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Abstract

An experimental device named SUT (SUrface modification Teststand)
was constructed for a boronization study. An ultra high vacuum (UHV)
condition, a changeable high temperature liner and in-situ AES are three
distinctive feature of the SUT device.

Saturation density of oxygen atoms was as large as 1.2 x 1017 /cm? on
a boronized surface, whereas 1.5 x 1016 /cm? on a bare stainless steel
surface. It is found by AES analysis that the oxygen-contained layer was
as thick as 50 nm from the top surface of the boron film. From such a
large oxygen-saturation density, we expect that the oxygen-gettering
ability of the boronized surface is likely to be maintained during one-day
experiment of LHD.

The oxygen-saturation behavior was quite similar between the
boronized surfaces obtained with decaborane and diborane, which
indicates that, as 2 working gas of the boronization, the decaborane works
well compared with diborane, as far as oxygen gettering is concerned.

Key Words : boronization, wall conditioning, decaborane,
in-situ AES, LHD, oxygen capacity, oxygen gettering



1. Introduction

It has been demonstrated that boronization is effective to reduce
oxygen contamination to tokamak and helical plasmas [1, 2]. Reduction
of oxygen results in wider operational range of Ohmically heated
plasmas in tokamaks, and of ECH plasmas in helical devices [1, 3]. For
instance, oxygen concentration is reduced to less than 1 % in TEXTOR
after boronization, and the density limit rose up to 6 x 1019 /m3 for OH
discharges [4].

There are several problems with the boronization, such as hydrogen
recycling control, life time of boron films, safety handling of diborane
gas efc. from a practical point of view. Several questions are also risen
for mechanism of the coating process, oxygen and hydrogen behavior
with the boron coated layer, efc.

On the other hand, oxygen reduction is an important issue in Large
Helical Device (LHD) [5], because the baking temperature is limited to
100°C [6]. Moreover, LHD will be operated with super-conducting
magnetic coils, which means that a magnetic field as high as 3T is
maintained between main discharges all the day. Then glow-discharge
conditioning will not be available between high power shots, which has
been routinely applied in DII-D [7]. Thus a special effort is required to
optimize the boronization technique in order to meet demands of the
LHD operation.

Titanium flash is found to be one of effective procedures to reduce
oxygen contamination in helical devices, such as CHS [3] and ATF [8].
One of the problems of the titanium gettering technique is that oxygen
gettering ability is changing shot by shot after fresh titanium flash.
Oxygen behavior with a boronized wall has been compared that with a
titanium flashed wall, and it was found that the boronized wall is more
promising than the titanium flashed wall [9].

In order to obtain a database necessary for the LHD boronization, we
have started a series of experiments on boronization process and on
behavior of hydrogen isotopes and oxygen impurity with boronized
walls. Experimenial results and preliminary discussions are given in
this paper.



2. Apparatus

An experimental device named SUT (SUrface modification
Teststand, see Fig.1) has been constructed for this series of experiment.
The main reaction chamber (MRC) is made of stainless steel. Inside
MRC, a liner, which can be heated up to 600 °C, is installed. This liner
can be easily replaced by another one after a series of experiments, and
a new experiment can be started with a fresh liner with a clean surface.

An Auger Electron Spectroscopy (AES) system is set inside an
analyzing chamber (ANC) attached to MRC. Samples exposed to a
reacting plasma can be easily transferred between MRC and ANC by a
swing-linear manipulator. By this system, depth profile of surface
composition can be obtained without exposing samples to the air
immediately after surface treatments in MRC.

The main chamber MRC is pumped with two turbo-molecular pumps
(TMP) with a tandem arrangement. The chamber ANC is pumped by an
ion pump. Base pressure in MRC and ANC is as low as 1 - 2 X 1077 Pa,
which enables us to do precise analyses of oxygen behavior on surfaces.

Thus an ultra high vacuum (UHV) condition, a changeable high
temperature liner and the in-situ AES are three distinctive feature of
the SUT device.

Reacting gases are supplied through mass-flow controllers. A glow
discharge in diborane or decaborane gas is used for boronization.
Oxygen glow discharge is also applied to investigate its absorption by
the hner surfaces. These reacting gases are usually supplied mixed with
helium gas. A quartz oscillator is used to monitor the thickness of
coating layers during and after boronization. A differentially pumped
quadrupole residual gas analyzer (RGA) is installed for mass balance
analyses of gaseous components inside the liner. An optical spectrometer
of visible range is also used to investigate discharge processes.

