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3. BERTIXTEORRE

3-1. ERIHEE

The schematic view of LaBé cathode assembly is shown in the insert in Fig. 7.
A flat bar of LaBé with the thickness of 1.8mm and the width of 4mm is installed
on molybdenum supports to have a meander-line structure. The cathode assembly
is composed of four units for the minimization of damage since an all-in-one
structure would make us change the entire expensive cathode when the ceramic
cathode is cracked. A spacing of Imm between neighboring LaBé bars was de-
signed to absorb an internal thermal stress and an external JxB Lorentz force, and
to avoid a shortcut contact between neighboring bars due to the thermal and elec-
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Fig. 7 Dependence of electron density on the discharge current.
The applied magnetic field is 300G. The insert in the upper part
shows a schematic view of the installation of LaBe meander-line
cathode, that in the lower part shows a schematic view of experi-
mental configuration.

16



tromagnetic stress. The total surface area amounts to 38m?.

Therefore, a relatively fat plasma is expected to be produced. A direct current
of up to 140A is passed through the cathode, which is thus ohmically heated by the
input power of 3kw. Thus the most suitable temperature of 1550°C is realizable.
The boron nitride disc on which the molybdenum support is mounted plays the
role of a thermal shield. Because of the meander structure, the magnetic field
made by the heating current is minimized and weak in intensity compared with the
external magnetic field generated by a series of solenoid coils. Thus, there were no
trouble in generating a dense plasma.

As an example of LaBs cathode, a disc of 7.5cm diameter has been employed
in Pisces-A®. However, a large amount of heating power is required to make it
electron-emissible since the disc is indirectly heated from behind by a tungsten
rod heater. Therefore, the system is complicated and cumbersome, compared with
our present device. The plasma with a larger diameter can be produced by the
present generator, compared with the discharge using a hollow cathode, and the
plasma with a higher density can be generated compared with the standard ECR
microwave discharge. These are the important factors in simulating the edge
plasma for the study of impurity transport and hydrogen recycling in the SOL.

A schematic view of the installation of LaBe cathode in the cylindrical dis-
charge chamber is also shown in the lower-right insert in Fig. 7. The diameter of
the inner wall is 17.5cm. A water-cooled double wall system is very good for the
removal of heat coming from the cathode and the plasma. The discharge anode is
a throat region of the stainless-steel chamber wall, the diameter of which is 13cm.
The cathode is powered by either DC or pulse power supply with the repetition
rate of 3~10Hz. The DC power supply (160V, 60A) provides a relatively low
density plasma (ne < 5x10'*cm) in a steady state, while the pulse power supply is
used to generate the plasma of higher electron density. The axial magnetic field is
currently around 300G.

The plasma electron density is plotted against the discharge current for He (~
1x10*Torr), Ar(~ 1x10>Torr) and H2(~2x10>Torr). The value of more than 1
x10°m was obtained for He and Ar, and a half of its value for Hz. the electron
temperature is not sensitive to the discharge current, which ranges between 3 and
6eV. Figure 8 shows a typical example of the horizontal profile of the electron
density, the electron temperature and the plasma potential with respect to the vac-
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Fig. 8. Horizontal profile of plasma parameters. The working
gas is He, and discharge current is 60A, obtained by a pulsed
power mode.

uum chamber. A relatively fat ( the diameter is more than 10cm ) plasma column
was generated. The heat flow to the target plate estimated by 0.5nCs(eVs +2Te
+2Ti ) is about 25W/cm? for helium plasma, where C's is the sound velocity given
by ((Te+Ti)/mi)'?, and Vsis the total voltage drop of presheath and sheath. With
the bias of 100V, which is not too much for the sheath voltage seen on the usual
divertor target plate in fusion devices, the thermal load to the target plate reaches
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the considerable value of 100W/cm?. It is 1/10 of the ITER relevant value. We
note that in the above estimate, the ion temperature is assumed to be much smaller
than T and is neglected. To obtain the value of 1kW/cm? without target biasing,
the plasma density should be fifth times higher, 5%10Y%cm?3, and the electron tem-
perarure fourth time higher, 20eV, for hydrogen plasma. This can be obtained by
the increase in the external longitudinal magnetic field and the input discharge
power with a reduced neutral pressure in the test plasma region.
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7. 2BFBETSXVICHITEL -

7-1. Introduction

In modeling of the tokamak scrape-off layer (SOL), the plasma potential
with respect to a limiter of a divertor target plate is quite important since the sput-
tering which makes an impurity production and influences the erosion of plasma-
facing materials is determined by this target potential. Recently one or two-di-
mensional analysis of the SOL plasma using multi-fluid equations have been
developed®®. They predict the density and temperature profiles in the SOL and
the source rate of impurity generated from the wall, the limiter and/or the divertor
plate. Large differences from the above mentioned standard SOL theories have
been observed for plasma heated by radio-frequency wave®. There could be
very strong RF electric fields at the plasma edge, which would modify the edge
plasma properties. In the case of lower-hybrid wave heating, a substantial amount
of RF energy could be deposited at the plasma periphery due to the excitation of
waves not satisfying the accessibility condition, waves with very high parallel re-
fractive index, or a back-scattered waves by a density fluctuation?.

