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Abstract

Hydrogen absorption behavior into boron films deposited on graphite and stainless steel (SS) has been studied. Hydrogen
absorption into a H-depleted boron film was investigated during a hydrogen glow discharge with pressure drop measured by
a diaphragm gauge. It was found that, after strong but short time absorption at initial phase, hydrogen atoms were slowly (a
few percents of injected H atoms) but continuously absorbed without saturation up to 3 h, which was not observed with SS
liner without boron coating. Hydrogen atoms were not only desorbed but also implanted into the film during a helium glow
discharge and thus, hydrogen atoms were accumulated in the film when H, and He discharges were repeated alternately.
These accumulation effects enhanced by ions from the glow discharge were investigated quantitatively and the effect of
bombarding ion species (H* or He™) was discussed. Depth profile of H atoms was measured by elastic recoil detection
(ERD). The density of only near surface region was increased when the hydrogen atoms were injected. Longer time
exposure to H, discharge resulted in increase in surface density and shift of the peak position to deeper into the film. These
results were explained by diffusion of H atoms due to ion impact into the films with keeping its saturation level if we
consider resolution of ERD method of 25 nm. From the results, applicability of boron film as protection layer of tritium
permeation is discussed.
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1. Introduction

Boron film is one of the candidate materials for first
wall of fusion devices and has widely been used in many
devices [1-6]. It is reported that, at elevated temperature in
JT-60U, the hydrogen recycling rate is remarkably lower
with a boronized wall than with a carbon wall [5]. On the
other hand, in CHS (compact helical system), it is higher
with a boronized wall at room temperature than with a
titanium-flashed wall [6]. Since the control of H recycling
is important for better plasma control and better plasma
confinement [7], especially in future long time discharge
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[8], precise understanding of H behavior in boron films is
important and has been studied using glow discharge in
hydrogen and helium.

Hydrogen behavior in boron films on graphite liner has
been investigated in NIFS (National Institute for Fusion
Science) aiming to apply this technique to LHD (large
helical device), where the baking temperature is limited to
100°C [9]. In the previous study, it has been found that the
absorption continued for a long time after saturation of
near surface [10]. Increase in H retention was observed
when H, and He discharges were repeated alternately. It is
probably because hydrogen or helium ion bombardment
have some effects to accumulate H atoms into the boron
film. Such phenomena were reported for carbon samples
by ion beam impact [I11]. Since this problem will be
important in future long time discharge especially when
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tritium is used, we focus our attention on this H accumula-
tion in the films in this work.

The accumulation rate is investigated more quantita-
tively than previous experiments. The mechanism is dis-
cussed with the results of depth profile measurements by
elastic recoil detection method.

2. Experimental

An experimental device named SUT (surface modifica-
tion test-stand) is used for this study. Fig. 1 shows
schematic view of the device. The main chamber is pumped
by a turbo molecular pump unit and the base pressure is
1077 Pa. Boron films are deposited on a cylindrical liner
of 400 mm in diameter, 400 mm in height and 7000 cm?
in surface area. The liner is changeable and a stainless
steel (SS) liner is mainly used in this study. The whole
liner can be heated up to 500°C by a molybdenum heater
with a water cooling system to prevent other places heat-
ing.

The experimental procedure consists of three stages;
namely (I) film preparation, (I) discharge experiments and
(1) thermal desorption. In stage (I), boron films are
prepared by a DC glow discharge of B,H/(5%)+
He(95%). The thickness of the boron film is monitored by
a quartz oscillator. The coating is continued until the
thickness reaches 200 nm (typically 72 min). Prior to H,
exposure, the boron film is once heated up to 500°C to
evacuate H atoms retained originally in the film during the
coating.

In stage (II), hydrogen and /or helium discharges are
carried out to investigate hydrogen absorption and desorp-
tion characteristics. Typical discharge parameters are 2.6
Pa, 0.2 A and 400 V for hydrogen and 2.6 Pa, 0.2 A and
250 V for helium. The temperature of the liner increased
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Fig. 1. Schematic view of the experimental device named SUT
(surface modification test-stand).

during the discharge because of the power flow from the
plasma, but was kept lower than 70°C.

