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Abstract

During discharge cleaning, it has been observed that decay

time of water-vapor pressure changes when the pressure reaches a

certain level. A long decay time observed in

the

later phase

can be interpreted as a result of a slow deoxidization rate of

chromium oxide, which may dominate the cleaning process in this

phase. Optimization of plasma density for
discussed comparing the experimental results on
dence of water-vapor pressure with a result
dimentional calculation for particle balance.

tial points for effective cleaning is found to

tron density of the plasma high enough that

the cleaning is

density depen-

based on a zero-

One
be

the

loss rate of H,0 is as large as the sticking loss

of the essen-
raising elec-
dissociation

rate. A den-

sity as high as 10ll cm-3 is required for a clean surface condi-

tion where sticking probability is presumed to be around 0.5.



1. Introduction

Effective discharge cleaning is important because, in fu-
ture tokamaks, 1in-situ titanium gettering may be unfavorable.
In D-T burning experiments, the titanium gettering technique
cannot be used because of the necessity to manage a finite
tritium inventory. For experiments on plasma-wall interactions
using a tokamak machine, titanium gettering often canfuses the
results relating to origin of impurities. A titanium flake ex-
foliated from the wall makes another trouble in tolamak experi-
ments. After flashing a large amount of titanium, it is
sometimes observed that the exfoliated flake induces a severe
disruption of the tokamak discharge. 1In spite of those defects,
it has been widely used in present-day tokamaks because of its
strong effectiveness for reducing low-Z impurities coming into a
plasmal). Discharge cleaning has been also used successfully in
tokamaks for the same purposel_a). In some cases, however, it
has been reported that the gettering is superior to the
discharge cleaning for low-Z impurity reduction7'8). In Doublet
III, maximum density of tokamak plasma obtainable after get-
tering is higher than that after discharge cleaninga). Thus, it
is necessary to improve discharge cleaning technique and find an
optimized condition of this technique for low-2Z impurity reduc-
tion.

In JIPP T-II, we have made efforts to obtain high density,

high temperature plasmas without titanium gettering by op~

timizing discharge cleaning technigue. We have used ?2.45 GHz



ECR and 60 Hz AC discharge for the cleaning. Effects of the
discharge cleaning on JIPP T-II tokamak plasmas are given in
Ref. [9]) and {10}. A residual gas analyzer (RGA) has been used
as a principal technique for analyzing the cleaning process. 1In
this paper, we present some remarkable features found in
behavior of water-vapor pressure during the cleaning and discuss
the results in relation to the elementary processes on the wall
surface. Modeling of the cleaning process and understanding the
elementary processes are important for optimizing discharge
cleaning. We modify a zero-dimentional calculation for particle
balance in glow discharge cleaning proposed by Waelbroeck et
al.ll’lz) and apply it to the cleaning process with ECR and AC
plasma, in which chemically active hydrogen atoms play a
dominant role for the cleaninglo). Experimental results ob-

tained by RGA are compared and discussed with the calculated

results.
2. Experimental arrangement

The vacuum vessel of the JIPP T-II device is made of stain-
less steel (SUS 304) and its major radius is 91 cm, minor radius
is 20 cm. A main pumping system consists of two turbo-molecular
pumps with a liquid-nitrogen trap. The effective pumping speed

is 760 1/s for H An RGA (MSQ - 150 : ULVAC Co.) 1is attached

2°
to a manifold of the pumping system and is not differentially
pumped. The time constant of the RGA measurement is determined

from volume of the manifold and conductance between the main



chamber and the manifold. It is shorter than 0.1 s. We have
payed attentica mainly to partial pressure of H20 (PlB), CH4
(Pyg)+ during discharge cleaning.

We have investigated P18 as a function of wall temperature
and plasma parameters. Plasma density and temperature were
measured with a Langmuir probe for ECR plasmalO). For the AC
discharge, the density was measured with 4 mm microwave inter-
ferometer and the temperature was determined by ratio of elec-
tric field strength to hydrogen pressureg).

