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Abstract

Dynamic behavior of hydrogen atoms in boron films, which is one of candidate
materials of the first wall of fusion devices, has been studied. Boron films were
deposited on the whole inner surface of a liner, which acts as a large test piece with a
surface area of 7000 cm2. Hydrogen absorption behavior was investigated with the
glow discharge in hydrogen. After a strong absorption into the near surface region,
hydrogen atoms were slowly and continuously absorbed for 10 hours without
saturation. A helium glow discharge was carried out after the hydrogen discharge to
investigate hydrogen desorption by the He ion bombardment. Fifteen percents of the
absorbed H atoms were desorbed. The strong absorption was observed at the initial
phase of the hydrogen discharge after the He discharge due to the evacuation of the H
atoms from the surface during the He discharge. The number of absorbed hydrogen
atoms was larger than one desorbed during the He discharge, which indicates that
hydrogen atoms accumulate in the film when the H; and He discharges are repeated
alternately. The slow absorption is due to migration of hydrogen atoms deeper into the
film enhanced by the ion bombardment. Depth profile measurements with elastic recoil
detection (ERD) give a consistent result. Most of the retained hydrogen atoms were
released by heating up to 400 °C. A possibility of the boron films as a protection wall
of tritium permeation is suggested. A calculation based on a simple model was
discussed with the experimental results. A recombination coefficient was obtained
through the calculation of the transient release of the H atoms just after the H;
discharge. The time behavior at the initial phase of the He discharge was reproduced
fairly well by assuming a smaller cross-section for ion induced detrapping .
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1. Introduction

It is known that the plasma-facing first wall in fusion devices plays an important role
for impurity and fuel control. By aiming a reduction of metal impurities, and thus,
radiation losses, low Z materials like carbon, boron, beryllium, and lithium have been
employed in many devices and investigated for many years [1-11].

In-situ boron coating (boronization) was first applied in TEXTOR in 1989 [4].
Reduction of carbon and oxygen impurities is observed compared to the carbonized
wall due to oxygen gettering ability of the boron film. Improvement in plasma
performance has been achieved for most of the devices with the boronization [4-9]. In
addition, hydrogen recycling from the boron film is relatively lower compared to the
carbon walls [4,5]. Boronization is planned in Large Helical Device (LHD) because of
the above noted merits. However one of the concems is hydrogen behavior, especially
recycling with a low temperature wall, since the baking temperature is limited less than
100 °C in LHD [12]. Thus, in this work, we focus our attention to hydrogen behavior
with the boron coating films.

Understanding of the hydrogen behavior is important from a view point of fuel
control when low Z materials are used, which retain a large amount of hydrogen atoms.
The plasma density control becomes difficult if a considerable number of hydrogen
atoms are re-emitted (recycled) from the wall because the density increases without
external fuelling [13]. In addition, it is reported that low recycling condition is
favorable to obtain good energy confinement [14]. The reduction of hydrogen
recycling at a wall surface is considered to be an important issue for better density
control and performance in the present devices.

In long time discharges, transient release of excess hydrogen atoms may take place in
some conditions, which makes plasma density control difficult [15]. Understanding of
dynamic behavior of the hydrogen recycling is important for better control. Tritium
inventory will be a serious problem in DT burning devices. Thus it is important not
only to reduce the hydrogen recycling but also to understand hydrogen behavior
precisely for future devices.

It is reported that high temperature baking is effective to reduce the hydrogen
recycling. In devices such as JT-60U, TEXTOR, and DIII-D, in which wall
temperature can be heated up to 300 °C, the hydrogen recycling is well reduced with the
boronized wall compared to the carbonized wall [4-61. On the other hand, hydrogen
recycling is similar to the carbonized wall in devices in which the wall temperature is
limited at around room temperature [7-9]. Helium glow discharges are widely applied
to boronized or carbonized walls and they have been found to be effective for reduction
of the hydrogen recycling [16,17]. However these techniques are used without
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understahding basic mechanism of the recycling. Dynamic behavior is investigated in
JET with a carbon and a befyllium wall [18]. However such data have not been
reported for the boron films. '

In this study, basic data are obtained for hydrogen implantation, helium ion
bombardment, and thermal desorption for boron films. Measurements with high
precision are possible by using a liner which has a large surface area as described in
chapter 2. Experimental results are presented in chapter 3. In order to understand
hydrogen behavior in the boron film, a simple calculation model is proposed and
compared to the experimental results, which is discussed in section 4.1. A possible
application of the boron films to future devices is discussed in section 4.2.

