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Abstract
The Large Helical device (LHD), now under construction is a

Heliotron/torsatron device with a closed divertor system. The edge LHD
magnetic structure has been studied in detail. A peculiar feature of the
configuration is existence of edge surface layers, a complicated three
dimensional magnetic structure. However it does not scem to hamper the
expected divertor functions. As a confinement improvement scheme in
LHD, we have proposed a high temperature divertor plasma operation in
which a divertor plasma with temperature of a few kev, generated by
efficient pumping, leads to the confinement improvement. Conceptual

designs of the LHD divertor components are under way.

key words: helical divertor, high temperature divertor plasma ,

torsatron, LHD helical device, confinement enhancement



1. Introduction

With the inherent advantage of the stellarator as an atiractive steady
state reactor, there has been growing interest in the sterallator in the
fusion community. The National Institute for Fusion Science (NIFS) is
constructing a large, 1 = 2 Heliotron/torsatron device, called the Large
Helical Device (LHD), aiming at demonstration of attractiveness of the
helical device at more reactor relevant plasma parameters [1]. The LHD
device parameters are : R (the major radius) = 3.9 m, a (the minor
radius) = 0.6 m, m (the toroidal mode number of the helical coil) = 10,
Y. (the pitch of the helical coils) = 1.25. Ttis a superconducting coil
device and thus steady state plasma operations will be demonstrated
provided that the impurity contamination can be kept low. For this
purpose, a kind of divertor is believed to be required for the impurity
control. The divertor is also critically important in enhancing the core
energy confinement [2].

The Heliotron/torsatron device has a built-in divertor configuration.
This advantage has not been explored in any existing helical device partly
because a full divertor configuration makes the device size larger and
hence more expensive. The LHD device will be the first helical device
which will demonstrate various divertor functions which enhance the

plasma quality.

2. Features of the edge magnetic configuration

Divertor magnetic configuration in LHD is quite different from those
in tokamaks. It is fairly complex and three dimensional and hence
understanding of the magnetic structure is very important in designing

the LHD divertor and predicting its performance. The LHD divertor




structure at the poloidal plane( constant ¢ plane) is shown in Fig.1(a).
However it tends to be misleading since the divertor regions are helically
twisted sirongly. When one sees the divertor structure along the helical
direction as in Fig.1(b), it looks like those of tokamaks even though the
structure varies fairly strongly with toroidal angle ¢ due to strong
toroidal effects.

Fig.2 shows an edge magnetic structure of a Heliotron/torsatron
configuration. In the outer region just outside the closed surface region,
several island layers with toroidal mode number of 10 are imbedded and
with increasing radius, the poloidal mode number of the island layers
decreases and the size of the island increases. Eventually the layers
overlap, resulting in a stochastic field region. Thus definition of the
outermost flux surface is vague. Beyond the stochastic region , there
exists a region with multiple thin curved layers (the edge surface layer
region). Fig.2 is a puncture plot of the field line tracing with starting
points just within the stochastic region. Field lines from the stochastic
region enter these surface layers and after many toroidal circulations,
they reach "separatrix” with X-points and then hit the divertor plate.

The existence of such edge surface layers is a peculiar feature of this type
of divertor configuration.

To explain how this magnetic structure is created, we show movement
of field lines on an edge surface layer labeled "1" in Fig.3(b). As they
travel forwards by one toroidal pitch (36O toroidally), they rotate
poloidally just as those within the closed surface region do, moving on to
the adjacent layer labeled "2". However, ones near the wall (i.e.,beyond
the "separatrix™) escape to the wall. When the field line moves into the

region with -(3/2)mt < 0 < 0 (where 0 (the poloidal angle) is the angle



around the minor axis), the X-point moves radially inwards, approaching
the layers. As a result, the field lines are pulled towards the X-point and
bending of the surface layers (labeled "3") occurs. Field lines on the tip
of the bended layer(e.g. field line C) are pulied towards the divertor
plate. Variation in radial location of the X-point relative to the outermost
flux surface with the poloidal angle is a key role in bending and folding
the layers ( Fig.3(a) shows clear difference in X-point radial location
between 6 = 0 and 0 =r). Field line B and D rotates poloidally faster than
field line A and E because of larger radius and hence higher local
rotational transform. In this process, a sort of mixing takes place. Before
the mixing, Field line A is located at the largest radius and the largest
poloidal angle among the five field lines. After this process, it locates at
smaller radius and smaller poloidal angle. Such folded layers are
stretched into a very thin layer because the local rotational transform and
the local shear are high near the "separatrix". Finally it becomes an
"original" layer, but it is not at the same poloidal plane. With such a
generation mechanism of the layer, any edge surface layer consists of
multiple, extremely stretched layers, which themselves are a group of
multiple layers.

