which however cannot be documented due
to power supply limitations. [McCormick 1999]

(using n, and T. of the probe to estimate the
photons/ionisation coefficient). Further, at the L™
rollover, no concomitant decrease in power to the
limiter is seen by the IR camera.

nes is independently determined from the RCP and the
edge Thomson scattering system. The continuous traces
of ny of fig. 3.46 come from the Li-beam, whose
separatrix position is calibrated by averaging the results
of Thomson scattering and the RCP.

For these high power scenarios of short duration,
P.q 1s not a problem. P.4/P.,s approaches 30-50 % at
the end of the discharges (fig. 3.46), yielding Py,<
IMW. The power deposited on the limiters yields
P /(Paos-Prad) ~ 45-50% from 0.lsec onwards.
Although the result can be only approximate (due at

ne [1020 m-3]
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Figure 3.46: <n> for two discharges
(#47128, 47129) with the gas puff
program as indicated. ne from the Li-
beam (continuous traces), RCP (dots) and
edge Thomson scattering (squares). n.
and T. at the lower limiter from a
Langmuir probe. The upper limiter probe
exhibits higher L (ergo->higher n, not
shown), but is finally limited by the
power supply. Pu,i=2MW, P~1.8MW,
Prad(0.38)/Pars ~ 30-50%, respectively.
The electron fuelling rate from NBI is
~2.5x10® s'. H°->D’. [McCormick
1999]

least to the known up-down and

toroidal asymmetries), it indicates that a substantial portion of the power is not intercepted
by the limiters and lands on other plasma-facing components. Effects of such order are
actually expected from field line tracing calculations, meaning the inboard sector limiters
are not completely effective with boundary island configurations.

<n.> greater than two times the Greenwald density n.gw [Greenwald 1988] is attained
within these ramped, L-mode discharges. n.w obviously does not constitute a principal
operational limit.

In the high density divertor discharges it was possible to show that the ratio of
cross field to parallel transport can be affected via the control coils. If one assumes particle
and momentum transport to be governed by parallel classical convection with a sound
speed ¢, and a perpendicular anomalous diffusion described by a diffusion coefficient D,
then the parallel and perpendicular transport time scales can be roughly estimated as T =
LJ/cs and T, = Zri2 / D with r; being the island radius , L, = Rm/Ay; being the field line
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Figure 3.47: Broadening of the power deposition profile
with increasing connection length L. #47080: L. = 60 m;
#47077: L. =110 m [Kénig 2001]

connection length measured from the
stagnation point to the target, and Ay
being the internal rotational transform
within an island [Feng 1999b]. With the
control coils it was possible to change the
ratio of parallel to cross- field transport T,
/ t.~L. / 1 by a factor of 1.8 by
increasing the connection length L,
(averaged over the strike point region)
from 60 m to 110 m by reducing the
control coil current from I, = -3.5 kA to
0 kA at a fixed X-point height of 3 cm
above the inner limiters. The longer L.
did result as expected in a broadening of
the power deposition profile derived from
IR camera observations (Fig. 3.47) and a
widening of the H,, emission profiles.

In summary these preparatory experiments for the experiments with proper divertor
modules had successfully shown, that, at least transiently, edge conditions necessary for a
predicted detachment with the divertor modules could be reached. For an t, = 5/9
configuration, in conjunction with the divertor modules, and Py, ~1MW the 3D EMC3 code
had predicted that n.,~10*’m™ would be necessary to achieve detachment at the target
plates, a value which was clearly in the range of these experiments [McCormick 2001].
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3.5.3  W7-AS Divertor Operation

For its last operating campaign, W7-AS has been equipped with a set of 10 discrete divertor

modules in order to experimentally evaluate the island divertor concept (fig. 3.48). The

divertor modules are placed at the top and bottom of the elliptical cross sections. Appart

from the absolute dimensions, the geometry strongly resembles the divertor modules that
' ~

y TI— gettering

Figure 3.48: (a) Arrangement of the divertor modules. (b) Poloidal cut though the symmetry plane. (c)

Divertor module inside the machine.