In stage (III), the liner is heated again to 500°C to
measure the retained number of H atoms in the film and to
reset the boron film into the beginning of stage (II).

After the B-coating (stage (I)), stage (II) and stage (1I1)
were repeated alternately with various schemes of the
discharge procedure in stage (II). The procedure in stage
(11} is identical throughout all series of the experiment.
Four series of discharge experiments were performed and
described in Section 3.

Hydrogen pressure during the discharges and the ther-
mal desorptions is measured by a diaphragm gauge and the
quadrupole mass spectrometer (QMS) with a differential
pumping system calibrated by the diaphragm gauge (see
Fig. 1). The pumping speed is kept constant during each
experiment (15.4 1/s for H, and He discharges and 18.0
/s for thermal desorption experiments). Absorbed and
desorbed number of H atoms is calculated by integrating
pressure change multiplied by the pumping speed.

Depth profile of H atoms in the film is measured by the
elastic recoil detection method (ERD) [12]. Substrates of
10 mm X 20 mm made of SS are placed on a sample
holder (see Fig. 1) and coated together with the liner in the
same condition as stage (I). The hydrogen atoms retained
during the coating are evacuated by heating up to 500°C
together with the liner.

We prepared three samples: H-depleted boron film
(experienced only stage (I)), 1 h exposure to H, discharge
and 3 h exposure. The samples were once exposed to the
air and set in another chamber for the ERD. Helium ions
of 1.5 MeV were generated by AN-2000 Van de Graaff
accelerator and injected to the sample at an incident angle
of 10° from the sample surface. A solid state detector for
ERD was placed at scattered angle of 20°, with a slit and a
myler filter of 6 wm thick to cut the scattered He ions. A
detector for Rutherford back scattering (RBS) was also set
at 150° from the beam to investigate He ion fluence and
film thickness [12].

3. Results and discussion

As a first series in stage (II), hydrogen discharge of 1 h
was carried out to investigate H absorption. Fig. 2a shows
hydrogen pressure measured by the diaphragm gauge dur-
ing the discharge in the case of SS liner with and without
boron coating. Strong and short time decrease in H pres-
sure was observed just after the ignition of the discharge.
This is understood as hydrogen absorption to H depleted
top surface on the liner. The pressure drop was much
higher in boronized liner and the maximum absorption flux
was almost same as the ion flux estimated from the
discharge current. Total retained H during the 1 h dis-
charge estimated from the pressure drop was of 2 X 10'®
atoms /cm? without B-coating and 11 X 10'® atoms /cm?
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Fig. 2. Time evolution of hydrogen pressure during H, discharge
after H evacuation (stage (I)), with an SS liner with and without
B-coating. (a) Total discharge time and (b) around the end of
discharge are indicated.

with coating. The hydrogen absorption capacity was 5
times higher with the boron film than without one. The
pressure behavior around the end of the discharge is shown
in Fig. 2b. In both cases, the pressure increased once and
returned to the constant value when the discharge was
turned off. It might be release of over saturated H atoms
during the discharge. This kind of over saturation has been
found in tokamaks and discussed as ‘dynamic retention’
[13,14]. Similar to the boron film on a graphite liner [10},
the pressure in the later half of the discharge was lower
than those without discharge when the liner was coated
with boron film. It means hydrogen atoms were continu-
ously absorbed into the film during 1 h discharge. In
contrast, the pressure during the discharge came back to
the initial value before the start of the discharge in the case
of SS liner without coating. The continuous absorption was
not observed. Thus, we can conclude that hydrogen ab-
sorption to boron film has two components: strong and
short time absorption and slow and long time absorption.
The slow component was also observed in boron films
coated on graphite liner and was not observed SS liner
without coating. It means that during slow absorption

phase, hydrogen atoms are accumulated in the boron film
but not in the liner or their interface.

To confirm these effects, a hydrogen discharge of 3 h
was carried out, as a second series of stage (I). The
increase in H retention was cross-checked by the integra-
tion of desorbed H, in stage (IID).

