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Abstract

Hydrogen permeation through vanadium was examined under helium ion irradiation. The upstream surface of a

vanadium membrane was exposed to hydrogen gas at 673 K and 640 Pa, and the downstream surface was irradiated

with 5 keV helium ions. No signi®cant variation in the permeation rate was observed in the initial stage of irradiation.

The permeation rate, however, started to decrease at a helium ion dose of 1021 mÿ2 with further irradiation. In this

region, the permeation rate dropped immediately by intermission of irradiation and shot up by resumption. These

results were successfully explained with a model that helium bubbles act as trapping sites of hydrogen and detrapping is

enhanced under irradiation. Ó 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Permeation of tritium through structural materials is

an important problem for safety assessment of fusion

reactors. Neutron irradiation induces defects such as

vacancies, dislocation loops and helium bubbles in the

structural materials, and it has been pointed out that

these defects act as trapping sites of hydrogen isotopes

[1,2]. The trapping±detrapping and the permeation

should be a�ected by displacement of constituent atoms

at or near the trapping sites. Therefore, an in situ ex-

amination of the permeation is required for under-

standing dynamic trapping±detrapping processes under

irradiation of high-energy particles. Takagi et al. [3±5]

examined the plasma-driven permeation of deuterium

through a nickel membrane under irradiation of 1.3 or

1.7 MeV helium ions, in which the deuterium concen-

tration near the upstream surface was measured with

nuclear reaction analysis. They reported that the deu-

terium concentration increased with increasing helium

ion dose owing to trapping e�ect, but no signi®cant

change was observed in the permeation rate. Few stud-

ies, however, have been reported for other materials and

irradiation conditions.

Vanadium alloys are widely recognized as candidates

of the structural materials because of their low-induced

radioactivity by neutron irradiation, and various prop-

erties of vanadium alloys have been extensively studied

[6]. The permeation of hydrogen isotopes under irradi-

ation, however, has not been clari®ed.

From these viewpoints, the present authors studied

the permeation of hydrogen through a vanadium

membrane under irradiation of 5 keV helium ions to

understand the dynamic trapping±detrapping e�ect

caused by radiation defects.

2. Experimental

Fig. 1 shows a schematic description of the apparatus

used for permeation measurements. The apparatus

consisted of two vacuum chambers, i.e., upstream and

downstream chambers; they were separated from each

other by the specimen membrane. Both chambers were

evacuated with turbo-molecular pumps and oil-rotary

pumps, and the base pressures were 1� 10ÿ7 Pa. The

upstream chamber was equipped with a diaphragm

gauge to measure hydrogen pressure. Hydrogen was

introduced via a cold trap chilled by liquid nitrogen, and

its pressure was adjusted with a variable-leak valve. A

halogen lamp was installed in this chamber to heat up

the specimen. The downstream chamber was equipped
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with an ion gun for helium ion irradiation. A shutter was

installed between the ion gun and the specimen mem-

brane. Helium was introduced via a cold trap chilled by

liquid nitrogen, and its pressure was adjusted with a

variable-leak valve. A quadrupole mass analyzer was

also installed to measure the permeation rate. The

specimen membrane was held in a vacuum ¯ange sealed

with a copper gasket. Temperature of the specimen was

measured with a thermocouple spot-welded on the edge

of the specimen.

The specimen membrane was cut from a sheet of pure

vanadium (99.9%). The diameter and the thickness of

the specimen were 30 and 0.1 mm, respectively. The

specimen was cleaned in an ultrasonic bath ®lled with

acetone and then heated in vacuum at 773 K for 1 h after

installation in the permeation apparatus to remove

volatile impurities from the surfaces.

Permeation experiments were carried out under the

following procedure. The upstream surface of the spec-

imen was exposed to hydrogen gas at 640 Pa and 673 K

to accomplish a steady state of permeation. Then, the

downstream surface was irradiated with a broad helium

ion beam. The kinetic energy and the ¯ux of the ion

beam were 5 keV and 2� 1016 He mÿ2 sÿ1, respectively.

The range of helium ions is 30 nm under this condition

[7]. The irradiation was repeatedly intermitted and re-

sumed by switching o� and on the ion gun or by closing

and opening the shutter to examine the di�erence be-

tween the permeation rate under the irradiation and that

in the absence of the irradiation.

3. Results and discussion

The permeation rate at 673 K was 3:2� 1021 H mÿ2

sÿ1 before the irradiation. According to the literature,

solubility [8±10] and di�usivity [11] of hydrogen in va-

nadium under the present experimental conditions are

expected to be 2 at.% (1� 1027 H mÿ3) and 1:4� 108 m2

sÿ1, respectively. Therefore, if the permeation was con-

trolled by bulk di�usion, the permeation rate should be

1� 1023 H mÿ2 sÿ1. The observed permeation rate is

signi®cantly lower than this estimated value. This indi-

cates that the permeation rate was determined not by the

bulk di�usion process but by the surface reaction pro-

cess before the irradiation. The surface of a vanadium

specimen was heated at 773 K in another vacuum

chamber and examined by X-ray photoelectron spec-

troscopy. Although there appeared no appreciable

chemical shift for the binding energy of V 2p photo-

electrons, a large amount of oxygen was present; the

atomic ratio of oxygen to vanadium was about unity.

This implies that the rate of surface reaction was re-

duced by oxygen in the permeation measurements. But

the permeability of 2� 10ÿ8 mol H mÿ1 sÿ1 Paÿ1=2 at

673 K, which was evaluated from the above-mentioned

permeation rate, is higher than that reported by other

investigators [12±14]. This suggests that the amount of

surface impurities is smaller in the present study than in

the others [12±14].