690mm (18.69)

watershed

Plasma Flow —

Figure 3.49: Outer baffle (green) and target plate with 4
rows of flush-mounted Langmuir probes indicated. An up-
down module pair is equipped in this fashion. The two
darker tiles (8 & 9) are recessed to avoid leading edge
problems in order to accommodate diagnostic penetrations
through the target.

will be installed in W7-X. The
modules consist of inertially cooled
CFC targets and of baffles made of
isotropic graphite. The targets are
three-dimensionally shaped in order to
achieve nearly homogeneous thermal
load distributions in the helical
direction for the 5/9 island
configuration (fig. 3.49). The chambers
behind the slits separating the target
and inboard baffles are toroidally
closed and are equipped with titanium
evaporators for gettering of neutrals.
The conductance of the opening is
about 10* Us for H, and the total
pumping capacity of all modules is
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~5000 1/s corresponding to ~10% particles
per discharge at a divertor neutral pressure
of 10” mbar [Niedermeyer 2000]. Fig. 3.50
shows the range X-point heights above the
target plate and the field line connection
lengths principally accessible by varying
toroidal, module and control coil currents.
This parameter space still needs to be
explored in the running campaign, but one
has to keep in mind that the X-point
distance can only be increased at the
expense of the plasma minor radius. The
present optimum 'standard' configuration is
marked by a star. It has a connection length
of L, = 100 m at a X-point height of D, = 4
cm. The poloidal width of the 5/9-island is
~5 cm and its radial width ~10 cm. The
results that will be reported on in the
following were all produced in this
configuration [Grigull 2001].

200 —— L B B L B R |

|cc =3.5kA
(technical limit) 7

180 }

\\‘

160 B=25T
F =0.0 \\

140 [
120 r Increasing
100 [

80 [

Lc (1 cm inside island separatrix) /m

60 L

Figure 3.50: Field line connection lengths 1 cm inside
the islands versus X-point height above the target at
various It/Im and control coil currents Icc. The shaded
area depicts the accessible operating space which
could be further extended by reducing the main field
strength. The star marks the present optimum
configuration which is reported on here.

3.5.3.1 Geometry studies

By calorimetric measurements in low density, high power ECRH discharges it could be
demonstrated, that the energy deposited on the individual modules did not scatter by more
than 20 % from the average value, which is considered an acceptable symmetry. A
comparison of measured (probe arrays and H, camera images) and calculated strike point
locations in low-B discharges gave satisfactory agreement over a wide range of edge
values. A slight top/bottom asymmetry was observed at high t. Is was found to depend on
the field direction which indicates that drifts might be involved. The point will be closely
addressed in the upcoming experiments. The locations of the strike points were fairly
resilient against B increases (so far studied up to <B> ~1%) [Gardelmeier 2001] as had
already been seen in earlier investigations on the inboard limiters for <B> up to 1.8% (see
chap. 3.5.1).
3.5.3.2 Plasma Performance of High Density Discharges

The new island divertor gave access to a completely new Ultra High Density (UHD)
operating regime, which at high power NBI heating benefited not only from considerably
improved confinement properties but also from access to a favourable divertor operating
scenario [Grigull 2001]. In the UHD regime full density control could be maintained over
many energy confinement times and the plasma parameters can be quasi-steadily
maintained under attached as well as detached conditions. In this initial study only a single
configuration will be reported on, which was found to combine all the above favourable
qualities. Systematic exploratory studies of the configuration space will be undertaken in
the remaining operating time of W7-AS.

Previous high NBI power limiter discharges used to have rather long particle and impurity
confinement times up to the maximum accessible line averaged density of <n.> ~2- 10 m>.
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The high upstream separatrix densities n.; necessary to get access to favourable divertor
conditions were difficult to achieve in these limiter discharges, since n., did only rise less
than linearly with the line averaged density (n, ~ <n>% 0<1). Moreover divertor
conditions could only be transiently reached, since one had no control over the density in
these discharges. Typically density and radiation did rise until the discharges collapsed.