The mechanism of this slow absorption is understood
as follows. When the energetic ions are injected to the
boron film, in which hydrogen is almost saturated, hydro-
gen atoms trapped in the film are detrapped by the ion
impact. Some of the detrapped atoms migrate or are im-
planted deeper into the film (ion-induced detrapping/im-
plantation). Some of the injected ions are caught by the
evacuated trap site and not re-emitted from the surface.

Helium ion bombardment might also cause ion impact
detrapping and recoil implantation. Some of the detrapped
H atoms migrate to the surface and are desorbed and the
other migrate deeper into the film and contribute to evacu-
ate the near surface H atoms. To investigate this effect, a
third series in stage (I) was- carried out as follows. A 1 h
He discharge was carried out after | h H, discharge.
Hydrogen atoms of 2 X 10'® atoms/cm” were desorbed.
After that, a second H, discharge was carried out. Strong
and short time absorption similar to the first H, discharge
was observed because hydrogen atoms of near surface
were evacuated. The total number of absorbed H during 1
h was two times larger than that of desorbed ones probably
due to the above mentioned migration of H atoms into the
film. Thus, retained H is larger than the simple 1 h case
(series (1)).

Alternate He /H, discharges are carried out one more
time in fourth series in stage (II) to investigate the accumu-
lation effect by alternate discharges. The retained number
was larger than that in series (3), which means that hydro-
gen atoms are continuously absorbed by H or He ion
bombardment.

To investigate these effects more quantitatively, the
retained number of H in each series is plotted in Fig. 3. It
was confirmed that the number of absorbed H atoms
during discharge (stage (I1)) and desorbed ones during the
thermal desorption experiment after stage (1II) was almost
the same in every series. Here, values estimated from
thermal desorptions are shown because they contain smaller
error than pressure analysis during discharge. During 1 h
discharge (series (1)), hydrogen atoms of 11.0x 10'°
atoms /cm? were absorbed. The number increased to 14.5
X 10'® atoms/cm? in the series (2) by longer exposure
time to H,. In series (3), retained H was 13.7 X 10'¢
atoms /cm?. The total discharge time was 3 h which was
the same as for series (2). As is mentioned previously, if
He ion bombardment has the same effect as H, ion
bombardment to enhance H migration into the film, the
retained number should be same in series (2) and (3). The
retained number in series (3) was, however, smaller than
that in series (2). It means that hydrogen ion impact has a
greater effect in accumulating H atoms into film than He
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Fig. 3. Hydrogen retention in various series of discharge experi-
ments; (a) simple 1 h H, discharge, (b) a longer time discharge (3
h), (c) alternate discharge of H,, He and H, and (d) repetition of
H, /He discharges of 5 times.

ion impact. In series (4), total time of H, discharge was 3
h, which was the same as for series (2). However, the
retained number was clearly larger than for series (2),
which means that He discharges have some effect for H
accumulation.

To confirm the above mentioned model of ion induced
detrapping /implantation, depth profile of H atoms was
investigated using ERD method. Fig. 4 shows obtained
depth profile in the cases of (a) after thermal desorption,
(b) 1 h exposure to H, glow and (c) 3 h exposure. The
density is low and uniform after thermal desorption. In the
cases of (b) and (c), the density of near surface region
increased. The injected hydrogen atoms are mainly re-
tained in near surface region. When the discharge contin-
ued to 3 h, the peak density increased and the peak
position slightly shifted to a deeper level compared to the
case of 1 h exposure.

For understanding of these results, we consider resolu-
tion of ERD measurements. Relationship between detected
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Fig. 4. Hydrogen depth profile measured by ERD. The results are
indicated for the following three samples; (a) just after desorption,
(b) 1 h exposure to H, discharge and (c) 3 h exposure.
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Fig. 5. Calculation of detected profile by considering the resolu-
tion of ERD. The real profiles of square type are assumed and
calculated by taking the convolution with Gaussian distribution.

depth profile N, (x) and real profile N,,(x) can be
described as follows with an assumption of Gaussian
distribution:

Ndet(x) =_[1Vreal(r'_x) 'g(t)dt

where

1 12
e 2]

is the Gaussian distribution function, o is the resolution
and x is the depth.

