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Abstract

Dynamic behavior of hydrogen atoms in boron ®lms, which is one of candidate materials of the ®rst wall of fusion

devices, has been studied. Hydrogen absorption behavior was investigated with a glow discharge in hydrogen. After a

strong absorption in the beginning of the discharge, hydrogen atoms were slowly and continuously absorbed for 10 h

without saturation. The slow absorption is due to deeper migration of hydrogen atoms into the ®lm, enhanced by the

ion bombardment. A helium glow discharge causes both ion induced desorption and the deeper migration, and thus,

hydrogen atoms are accumulated in the ®lm when the H2 and He discharges are repeated alternately. Most of the re-

tained hydrogen atoms were released by heating up to 400°C. A calculation result based on a simple model was com-

pared with the experimental results. A recombination coe�cient was obtained from the analysis of the experimental

transient release of the H atoms just after the H2 discharge. The time behavior at the initial phase of the He discharge

was reproduced fairly well with use of a smaller cross-section for the He� ion induced detrapping than that for

H�2 . Ó 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

It is known that plasma-facing ®rst wall in fusion de-

vices plays an important role for impurity and fuel con-

trol. Aiming a reduction of metal impurities, and thus,

radiation losses, low Z materials like carbon, boron, be-

ryllium, and lithium have been employed in many de-

vices and investigated for many years [1±11].

In situ boron coating (boronization) was ®rst applied

in TEXTOR in 1989 [4]. Reduction of carbon and oxy-

gen impurities due to oxygen gettering ability of the bo-

ron ®lms was observed compared to the carbonized wall.

Improvement in plasma performance has been achieved

for most of the devices with the boronization [4±9]. In

addition, hydrogen recycling from the boron ®lm is rel-

atively lower compared to the carbon walls [4,5]. Boron-

ization is planned in large helical device (LHD) because

of the above noted merits. However, one of the concerns

in LHD is hydrogen behavior, especially recycling with a

low temperature wall, since the baking temperature is

limited less than 100°C [12]. Thus, in this work, we focus

our attention to hydrogen behavior in the boron coating

®lms.

Understanding of the hydrogen re-emission is impor-

tant from a view point of fuel control when low Z mate-

rials are used, which retain a large amount of hydrogen

atoms. The plasma density control becomes di�cult if a

considerable number of hydrogen atoms are re-emitted

(recycled) from the wall because the density increases

without external fueling [13]. In addition, it has been re-

ported that low recycling condition is favorable to ob-

tain good energy con®nement [14]. The reduction of

hydrogen recycling at a wall surface is an important is-

sue for better density control and performance in the

present devices.

For long term discharges, transient release of excess

hydrogen atoms may take place under some conditions,

which makes plasma density control di�cult [15]. Un-

derstanding of dynamic behavior of the hydrogen recy-

cling is important for better control. Tritium inventory
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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 has been reported that high temperature baking is

e�ective to reduce the hydrogen recycling. In devices

such as JT-60U, TEXTOR, and DIII-D, in which the

wall temperature can be heated up to 300°C, the hydro-

gen recycling is well reduced with the boronized wall

compared to the carbonized wall [4±6]. 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 dis-

charge is widely applied to boronized or carbonized

walls and it has been found to be e�ective for reduction

of the hydrogen recycling [16,17]. Dynamic behavior has

been investigated in JET with a carbon and a beryllium

wall [18]. However, the basic mechanism of the recycling

is not well understood.

In this study, basic data on re-emission from boron

®lms are obtained by hydrogen implantation, helium

ion bombardment, and thermal desorption. Measure-

ments with high precision are achieved by using a liner

which has a large surface area as described in Section 2.

Experimental results are presented in Section 3. In order

to understand hydrogen behavior in the boron ®lm, a

simple theoretical model is proposed and compared with

the experimental results, which is discussed in Sec-

tion 4.1. A possible application of the boron ®lms to fu-

ture devices is discussed in Section 4.2.