2. Experimental

An experimental device named SUT (SUrface modification ‘Teststand) is mainly used
in this study. Fig. 1 shows a schematic view of the device. The distinctive feature of
the device is (1) an ultra high vacuum condition which enables us to prepare clean,
impurity free films, (2) an exchangeable liner with a large surface area of 7000 cm2,
which can be heated up to 600 °C, and (3) in-situ Auger electron spectroscopy (AES)
measurement.

In this chamber, a cylindrical liner of 400 mm in diameter, 400 mm in height, and
7000 cm? in surface area is installed. It is changeable and replaced to new and clean
one if necessary. The liner made of stainless steel is mainly used in this study. To
investigate the dependence of hydrogen behavior on substrate material, a carbon liner
was prepared. The whole liner was made of isotropic graphite IG-430U (made by
Toyo Tanso) with the thickness of 5 mm. The dependence on liner material is -
presented in section 3.6. The liner can be heated up to 600 °C by molybdenum heaters
installed in the chamber. The boron film is deposited on the whole inner surface of the
liner by 2 DC glow discharge in BoHg (5%) + He (95%). After the coating, the glow
discharges in H; and He are carried out. Ions generated in the plasma are accelerated to
a few hundreds eV and implanted to the film. The hydrogen absorption and desorption
behavior is investigated with pressure.change measured by a diaphragm gauge (DG)
and a quadrupole mass spectrometer (QMS). Thermal desorption experiments are
carried out by raising the whole liner temperature up to 500 °C. All these procedures
are done under an ultra high vacuum condition with a background pressure of 10-7 Pa,
and thus, the impurity concentration in the boron film is kept less than a few percents,
which has been confirmed by an in-situ AES.

Fig. 2 shows a diagram of the experimental procedure. It consists of three stages;
namely (1) film preparation, (2) discharge eiperiments, and (3) thermal desorption. In
the stage (1), boron films are deposited by the discharge in B2Hg(5%)+He(95%).



Typical discharge parameters are 2.6 Pa, 0.2A, and 400V. The thickness of the film is
monitored by a quartz oscillator. The coating is continued until the thickness on the
oscillator reaches 200 nm (typically 72 min.). In most cases, the coating is carried out
at around room temperature. The temperature increases during the discharge because
of power flow from the plasma, but is kept lower than 70 °C. After the coating, the
boron film is once heated up to 500 °C to evacuate H atoms retained originally in the
film during the coating.

In the stage (2), hydrogen and/or helium discharges are carried out to investigate
hydrogen absorption and desorption 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.

In the stage (3), the liner is heated again up to 500 °C to measure the desorbed
number of H atoms from the film, and to reset the boron film into the beginning
condition of the stage (2).

After the B-coating and the heating (stage (1)), the stage (2) and the stage (3) were
repeated alternately with various schemes of the discharge sequence in the stage (2).
The hydrogen discharge, hydrogen discharge + helium discharge, and their repetition
are mainly carried out. The procedure in stage (3) is identical through the all series of
the experiment.

This procedure allows us to obtain good reproducibility within 2.5% because the
condition of the boron film is once reset by the evacuation of hydrogen atoms with the
stage (3). In chapter 3, the experimental results of stage (2) and (3) are mainly
presented. Additional coétings are occasionally carried out several times. The boron
films which have almost same characteristics can be produced.

Depth profile of H atoms in the film is measured by Elastic Recoil Detection method
(ERD) [19]. A substrate of 10 mm % 20 mm made of SS is placed on a sample holder
and set at the same condition as the liner surface (see Fig. 1). It is coated together with
the liner. After the coating and/or exposure to the plasma, the substrate is taken out and
set in another chamber for the ERD. Helium ions of 1.5 MeV are 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 is placed at scattered angle of
20°, with a slit and a myler filter of 6 pm thick to cut the scattered He ions. A detector
for Rutherford Back Scattering (RBS) is also set at 150° from the beam to investigate
He ion fluence and film thickness [19,20].

Detailed description of the device is given in reference [21].