Refering to Fig.2, there exist regions without the puncture points
between the layers, meaning that the field lines in these regions are not
connected to the stochastic region . Instead they are connected to the
divertor plates when they are traced forwards and backwards. A group
of the field lines in region 0 moves into region 1 after one toroidal
pitch(36ct0roidal rotation) and move into region 2 and so on, finally
reaching the divertor plate. If field line is followed backwards, those in

=3
region 0 move back into region -1 after 36 backward toroidal rotation




and move into region -2 and so on, reaching the divertor plate.

Divertor operation with a high density, cold divertor plasma [3,4], is
suitable to reduce the impurity sputiering and to enhance the edge
radiation, a promising boundary control which we plan o pursue in the
LHD experiments. One of the key divertor geometric parameters is the
field line length between the scrape-off layer surrounding the main
plasma region and the divertor plate. Longer connection length provides
easier conditions for non-zero temperature gradient along the field line,
which leads to lower temperature and higher density in front of the
divertor plate. The length that field lines take to pass through the edge
surface layer region is more than several times toroidal circumference,
comparable to or even greater than a typical connection length in
tokamaks. The vague boundary including the stochastic region and the
edge surface layer region has a property of poor confinement and thus
may serve to provide an edge radiative volume to reduce the heat flux on
the divertor plate [4]. But the vague boundary may in turn prevent
formation of the H-mode edge temperature pedestal, which leads to
improvement of the core energy confinement. This has motivated us to
propose a high temerature divertor plasma operation, discussed in the

following section.

3. High temperature divertor plasma operation

A high temperature divertor plasma operation has been proposed to
improve the energy confinement of the LHD plasma [5]. In this
operational mode, the divertor plasma temperature is raised by efficient
pumping in the divertor chamber. An elevated divertor temperature will
lead to improvement of ihe core plasina.

In the high temperature divertor plasma operation mode, the edge
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temperature is kept high by the pumping. The divertor temperature
(Tgiy) is estimated by a power balance in the divertor channel. We
consider a steady-state discharge which is heated (Q;,(input power)) and
fuelled (I'y,(particle flux)) by neutral beam injection alone, illustrated in
Fig.4. We assumed that the pumping efficiency of the divertor is & , i..e.,
a fraction (&) of the particles reaching the divertor plates (T'y;,) are
pumped and the same amount of the particles need to be fuelled by the
neutral beam injection ie, &. Ty, = Iy, . The injected power(Q;,)
into the main plasma region flows into the divertor channel and at the
sheath of the divertor plate, a power balance (Qy, =7v. Ty, -Tgiy ) i
satisfied where 7 is the heat transmission coefficient. From these
relations, the divertor temperature is given as Ty;, = (Q;, /Ti)-E /7.
For a parameter set ( beam energy(Q;, /I'y,) ~ 100kev, v ~10, &~ 02
), Tgiy becomes as high as 2 keV, significantly higher than those
observed at the pedestal of H-mode discharges.

In this operation, a peaked density profile is maintained by a
combination of deep fuelling such as pellet or neutral beam injection and
particle pumping. Thus the diffusion coefficient (D) and hence the
particle confinement becomes important in determining the energy
confinement. This is desirable for the energy confinement in LHD
where high neoclassical ripple induced electron heat loss(1/v-regime)
tends to suppress the temperature gradient. However the effective D is
not high because the ions arc confined by EXB drift (v-regime). The
radial electric field in such a plasma regime is positive and hence
neoclassical outward impurity pinch {6] may prevent the impurity
contamination. When this operation is applied to tokamaks, the direction

of the neoclassical impurity pinch is inward and thus the impurity



accumulation could be the major problem.

The major uncertainty of this scheme is the wall plasma interaction at
high plasma temperature and its associated impurity contamination.
Physical sputtering yield of Dt ion to carbon file has a peak value of ~
2% at the incident energy of ~200 eV. Beyond this temperature, it
gradually decreases down to 0.5% at 5 Kev. Considering that the total
particle flux to the divertor plate is more than an order of magnitude
lower than the conventional operation, physical sputtering due to D+ ion
bombardment is not a problem. The issue may be unipolar arking, which
used to be considered as a major impurity source in tokamak devices. It
might occur at high divertor plasma temperature and definitely an
experimental test for it is needed.

At temperature above 100 eV, secondary electrons emitted from the
divertor plate become a source of the cold particles, which lower the
divertor plasma temperature. This effect can be included in y [7] and yis
7.8 without secondary electron emission and is ~10 when the secondary
emission rate is 0.7. But when it exceeds 0.7, v increases rapidly and then
saturates at ~23 because of the space charge limit. Selection of the
divertor plate material in terms of secondary emission is important.
When divertor plasma electrons become collisionless, i.e. the electron
mean free path is much longer than the field line length between the
divertor plates, secondary electrons emited from the divertor are first
trapped barely by the sheath potential and makes oscillatory motion
between the divertor plates. They eventually hit the divertor plate during
the thermalization process. The paralle]l energy with which the secondary
electrons hit the plates is ~0 and the perpendicular average energy is a

fraction of the sheath potential in contrast to the previous collisional



model where both average striking energy are equal to T, (the electron
temperature). The sheath potential is ~ T, when the secondary emission is
limited by the space charge effect and thus the collisionless effect reduces
the electron heat loss due to secondary electrons and hence 7y
significantly.