2. Experimental

An experimental device named SUT (SUrface modi-

®cation Teststand) was mainly used in this study. Fig. 1

shows a schematic view of the device. The distinctive

feature of the device is (1) achievement of ultra high vac-

uum condition which enables us to prepare clean, impu-

rity-free ®lms, (2) possible replacement of 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 used was 400 mm

in diameter, 400 mm in height, and 7000 cm2 in surface

area. It is changeable and replaced to new and clean one

if necessary. The e�ect of the liner material could be in-

vestigated. So far, the liner made of stainless steel and

graphite were used. The results with stainless steel liner

are mainly shown in this paper. The liner could be heat-

ed up to 600°C by molybdenum heaters installed in the

chamber. The boron ®lm was deposited on the whole in-

ner surface of the liner by a DC glow discharge in B2H6

(5%) + He (95%). After the coating, the glow discharges

in H2 and He were carried out. Ions generated in the

plasma were accelerated to a few hundreds eV and

Fig. 1. Cross-sectional view of main chamber of SUT.
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implanted to the ®lm. The amount of hydrogen absorp-

tion and desorption was obtained from the pressure

change measured by a diaphragm gauge (DG) and a

quadrupole mass spectrometer (QMS). Thermal desorp-

tion measurement was carried out by raising the whole

liner temperature up to 500°C. All these procedures were

done under an ultra high vacuum condition with a back-

ground pressure of 10ÿ7 Pa, and thus, the impurity con-

centration in the boron ®lm was kept less than a few

percents, which was con®rmed by an in situ AES.

The experimental procedure consists of three stages;

namely (1) ®lm preparation, (2) discharge experiments,

and (3) thermal desorption. In the stage (1), boron ®lms

were deposited by the discharge in B2H6(5%) +

He(95%). Typical discharge parameters were 2.6 Pa,

0.2 A, and 400 V. The thickness of the ®lm was moni-

tored by a quartz oscillator. The coating was continued

until the thickness reached 200 nm (typically 72 min). In

most cases, the coating was carried out at around room

temperature. The temperature increased during the dis-

charge because of power ¯ow from the plasma, but

was kept lower than 70°C. After the coating, the boron

®lm was once heated up to 500°C to evacuate H atoms

retained in the ®lm during the coating.

In the stage (2), hydrogen and/or helium discharges

were carried out to obtain hydrogen absorption and de-

sorption characteristics. Typical discharge parameters

were 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 was heated again up to

500°C to measure the desorbed number of H atoms from

the ®lm, and to reset the boron ®lm into the starting

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 + heli-

um discharge, and their repetition were mainly carried

out. The procedure in stage (3) was identical through

the all series of the experiment.

This procedure allowed us to obtain good reproduc-

ibility within �2.5% because the condition of the boron

®lm was once reset by the evacuation of hydrogen atoms

with the stage (3). In Section 3, the experimental results

of stage (2) and (3) are mainly presented. Renewing

coatings were occasionally carried out several times.

The boron ®lms which had almost same characteristics

were produced.

Depth pro®le of H atoms in the ®lm was measured by

elastic recoil detection method (ERD) [19]. A substrate

of 10 ´ 20 mm made of SS was placed on a sample hold-

er and set under the same condition as the liner surface

(see Fig. 1). It was coated together with the liner. After

the coating and/or exposure to the plasma, the substrate

was taken out and set in another chamber for the ERD.

Helium ions of 1.5 MeV were generated by AN-2000

Van de Graa� accelerator in Nagoya University and

bombarded on 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 ®lter of 6 lm thick to cut the scattered He

ions. A detector for rutherford back scattering (RBS)

is also set at 150° from the beam to monitor He ion ¯ue-

nce and ®lm thickness [19,20].

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

3. Experimental results

3.1. Hydrogen glow discharge

Fig. 2 shows a typical time evolution of the total

pressure measured by a DG during a glow discharge in

hydrogen. No change was observed in any gas species

other than hydrogen with the QMS measurements.

Thus, the total pressure is regarded as the hydrogen

pressure. The ¯ow rate and the pumping speed were kept

constant at 26 ccm and 15.4 l/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 s just after the ignition. It corresponds to the pumping

characteristic time of this device.