3. Experimental Results
3.1 Hydrogen glow discharge

Fig. 3 shows a typical time evolution of the total pressure measured by a diaphragm
gauge during a glow discharge in hydrogen after the H evacuation by the heating. No
change was seen in any gas species other than hydrogen with the QMS measurements.
Thus, the total pressure is regarded as the hydrogen pressure. The flow rate and the
pumping speed were kept constant at 26 ccm and 15.4 /s, respectively. Before the
ignition of the discharge, the pressure was constant at 2.6 Pa. The pressure decreased
with a time constant of 8 sec just after the ignition. It corresponds to pumping

_characteristic time of this device. The maximum absorption flux is of the same order as
the ion flux. This sharp pressure decrease is due to hydrogen absorption into the H
depleted top surface of the boron film. The pressure slowly increased when the
discharge was continued. Tt means that the net hydrogen absorption rate decreased due
to increase in hydrogen re-emission from the film.

When the discharge was turned off, the pressure once increased and then decreased
to a constant value as shown in Fig. 4, which shows the total pressure at around
turning off of the discharge for the same data as Fig. 3. This transient increase is
regarded as a release of over saturated hydrogen atoms during the discharge. Similar
behavior has been reported in tokamaks and Heliotron E [17,22], but it is found for the
first time for boron films in a glow discharge condition.

The constant value after the discharge agrees with that before the discharge within
+0.4%, which corresponds to an error bar in Fig. 4. “The pressure difference between
before and after the termination of the discharge is larger than the error bar. It means
that hydrogen atoms are continuously absorbed until the end of the 1 hour discharge.
Such a phenomenon has been reported for ion beam injection to some kinds of carbon
pieces [23], but found for the first time for a boron film with the plasma irradiation.
This slow absorption might be caused by a migration of hydrogen atoms deeper into the
film. This effect is discussed in detail in section 3.4 with resuits of thermal desorption.

Total amount of absorbed H atoms is calculated by integrating pressure drop from the
baseline in Fig. 3 multiplied by pumping speed. The value obtained in the case of Fig.
3 is (9.220.4)x1016 H atoms/cm?2, which is same order as saturation value in other

measurements [24-28].



3.2 Helium glow discharge

To investigate the effect of hydrogen desorption by helium ion bombardment, a glow
discharge in helium was carried out after the hydrogen discharge of 1 hour. Fig. 5
shows time evolution of the hydrogen pressure measured by QMS. The QMS signal is
converted to absolute partial pressure by a calibration with the diaphragm gauge. The
pressure rapidly increased with the same time constant as the pumping system. It
means that hydrogen atoms are immediately desorbed by the He ion impact. The
pressure decreased during the discharge and became lower than the detection level
within 15 min. Total amount of desorbed hydrogen atoms is calculated by the similar
procedure as in the case of hydrogen discharge, and estimated to be {1.330.4)x1016 H
atoms/cm?2. It corresponds to 15% of the absorbed hydrogen during 1 hour H;
discharge.

To investigate a recovery of hydrogen absorptibn capability by the helium glow
discharge, a hydrogen discharge was carried out after the helium glow discharge as
schematically shown in upper part of Fig. 6. The rapid and strong absorption was
observed again in the initial phase of the discharge. It corresponds to reduction of H
recycling with He glow discharge in fusion experimental devices. The absolute value
of the pressure change is indicated in the figure to compare absorbed and desorbed
number clearly. Total number of absorbed H during the second H; discharge is larger
than the one desorbed during the He discharge. This indicates that hydrogen atoms are
accumulated on the surface by repeating H; and He discharges alternately. This effect
is another new finding of this study, and discussed again in section 3.4 with the results
of thermal desorption experiments.

The behavior is understood qualitatively as follows :

Hydrogen atoms retained in the near surface region are detrapped by He ion
bombardment. Some of the detrapped H atoms are recombined and desorbed from the
surface as Hy. Some migrate deeper into the film and retrapped. The hydrogen atoms
in near surface region are evacuated in this manner. Thus, strong and short time
absorption occurs during the initial phase of the second H; discharge which foliows the
He discharge and the absorbed number is larger than the desorbed one.

3.3 Thermal desorption

To investigate thermal desorption characteristics, the whole liner was heated up to
500 °C. Fig. 7 shows time evolution of H; pressure measured by QMS and the liner
temperature, during the heating after the 1 hour H; discharge.

