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Characetristics of Compact Plasma Device AIT-PID with Multicusp Magnetic Confinement
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Abstract A unique plasma generation device AIT-PID is developed for PWI (Plasma-Wall

Interaction) studies toward fusion reactor. It has a power-saving characteristics as

well as some compactness by employing multicusp magnetic field configuration

instead of strong axial magnetic field. The helium as well as argon plasmas are

generated, showing an outstanding property of production of hot electron component

which can be controlled by changing the working gas pressure. An azimuthally

asymmetric confinement depending on the direction of magnetic field lines,

particularly for energetic electrons has been found. Some discussions on the physical

mechanisms are represented.

1. Introduction

Towards ITER (International Thermonuclear
Experimental Reactor) and DEMO (DEMOnstration
Reactor) material selection for the plasma-facing
components inside the reactor is essential to ensure a
stable sustainment of tokamak plasma confinement and
nuclear burning since the steady as well as transient
heat and particle loads are enormous and critical in
terms of thermal resistance of the components and
hydrogen inventory on the wall"?.

Tungsten seems to be one of the most promising
candidates owing to a high melting temperature, a low
sputtering yield and a relatively small tritium inventory.
However, we have neither much experience in the
environment of high power condition”, nor the

sufficient characterization as the plasma-facing material.

For example, the bubbles and holes formation at high
surface temperature” and the arborescent nanostructure
at relatively low surface temperature are the typical
morphology of damaged surface which may have a
weak thermal resistance in terms of impurity release by
surface melting due to lost thermal conduction to the

5~11)

deep bulk, an easy triggering of unipolar arc and a
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dust formation.

We need some test facilities to investigate material
properties of tungsten wall for various points of view in
the reactor relevant condition. Several linear plasma

simulators'>!'®

have been working for the above
purposes, including NAGDIS-I, II. Compact plasma
device for such PWI (Plasma-Wall Interaction) studies
is very helpful to investigate, for example, how to avoid
the helium damage of tungsten surface, what is the
surface characteristics for nanostructured tungsten
surface, and possible utilization of such nanostructured
tungsten with a suppression of induced arcing.

In the present paper the qualifications of new
plasma device for PWI studies is introduced, focusing
on the confinement and

plasma properties

demonstrating a power-saving compactness. Some
preliminary characteristics has been published'?,
showing the presence of hot electron component and
effectiveness of PWI

studies, especially helium

damage.
2. Device specification

In order to investigate PWI, especially under high
heat and particle flux condition, we need to have a high
0183

plasma density more than 1x1 with a high

175



176

T THRFRIEHE, 5 47 5, R 24 4F, Vol. 47, Mar, 2012

electron energy. The device which we concern is called
AIT-PID (Aichi Institute of Technology — Plasma
Irradiation Device), and has a machine structure shown
in Fig. 1. It is equipped with three pairs of neodymium
permanent magnet bars composing multicusp magnetic
configuration and a solenoidal winding underneath the
permanent magnets, producing a weak axial magnetic
field. Figure 2 shows the cross section of the discharge
chamber at the mid position. We have magnetic-free
zone on the axis, where the LaBg ceramic cylindrical
cathode with the diameter of 20 mm is located at the
end of this zone. The Lorentz force exerted by a very
small magnetic field and the heating current through the
ceramic solenoid is so weak that a long life time of
fragile LaB¢ cathode is ensured. The grounded anode
made of copper is put at downstream side between mid
and end, and its center has a hole with a diameter of
35mm. It produces the gas compression at the discharge
region by a factor of 2 due to a narrow gas channel. The
gas compression is also enhanced by the plasma
plugging although it is modest, a few %, at the
discharge current of 20A. A higher plugging would be
The
cathode-facing surface of the anode has a tapered

foreseen at  higher discharge current.

structure as shown in Fig. 1.
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Fig. 1 Shematic view of the device AIT-PID.
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intensity for three kinds of multi-pole magnetic
configuration.
Multicusp magnetic configuration has been

employed by many plasma devices'’*, but not for the
plasma simulator aiming PWI studies. Figure 3 shows
horizontal distributions of vertical magnetic field
intensity obtained by a numerical analysis for three
kinds of multi-cusp magnetic configurations, 4, 6 and 8
poles. A permanent magnet is approximated by a single
line magnetic dipole. The eight pole cusp gives a higher
magnetic field barrier with a wide weak field space for
plasma containment. However, more pole bars inhibit
the installation of accessing ports. On the other hand,
less pole ones give a weaker magnetic barrier with a
narrower space for the contained plasma so that an
optimization is needed. We have employed 6 pole
configuration. The magnetic field distribution was
measured using gauss meter and compared with the
numerical analysis. The measurement gives a good
agreement with the analysis'”. We can determine the
magnetic dipole moment strength per unit length of
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Fig. 4 Contours of equi-magnetic field intensity on the
cross-section of discharge chamber for 6-pole magnetic
configuration.
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0.524H-A.