The pressure slowly increased when the discharge was

continued. When the discharge was turned o�, the pres-

sure once increased and then decreased to a constant val-

ue as shown in Fig. 3, which shows the total pressure at

around turning o� of the discharge for the same data as

Fig. 2. This transient increase is regarded as a release of

over saturated hydrogen atoms in the ®lm during the dis-

charge. Similar behavior has been reported in Tokamaks

and Heliotron E [17,22], and it has been found for the ®rst

time for boron ®lms under a glow discharge condition.

The constant value after the discharge agrees with

that before the discharge within �0.4%, which corre-

sponds to an error bar in Fig. 3. The pressure di�erence

between before and after the termination of the dis-

charge is larger than the error bar. It means that hydro-

gen atoms are continuously absorbed until the end of the

1 h discharge. Such a phenomenon has been reported for

ion beam irradiation to some kinds of carbon pieces [23],

and found for the ®rst time for a boron ®lm under the

plasma irradiation. This e�ect is discussed again in Sec-

tion 3.4 with results of thermal desorption.

Total amount of absorbed H atoms was calculated by

integrating pressure drop from the baseline in Fig. 2

multiplied by pumping speed. The value obtained in

the case of Fig. 2 was (9.2 � 0.4) ´ 1016 H atoms/cm2,

which is the same order of magnitude as the saturation

value in other measurements [24±28].

When the graphite liner was used, basic behavior was

the same. The absorbed amount was, however, two

times higher with graphite liner than with stainless steel
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liner. The other behavior was almost the same except for

the absolute value.

3.2. Helium glow discharge

To measure the behavior of hydrogen desorption by

helium ion bombardment, a glow discharge in helium

was carried out after the hydrogen discharge of 1 h.

Fig. 4 shows time evolution of the hydrogen pressure

measured by QMS. The QMS signal is converted to ab-

solute partial pressure by a calibration with the dia-

phragm 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 dis-

charge and became the background level within 15

min. Total amount of desorbed hydrogen atoms was cal-

culated by the similar procedure as in the case of hydro-

gen discharge, and estimated to be (1.3 � 0.4) ´ 1016 H

atoms/cm2. It corresponds to 15% of the absorbed hy-

drogen during 1 h H2 discharge.

To measure a recovery of hydrogen absorption capa-

bility of the boron ®lm, a hydrogen discharge was car-

ried out after the helium glow discharge as

schematically shown in the upper part of Fig. 5. The

rapid and strong absorption was observed again in the

initial phase of the discharge. The absolute value of

the pressure change is indicated in the ®gure to compare

the absorbed and desorbed number clearly. Total

amount of H absorbed during the second H2 discharge

is larger than the one desorbed during the He discharge.

This e�ect is another new ®nding of this study, and dis-

cussed again in Section 3.4 with the results of thermal

desorption experiments.

Fig. 3. Total pressure around turning o� of the discharge for same data as Fig. 2. The pressure once increased and then decreased to

the constant value, which is larger than the pressure during the discharge.

Fig. 2. 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 (15.4l/s) and hydrogen ¯ow rate (26.0 ccm) are kept constant. The pressure decreased due to hydrogen

absorption into the boron ®lm.
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3.3. Thermal desorption

To measure thermal desorption characteristics, the

whole liner was heated up to 500°C. Fig. 6 shows time

evolution of the H2 pressure and the liner temperature,

during the heating after the 1 h H2 discharge. The hy-

drogen pressure was measured by QMS calibrated with

the diaphragm gauge.

The liner temperature increased at a rate around

10°C/min. The H2 pressure increased almost linearly un-

til a peak value around 400°C. The pressure decreased

when the liner temperature was increased to and kept

at 500°C for 30 min. The pressure is plotted as a func-

tion of the liner temperature in Fig. 7 for the same data

as Fig. 6. The peak is seen more clearly at 380°C. Similar

behavior has been reported in Refs. [29,30] for small test

species. It has been demonstrated for relatively large sur-

face area of 7000 cm2.