3.5.3.21 Operation in the UHD regime under attached conditions

Under attached conditions a rather low =
level of core radiation (O, Cl, Fe) could = of P P W,
be quasi-stationary maintained. While the % 3 g

total radiation losses were typically =
~25% of Pypi(absorbed), only % thereof &
was radiated from the plasma core. E:“é
Tomographically reconstructed -
bolometer profiles show that most of the 12
energy was radiated from a region well
outside the separatrix and close to the
wall (fig. 3.51). o % | o Stk
Since only a single configuration has 0 02 04 06 08 10
been. studied in detail, the line averaged Figure 3.51: Example of an attached quasi-steady state
density <n.> could be used as the key NBI heated discharge at very high density. c) Able

control parameter. In this conﬁg}lrati.on inverted radiation profiles from a 32-channel bolometer
one has full control over the density, i.e. camera in the triangular plane.

any density level could be set by

appropriate, usually rather low, gas puffing and sufficient neutral beam heating (Pyg; < 2
MW), and quasi-stationary maintained up to a density of 3.2:10*° m™. In the attached
regime the improvement in plasma performance takes place in the density range from 1-
210 m™. With increasing line averaged density <n.> the energy confinement time rises
steeply by factor 3 to a level of twice ISS95 [Stroth 1996]), while at the same time the
impurity confinement time falls sharply. In the remaining part of the explored density
range, i.e. between 2 and 3.5-10° m>, the energy confinement time gradually saturates,
while the impurity confinement time continues to drop linearly with <n.> (fig. 3.52a).This
favourable density dependence of Ty, in the UHD regime is in clear contrast to former

experiments at lower densities, which yielded a Tjy, ~ n.(0)”* p*® scaling [Burhenn 1995,
1997].
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Figure 3.52: Energy (a) and impurity (b) confinement times and radiate power fraction (b) as a function of the
lines averaged density for NBI heated discharges. The shaded areas indicate partially detached states.
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The power losses due to radiation from outside the divertor (the divertor radiation losses
could not yet be experimentally quantified) increase linearly with <n.> (slope ~1/Pyg;) up
to a maximum of P ,4/Pygi(abs) ~ 40 % (fig. 3.52b).

In the attached state of the UHD regime the upstream density n, behaves quite differently
from previous limiter experiments (see above). n,, increases more than linearly with the line
averaged density <ny> (ng ~ <n>% o>1) and even stronger with increasing NBI heating
power but clamps abruptly well below densities which lead to a transition to a detached
state at a given heating power (fig. 3.53a). For Pyg; = 2 MW the upstream density was
found to clamp at 6.4-10" m™ for <n;> > 2.5-10°° m™. The top/bottom averaged neutral
pressure in the divertor sub-volume showed the same linear <n.> dependence as the
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Figure 3.53: (a) Upstream densities measured at the separatrix position (Li-beam). The upstream density
saturates above <n>=2.5 10 m™ for Pxy=2 MW and drops in the detached regime. (b) Neutral pressure
measured in the divertor sub-volume (averaged over top and bottom module) versus <n.>. The values reached at
high density are expected to be sufficient for active particle pumping by Ti gettering in W7-AS.

upstream density [McCormick 20017, it clamps for Pyg = 2MW at a pressure of ~1.3-107

mbar for <n.> > 2.5-10*° m”, a value believed to be sufficient for active particle pumping
by Ti gettering.

3.5.3.2.2 Operation in the UHD regime under detached conditions
a) rollover z 4 f s - 320
By pushing the line averaged density up to £ 1of
- fie) E .
values above 2.5-10% m? (Pngr=1MW) or 2 L1 2
3-10° m? (Pyp=2MW) it is possible to ;‘2 B P
combine good confinement properties with = g S P
g=) § i =)
the advantages of a detached plasma = , s et ® nl(libeam)i 32 ®
operation. At these densities the plasma '= o L 303
125 === 3
F separatrix P AN =4
Figure 3.54a: § B peetln )y §
Observat.ion . B4 a(dggtlggga e
geometry for of ——
measurement of E E
C Il radiation E. 4.
layer in fig. 8b. 8;
(Te contours for 0
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time /s