Figure 4 shows contour map of equi-magnetic field
intensity on the cross-section of discharge chamber for
The behavior of
magnetic line of force is shown in Fig. 5. In both

6-pole magnetic configuration.

figures, the inner surface of vacuum chamber with the
diameter of 133.8 mm is drawn with a thick line of
circle.
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Fig. 5 Pattern of magnetic field lines for 6-pole magnetic

configuration.

The axial field is

numerically with Biot-Savart formula for two locations

magnetic also analyzed
indicated in Fig. 6, and shown in Fig. 7 by broken lines,
and measured with a gauss-meter, indicated by solid
triangles and circles in Fig. 7. The temperature increase
of winding gives an upper limit for the solenoidal
current up to about 15A which corresponds to about

6mT at mid point.
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Fig. 6 Solenoidal

permanent magnets.

40mm

winding underneath a series of

Usually a strong magnetic field more than roughly
0.1T has been employed in linear plasma devices*™™
~19 for the radial confinement of produced plasma. The
consumed electric power for energizing the magnetic

coils is sometimes very large. Not only a contribution

to power saving compactness, but also a favorable
effect on the maintenance of directly heated LaBg
ceramic cathode have been obtained by a very weak
Lorentz stress on LaBg solenoid, as indicated above.

The heat removal from the inner wall is very
important in such a high-power and compact plasma
device. The main discharge chamber has a double wall
structure through which a cooling water circulation
ensures the efficient heat removal. The water supply of
4.5L/min with a temperature rise of 5 degree C carries
out 70% of the power injected into the device which is
composed of discharge and cathode heating powers at
the level of discharge current of 20A.
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Fig. 7 Axial magnetic field intensities as a function of
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coil current at two locations marked on Fig. 6.

3. Plasma parameters

As shown in Figs. 1 and 8, a motor-driven scanning
probe system is employed for the Langmuir probe
diagnostics. It moves radially beyond the chamber
center and is connected to A-D converter controlled
with PC to have digital data. The scanning speed is
0.62cm/s and a series of triangular voltage (+40 to
-100V) is fed to the tungsten probe tip (0.8mm in
that I-V
characteristics are obtained every 0.031mm with a

diameter and 2.3mm in length) so

sampling time of 500 pus .
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Fig. 8

system.

Schematic view of Langmuir probe driving
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Spectroscopic measurements have been done
through the quartz vacuum window from ultraviolet
through infrared range (300-800mm) using fiber optics
and spectrometer (Ocean Optics Inc., HR-4000). An
emission spectrum from helium plasma has been
obtained, showing a series of helium atomic and ionic
lines. Any impurity lines are not detected under the

current discharge condition'?.

3.1. Discharge control

We are focusing on the helium discharge although
the argon gas is much easier for obtaining the discharge
with a less discharge voltage. The helium gas flow rate
is larger than around 60sccm to have substantial
discharge current with a modest discharge voltage less
then around 100V. The discharge voltage of 100V is not
a critical figure but we must be careful to minimize the
sputtering of cathode-supporting material, mainly
molybdenum and also LaBg itself due to helium ion
bombardment. The axial magnetic field B, has some
influence on the discharge voltage as shorn in Fig. 9
from which 1.7mT for B, is employed for the normal
operation as giving a minimum discharge voltage. It
seems that the optimum Bz giving a minimum
discharge voltage may depend on the small angle of
LaBg cylinder with respect to the axis.
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Fig. 9 Dependence of discharge voltage on the axial
magnetic field for helium as a working gas.

As described below, the discharge voltage has some
influence on the electron energy content, especially
high energy electron component. The gas pressure has
also affect the discharge voltage as shown in Fig. 10.
The lower the gas flow rate is, the higher the discharge
voltage is. We should note that the discharge voltage is
also determined by an emission condition of LaByg
cathode so that the voltage is sensitive to its surface

condition and the heating current.
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Fig. 10 Dependence of discharge voltage on the gas

pressure.