Total amount of H atoms desorbed was calculated by

integrating the curve in Fig. 6 and estimated to be

(11 � 0.05) ´ 1016 H atoms/cm2. This is slightly larger

than but close to the amount of H atoms absorbed dur-

ing the H2 discharge (see Section 3.1).

The accuracy in estimation of the total amount of hy-

drogen atoms is higher in the thermal desorption mea-

surement (�0.5%) than in the H2 discharge (�4%) or

the He discharge (�30%) mainly because the drift of

the baseline in the thermal desorption is small compared

to the signal intensity. Detailed discussion about the ac-

curacy is given in Ref. [21].

Fig. 5. Absolute value of pressure change during H2/He discharges. The procedure is schematically shown in upper part of this ®gure.

Fig. 4. Time evolution of hydrogen partial pressure measured by QMS. The discharge current and voltage are 0.2 A and 500 V, re-

spectively.
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3.4. Discharge experiments and thermal desorption

To con®rm slow and continuous absorption of H at-

oms after the near saturation at 30 min, a hydrogen dis-

charge for 3 h was carried out. The result is shown in

Fig. 8, where vertical axis shows the relative change in

retained number of H atoms, which was estimated by in-

tegration of the pressure change. The number increased

continuously up to 3 h and became 1.3 times higher than

that at 1 h. Even when the discharge continued up to 10

h, the absorption continued without saturation.

The dotted lines in the ®gure show time evolution of

H retained during thermal desorption after H2 discharge

for 1 h and 3 h, respectively. The retained number de-

creased and returned to the initial value in each case.

It means that most of absorbed H atoms can be de-

sorbed by heating.

To con®rm H accumulation/desorption by H2/He

discharges, glow discharge in H2 and He (each 15 min)

were repeated 4 times after the H2 discharge of 1 h. Sim-

ilarly to Fig. 8, the relative change in retained number of

H atoms is shown in Fig. 9. The number of H atoms de-

creased during He discharges due to the ion impact de-

sorption. The number increased rapidly at the initial

phase during H2 discharge. After the rapid absorption,

the hydrogen absorption continued slowly without satu-

ration until stop of the discharge. The retained number

increased gradually by the repetition of the discharges.

The results of thermal desorption experiments are also

shown in the ®gure, which shows that most of the accu-

mulated H atoms can be desorbed by the heating in this

case, too.

From these results and the shape of the curve in

Fig. 6 which has the peak value, we can conclude that

hydrogen atoms implanted during the discharges were

evacuated by the heating up to 500°C. The required tem-

perature 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

Fig. 7. Hydrogen pressure against liner temperature obtained from data of Fig. 6.

Fig. 6. Time evolution of hydrogen pressure and liner temperature during thermal desorption.
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fusion device and discussed later in Section 4.2. In every

thermal desorption, the desorbed number was slightly

larger than the absorbed one in the preceded hydrogen

discharges. The possible explanation is given as follows.

Some of the H atoms deposited during the coating can-

not be desorbed by the heating up to 500°C. They are

slowly moved to the surface from the deeper layer dur-

ing cooling from the elevated temperature. Part of them

are desorbed during the next heating, and thus, the de-

sorbed number was slightly larger than the absorbed.

3.5. Depth pro®le measurements

The depth pro®le of the H atoms was measured using

the ERD method. Fig. 10 shows depth pro®le obtained

in cases of (a) after the B-coating and subsequent ther-

mal desorption, (b) 1 h exposure and (c) 3 h exposure

to the H2 glow, respectively.

After thermal desorption (case (a)), the hydrogen

density was low and uniformly distributed over the

whole depth up to 110 nm, which was the same as the

®lm thickness measured by RBS method. It means that

hydrogen atoms were retained only in the boron ®lm

and not in the stainless steel substrate. The thickness

by RBS was roughly a 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 H density was about 1/8 of that in the as-coat-

ed sample. The H atoms were retained during the depo-

sition of the ®lm and were not removed out by the

heating at lower temperature than 500°C probably be-

cause of their larger binding energy. It is consistent with

the fact that the desorbed number in the thermal desorp-

tion experiments is slightly larger than the absorbed one.