All the data shown in this paper were obtained after two

days' pre-baking at 350 C which followed a few days' venting.
3. Variation of P18 during long-run discharges

Figure 1 shows a typical behavior of the RGA signal.
During AC discharge, it can be seen that the signals for m = 16,
18 and 28 rise greatly compared with the background levels.
Figure 2 shows a result for time variations of P18 and PlG
during discharge cleaning. Partial pressure 1is expressed by
direct reading of output signal IRGA in these figures. One can
roughly obtain absolute values of the pressure in mbar by mul-
tiplying IRGA by 7. The result in Fig. 1 was obtained for a
wall temperature of 200 C after two days pre-baking at 350° cC.
The level and variation of P28 (CO + C2H4) are almost the same
as those of P16 in this case. In the later phase, P18 still
decreases with a decay time of 40 h while P16 stays almost con-
stant. This suggests an existence of some diffusion processes

for carbon inside the wall.



Figure 3 shows time behavior of PlB for various wall tem-
peratures Tw' One of the important feature of the result is
that, for all variations of the wall temperature, the decay time
of P18 changes at a time when P18 reaches a certain level. This
suggests that a mechanism which dominates in the later phase is
different from the one in the earlier phase. We have considered
some possible causes which give rise to this critical change of
the decay time.

The first is that the dominant mecharism in the later phase
is indirect <cleaning of the wall section where hydrogen atoms
from the plasma cannot irradiate directly, such as cleaning of
port sections. If this is true, the decay time in the later
phase has relation to a spontaneous desorption rate of HZO' not
stimulated by hydrogen impact. The JIPP T-II device has only
small number of ports and, inside the chamber, there is no ob-
ject of complicated structure, such as microwave antennas, mag-
netic probes and so on in this series of the experiment. This
means most of the inner surface of the chamber is irradiated by
hydrogen atoms. In spite of such an environment, we cannot
decisively conclude that the indirect cleaning process is not
significant in JIPP T-II and it has no relation to the result
shown in Fig. 3.

The second interpretation is that the difference in the
decay time reflects the difference between oxygen-reduction
rates for oxygen surface density of larger than one monolayer

and that for density of smaller than one monolayer. 1t is



possible that H20 production rate and/or sticking probability of
HZO change at around the oxygen surface density of one

monolayer. It has been, however, found that Zeff of tokamak is
close to 1.0 when P18 falls as low as that in the later phaseg),
and in such little contaminated cases, surface density of oxygen
is presumed to be as low as 0.01 monolayerB). This is inconsis-
tent with the second interpretation, in which the critical
change in decay time must occur at a density of around one
monolayer.

The third interpretation is that the <critical change in
decay time 1is due to the difference between deoxidization rate
of iron oxide and that of chromium oxide. It has been found in

15x3)

from surface probe analysis that chromium oxide can also
been deoxidized by low energy hydrogen atoms. In PDX, chemical
behavior of chromium was also investigated during glow discharge

13)

cleaning r Where a partial reduction was observed on iron ox-

ide but not on chromium oxide. 1In the PDX case, however, proton
flux incident on the wall is in the order of 1014 em™2s!, which
is two orders smaller than the atomic hydrogen flux in the case
of AC discharge on JIPP T-II. This difference in the flux in-
tensity 1is presumed to be a reason why deoxidization of the
chromium oxide cannot be observed in glow discharge cleaning.

In this experiment, we have obtained by RGA another kind of
experimental data which supports the third interpretation. As

is shown in Fig. 4, temperature dependence of P18 obtained in

the later phase 1is weaker than that obtained by Juelich group



ll), which is a result probably for a less

for glow discharge
cleaned surface condition than the present condition because
both conditioning time and particle flux are smaller in the
Juelich's case than those in our case. An apparent activation
energy is 16 kcal/mol in this experiment. Taking account of an
activation energy of H2 release as 16 kcal/molll), an activation
energy of water formation is 32 kcal/mol, which is 1.5 times
larger than 21.8 kcal/mol obtained by Juelich groupll). Since a
larger value of the activation energy corresponds to larger
binding energy, deoxidization of chromium oxide may possibly be
dominant process in the later phase. It should be, however,
noted that, if the indirect cleaning is dominant, the difference
in H20 production mechanism may also affect the apparent activa-
tion energy.

Although there remains a pnssibility of indirect cleaning
process, we have tentatively concluded that the long decay time
of 918 in the later phase is due to slow deoxidization rate of
chromium oxide.