The liner temperature was increased linearly with a rate around 10 °C/min. The H,
pressure increased almost linearly until a peak value around 400 °C. The pressure
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decreased when liner temperature was increased to and kept at 500 °C for 30 minutes.
The same result is plotted in Fig. 8 against the liner temperature. The peak position at
380 °C is seen more clearly. Similar behavior has been reported in refs. {29,30] for
small test species. It is demonstrated for relatively large surface area of 7000 cm?2.

Total number of desorbed H atoms is calculated by integrating the curve in Fig. 7 and
estimated to be (1140.05)x101¢ H atoms/cm?2, This is slightly larger than but close to
the number of absorbed H atoms during the H; discharge (see section 3.1).

The accuracy is higher in the thermal desorption measurement (+0.5%) than in the
H, discharge (4%) or the He discharge (£30%) mainly because the drift of the
baseline is small compared to the signal intensity in the thermal desorption. Detailed

discussion about the accuracy is given in a reference [21].
3.4 Discharge experiments and thermal desorption

As mentioned in chapter 2, a series of discharge experiments (stage 2) and the
thermal desorption experiment (stage 3) are repeated with changing the discharge
procedure in the stage 2 . In this section, net absorbed number of H atoms during the
stage 2 and desorbed one during the stage 3 are compared.

To confirm slow and continuous absorption of H atoms after the near saturation at 30
minutes, a hydrogen discharge of 3 hours was carried out. The results are shown in
Fig. 9, where vertical axis shows retained number of H atoms estimated by integration
of the pressure change. The number increased continuously up to 3 hours and became
1.3 times higher than that at 1 hour. Even when the discharge continued up to 10
hours, the absorption continued without saturation.

The dotted lines in the figure show time evolution of retained H during thermal
desorption experiments after 1 hour and 3 hours H; discharge, respectively. The
retained number decreased and returned to the initial value in each case. It means that
most of absorbed H atoms can be desorbed by the heating. In every thermal
desorption, the desorbed number was slightly larger than the absorbed one in the
preceded hydrogen discharges. It is probably due to H atoms deposited during the
coating and remained after the heating. |

To confirm H accumulation effect by Hy/He discharges, glow discharge in H; and
He (each 15 min.) were repeated 4 times after the H; discharge of 1 hour. Similar to
Fig. 9, the retained number of H atoms is shown in Fig. 10. The number of H atoms
decreased during He discharges by the ion impact desorption. The number increased
rapidly at initial phase of H, discharge after the He discharge. It corresponds to
hydrogen trapping in evacuated near surface region as mentioned in section 3.2. After
the rapid absorption, the hydrogen absorption continued slowly without saturation until



the end of the discharge. The retained number increased gradually by the repetition of
the discharges.

It should be noted that the shape of the curves are almost same during the repetition.
It means that hydrogen absorption and desorption behaviors at initial phase of the
discharges are governed by hydrogen atoms of near surface region and not affected by
the slow accumulation of the hydrogen atoms deeper into the film. The results of
thermal desorption experiments are also shown in the figure, which shows that most of
the accumulated H atoms can be desorbed by the heating in this case, too.

From these results and the shape of the curve in Fig. 7, which has the peak value, we
can conclude that hydrogen atoms implanted during the discharges can be evacuated by
the heating up to 500 °C. The required temperature for the H evacuation is regarded as
400 °C from the peak position. This temperature is much lower than that for carbon
wall of 900 °C [31] and B/C coating of 700 °C [4,32]. This is important for application
to a fusion device and discussed later in section 4.2.

This fact means that the number of retained H atoms can be measured by the thermal
desorption experiments. As mentioned in section 3.3, the measurements with high
accuracy are possible.

To investigate slow desorption effect during the long time He discharge, 1 hour He
diséharge was carried out. The desorbed number is plotted in Fig. 11 for the thermal
desorption experiments after (a) a 1 hour H; discharge, (b) 1 hour H; discharge + 15
minutes He discharge, and (¢} 1 hour H; discharge + 1 hour He discharge. The
retained number decreased by applying He discharge for a longer time up to 1 hour. It
means that the desorption of H atoms continues up to 1 hour in the He discharge though
the hydrogen partial pressure becomes lower than the detection level in QMS within 15
minutes as mentioned in section 3.2. '

To show the slow absorption effect more quantitatively, desorbed number is plotted
in Fig. 12 for the thermal desorptions after (a) 3 hour Hj, (b) 1 hour H; + He/H; for
total 8 times (15 min. each), and (c) Ho/He total 5 times (1 hour each).