In cases of (b) and (c), the density of only near sur-

face region (�70 nm) increased. When the discharge

Fig. 9. Time evolution of retained number of H atoms when H2 and He discharges are repeated alternately. The data during thermal

desorption are also shown.

Fig. 8. Hydrogen accumulation during long term H2 discharge. Dotted lines show decrease of hydrogen atoms during thermal desorp-

tion.
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continued to 3 h, the peak density increased and the

peak position slightly shifted to deeper level compared

to the case of the 1 h exposure.

The resolution of the ERD measurements is around

15 nm [33]. The real pro®le of hydrogen is sharper if

the resolution is taken into account. Relation between

the detected depth pro®le NDET(x) and the real pro®le

NREAL(x) is described as follows with use of Gaussian

distribution for the detector resolution as follows:

NDET�x� �
Z

NREAL�t ÿ x� g�t� dt;

where

g�t� � 1

r
���
p
p exp ÿ t2

r2

� �
:

Gaussian distribution function

r: resolution

x: depth

For simplicity, we assumed real density pro®les of

square type with non-zero background level as indicated

hatched area in Fig. 11. The background level was deter-

mined from the case (a) in Fig. 10 since it is uniform.

The pro®le (A) and resolution r were determined to ob-

tain best ®t to the pro®le of 1 h (case (b) in Fig. 10). The

saturation level was estimated to be 1.0 ´ 1022 atoms/

cm3, which is the same order as the density of boron at-

oms. It should be noted that the concentration of the

background level is much lower than the saturation level

in the real pro®le, though they seem comparable in de-

tected pro®le in Fig. 10.

We gave two kinds of square type distribution to

NREAL(x) for the case of 3 h exposure; (B) higher density

(open squares) and (C) broader depth (close squares).

An increment in the height and the depth was taken as

30% from the increasing rate of retained H shown in

thermal desorption experiments. The calculated pro®les

are indicated in Fig. 11. In spite of small di�erence be-

tween (B) and (C), the peak clearly shifted to the deeper

Fig. 11. Calculation of detected pro®le from model pro®le. Model pro®le of square type is assumed. The experimental results are re-

produced.

Fig. 10. Depth pro®le of H atoms measured by ERD.
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side in (C) compared to (B) and (A). In addition the as-

sumption (C) seems more reasonable if we assume the

saturation density.

Thus, it is concluded that hydrogen atoms are re-

tained only in the near surface region of �10 nm, which

is the same order of magnitude as its implantation range

and much smaller than the ®lm thickness of 110 nm. The

increase in H retention during long term discharge can

be explained by deeper migration of the hydrogen atoms

into the ®lm, but the migration is limited in the near sur-

face region. These ®ndings are important for application

and discussed again in Section 4.2.

4. Discussion

4.1. Modeling of hydrogen behavior

Several models to describe hydrogen behavior 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 ef-

fects of de-trapping, trapping, di�usion, and desorption

are considered. The trapping state of H atoms in boron

®lm is not well understood. However, it is con®rmed ex-

perimentally that, at around room temperature, the hy-

drogen atoms remaining at the trapping sites after the

implantation do not move at least for a few days. It

means that hydrogen atoms are trapped in the boron

®lm similarly to the H atoms in carbon. A simple model

is developed based on the conventional models for

graphite and amorphous carbon, and the calculated re-

sults are shown in this section.

The transient behavior just after turning on and o� of

the discharge has been investigated. Here, the slow mi-

gration of the H atoms can be neglected. In addition,

following conditions are assumed; (a) thermal detrap-

ping can be neglected at around room temperature, (b)

ion implantation is uniform in depth within its implanta-

tion range, and (c) ion impact detrapping is also uni-

form.