In the LHD experiment, we plan to install a cryopump system with
overall pumping efficiency of ~20% in the divertor chamber. For a
reactor, installation of the cryopump in the divertor region is unrealistic.
We are trying to find divertor configurations which guide the heat and
particle fluxes to a remote region, away from the main coil system,
thereby making the particle pumping and the heat removal achievable

even 1n a reactor system.

4. Conceptual design of the LHD helical divertor

The divertor design needs to be flexible so that one can accommodate
a wide range of divertor operational scenarios. For this ¢nd, we design a
largest possible vaccum vessel to accommodate closed divertor chambers
within the budgetary and technical constraints.

One of the necessary conditions for divertor to function is that the
scrape off layer plasma does not touch the wall surrounding the main
plasma. The distance between the coil center and the plasma edge on the
small major radius side of the torus is fairly small, 315mm. In order to
increase clearance between the plasma and the wall, we decided to
increase the coil current density up to 53A/mm?2, but it is still
engineeringwise acceptable for reliable superconducting coil design.
Because of the superconducting coil system, a radial space of 50 mm for

the thermal insulation gap and the thermal displacement of the




components is needed, making the space there even tighter. After
optimization of the system, the gap between the first wall and the plasma
(the outermost edge surface layer) becomes 20mm for the standard
configuration, a gap wide enough for effective divertor functions.

The majority of the heat and particle fluxes from the core are guided
to the divertor plates installed in the diverior chamber as shown in
Fig.1(b). Divertor performance depends on how' well the neutral
particles recycled at the divertor plates are controlled. The width of the
entrance to the diverfor chamber needs to be as small as possible for this
reason. For the high density, cold divertor plasma operation, small
entrance provides enhancement of recycling in the divertor, while
keeping recycling at the main plasma edge minimal. For the high
temperature divertor plasma operation, the pumping efficiency in the
divertor chamber is the key parameter for the operation. The pumping
efficiency is nearly equal to the ratio of the "equivalent” pump surface
area to the entrance area. For the LHD experiment, we are considering
pumping efficiency of ~20 %. A cryopump system will be used for the
divertor pumping.

The divertor plates are the major divertor component which handles
the heat flux from the core plasma. Its conceptual design has been
completed. In the LHD divertor configuration, the direction of the
magnetic field is nearly poloidal, thus eliminating a problem of high heat
concentration at the tile edge caused by small misalignment of the tiles.
All of four divertor legs have a three dimensional helical structure.
From these facts, each divertor plate is designed as a helically running
discrete-bar array instead of a continuous plane as in tokamaks. The

angles between the field lines and the surfaces are designed to be around



30 degree at all the striking points. Each bar is made of copper cooling
channel, on which several pieces of graphite or C-C composite armor are
dircctly brazed. The cylindrical bar is 34~40 mm in diameter, 300~400
mm in length and a total of 2040 bars is necessary for covering all the
striking points of the four divertor legs. Pressurized water cooling will
be used to keep the surface temperature of the armor below 1200°C
under the maximum heat flux of I0MW/mZ2. High heat load tests of the
C-Cu brazing for the LHD divertor plate have been initiated with an
electron beam facility with 100KW. The results will be reported

elsewhere.
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Figure Captions

Fig. 1 Schematic view of the LHD helical divertor.
(a) the poloidal crosssectional view with ¢ =18°.

(b) the view along the helical coil.

Fig. 2 Edge magnetic configuration of a Heliotron/torsatron
device which shows the magnetic structure clearly( it is not the
LHD configuration ). Puncture plot of the field lines at the
poloidal plane with ¢ = 18" and the field are traced forwards
and backwards from the stochastic region just outside the closed

surface.

Fig. 3 (a) Edge surface layer (at ¢ = 18°poloidal plane) generated by
’ tracing field lines forwards. Two X-points are located on the
midplane at 6 (the poloidal angle) = 0 and © = &t and are
denoted by +.
(b) To illustrate the movement of the field lines in the edge
surface layers clearly as they move toroidally, the locations
of five field lines (A,B,C,D,E) are depicted at the poloidal
planes with five different toroidal angles (from top to bottom,
¢=18, 54, 90, 126, 162 ). However, it is not an exact ficld fine

tracing.

Fig. 4 A simplified power balance in the high temperature divertor

plasma operation.
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