3. Experimental resuits

One of the advantages of a boronized wall is that its surface works as
an oxygen-getter and prevents oxygen atoms to recycle back into
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plasmas. This effect reduces oxygen contamination in core plasmas
similar to a titanium flashed wall in tokamaks and helical devices. A
question is its lifetime as an oxygen-gettering surface. The lifetime of
the boron film itself is expected to be considerably long for plasma-
facing surfaces other than divertor stripes or limiters. However, the
oxygen-gettering effect is presumed to disappear after the top surface of
the boron film is saturated by oxygen atoms. In LHD, fresh
boronization with a glow discharge is hardly applied in an interval of a
series of one-day experiment because all the coils are superconducting
magnet, and a magnetic field as strong as 3T is continuously applied all
the day. Then less frequent boronization is desirable in LHD compared
to the present devices. In order to estimate the lifetime of oxygen
gettering ability, oxygen saturation of boronized surface has been
investigated.

A glow discharge in a gas mixture of 10 % O, and 90% He was
continued for around 1 hour with and without boronized surface. The
liner was made of stainless steel (SUS304). The boronization was
carried out by a glow discharge in a gas mixture of 10% B,Hg
(diborane) and 90% He. The average thickness of the boron-coated
layer was around 200 nm. The liner was kept at room temperature in
the course of these processes, which corresponds to the operational
condition expected to the LHD first wall. The partial pressure P3, of

oxygen went down just after ignition of the glow discharge in O, + He.
It recovered graduatly with time and came back to the original Jevel
later. The partial pressure P,g, mainly contributed by CO, occasionally
increased at the initial phase of the discharge. Net oxygen Pny
absorbed to the surface was obtained from the sum of (P35 + 0.5P5g)
plotted in Fig. 2 as a function of time. It is clearly seen that the
recovery of Py is quicker without boronization (ig. bare stainless
steel wall) than with boronization. The RGA was calibrated to obtain the
absolute partial pressures of O, and CO gases by comparing its signal
level to that of a diaphragm gauge. Using these absolute pressure, the
total number of the absorbed oxygen atoms can be calculated by
integrating time behavior of Py. This was 1.5 x 106 jem? for a bare

stainless steel surface, and 1.2 x 107 /cm? for a boronized surface,
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respectively. The similar concentration on a boronized surface has been
observed already in the previous experiment in Nagoya University [10].
The direct comparison of the saturation density between a boronized
and an un-boronized surface has been given for the first time in the
present experiment. There is no doubt that a boronized surface absorbs
an order of magnitude larger amount of oxygen atoms than the stainless
steel surface. This number density was extremely large, which could be
hardly understood as oxygen atoms existing within a few monolayer
from the top surface of a boron film, which is expected from an
implanted range with impact energy of oxygen ions from a glow
discharge plasma.

In order to get the depth profile of the oxygen concentration, an in-
situ AES analysis was performed for a oxygen-saturated boronized
surface after one hour exposure to O,/He discharge. The result is shown

in Fig. 3. In the most part of the boron film, oxygen and carbon
concentration was less than 2-3 at. %. Oxygen concentration was
around 40% at the top surface, reduces as a function of the distance
from the top surface. It can be seen that oxygen is penetrating up to 50
nm in depth. By integrating this depth profile, surface concentration of
oxygen close to 1 x 1017 fcm?is obtained based on this result. This value
of the surface concentration agreed with the one obtained by the RGA
analysis within a factor of 2.

Thus both of the RGA and AES results support that, in contrast to a
stainless steel surface, in which the saturated surface oxygen
concentration is around 1 x 106 /cm?, oxygen atoms as much as 1 x 1017
fem? can be absorbed in a boron-coated surface.

From the above result, we can expect that a boron-coated layer of
100 nm in thickness is sufficient as an oxygen-gettering surface. Oxygen
capacity was measured as a function of the boron-film thickness and the
result is shown in Fig. 4. The capacity is really saturated above 100 nm
in thickness. In actual plasma experimental devices, non-uniformity in
thickness is expected due to an arrangement of its boronization system.
The minimum thickness should be = 100 nm in those cases.

We are also interested in boronization with decaborane gas, which
can be more safely handled than diborane [9]. We have compared the
coating speed between these two schemes. It is about 5 times quicker
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with decaborane gas than with diborane gas for the same gas-flow rate.
This can be simply understood that a decaborane molecule contains 10
boron atoms whereas diborane does 2. The oxygen absorption capacity
was compared between boronized films coated by glow discharges using
these two gases. The thickness of the boron-coated layer was 210 nm
with diborane and 135 nm with decaborane, both of which it exceeds
100 nm. The result is shown in Fig. 5. Time behaviors and absolute
values of Ppy agreed each other quite well, which indicates that the
decaborane works well compared with diborane as the working gas of
the boronization, as far as oxygen gettering 1s concerned.