The di�erential equation during the hydrogen dis-

charge can be written as follows:

ocs

ot
� Sr ÿ 2kssc2

s ÿ k0sscsct ÿ kstcs�cT ÿ ct� � rdUict; �1�

oct

ot
� kstcs�cT ÿ ct� ÿ rdUict ÿ ksscsct; �2�

where cs and ct are the hydrogen density of `solute' and

`trapped', respectively. Here, the local recombination is

assumed as in models for graphite and amorphous car-

bon. Two kinds of recombination process, namely `sol-

ute ± solute' and `trapped ± solute', are possible. They

correspond to second and third term of the right-hand

side of Eq. (1), respectively. cT is the density of the trap

site, kst the trapping rate coe�cient, and rd the ion im-

pact de-trapping cross-section. Sr denotes the source

term due to hydrogen implantation. Sr is estimated from

the experimental value of the maximum absorption ¯ux

on assumption that all of the injected hydrogen atoms

are absorbed at initial phase. The ion ¯ux Ui is estimated

from the discharge current.

First, the transient release of the H atoms after the

termination of the H2 discharge was modeled. Before

the termination, the incident ¯ux and re-emission ¯ux

are balanced. The incident ¯ux rapidly decreased after

the termination of the discharge, which could result in

strong net desorption of H atoms. However, the desorp-

tion ¯ux is an order of magnitude lower than the inci-

dent ¯ux. This behavior can be understood if we

assume that time constant of trapping are much shorter

than that of the re-emission. In such case, most of the

hydrogen atoms are immediately trapped after the ter-

mination of the discharge except for over saturated H at-

oms due to H implantation during the discharge, and the

hydrogen release is attributed to recombination of the

over-saturated H atoms. Then the di�erential equation

(1) and (2) reduce to

ocs

ot
� ÿ2kssc2

s ÿ k0sscsct: �3�

Time evolution of H re-emission is calculated based

on the Eq. (3) for two extreme cases, that is, the recom-

bination occurs only through the processes of (i) `solute

± solute' or (ii) `trapped ± solute'. Both can be solved an-

alytically and the results for assumption (i) and (ii) are

U � Ri

2kss

1

�t � 1=2kssc0�2
; �4�

U0 � c0Rik0ssct exp�ÿk0ssctt�; �5�
where U is the H re-emission ¯ux from the ®lm, Ri is the

implantation range and c0 is the initial concentration of

over saturated H atoms. The c0Ri corresponds to total

amount of over saturated H atoms and estimated to

be 1 ´ 1015 H atoms/cm2 by integrating the curve in

Fig. 3.

The results are shown in Fig. 12(a) and (b) for the as-

sumption (i) and (ii), respectively. The experimental data

are calculated from the pressure change in Fig. 3 by

using the mass balance equation as follows:

V
dp
dt
� Qÿ Spp � bAU; �6�

where V is the volume of the chamber, Q the source rate

due to external gas injection, p the pressure, Sp the pum-

ping speed, A the surface area of the liner, and b a con-

version factor. The solid line in the ®gure shows results

of the calculation. In Fig. 12(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. 12(b). It is concluded that
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the recombination of two solute H atoms is dominant.

The product of kssRi is estimated from the best ®tting

value. The Ri is estimated to be 6.5 nm based on TRIM

code calculation for 200 eV H implantation (and thus,

400 eV H2) [37]. Then, the kss is estimated as

7.8 ´ 10ÿ24 cm3/s.

When it is assumed that a quasi-steady state attains

in later phase of the hydrogen discharge, the Eqs. (1)

and (2) reduce to

Sr � 2kssc2
s ; �7�

kstcs�cT ÿ ct� � rdUict: �8�
Substituting the values estimated above into Eq. (7),

cs is estimated to be 8.8 ´ 1021 H atoms/cm3. If we as-

sume the cT to be 4 ´ 1022 H atoms/cm3, which corre-

sponds to H/B� 0.4, the ct in quasi-steady state is

estimated to be 3.2 ´ 1022 H atoms/cm3 from the follow-

ing equation:

ct � cs � cT � c0; �9�
where c0 is the concentration of over saturated H atoms.

It is estimated to be 1.5 ´ 1021 H atoms/cm3 from the in-

tegration of the curve in Fig. 3 and Ri obtained by

TRIM calculation.