3.2. High energy electron component

The one of outstanding characteristics of AIT-PID is
the presence of hot electron component in addition to
bulk near-Maxwellian electrons. Figure 11 shows a
typical logarithmic plot of probe electron current as a
function of probe biasing voltage. The tail of electron
energy distribution is clearly seen with a truncation of
tail at almost the discharge voltage. The slope of hot
component gives an apparent electron temperature of
hot components. The probe -electron current is
subtracted by the current coming from hot electrons so
that it may give the curve corresponding to bulk

electrons.
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Fig. 11 Semi-logarithmic plot of probe electron current

vs. probe voltage.

Figure 12 gives the plasma parameters thus obtained
as a function of discharge current for a working gas of
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Fig. 12 Discharge current dependence of plasma
parameters: the electron density, the fraction of hot
electron component and the temperature of bulk and hot

electrons.

He. The electron density of more than 1.0x10"m™has
been obtained in the discharge current range above 20
A. Hot electron temperature is in the range between 30
~45 eV and the bulk temperature is 3~5 eV. The
fraction of hot component is about 8% independent of
discharge current.

The working gas condition for Ar is 0.1~0.3 Pa in
the discharge region in which a low gas pressure gives
also the presence of hot electrons similar to the He case.

4. Radial confinement with multicusp magnetic
configuration

4.1. Radial distribution of plasma density

A kind of asymmetry of electron density
distribution has been observed in the radial direction.
Typical profiles obtained with Langmuir probe are
shown in Fig. 13 for two directions of probe insertion
from the north and the south through the horizontal
ports, which are shown by open squares and solid
circles, respectively. The tendency of asymmetry is
similar for both insertion cases, that is, the density
gradient of the north side, 1.85x10”m™is smaller than
that of the south side, 5.56x10"m™. In other words, a
sharp density gradient is seen on the south side.

The distribution of the hot electron fraction is
plotted in Fig. 14 with solid triangles, indicating a
better confinement in the south side than in the north
side. Concerning the magnetic configuration property,
there is no difference in magnitude of cusp field. Only
the azimuthal direction of magnetic line of force is
opposite, clockwise or anti-clockwise with respect to
the axis as shown in Fig. 5.
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Fig. 13 Horizontal profiles of electron densities for two

insertion directions of driven probe.
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Fig. 14 Horizontal profiles of electron density, fraction of
hot electron component, and plasma potential. The probe
was inserted from the horizontal port at the south.

We examined similar measurements for oblique port
as shown in Figs. 15 and 16, which make clear that the
oblique south side at upper port gives a weak
confinement, while the oblique north side at upper port
does a good radial confinement. Then, we understand
that the good and weak confinement regions appear
azimuthally every 60 degrees in turn.

4.2. Azimuthal view of plasma confinement

In order to obtain, an overall view of plasma
confinement, a total visible light emission is taken as a
photo from the pumping side, axially opposite to the
cathode. The light emission profile through the anode
hole is shown in Fig. 17, indicating a strong emission
boundary with a white line. A thick area with strong
emission corresponds to a location where the
confinement of hot electron component is better than at

the other area. So we consider that the emission may be
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a measure of hot electrons population. Such a profile is (a) He with reversed B (b) Ar
the same for the reversed axial magnetic field, and the
Ar plasma with a relatively low gas pressure gives a - /
similar emission profile as shown in Fig. 18. v
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electron component, and plasma potential. The probe . . L.
coming from the discharge, then it gives a completely

opposite results. It means that the direction of EX B is
outward in the good confinement region.

insertion was grazing from the south side.

i‘z.s He : 70 sccm 25\? (2) If the electric field E is considered just in front of
2 20 ‘If B i?,'?‘, ZOES the anode since the plasma potential is positively
© 20r V=92V 1204 >, .
X BEZ =17mT § e around 4 V with respect to the grounded anode, then E
— o . . . .
©15 152 X B gives a right direction to make the flow of
c 15 ¢ 5
2 Se energetic electrons inward for good confinement region.
2 Narth B e . . .
g0 g However the electron Larmour radius is fairly large ~
5 . 2 % 1 cm for 30 eV with 15 Gauss and is much larger than
R ::u"' = P the sheath thickness in front of the anode.
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Fig. 16 Radial profiles of electron density, fraction of hot

electron component, and plasma potential. The probe .
insertion was grazing from the north side. 5. Summary and conclusion

We developed a unique plasma device aiming PWI
studies for fusion reactor, AIT-PID which has a power
saving characteristics with a compactness. In addition,
the outstanding property is the generation of hot
electron component which can be controlled by, for
example, gas pressure.

An azimuthally asymmetric confinement of plasma,
especially for hot electron component has been found.
Some discussions on the physical mechanism for such
an azimuthal asymmetry are presented, but it is still
open to be solved.
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