Figure 3.54b: Controlled transition to strong partial
detachment. The radiation remains peaked at the edge
while the low temperature C II radiation layer slowly
moves up from the target (Az=0 cm) to the X-point at
Az~8 cm at this poloidal plane (target tile 9 in fig. 3.49).
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begins to locally detach from the target plates over most of the divertor area. The transition
from an attached to a partially detached regime is a process which can be stepped through
gradually in a controlled way by slowly ramping up the density. Experiments were for
example performed in which this period was stretched out over ~200 ms, by gradually
ramping up the density from a first plateau at <ne> ~ 2.5 10 m™ to a second one at <ne> ~
3.5 10° m™ (fig. 3.54b) A high spatial resolution spectrometer (Az=9cm are imaged onto
the entrance slit of the spectrometer fig. 3.54a) clearly shows the low-temperature C II
radiation front (width 1-2 cm) gradually moving up from close to the target surface in the
attached phase to the X-point/separatrix location in the course of the density ramp-up. The
upward movement of the radiation front is also seen by the divertor bolometer cameras (not
shown). The bolometer profiles, being measured in the triangular plane, i.e. toroidally at
the symmetry plane between two
divertor modules, also indicate a
steep rise in radiation near the
separatrix when moving towards
detachment (fig. 3.54b).

The evolution of the detachment
across the target surface was
followed by 2-D CCD cameras in
the light of H,, H, and C II
[Wenzel 2001], by a 2-D infrared
camera and 4 rows of flush
mounted target integrated
Langmuir probes. The systems
show, due to the three-
dimensionality of the scrape-off
layer (SOL) and the resulting
necessity of a 3—dimimensionally Figure 3.55: H, traces on the divertor targets. Tile numbering as in
shaped divertor structure, which fig. 3.49. The 'watershed' denotes the region closest to the main

needs to be compatible with a host plasma, i.e. in either toroidal direction the distance to the main
of different magnetic plasma increases. Regions A and D show different behaviour with

respect to rollover and detachment.

configurations, a rather complex

structure of interaction zones which mainly concentrate in two helical stripes across the
target area for the configurations reported on here.

On the targets one can define two regions A and D which behave rather differently. The
detachment region D, which includes the watershed (location closest to the main plasma
and therefore with the highest heat load) typically stretches out from tile 8-16 while in
region A (tile 3-7) which includes tile 5 and 6 where the field lines have the steepest
inclination, the
plasma always
remains attached. In
the 3-D images the
transition to
detachment manifests
itself in a rollover of
the H, intensities os
(particle fluxes) and a
clear drop in the
power load deposited
on the target

Watershed

Probe arrays

20 #51321

o

watershed

power, MW/mA2
power, MW/m"2

Figure 3.56: Images of the bottom divertor taken with a thermography camera
showing the change in the power load distribution during the attached (left, t=0.35
s) and the detached (right, t=0.65 s) phase of the discharge shown in fig. 3.54b.
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(thermography). Only in region A an attached zone always remains albeit with considerably
reduced power load. The detailed analysis of the transition to the detached state was
restricted to the location of the flush mounted Langmuir probes of which one poloidal row
was located just where the plasma always remains attached. The downstream measurements
there where complemented by upstream measurements with the Li-beam and the edge
Thomson scattering system.

On the route to detachment the rollover g 30

in the particle flux onto the targets O T, P (bott. target)

(derived from H, intensities and ion 61 O 7,5 toptarget " 125
saturation current on the probe arrays b fgesifo":iatzg;” -

on tile 5 and 13) sets in when with « ° . 00 .-
increasing density <n.> the upstream £ 5) C@ ] 3g
separatrix density n, and the divertor Fg O L(/?ED =
sub-volume neutral pressure clamp (fig. s - 115 ¢
3.53). The threshold value at which the 4t

upstream density n clamps, was found ® 110

to scale with the net power Py, flowing F ("

across the separatrix into the SOL (fig. 3 1'11111 5
3.57). The downstream temperature on 0.4 0.6 0.8 10

tile 13 at the density where n., clamps M

P, /MW

is, compared to similar observations in Figure 3.57: Upstream sei:?g?atrix densities (from Li-beam)
tokamaks. rather high (> 10 eV). In this at the point where the particle flux onto the targets in region

i D of fig. 3.55 begins to decrease with increasing line
temperature  range the  momentum averaged density ('rollover') (fig. 3.53a). Also shown are
losses by CX neutrals are not adequate the corresponding downstream temperatures at the location
to explain the observed loss of parallel of the maximum of the downstream density profile across
momentum. which manifests itself in the strike points (from probe array at tile 13). The upstream

i . density at rollover scales with the loss power.

the observed rollover of the particle
flux to the target. It is rather the predicted high cross-field transport associated with the
specific island geometry (see near end of chapter 2.2), which seems to play a role here.