For simplicity, we assumed real density profile of
square type with non-zero background level as is indicated
in Fig. 5. The standard profile (A) and resolution ¢ were
determined to obtain the best fit to the profile of | h (case
(b) in Fig. 4). The saturation level was estimated to be
1.0 X 10% atoms/cm®. It corresponds to atomic ratio B:
H = 1:1.2, which seems an understandable value. We as-
sumed two kinds of square type distribution for the case of
3 h exposure; (B) density increase (open squares) and (C)
depth increase (close squares). A rate of the increase was
taken as 30% from the increasing rate of retained H shown
in thermal desorption experiments (see Fig. 3). The calcu-
lated profiles are indicated in Fig. 5. In spite of a small
difference between (B) and (C), the peak is clearly shifted
to the deeper side in (C) compared to (B) and (A). In
addition the assumption (C) seems more natural if we
assume existence of saturation density. Thus, we can con-
clude that hydrogen atoms migrate into the film when the
film is exposed to H, and/or He discharge for long time.
It should be noted that the background level in the real
profile is much lower than the saturation level. It means
that most of the H atoms are desorbed by the heating,
which is consistent with the results in gas analysis.
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4. A possibility of boron films acting as a protecting
layer of tritium penetration

Through present and previous works [10), it has been
demonstrated that, independent of substrate materials, most
of hydrogen is desorbed from boron films at relatively low
surface temperature without leaving hydrogen inside the
substrate. This possibility has been shown already in litera-
ture {15,16] for small test pieces. In the present work, it is
demonstrated for a relatively large area of around 7000
cm?. It is also important that in any of the series (1)~(4),
the same amount of hydrogen as absorbed during dis-
charge is re-emitted with a temperature below 500°C,
which was not clearly shown in the experiments with small
test pieces. This finding and its confirmation give us an
idea to utilize the boron coating as a possible barrier to
reduce tritium inventory in spite of large hydrogen absorp-
tion at room temperature.

One of the concerns in future reactor is that charge-ex-
change atomic flux of tritium, which has relatively high
energy and easily penetrate into plasma-facing surfaces. It
causes considerable T inventory and its permeation to
cooling channels. Boron films coated through in-situ
boronization is porous and a lot of open pores play a role
to guide hydrogen isotopes out of the film. Hydrogen
isotopes in the pore are presumed to be molecules with
low energy and penetration rate to the substrate is expected
to be much smaller than charge-exchange neutral. This
structure forces the hydrogen stream to the front surface
side if the films are maintained at a temperature as high as
400°C. This is relatively low compared to the required
temperature with a carbon surface, which makes the first
wall design easier even with a coolant of water. Tempera-
ture difference between the top surface, where boron films
are coated, and coolant can be as small as 400°C. Thus
porous film with hydrogen-desorbing films can act as
protection layer of tritium penetration into the substrates.

Although it is necessary to confirm this possibility by
additional studies such as an actual investigation on perme-
ation etc. before the final conclusion, the present experi-
ment has shown up these very promising characteristics of
boron films.

5. Summary

Hydrogen absorption behavior into boron films was
investigated using glow discharge in hydrogen and helium
and thermal desorptions. The slow and continuous H ab-
sorption into boron films, which had been observed for
graphite liner, was also shown for SS liner. Several series
of H, and/or He discharges were carried out to investi-
gate the rate of H accumulation by the slow absorption
quantitatively. The results showed that H, and He ions
impact cause slow absorption and hydrogen ions have
greater effect than He ions.

The depth profile of H atoms was measured by ERD
method. The H density of only near surface region was
increased by H implantation. The longer exposure time
resulted in increase in the peak density and shift in the
peak position to deeper into the film. Simple calculations
considering the resolution of the ERD indicates that the
results can be explained by the migration of H atoms
deeper into the film with keeping of its saturation density.

As a problem for application to future reactor, a possi-
bility of boron films acting as a protecting layer is dis-
cussed, which prevents tritium penetrating into the wall
and enables easier tritium desorption than other materials.
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