Substituting these values to Eq. (8), the ratio

kst=rd � 0:21 �cm=s� �10�
is obtained. Both rd and kst are considered to be con-

stant during the discharge in Eqs. (1) and (2), and thus,

the ratio is constant. The kst/rd ratio depends on the as-

sumption of the density of the trap site. The following

Fig. 12. Hydrogen desorption ¯ux 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.
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results are, however, not strongly a�ected by the as-

sumption.

The time evolution of the solute and trapped hydro-

gen density after the termination of the H2 discharge was

calculated again based on Eqs. (1) and (2), by using the

steady state densities estimated above as the initial den-

sities just before the termination of the discharge. The

calculation was carried out for wide range of the rd

and kst. The ratio kst/rd was kept constant under the

condition of Eq. (10). The hydrogen re-emission ¯ux U
is estimated from the relation U� 2kssc

2
s áRi. The results

are shown in Fig. 13. Similarly to Fig. 12, the experi-

mental ¯ux was estimated from the pressure change in

Fig. 3. The strong desorption is observed which is higher

by an order of magnitude than the experimental results,

when the detrapping cross-section is smaller than 10ÿ23

cm2, as shown by a curve (b). The strong re-emission

rapidly decreased within a second when the de-trapping

cross-section are larger than 10ÿ20 cm2, as a curve (a). It

is interpreted that the hydrogen atoms in the solute state

under the ion bombardment are immediately trapped

and the over saturated H atoms are released with a time

constant of �1 min as is assumed in the above calcula-

tion for the recombination. Under this experimental

condition, the rapid re-emission could not be observed

because the time constant of the re-emission is much

smaller than that of the pumping system of 8 s. Thus

it is concluded that the calculated results agree with

the experimental result.

The hydrogen behavior during helium discharge was

calculated with similar procedure. The source term Sr

was eliminated. The initial condition was set as cs� 0

and ct� cT. First, the same ratio as Eq. (10) was used.

The calculation was carried out for wide range of the

cross-section. The calculation resulted in typical three

cases, namely, the detrapping cross-section is (a) large

enough (>10ÿ20 cm2), (b) small enough (<10ÿ23 cm2),

and (c) intermediate (�10ÿ22 cm2). The use of larger val-

ue than (a) or smaller value than (b) did not change each

curve. Fig. 14 shows the hydrogen desorption behavior

for the three cases. In cases (b) and (c), the sharp desorp-

tion after the ignition is not observed. The time behavior

in case (a) is similar to the experimental results, except

for di�erence in the absolute value. The di�erence can

be attributed to the ion induced detrapping cross-sec-

tion. Consequently, it results in the change in the ratio

of kst/rd. Fig. 15 shows the best ®tting of the calculated

data together with the experimental results. It was found

that if we assume the detrapping cross-section of ®ve

times lower than that for hydrogen ion impact, the ex-

perimental results can be well reproduced.

From these considerations, it has been found that hy-

drogen desorption during the He discharge and hydro-

gen release after the termination of the hydrogen

discharge can be described when the hydrogen trapping

rate coe�cient and the de-trapping cross-section are suf-

®ciently large. The intermediate value of rd � 10ÿ22 cm2

corresponds to the condition in which the de-trapping

rates (Eq. (8)) are comparable to the desorption rates

(Eq. (7)) at the typical density. When the trapping rate

coe�cient and then, the de-trapping cross-section are

large enough, the hydrogen atoms in solute state are

maintained by a balance between trapping and detrap-

ping under ion bombardment. The slow absorption ef-

fects may be driven by the migration of these solute

atoms deeply into the ®lm.

The time evolution of the absorption ¯ux at initial

phase of the H2 discharge was calculated for the case

Fig. 13. Time evolution of hydrogen desorption ¯ux after termination of discharge. Calculated results are shown for the cases of (a)

rd� 10ÿ23 cm2, and (b) rd� 10ÿ20 cm2.