Fig. 2 shows the variation of permeation rate by the

irradiation. No signi®cant change was observed in the

permeation rate in the initial stage of irradiation. It

should be mentioned here that the helium ion irradiation

resulting in sputtering did not vary the permeation rate

in the initial stage. This observation suggests that the

permeation was controlled by the dissociation process

on the upstream surface and not by the recombination

process on the downstream surface. It should be em-

phasized that the permeation rate started to decrease at

900 min corresponding to a dose of 1021 He mÿ2.

Mechanisms underlying the reduction in the permeation

rate will be discussed later.

In the region of irradiation time below 900 min, the

permeation rate did not show any response to the

Fig. 2. Permeation rate of hydrogen through vanadium under

helium ion irradiation.

Fig. 1. Schematic description of permeation apparatus.
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intermission and the resumption of the irradiation. In

the region above 900 min, however, the permeation rate

clearly responded to the intermission and the resump-

tion as shown in Fig. 3. The permeation rate dropped

promptly by the intermission and recovered by the re-

sumption; the permeation rate under the irradiation was

higher than that in the absence of irradiation.

Microstructural change induced by low energy (510

keV) helium ion irradiation has been investigated for

nickel [15], molybdenum and tungsten [16,17] by trans-

mission electron microscopy for a wide range of helium

ion dose (1019±1023 He mÿ2). It has been reported that

small defect clusters and dislocation loops are the

dominant defects in the initial stage of irradiation, and

helium bubbles become visible with a dose above

5� 1020 mÿ2 [15±17]. In addition, it is well known that

dislocations and helium bubbles act as trapping sites of

hydrogen [1,2]. Those facts strongly suggest that the

reduction in the permeation rate by the irradiation is

caused by the change in the rate controlling process

from the dissociation of hydrogen on the upstream

surface to the transport process in a region around the

range of implanted helium ions, where the transport is

retarded by the trapping e�ect of accumulated radiation

damages. The dose at which the permeation rate started

to decrease in Fig. 2 (1021 mÿ2) is close to the dose at

which helium bubbles become visible in nickel, molyb-

denum and tungsten. Assuming vanadium behaves in a

similar fashion, it can be proposed that helium bubbles

make the dominant contribution to the reduction in the

permeation rate. Consequently, the trapping energy

should be higher for helium bubbles than for disloca-

tions.

The high permeation rate under the irradiation

shown in Fig. 3 can be ascribed to the radiation en-

hanced detrapping. Yoshida et al. [16] suggested that the

recombination of a vacancy with a metal atom caused by

a series of replacement collisions is the dominant

mechanism for decomposition of a vacancy-helium

cluster in a high dose region, and that helium atoms

trapped by the vacancy are released by the decomposi-

tion of the cluster. Shrinkage and decomposition of

helium bubbles resulting in the release of trapped hy-

drogen should take place through a similar mechanism

under the present irradiation conditions. Namely, the

detrapping of hydrogen from the helium bubbles is en-

hanced under the irradiation to increase the permeation

rate.

The trapping of hydrogen by helium bubbles leads to

buildup of hydrogen concentration. Therefore, the

above-mentioned model can be con®rmed by measuring

the concentration distribution of hydrogen isotopes in

an irradiated specimen. The present authors have de-

veloped a method to measure indestructibly the con-

centration distribution of hydrogen isotopes in solids by

detecting X-rays induced by b-rays from tritium [18].

The measurement is now in preparation.

As mentioned in Section 1, Takagi et al. [3±5] re-

ported that no signi®cant change was observed in the

permeation rate of deuterium through nickel under he-

lium ion irradiation. They also reported that the per-

meation was controlled by the bulk di�usion process

before and under the irradiation. The disagreement be-

tween the present study and theirs can be explained as

follows. A membrane irradiated by helium ions has a

double-layer structure, i.e., an implanted layer and an

un-implanted layer. The di�usion coe�cients of hydro-

gen isotopes should be lower in the former than in the

latter owing to the trapping e�ect. The thickness of

the former, however, is signi®cantly thinner than that of

the latter since helium ions can be implanted into a

shallow region. The permeation of hydrogen isotopes is

controlled by the di�usion process in the implanted layer

provided that D/X of the implanted layer is smaller than

that of the un-implanted layer. Here, D is the di�usion

coe�cient and X the thickness. The di�usion coe�cients

of hydrogen isotopes are markedly smaller in nickel than

in vanadium, and hence D/X of the un-implanted layer

was small in their study. Therefore, signi®cant in¯uence

of irradiation was not observed in the permeation under

their experimental conditions.

In the case of neutron irradiation, trapping sites are

uniformly induced in a thick material. Therefore, the

permeation should be in¯uenced by the trapping sites.

4. Conclusions

The permeation behavior of hydrogen through a

vanadium membrane was examined at 673 K under

5 keV helium ion irradiation. No signi®cant variation in

the permeation rate was observed in the initial stage of

irradiation. Above a dose of 1021 mÿ2, however, the

permeation rate started to decrease with further irradi-

Fig. 3. Response of permeation rate to intermission and re-

sumption of helium ion irradiation.
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ation. In this region, the permeation rate under irradi-

ation was higher than that in the absence of irradiation.

These results were successfully explained by a model that

helium bubbles act as trapping sites for hydrogen dif-

fusion and detrapping from helium bubbles is enhanced

under irradiation.
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