b) detachment

Measurements on tile 13 (representative for target region D) show that by increasing <n,>
past the rollover point, the downstream parameters continue to drop until finally partial
detachment sets in when ngg ~ 0.5-1-10" m™ and T.q ~ 10 eV are reached at Pyg = 2 MW
(fig. 3.58a). Both divertors, the top and bottom, behave rather similarly, the differences
being within the error limits, i.e. in region D the plasma detaches simultaneously in both,
the upper and the lower divertor module. This observation is in agreement with H, camera
observations from both modules. Due to the fact that n.s no longer increases with <n.> once
the maximum value of <n>> ~ 2.5 10 m™ has been reached (see fig. 3.53a), the
downstream values as a function of n. exhibit a steep drop after rollover (fig. 3.58b). Prior
to rollover ng"** increases linearly with n.; rollover sets in where n.; becomes constant. It
is important to note here that n.y never exceeds n., and this holds also for the other probe
array positions, indicating that detachment is achieved without running through an
intermediate high recycling regime. Moreover the maximum downstream temperatures,
which were found at the same location as the peak densities, remain fairly high compared
to the detachment conditions one is used to in tokamaks. No indication of volume

recombination has been found, neither in the H,/H, images of the lower divertor nor in the
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Figure 3.58: 2 MW NBI discharges. Shaded areas indicate detachment from region D. (a) Peak downstream
densities and temperatures at tile 13 (representative for target region D; in top and bottom module) versus line
averaged density. (b) Peak values, i.e. values at location of maximum density, at tile 13 (top divertor module)
versus upstream separatrix density. The lines are guiding the eyes and indicate the development towards
detachment.

Balmer series spectra observed between target and separatrix with the spectrometer set-up
depicted in (fig. 3.54a) at the upper divertor. These observations clearly indicate that the
temperatures at detachment remained above 2 eV. The detachment is partial in the sense
that a finite but much reduced particle flux remains, the power load on the target is strongly
reduced and the downstream temperatures remain above 2 eV.

The situation in zone A, studied in detail on tile 5, is rather more complicated. At line
averaged densities at which the plasma clearly detaches in zone D, one finds in zone A a
bifurcation in T."* and on the top target also in n.™*. (It should be noted here, that only
on the bottom target (fig. 3.59b) the location of the peak temperature does not coincide with
the one of the peak densities.) A complex interplay between top and bottom targets which
changes with density and strength of the external gas feed is observed. Depending on the
latter, two scenarios can be distinguished. At the upper target (fig. 3.59a), strong gas feed
leads, for conditions at which the plasma detaches from region D (grey shaded area), to
decreased downstream densities and increased temperatures, whereas with weak gas feed
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Figure 8.12: 2 MW NBI discharges. Downstream peak plasma parameters at tile 5 (representative for region A).
The shaded areas mark the density range of <ne> within which the plasma detaches in region D. The plasma
does however not detach in region A for which the data are shown here and there is clearly a top/bottom
asymmetry.
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the density remains high and the
temperature becomes slightly lower.
At the bottom target (fig. 3.59b) the
temperature  shows the inverse
behaviour, whereas the density drops
sharply in both cases. The plasma
always remains locally attached in
region A, even at the highest densities.
The fact that at all probe positions neg
never exceeds ng is a strong indication
that in the island  divertor
configuration  investigated  here,
detachment is reached in a, compared
to the situation in tokamaks, rather
unusual way, that means without
running through an intermediate high
recycling regime. The observed strong
reduction in the power load onto the
targets in the detached state is largely
due to the significant radiated power
fraction (divertor radiation again not
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Invert lometer rofil not [Figure 3.60: Spatio-temporal evolution of the C II radiation
. Vle ded EO (:1 eret phO etsh ( }? layer. L.o.s. see fig. 3.54. Distance denotes the vertical height
including the divertor) show that the above the target. (a) #51040: attached (radiation layer

investigated strongly detached remains at target), (b) #51050: detached (radiation layer
plasmas radiated most of the power stabilises at a location between target and separatrix and (c)
from a zone close to the separatrix. In #51321: strongly detached plasma. In (c) radiation layer

. . ’ moves close to the separatrix (see also fig. 3.54b lower trace).
the divertor region the C II and C III

emission was also seen to move, in the course of the transition from an attached to a
detached plasma, from close to the target during the attached, to a position closer to the
separatrix during the detached phase (fig. 3.60).