176 K. Tsuzuki et al. / Journal of Nuclear Materials 256 (1998) 166±179



of large trapping and detrapping (10ÿ20 cm2). Fig. 16

shows the calculated results together with the experi-

mental results (solid thick line). In the experimental re-

sult, the strong net absorption at initial phase of the

discharge rapidly decreased. On the other hand, the

strong absorption continued for a few tens of seconds

in calculated result. The calculated result does not agree

with the experimental results. The reason for this di�er-

ence is not well understood. A possible explanation for

this di�erence is that the atomic hydrogen atoms, which

do not penetrate into the ®lm, accumulate on the surface

and re-emitted from the initial phase. To understand this

behavior quantitatively, the depth pro®le of hydrogen

implantation must be considered.

4.2. Application for protection wall against tritium

permeation

Through this study, it has been demonstrated that (1)

hydrogen atoms are retained only in the near surface re-

gion around their implantation range, and (2) most of

the implanted hydrogen atoms can be desorbed by the

Fig. 15. Hydrogen desorption ¯ux during He discharge. The calculated results agree well with the experimental results if the ion in-

duced detrapping cross-section of ®ve times smaller than that of hydrogen ion impact.

Fig. 14. Hydrogen desorption ¯ux at initial phase of He discharge. Calculated results are shown for three cases; trapping rate coe�-

cient and detrapping cross-section are: (a) large enough (rd� 10ÿ20 cm2), (b) intermediate (rd � 10ÿ23 cm2), and (c) small enough

(rd � 10ÿ25 cm2).
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heating up to 400°C. These favorable characteristics

gives an idea of a protection wall against tritium perme-

ation [19].

In future fusion devices, the ®rst wall is exposed to

charge exchange neutral tritium atoms, which have rela-

tively high energy. It will induce considerable tritium in-

ventory and its permeation to cooling channels.

However if the wall is coated by a boron ®lm, implanted

tritium atoms remain only in the near surface and are

desorbed from the ®lm toward the plasma side. It is pos-

sible to keep the temperature of the ®rst wall high with

use of heat load from the plasma. In this case, the ®rst

wall design becomes easier with boron coating because

the required temperature for the tritium evacuation is

much lower than that for carbon wall, and thus, the tem-

perature di�erence between the ®rst wall and the coolant

becomes smaller.

The present experiment has shown up these very

promising characteristics of boron ®lms. It is necessary

to con®rm this possibility further by additional experi-

ments such as an actual investigation on permeation etc.

5. Conclusion

It has been found that there are two components in

hydrogen absorption into the boron ®lm at around

room temperature. One is strong and short absorption

to the H depleted near surface. The other is the slow

and long lasting absorption.

Around 15% of injected H atoms were desorbed by

helium ion impact. The helium ion may cause migration

of hydrogen atoms deeply into the ®lm, and thus, the hy-

drogen atoms are accumulated in the ®lm when the H2

and He discharges are repeated alternately.

The hydrogen atoms are retained only in the near

surface region which is the same order as its implanta-

tion range and much smaller than the ®lm thickness of

110 nm. Most of them can be released by the heating

up to 400°C, even when the boron ®lm is exposed to

the hydrogen discharge for a long term. These are favor-

able characteristics for applying B-®lms as a protection

wall against tritium permeation.

A simple model to describe hydrogen behavior has

been proposed. It has been found that the recombina-

tion between two solute hydrogen atoms are dominant

in the re-emission process, and the recombination coef-

®cient is estimated to be 7.8 ´ 10ÿ24 cm3/s from the anal-

ysis for transient hydrogen release just after the

termination of the hydrogen discharge.

Transient behavior after the ignition of H2 and He

discharge has been modeled based on the ®ndings about

the recombination. The calculated results with this mod-

el agree fairly well with the experimental results. It has

been found through the calculation that the hydrogen

atoms around 20% of the saturation density are in solute

state, which is maintained by a balance between trap-

ping and detrapping. The slow absorption may be

caused by the migration of the detrapped H atoms deep-

ly into the ®lm. The depth pro®le measured by ERD

gives consistent results with this consideration.
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