The series (a) and (b) correspond to Fig. 9 and Fig. 10 respectively. It was difficult
to directly compare the accumulation rate in Fig. 9 and Fig. 10 only from the pressure
analysis during the discharge. It is shown from the thermal desorption experiments that
the rate in continuous hydrogen discharge is 10% higher than the increasing rate of the
envelope in Hy/He discharge. It should be noted that the ion impact detrapping cross-
section cannot be compared only from these results because the phenomena are
complex. The difference is discussed in chapter 3.

The total length of the hydrogen discharge is same between the series (a) and (c).
However, the retained number is clearly larger in the series (c) even though hydrogen
atoms are desorbed during the He glow discharges. Thus it is concluded that the He
ion bombardment has a certain impact to accumulate hydrogen atoms in boron films.
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3.5 Depth profile measurements

The depth profile of the H atoms was investigated by using the ERD method. Fig.
13 shows depth profile obtained in cases of (a) after the B-coating and the thermal
desorption, (b) 1 hour exposure to the H; glow, and (c) 3 hours exposure.

The density was low and constant as a function of the depth after thermal desorption
(case a). The hydrogen was retained up to 110 nm, which was same as the film
thickness measured by RBS method. It means that hydrogen atoms were retained only
in the boron film and not penetrated to the stainless steel substrate. The thickness was
roughly half of that measured by quartz oscillator thickness monitor. It is probably
because the location of the thickness monitor is slightly inside the liner. The density

~was about 1/8 of that of the sample just after the coating before the heating. Those H
atoms are retained during the deposition of the film and difficult to remove by the
heating lower than 500 °C probably due to larger bonding energy than others. It is
consistent with the fact that the desorbed number during the thermal desorption
experiments is slightly larger than the absorbed one.

In cases of (b) and (c), the density of only near surface region (~70nm) increased.
When the discharge continued for 3 hours, the peak density increased and the peak
position slightly shifted to deeper level compared to the case of the 1 hour exposure.

The resolution of the ERD measurements is around 15 nm [34]. The real profile of
hydrogen is sharper if the resolution is taken into account. Relation between detected
depth profile NpDET(x) and real profile NREAL(x) is described as follows with an

assumption of gaussian distribution,

Nper{(x) = [ Npgay (t - x) ® g(t)dt

where

2
t
t ex : Gaussian distribution function
glt)= - 4— p( )
¢ : resolution
x : depth

For simplicity, we assumed real density profiles of square type with non-zero
background level as indicated hatched area in Fig 14. The background level was
determined from the case (a) in Fig. 13 since it is uniform. The standard profile (A)
and resolution ¢ were determined to obtain best fit to the profile of 1 hour ( case (b) in
Fig. 13). The saturation level was estimated to be 1.0x1022 atoms/cm?, which is same

order as the density of boron atoms. It should be noted that the concentration of the



background level is much lower than the saturation level in the real profile, though they
seem comparable in detected profile in Fig. 12.

We gave two kinds of square type distribution to NREAL(x)for the case of 3 hours
exposure; (B) density increase (open squares) and (C) depth increase (closed squares).
A rate of the increase was taken as 30% from the increasing rate of retained H shown in
thermal desorption experiments. The calculated profiles are indicated in Fig. 14. In
spite of small difference between (B) and (C), the peak clearly shifted to the deeper side
in (C) compared to (B) and (A). In addition the assumption (C) seems more reasonable
if we assume the saturation density.

Thus, it is concluded that hydrogen atoms are retained only in near surface region of
~10 nm, which is same order as its implantation range and much smaller than the film
thickness of 110 nm. When the film is exposed to an H; discharge for a longer time,
increase in H retention can be explained by the hydrogen migration deeper into the film,
but the migraﬁon is limited in the surface region. These findings are important for

application and discussed again in section 4.2.
3.6 Dependence on substrate materials

Fig. 15 shows a time evolution of the hydrogen pressure during the H; discharge
with boron films on stainless steel (SS) and isotropic graphite (C). The strong
absorption at initial phase and the long continuing absorption were also observed with
C liner. The effect of helium discharge with C liner was similar to that with SS liner.
Fig. 16 shows the results of thermal desorption experiments after 1 hour Hj
discharges. The shape of the curve is similar in both cases. It is concluded that the
hydrogen behavior in boron film is not affected by the substrate material except for the
absolute value. The difference might be attributed to difference in effective surface area
due to difference in surface morphology. '