Difficult to understand are the rather low upstream temperatures T, ~ 20 eV, measured
with the edge Thomson scattering system at the inboard side in the triangular plane, i.e.
toroidally in-between the divertor modules, which are very close to the measured
downstream temperature Ty ~ 10 eV in the detached zones. More difficult to understand
are these upstream temperatures in comparison to the observed downstream temperatures of
Teq ~40 eV at the locations where the plasma remained attached (tile 5). One possible
explanation for the observation could be an inhomogeneous temperature distribution at the
separatrix and a MARF-like scenario. This point will be further investigated in the
remaining experimental time of W7-AS.

The detachment not only helped to reduce the power load onto the divertor targets, but
also led to a considerable reduction of the power losses due to line radiation from the
plasma core. The cause of this is the, with rising density <n.>, strongly falling impurity
confinement time and the, at the low edge temperatures diminished impurity source due to
reduced sputtering of high z impurities from the walls by CX neutrals. Whether also
screening effects by the divertor plays a roll can not be concluded from the presently
available experimental data.
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3.5.33 Comparison of 3-D transport modelling with first divertor experiments

A first attempt to model the island divertor experimental results with EMC3/EIRENE has
been undertaken [Feng 2001a, Feng 2001b], albeit with closed magnetic islands which are
about 30% smaller than the ones in the actual experiments. It is however believed that this
does not affect the physics issues addressed in any considerable way. The calculations were
done using nearly the same plasma parameters and transport coefficients as shown in fig.
2.16, except that the power has been decreased from 1 to 0.85 MW with increasing density
until detachment occurs. The sputtering coefficient was fixed to 3% and n,, increased from
1-6 10° m>. Fig.
3.61 shows a
comparison of the
changes of n.y and of
the normalised
momentum loss with )
n,  with  the
experimental data
from figure 3.58b.
The nearly linear rise
of ne with ng, up to 1
detachment confirm
the previous
predictions  without
impurities. The °%°[
transition into
detachmentatn,=54 ™o 1 2 3 4 5 6 7 05 1 15 2 25
10" m™ results in a

sharp drop in n../ 10" m? <n.>/10* m?
downstream density.

Here a downstream Figure 3.61: Predicted and measured downstream densities and momentum loss

temperature of 2 eV factors as a function of the upstream density. The experimental downstream
. densities were taken from fig. 3.58b. The exp. momentum loss factors were

has_ been used, WhICh derived for an earlier magnetic configuration (pulse #49748) [Grigull 20001a].
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passing through the high recycling regime has clearly been confirmed by the experiments
(fig. 3.61). In order to achieve attachment without high recycling high plasma densities are
essential (ne,=6 10" m™).

The cause for the lack of high recycling are the cross-field transport
induced momentum loss processes discussed in chapter 2.2. The simulations in fig. 3.61c
predicted strong momentum losses already at low densities and high temperatures, as has
been observed in the experiments (fig. 3.61d)[Grigull 2001a]. It should be noted here that
these measurements were performed in a configuration which was different from the one
used for the other experiments reported on here (the data were taken before the 'optimum’
configuration (fig. 3.50) had been found). A further prediction of the EMC3/EIRENE
calculations, the jump of the carbon radiation layer at detachment, which had originally
been found by a simple analysis of the global energy balance (see discussion in chapter
2.2), has also been experimentally verified by spectroscopic and bolometric measurements.
It has so far been seen in all divertor discharges, that they can only either be run at a low
radiation level of less than ~40 % of the absorbed power in an attached state or at high
radiation levels of more than 60 % in the detached state (fig. 3.62).

3.6 W7-X

In W7-X, a large "advance stellarator" constructed of modular twisted superconducting
coils will come into operation in 2006 (fig. 3.63). It can be operated with moderate shear
and variable edge rotational transform in the range
of 5/6<t,<5/4. The same island divertor concept as
is presently being tested on W7-AS will be used
on W7-X and the divertor will be implemented
right from the start of operation. The standard
configuration of W7-X ( +=1=5/5) has five
independent toroidally closed X-lines (fig. 3.64).
Just as in W7-AS 10 open divertor modules will
be installed in the elliptical planes (fig. 3.65),
albeit actively cooled in order to accommodate
long pulse discharges with Pgcry=10MW and
Picru=4MW continuous operation (max. 30 min.) and
Pne=5SMW for several 10 sec intervals per 30 min
discharge. The divertor modules will be made of CFC

Figure 3.63: W7-X modular coil structure
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Figure 3.64: X-point and island locations
around the main plasma at the elliptical
plane.