One of the most important modifications of the edge due to such a strong RF
field is the appearance of energetic electrons, particularly during lower-hybrid
wave heating and current drive®'®, This is also true for Alfvén wave heating!'*'
The sheath potential can be greatly enhanced by such non-thermal electrons. A
magnetic field stochasticity near the separatrix in the divertor scheme associated
with some additional heating allow energetic electrons to penetrate into the SOL
plasma(®, The SOL modeling should be reconstructed taking account of such an
edge modifications.

Here we would like to summarize the experimental results on the impurity
generation by a wave heating at the edge, and discuss a simple formulation of
sheath formation in the presence of energetic electrons, taking accout of a secon-
dary electron emisson yield some target materials supposed to be applied as a
plasma-facing component.

7-2. Experiments
The toroidal plasma device in which we studied an impurity generation is a
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small tokamak, CSTN-II'®. A material chip was placed at the plasma edge as a
target plate. The machine has no other limiter inside. The target was made of
copper to distinguish the target material from those of other plasma-facing com-
ponent. The nitrogen was chosen as a working gas instead of hydrogen to make an
impurity generation clear. A neutral spectral line was monitored with a visible
spectrometer set in front of the target chip. An RF antenna to excite a lower hybrid
wave, the cross-section of which is shown in fig. 17. was made of titanium. An RF
power of 289MHz in frequency was injected into the antenna to excite a lower
hybrid wave which couples strongly with electrons by a trapping in the wave po-
tential®®. A typical example of the electron energy distribution at the plasma edge
with and without RF can be deduced from the voltage-current characteristics of an
electrostatic energy analyzer. Electrons with energy of more than 100eV are neg-
ligible in case of no RF (the tail temperature is 20eV), while an energetic tail, the
effective temperature of which is as high as a few hundred eV, is clearly seen with
RF. However, the temperature of a cold part deduced by a Langmuir probe re-
mained unchanged, above 10eV.

Typical traces of discharge parameters with (solid) and without (dashed line )
RF are shown in fig. 18. The plasma current and the line-averaged electron density
changed little. However, a drastic drop, reaching -100eV, of the target floating
potential with respect to the stainless steel vacuum chamber was observed. This
can \be ascribed to the increase of the sheath voltage between the target and the
plasma because the plasma potential increases only a little. At the same time the
spectral intensity of neutral copper increased by a factor of more than five by
applying RF. By increasing the input RF power the spectral intensity was found to
increase with the change of the target floating potential. The plasma ions around
the target plate were thought to be accelerated by the electric field in the sheath
and impinged on the copper plate. The sputtering yield is known to have a sharp
dependence of incident energy, having a threshold energy of 22eV in case of N*
— Cu . Therefore, we conclude that the observed increase of metal impurity
comes from the enhancement of sputtering due to the drop of the target potential.

29



102 T T T T

- y 3
: ’ TAntenno :
-oo l > X -
. A
-—-)- 101 | l [8.,0] i
o o -
N - RF on (3.7kW)
w i )
— » i
O, ~0
o 10°L :
I " .
- 4
b -
107 l ! ! !

O -50 -100 -150 -200-250
Retarding voltage (V)
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in power.
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7-3. Fluid model for sheath formation

A sheath is formed between a solid material and the plasma with an energetic
electron component and cold ions. A one-dimensional model along a strong mag-
netic field shown in fig. 19 is assumed to study the potential formation in the
sheath and the pre-sheath. The two-temperature model describes a distortion from
a Maxwellian in the tail of the electron distribution function. The Boltzmann

equation for electrons is assumed,

ne = no{ (1-a)exp(y)+aexp(y / B)} (6-1)

Various parameters and normalized quantities are listed in table 1. Neglecting ion
collisions in the equation of ion motion, the Poisson's equation is given by

& _[,_r [ me M2}
gez | 1T\ mi 2y,

x{ (1-o)exp(y)+oexpy /B)}

1/2 -1/2
s L [me M2 |7 (1_ 2_X) (6-2)
I 2] | W

where T is the effective secondary emission coefficient given by

r= Yec + €Yeh + (1+ € )Yi

(1+£)(1+71) ©
where
¢ = BI/Z_I%X_CXI{Xs(IB' B)} (6-4)
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Fig. 19. Configuration of one-dimensional model for

the sheath formation

Table 1

Plasma parameters and definitions of normalized quantities

Density ratio of hot electrons
Ion flow velocity at sheath edge
Normalized potential
Normalized sheath potential
Normalized target potential
Normalized distance