Another important feature of the result in Fig. 3 1is that
the decay of P18 becomes faster as the wall temperature is
raised except the later phase of 250° C. For temperatures lower
than 200° C, the result is qualitatively consistent with the
relation between P18 and Tw shown in Fig. 4. A long decay time
has also been observed , however, for the wall temperature of

300° C. The results for 250° and 300° C cases show that the

decay time of oxygen surface density becomes longer as the wall



temperature is raised above 250o C although the reduction rate
increases with temperature, as 1is shown in Fig. 4. This
suggests an existence of some processes which supply oxygen to
the surface region. As was mentioned before in this section,
spontaneous desorption process from the wall section not ir-
radiated by hydrogen atoms possibly plays a role in the cleaning
process. Diffusion of oxygen inside the wall materials is also
a possible process with which we can explain the longer decay
time for wall temperatures higher than 250° C. Before discharae
cleaning, we usually bake out the vessel at 350°C for two days.
During the pre-baking phase, the oxidized layer may possibly be
expanded by inward diffusion of oxygen. Since the discharge
cleaning reduces oxygen just on the top layer of the surface,
outward daffusion of oxygen can be brought about during the
cleaning phase. For temperatures higher than 250°C, oxygen sup-
plied by this owtword diffusion may play a role to elongate the

apparent reduction time of the surface oxygen density.
4. Density dependence of P18/P2

In order to study the relation between oxygen reduction
rate and parameters of a cleaning plasma, we have investigated
density dependence of PlB‘ Plasma density n, was varied by
changing a primary voltage UO of AC discharge. Input power of
AC discharge was 9.2, 2.2, 0.7 and 0 kW for Ud = 1600, 1000, 600

and 0 volt, respectively. That of ECR discharge was around 0.5

kW for each case of UO' Hydrogen-gas pressure was arranged to



give the same electron temperature for each case and the value
of the electron temperature is around 8 eVg). The results are
shown in Fig. 5 by closed circles.

We have proposed a simple model to expliain the result in
Fig, 5 and to find an optimum plasma parameters for cleaningg).
The reduction of oxygen consists of the following three
processes: i) generation of an atomic hydrogen flux in the plas-
ma, ii) production of water vapor by chemical reactions at the
wall surface, 1iii) pump-out of the water vapor by the pumping
system. In this model, we have taken account of H20 molecules
which are lost due to sticking to the wall and HZO dissociation
by electron impact. Both of these processes are competitive to
the pump-out process (iii) of H20. This model is similar to the

11) except that atomic hydrogen

one proposed by Waelbroeck et al.
mainly contributes to H20 production in our case. Since the
production rate of hydrogen atom is written as “e"2k2 for a unit
volume, the total number of hydrogen atoms incident on whole of
the wall surface dvring a unit time is F2 = nenzkzvp, where n,
is molecular hydrogen density, k2 rate coefficient for produc-
tion of one H atom by electron-impact dissociation of H2, VP
plasma volume. Denoting effective <c¢ross section of water

production on the wall surface as Sygr We obtain the total

number of H20 released from the wall during a unit time as

Fis = F2PmoS18 = PmoS18MeM2k2'p (1.



where Nyn is surface density of metal oxide on the wall. When

the density of HZO is Nig? the pump~out rate F_ of Hzo by the

p
pumping system which has an effective pumping speed Sp is writ-

ten as

Fp = SpnlB (2).
Moreover, we take account c¢f dissociation loss Fd as

Fq = nen18k18vp (3},
and sticking loss Fst as

Fgg = (1/8)n18v) gAuPse (a),

where k18 is rat: coefficient of electron impact dissociation of
HZO’ Vig thermal velocity of H,0 molecules, Pge sticking
probability and Aw area of the wall surface. In a steady state,
a relation F18 - Fp ~ Fyq = Fg = 0 holds. Substituting (1) -
(4) into this relation, we obtain the following relation,

-1
PlB/PZ = nlB/n2 =A/ (1+B l'le ) (5),

where A = (RZ/kIB)SanMO' B = [ (1/4)p5tv18Aw + Sp 1/ klavp'

This relation indicates that, for sufficiently high electron
densities, nyg/n, approaches (k,/k,g)s;gny, asymptotically and
is satulated. This saturation should be seen in the Qdensities
higher than B. This implies that one can improve the cleaning

time by raising n, up to around B.