Figure 3.65: Placement of the divertor modules. Red: targets,
green: baftles
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in combination with a water cooled
CuCrZr support (fig. 3.66). The open
divertor construction can accommodate
e inner vessel contour— configurations from t,= 0.7-1.25. The
calculated expected power deposition
patterns for  the three main
configurations, standard (x,=1), low
(¢,=5/6) and high ¢, (+,=5/4) are shown in
fig 3.67 Behind the targets (total surface
supply area: 22 m’ , wetted area: ~2 m2,
[P/Almax=10 MW/m?) and baffles (total
Figure 3.66: 3-D image of the installation of the horizontal surface area: 30 mz, [P/A]nax=0.5
and vertical targets and baffles inside the vessel. MW/mz) cryo-pumps  are installed.
Additional control coils will be also
installed in this machine to gain control over the important operational parameters
connection length, island size and X-point height. They can also be used to compensate for
symmetry breaking error fields. Further applications are sweeping (up to 20 Hz) of the
strike points by 5 cm across the targets or to study ergodic effects.

Positioning of target modules: #1, #10

A field line tracing code, with particle transport simulated by field line diffusion gave for
an assumed transport coefficient of 1 m?%s, a maximum power load on the targets of 8
MW/m®> at full heating power.
Calculations of the effect of <B> with the
new MFBE [Strumberger 1997] code
have shown, that the divertor structure
can safely handle the envisaged
configurations at least up to <B>=4%
(fig. 3.67). Detailed studies of the 5/4
configuration, which is characterised by
5/4 island remnants embedded in a
stochastic region outside the LCMS,
have shown that the stochasticity
increases with <B>, but this does not
pose any problems concerning the design
of the divertor. 2-D B2/EIRENE
calculations show a significant unloading
of the target by radiation, especially
when taking low-z impurities into
account. The positioning of the pumping
gap in the divertor modules and the
geometry of the baffle plates was
optimised by 3-D neutral particle studies
with the EIRENE code [Reiter 1994].

Intersection pattern

" o I
it
N

Figure3.67: Wetted areas on the divertor targets for the
standard, high and low t case and for different <> from field
line diffusion calculations (D=1m?%s).
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4. Summary and Conclusions

With the revival of the stellarator concept in the 1980's, following the experimental prove
that plasma confinement in stellarators is equivalent to that in tokamaks, it was obvious that
taking up the next step, from a medium sized to a large stellarator, would also mean that
one would have to find solutions to the particle and power exhaust problem in these
machines. This even more so, because with a new large machine, one would of course also
want to demonstrate the major strength of the stellarator concept, it's steady state operation
capability. Considerable theoretical and experimental efforts have therefore been
undertaken in the last 10-15 years, in particular in Germany and Japan, which both decided
to build a large stellarator respectively heliotron, to develop divertor concepts for the
different types of stellarator lines followed at either location. Several promising solutions
have been found, but could of course mostly only be studied in small short pulse machines.

The successful demonstration of the principle suitability of the helical and local island
divertor (LID) concepts on Heliotron E and CHS led directly to their implementation on
LHD. The helical divertor concept, which is being developed towards a fully closed one in
several steps on LHD, has already shown its principle suitability in the course of first
experiments with an open actively cooled helical graphite tile structure, installed along the
strike areas. The measured upstream and downstream plasma parameters clearly
demonstrated the impact of collisions and viscosity for the long connection lengths on
electron pressure. The non-linear increase in divertor pressure with rising core density is
another promising result. The absolute values however were too small for efficient pumping
due to the openness of the divertor structure, underlining the importance of the followed
strategy, of stepwise approaching a carefully designed closed divertor structure. First
experiments geared towards the full implementation of the first closed local divertor
structure, the LID, planned for early next year, already demonstrated the successful creation
of the necessary field structures. Hopes are high of course that the high pumping capability
which this type of system already demonstrated on CHS can be revived. The fact that one
recently succeeded in developing a RFLM field line mapping technique, which now allows
to apply the far evolved 3-D EMC3/EIRENE transport code to configurations with arbitrary
ergodicity, is a very promising development, which paves the way for detailed modelling of
the divertor plasmas of helical devises like LHD in the near future. In a first step the code is
being applied to the new TEXTOR-DED with its highly ergodic edge structure, but it may
as well also greatly foster the next steps in the development and design of the closed helical
divertor structure of LHD.