4. Discussion

Oxygen absorption capacity of boronized surface is considerably
large. This is rather good from a practical view point, that is, the life
time of the oxygen gettering ability is expected to be long. We have tried
a rough estimation of the lifetime for an LHD case.

Firstly, we assume the severest case, in which all oxygen atoms are
concentrated to the divertor-striking stripes. The LHD configuration has

four divertor legs [11], and its total area A, is around 1.0 x10° cm?.
Next, we assume the maximum surface density, namely the saturation
density, of oxygen atoms C g, . as 1.2 x10'7 cm?, which is given from
the results in Fig. 2. Thus the limiting oxygen number Q. ., 18
estimated to be
~ = 2 om2

The total number N, of oxygen atoms which come out for a unit time
to the divertor legs is given as

Ny 1T, = 0005 1,V 1= 1.0 X100 cm?s,

where Vo = 2.0 x107 cm? is the LHD plasma volume, T, the

particle confinement time assumed to be 0.1s , n,=5.0 x1013 cm?/s a
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plasma density given here. Average oxygen concentration inside the core
plasma is assumed to be 0.5 %. The total number of oxygen atoms for 1
shot Q[]shoz‘] is obtained as Q[]shor] = 5.0 x10%% for a 10 second

discharge. The life time of the oxygen-geftering ability is estimated
through d1v1d1ng Qllmlt by []ShOl‘] s namely 1.2 X1022 /50 X1020 ~ 24

shots.

In the above estimation, it is assumed that all oxygen atoms are
concentrated to the divertor-striking stripes. In real plasma devices,
oxygen outflux is distributed to a wider area of its first wall. Although

_ more precise data of T, are necessary for getting the lifetime, we can

conclude based on the large capacity of oxygen on the boronized surface
obtained in this experiment that the oxygen-gettering ability of the
boronized surface is likely to be maintained during one-day experiment
of LHD,

Another question is why the oxygen-absorption layer is so thick as 50
nm. From the impact energy of oxygen ions, presumed to be less than
400 V from the cathode sheath of glow-discharge, the range of the ions
could be a few nm. In Fig. 2, gradual decrease can be seen in the oxygen
concentration as a function of the distance from the top surface. These
two facts suggest some *“diffusion” or “erosion/deposition” process of
oxygen after once implanted to the surface. The mechanism is not clear at

present.
5. Summary

An experimental device named SUT (SUrface modification Teststand)
was constructed for a basic investigation of boronization process and
boronized surfaces, aiming to optimize the boronization technique for the
superconducting device of LHD. An ultra high vacuum (UHV) condition,
a changeable high temperature liner and an in-situ AES are three
distinctive feature of the SUT device.

Saturation density of oxygen atoms was measured for boronized
surface. It was around 1.2 x 1017 fem? , which is much larger than the
measured surface density on a bare stainless steel surface without
boronization. This was confirmed by AES analysis, where it is found that




the oxygen-contained layer was as thick as 50 nm. The reason is not clear
why oxygen is absorbed beyond the range of implantation depth with a
glow discharge. Based on such large number of oxygen-saturation
density, we can conclude that the oxygen-gettering ability of the
boronized surface is likely to be maintained over one-day experiment of
LHD.

Oxygen concentration was 40 % at the top surface of an oxygen-
gettered surface for a boron layer after saturation by an O, + He glow
discharge.

Decaborane and diborane boronization were compared in a similar
condition. The oxygen-saturation behavior is quite similar between the
boronized surfaces obtained with these two working gases. The coating
speed is 5 times faster with decaborane than with diborane, which can be
simply understood by taking into account the number ratio of oxygen
atoms for both gases. This indicates that the decaborane works well
compared with diborane as a working gas of the boronization, as far as
oXygen gettering 1s concerned.
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Figure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Top view of the SUT device. A sample exposed to a reacting
plasma can be transferred from the main chamber to analyzing
chamber without exposing it to the air by a swing-linear
manipulator.

Oxygen absorbed by a boronized (closed circles) and an un-
boronized wall (open circles) during an 0,(10%) + He(90%)

glow discharge. The absorbed amount is expressed by
equivalent pressure with O, gas here.

Depth profile of the boronized surface after exposure to one
hour discharge of oxidization (a glow discharge in an O,/He

mixture gas), obtained with the in-situ AES analysis.
Oxygen gettering capacity as a function of boron-film thickness.

Oxygen absorbed by a surface boronized a diborane glow
discharge and by that with a decaborane discharge.
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