4. Discussion
4.1 Modeling of hydrogen behavior

Several models to describe hydrogen béhavior in graphite and amorphous carbon
have been reported [31,33-36]. Most of the models assume the existence of trapped
and solute (mobile) hydrogen atoms, and the effects of de-trapping, trapping, diffusion,
and desorption are considered. The trapping state of H atoms in boron film is not well
understood. However, it is confirmed experimentally that the hydrogen atoms do not
move at least for a few days at around room temperature. It means that hydrogen atoms
are trapped in the boron film similar to the H atoms in carbon. Thus a simple model is
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developed based on the conventional models for graphite and amorphous carbon, and
the calculated results are shown in this section.

First, the transient release of the H atoms after the termination of the H; discharge is
modeled. It is reported in JET that the hydrogen release after the discharge is attributed
to the thermal detrapping of the trapped H atoms followed by the release as H; through
the recombination [18]. However, hydrogen atoms do not move in this experimental
condition as mentioned above. We assume that most of the hydrogen atoms are trapped
after the termination of the discharge except for over saturated H atoms due to H
implantation from the discharge. The hydrogen release is attributed to recombination of
the over-saturated H atoms. Then the differential equation is written as follows;

dc .
3; = 2k} —kgc.c, (L),

where cg and ¢y are the hydrogen density of "solute"” and "trapped" respectively.

Two kinds of recombination process, namely "solute - solute” and "trapped - solute”,
are possible. They correspond to first and second term of the right hand side of
equation (1), respectively. Time evolution of H re-emission is calculated based on the
equations (1} for two extreme cases, that is, the recombination occurs only through the
process of (i) "solute - solute" or (ii) "trapped - solute”. Both can be solved analytically

and the results are

R, 1
’ 2

) Zk“ (t + I/stsc() )2
for assumption (i) and

® =cyR -k, exp(—k' C t) (3)

354

for assumption (ii), where R; is implantation range and cg is initial concentration of
over saturated H atoms. The ¢ R; corresponds to total amount of over saturated H
atoms and estimated to be 1x10!5 H atoms/cm? by integrating the curve in Fig. 4.

The results are shown in Fig. 17(a) and (b) for the assumption (i) and (i),
respectively. The experimental data for @wa]] are calculated from the pressure change

by using the mass balance equation,
dp
_d? = Q_Spp_{_ﬁA'(Dwaﬂ . (4,

where V is volume of the chamber, Q source rate due to external gas injection, p
pressure, Sp pumping speed, A surface area of the liner, and § a conversion factor.
The solid line in the figure shows results of the calculation. In Fig. 17(a), the
calculated results agree well with the experimental results. On the other hand, the
calculation does not give agreement with the experimental results in Fig. 17(b). It is

concluded that the recombination of two solute H atoms is dominant. The product of
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kgs R; is estimated from the best fitting value. The R; is estimated to be 6.5 nm based

on TRIM code calculation [37], and then, the kgg is estimated as 7.8x10-2% cm/s.
Based on the findings about the recombination, the transient behavior just after

turning on and off of the discharge is investigated. Here, the slow migration of the H

atoms can be neglected. In addition, following conditions are assumed; (a) thermal

detrapping can be neglected at around room temperature, (b) ion implantation is uniform

in depth within its implantation range, and (c) ion impact detrapping is also uniform.
The differential equation can be written as follows;

%‘TS =8, = 2k,c; — ke (e —¢)+0,Dg, ).
% = kslcs(CT — Cl) - O'dq),-c, (6)5

where ¢T is the density of the trap site, kg trapping rate coefficient, and oy the ion
impact de-trapping cross-section. The Sy denotes source term due to hydrogen
implantation. The Sy is estimated from the experimental value of the maximum
absorption flux assuming that all of the injected hydrogen atoms are absorbed at initial
phase. The ton flux @; is estimated from the discharge current. The maximum
absorption flux is 2 times higher than @;. The atomic hydrogen which is generated in
the plasma might contribute to the hydrogen absorption.

In quasi steady state (d/ ot = 0), the equations (5) and (6) reduce to

S, =2k’ (7,

kye(cr =) =0.Dc, ®).