The status of knowledge concerning the island divertor concept, which is the favoured
concept for the modular 'advanced' stellarator lines, has reached already a fairly solid basis,
in particular due to the experiments that have recently and are presently being performed
with divertor modules very much alike those, that are under construction for W7-X . The
results gained so far during the first few months of operation with a proper divertor
modules were extremely encouraging, in that one succeeded immediately in running 'long'
pulse, partially detached, quasi-steady state discharges which showed no signs of any
limitations. Impurity confinement times were even found to drop sharply with increasing
core density, while at the same time the energy confinement time was rising sharply in the
newly accessible ultra high density (UHD) regime, to about twice ISS95. Moreover the
measured divertor neutral pressures, were clearly sufficient for active particle pumping by
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Ti gettering (this will be explored in due course on W7-AS) and of the same absolute value
as would be required in W7-X. Radiative power fractions of up to 90% could be reached
during detachment, with the radiation layer always remaining at the edge. During
detachment the particle fluxes at the strike points dropped in the detached regions by
factors of up to ~20, while at the remaining attached locations particle flux reductions
between 1/3 and 3 were observed, i.e. the reduced fluxes at one location seem not to be
taken over by other locations (this observation is further hardened by target tile calorimetry
which covers most divertor locations) and the power load on the targets of the one module
observed by a thermography camera was reduced by factors of about 4-16 for attached -
detached regions.

A further area in which a great leap forward has been made is the code development. The
latest version of EMC3/EIRENE with impurity transport now included, has already proven
to be extremely valuable. A number of predictions, like the access to detachment without
the necessity to go through a high recycling phase, because of island stellarator specific
effects or the jump in the radiated power fraction at the detachment transitions, would have
been hard to fully understand otherwise. Moreover the already found promising agreement
between code predictions and first experimental results makes it quite likely that, after
further benchmarking of the code in the course of the last experimental campaign of W7-
AS, a very powerful tool will finally be available for the prediction of the behaviour of the
W7-X divertor plasmas.
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	Experiments with stainless steel baffle plates installed in one-fifths section of the torus to investigate the effect of retaining the recycling neutrals have been performed (fig. 3.3). To avoid melting, the throat in the baffle plates had to be somewhat
	The edge plasma behaviour has been investigated in different in ECR and NBI heated plasmas. High power ECH had been found to lead to a degradation of particle confinement, a decrease of the central density (‘density clamping’) and an increase in the edge

	W7-AS is a low shear, M=5 period modular stellarator with non-planar field coils (fig. 3.36). Within each period the plasma cross section varies from triangular ?=0 to elliptical (?=36˚) and back to triangular again (fig. 2.7), such that the field config
	The island divertor concept is presently being put to a realistic test on W7-AS. The strong similarity of the divertor concepts for W7-AS and W7-X  make W7-AS an ideal testbed. Initially a set of 10 inboard limiters has been used as a sort of local open
	
	
	
	The new island divertor gave access to a completely new Ultra High Density (UHD) operating regime, which at high power NBI heating benefited not only from considerably improved confinement properties but also from access to a favourable divertor operatin
	Previous high NBI power limiter discharges used to have rather long particle and impurity confinement times up to the maximum accessible line averaged density of <ne> ~2(1020 m-3. The high upstream separatrix densities nes necessary to get access to favo
	By pushing the line averaged density up to values above 2.5(1020 m-3 (PNBI=1MW) or 3(1020 m-3 (PNBI=2MW) it is possible to combine good confinement properties with the advantages of a detached plasma operation. At these densities the plasma begins to loc
	The evolution of the detachment across the target surface was followed by 2-D CCD cameras in the light of H?, H? and C II [Wenzel 2001], by a 2-D infrared camera and 4 rows of flush mounted target integrated Langmuir probes. The systems show, due to the