- 10 -



In order to estimate the value B, it is necessary to know
k2, k18 and Pgi - Dissociation cross sections of HZO have been
measured by several authors and summarized by Olivero et a1.14)
We have calculated k18 using the data in this literature and
plotted against electron temperature in Fig. 6. 1In this figure,

k estimated from the data given in Ref. [15] are also plotted.

2
As is shown in this fiqure, the ratio kz/k18 decreases as the
electron temperature rises. It has been pointed out gqualita-
tively by Oren and Taylorz) that low electron temperature of the
cleaning plasma is essentially important for oxygen removal.
The result in Fig. 6 shows quantitatively that their remark is
true.

Within the present knowledge, sticking probability of
stainless steel for H20 is not known at 150 C. It is, however,
reasconable to consider that Pgy is larger than 0.116) because
the data in Fig. 5 have been obtained after long time cleaning
and surface density of oxygen is probably as small as 0.01
monolayer. By this assumption, we can neglect Sp in calculating
the value of B and we have obtained B = 2.2 x 1011 (cm-3) for
Pgt 0.5 and T, = 8 eV. We have calculated P18/P2 for two
values of Pgyr 0.5 and 0.1, énd plotted in Fig. 5. According to
Eq. (5), a low value of Pse corresponds to a low value of B and
this implies a saturation in PlB/PZ occurs at a low n,. We can
see in Fig. 5 that the calculated result for Pgy = 0.5 is closer
to the experimental data than that for Pge = 0.1. In other

words, the experimental results in Fig. 5 suggest that the

-11 -



sticking probability is as large as 0.5 even though the wall
temperature is raised up to 156° c.

From the above considerations, we can conclude that it is
essential to raise the electron density so gigh that the value
of nen18k18Vp (dissociation-loss rate) is as large as
pst(n18/4)v18Aw (sticking-loss rate) in order to optimize
discharge cleaning. We also presume that Pst is considerably
large after a long time cleaning, which requires plasma density
oll

as high as 1 em™3 for optimum cleaning.

Summary

From an observation of water-vapor pressure P18 during
dischage cleaning, it has been found that the decay time of Pig
changes at a certain level. A possible interpretation is that
deoxidization of chromium oxide 1is a dominant process in the
later phase of the cleaning while that of iron oxide is in the
earlier phase.

An activation energy of H,0 production is estimated from
the temperature dependence of P18' The value obtained in the
later phase is 32 kcal/mol, which is 1.5 times larger than that
obtained for glow discharge cleaning by Juelich group. This
large value also suggests deoxidization of chromium oxide in the
later phase of the cleaning.

For wall temperatures below 200o C, decay time of P18
becomes shorter as the wall temperature is raised. On the other

hand, the decay time above 250°C is longer than that b iow 200°¢C

- 12 -



although the oxygen reduction rate still increases with the tem-
perature. This suggests that oxygen diffusion inside the wall
plays a role in discharge cleaning with a high wall temperature.

The ratio PlB/PZ increases as the plasma density n, and is
saturated for n, > 1011 cm—3. The saturation occurs above the
density where dissociation loss of HZO exceeds sticking 1loss.
In order to interpret the saturation for large ng value of 1011
cm_3, sticking probability of Hzo must be as large as 0.5 at

150o C of the wall temperature.
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Figure Captions

Fig. 1 Signals of RGA during discharge cleaning
Fig. 2 Long time behavior of RGA signals for m = 16 (CH4) and
m= 18 (H20)
Fig. 3 Time behavior of H20 pressure for various wall tempera-
ture Tw'
Fig., 4 Partial pressure of H20 as a function of wall tempera-
ture
closed circle : for AC discharge {present)
open circle : for glow discharge
(by Waelbroeck et a1.3))
Fig. 5 Density dependence of P2/P18
closed circle : experimental

solid 1line : calculated as Pgy = 0.5

U
o
.
—

dashed line : calculated as Pt
Fig. 6 Dissociation rate coefficients k2 for H2 and kl8 for

Hzo as a function of electrcn temperature
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