From the equation (7), cg is estimated to be 8.8x102! H atoms/cm3. If we assume
the saturation density of 4x1022 H atoms/cm?, which corresponds to H/B ratio of 0.4,
the ratio

ksi/04=0.21 [cm/s] 9)
is obtained from the equation (8). It means that a larger trapping probability
corresponds to a larger detrapping probability. The estimated concentration of the
solute hydrogen corresponds to 20% of the saturation density. It should be noted that
the following results do not strongly depend on the trap density.

The time evolution of the hydrogen desorption flux after the termination of the H;
discharge is calculated for wide range of trapping and de-trapping probability. The
results are shown in Fig. 18. When the detrapping cross-section is smaller as 04~1022
cm?, the strong desorption is observed which is higher than the experimental results by
an order as a curve (b). The strong desorption rapidly decreased within a second when
the trapping and detrapping probability are sufficiently large as a curve (a). The
hydrogen atoms in solute state under the ion bombardment are immediately trapped and
the over saturated H atoms are released with a time constant of ~1 min, which shows
similar behavior with the exprtimental results. In this experimental condition, the rapid
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desorption could not be observed because the time constant of the desorption is much
smaller than that of pumping system of 8 sec. Thus it is concluded that the calculated
results agree with the experimental result with larger trapping and detrapping rate. The
value 0g4~10-22 cm? corresponds to the condition in which the time constant for the
trapping is comparable to that for the desorption.

Fig. 19 shows the hydrogen desorption behavior just after the ignition of the helium
glow discharge. Here, the trapping and detrapping probabilities are assumed to be
same and the results are indicated for three cases; namely, trapping (and thus the de-
trapping) probability is (a) large enough, (b) small enough, and (c) intermediate,
compared to the desorption probability. In cases (b) and (c), the sharp desorption after
the ignition is not observed. The time behavior is similar to the experimental results in
case (a), except for the difference in absolute value. The difference can be attributed to
the difference in ion induced detrapping cross-section. It results in the change in the
ratio of kgt /04 because trapping probability may be same as that during the hydrogen
discharge. Fig. 20 shows the best fitting of the calculated data together with the
experimental results. It is found that if we assume the detrapping cross-section of 5
times lower than that for hydrogen ion impact, the experimental results can be well
reproduced.

From these considerations, it is found that hydrogen desorption during the He
discharge and hydrogen release after the termination of the hydrogen discharge can be
described by the model if we assume that the hydrogen trapping and detrapping rates
are large enough compared to the desorption rate through the recombination. The
hydrogen atoms of around 20% are considered to be in solute state with repeating
trapping and detrapping under ion bombardment. The slow absorption effects may be
driven by the migration of these solute atoms.

The time evolution of the absorption flux at initial phase of the H; discharge is
calculated for the case of larger trapping and detrapping probabilities. Fig. 21 shows
calculated results together with the experimental results (solid thick line). In contrast to
the results in Figs. 18 and 19, calculated result does not agree with the experimental
results. The rapid decrease of absorption flux, which is observed in the experimental
result is not reproduced, because the implanted hydrogen atoms could be trapped and
not re-emitted in calculated results. A possible explanation for this difference is that the
atomic hydrogens, which are not implanted into the film, accumulate on the surface and
re-emitted from the initial phase. To understand this behavior quantitatively, the depth
profile of hydrogen implantation must be considered.
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4.2 Application for protection wall against tritium permeation

Through this study, it is demonstrated that (1) hydrogen atoms are retained only in
near surface region around their implantation range, and (2) most of the implanted
hydrogen atoms can be desorbed by the heating up to 400 °C. These favorable
characteristics gives an idea of a protection wall against trititum permeation [19].

In future fusion devices, the first wall is exposed to charge exchange neutral tritium
atoms, which have relatively high energy. It will induce considerable tritium inventory
and its permeation to cooling channels. However if the wall is coated by a boron film,
irnplanted tritium atoms are retained only in near surface and desorbed from the film
toward the plasma side. It is possible to keep the temperature of the first wall high by
utilizing heat load from the plasma. In this case, the first wall design becomes easier
with boron coating because the required temperature for the trittum evacuation is much
lower than that for carbon wall, and thus, the temperature difference between the first
wall and the coolant becomes smaller.

The present experiment has shown up these very promising characteristics of boron
films. It is necessary to study this possibility further by additional experiments such as
an actual investigation on permeation etc.