Effective T, for hot electrons
Effective T, for warm electrons
Temperature ratio

Mach number

Secondary emission coefficient due to
hot electrons
warm electrons
ions

a
Ug
x=edp/T,
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and

i 2Wr T
Yo = f e W T o (W - i T)aW
k
r.., -1
X L exd W) /2W-xTo) 4w . k=c or h.
), VATTW Tk) V' " me

(6-5)

Here y, is the target potential defined below. The first term of eq. (6-2) comes
from warm and hot electrons, the second term is the contribution of secondary
electrons, and the third term is that of ions. An initial velocity of secondary elec-
tron at the target surface is neglected. When we don't have any hot electron com-
ponent, that is, =1, then I'=(y, + v, ) /(1+Y, ) which is exactly equal to what Wes-
son and Hobbs obtained®.

As boundary condition we assume that the potential and the electric field van-
ish at the sheath edge, then we have

R R R NI

1. o me M2}
1-1“\ mj 2y,

X[(1-0 )(EeX-1)+oB (eX/B-1)].

(6-6)

In order for this equation to have a solution, the following condition should be
satisfied.

NI +r(r_n_e_)”2_M_23/2
(1-o)B + o 1-T\mi/ | 2y

X ( p - 2xs)
(1-o)B + (6-7)
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This is a modified Bohm criterion.
The condition that the target plate is floated electrically is described by equat-
ing the ion flux to the electron flux.

s

)1/2
4 1-I\ mj Xs Tme

_ 1 M2TC)1/2
1- r[ m; (6-8)

where the left hand side corresponding to the primary hot and warm electron

I+€ {1 T me__M_%)"Z\(l _a)( 8T,

fluxes, and the right side of the above equation dose to the ion and the secondary
electron fluxes. Here we define the target potential including the pre-sheath ,

Xe = + M2 (6-9)

Egs. (6-3) - (6-9) are solved selfconsistently, taking the minimum value of M
which satisfies the modified Bohm criterion. Fig. 20 shows the target potential
versus the temperature ratio, taking the hot electron population as a parameter, in
which no secondary electron emission is taken into account. In a Maxwellian
plasma we put 0=0 or B=1, and then obtain ), = 0.5{1+In(mi/2wme)}. A proton
plasma gives the well-known value, X, = 3.34. A sharp increase of target potential
comes from either high temperature or large amount of hot electrons. We examine
two examples, a molybdenum as a material with a high melting point and a carbon
material for a current plasma facing material. As shown in fig. 21(a) for Mo, the
secondary electron emission yield exceeds unity from 200 to 1100eV of primary
electron energy. These secondary electrons tend to moderate an enhancement of
the sheath potential due to energetic electrons, as shown in fig. 21(b). When a
large amount of secondary electrons are emitted, a virtual cathode is formed in
front of the target and the electric field there tends to approach to zero. When the
temperature of hot electrons become higher, y, (W) starts to decreases and the tar-
get potential increases again. In this calculations (W) and y(W) were obtained
from ref.[19].

In the case of carbon, ¥ (W) dose not exceed unity as shown in fig. 22(a).
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Fig. 20. Normalized target voltage versus tempera-
ture ratio of hot to warm electrons. The secondary
electron yield from the target material is neglected.

Therefore, the inclusion of I" makes a slight decrease for the target potential as
shown in fig. 22(b) compared with the case shown fig. 20. The data of Y. (W) for
carbon were also obtained in ref.[19], but (W) for necessary energy range is not
available and is assumed to be zero.

As shown in fig. 23 copper behaves like molybdenum, but the diminution of
target voltage due to secondary electron yield is a little bit moderated. In the ex-
periment Tc~ 10eV (almost unchanged with RF) and Th~100eV. If we assume
0=0.05-0.1, an enhancement in the target voltage of 20-160% is predicted. This

agrees with the experiment.

7-4. Conclusion

we have identified one of the physical processes of impurity generation in the
lower hybrid wave heating. A generation of energetic electrons makes the sheath
voltage large. Accelerated ions strike the target plate and cause a physical sputter-
ing. A simple multi-fluid formulation on the sheath formation was presented, in
which a modified Bohm criterion was introduced. The secondary electron yield
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from Mo and C target materials included in the above formulation self-consis-

tently was found to moderate an enhancement of sheath voltage.
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Fig. 23. Target voltage of copper as a function of hot electron
temperature
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