5. Conclusion

It is found that there are two components in hydrogen absorption into the boron film
at around room temperature. One is strong and short absorption to H depleted near
surface. The other is the slow and long lasting absorption. The slow absorption are
considered to be caused by the hydrogen migration deeper into the film following to the
ion impact detrapping. _

Similarly, the helium ion impact causes not only H desorption but also migration of
detrapped hydrogen atoms deeper into the film, and thus, the hydrogen atoms are
accumulated in the film when the H; and He discharges are repeated alternately. The
depth profile measured by ERD gives consistent results with this consideration.

The hydrogen atoms are retained only in the near surface region which is same order
as its implantation range and much smaller than the film thickness of 110 am. Most of
themn can be released by the heating up to 400 °C, even when the boren film is exposed
to the hydrogen discharge for a long time. These are favorable characteristics for
applying B-films as a protection wall against tritium permeation.

A simple model to describe hydrogen behavior is given. It is found that the
recombination of two solute hydrogen atomns are dominant in the desorption process,
and the recombination coefficient is estimated to be 7.8x10-24 cm3/s from the analysis

for transient hydrogen release just after the termination of the hydrogen discharge.

14



Transient behavior after the ignition of H, and He discharge is modeled based on the
findings about the recombination. The calculated results with this model agree fairly
well with the experimental results. It is found through the calculation that the hydrogen
atoms of around 20% of the saturation density are in solute state, which is maintained
with a balance between trapping and detrapping.
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Cross-sectional view of main chamber of SUT.

Schematic diagram of experimental procedure. The procedure consists of
three stages; (1) film preparation, (2} discharge experiments, and (3) thermal
desorption. |

Time evolution of total pressure during glow discharge in hydrogen. The
discharge current and voltage are 0.2 A and 400 V, respectively. The
pumping speed (15.4¥/s) and hydrogen flow rate (26.0 ccm) are kept
constant. The pressure decreased due to hydrogen absorption into the boron
film.

Total pressure around turning off of the discharge for same data as Fig. 3.
The pressure once increased and then decreased to the constant value, which
is larger than the pressure during the discharge.

‘Time evolution of hydrogen partial pressure measured by QMS. The

discharge current and voltage are 0.2 A and 500 V, respectively.

Absolute value of pressure change during Hy/He discharges. The procedure
is schematically shown in upper part of this figure.

Time evolution of hydrogen pressure and liner temperature during thermal
desorption.

Hydrogen pressure against liner temperature for same data as Fig. 7.
Hydrogen accumulation during long time H; discharge. Dotted lines show
decrease of hydrogen atoms during thermal desorption.

Time evolution of retained number of H atoms when H; and He discharges
are repeated alternately. The data during thermal desorption are also shown.
Number of hydrogen atoms desorbed by heating. The decreased number
corresponds to desorbed number of H atoms during the He discharge.
Comparison of desorbed number of H atoms during thermal desorption
experiments after (a) 3 hours Hj discharge (case in Fig. 9), (b) 1 hour Hj
and repetition of He/H, for 4 times (case in Fig. 10), and (c) 1 hour H; and
repetition of He/H; for 2 times (1 hour each, total 5 hours, H; total 3
hours).

Depth profile of H atoms measured by ERD

Calculation of detected profile from real profile. Real profile of square type
is assumed. The experimental results are reproduced .

Time evolution of hydrogen pressure during H; discharge with boron film
on stainless steel and graphite.

Time evolution of hydrogen pressure during heating with boron film on
stainless steel and graphite.
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Fig. 17

Hydrogen desorption after termination of hydrogen discharge. The open
circles show experimental results. The lines show calculated results for two
extreme cases ;(a) recombination of two solute H atoms is dominant, (b)
recombination of solute and trapped H atoms is dominant. The assumption
(a) agrees better with the experimental results.

Fig. 18 Time evolution of hydrogen pressure after termination of discharge. When

Fig. 19

Fig. 20

Fig. 21

the smaller trapping and detrapping probability are used (b) large desorption
flux could be observed.

Hydrogen desorption at initial phase of He discharge. Calculated results are
shown for three cases; trapping and detrapping probability is (a) large
enough, (b) intermediate, and (c) small enough.

Hydrogen desorption during He discharge. The calculated results agree well
with the experimental results if the ion induced detrapping cross-section of 5
times smaller than that of hydrogen ion impact.

Hydrogen absorption at initial phase of Hj discharge. Calculated results are
shown for the case of large trapping and detrapping probability. '
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