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Abstract

Atom- as well as ion-driven permeation behavior of deuterium in Nb was studied experimentally. The measurements

were performed under two di�erent vacuum conditions which resulted in contrasting surface compositions: one resulted

in a surface rich in carbon (C) after atom beam irradiation and the other rich in sulfur (S) which was una�ected by the

irradiation. The result of permeation measurements revealed that when the specimen surface was covered by sulfur the

deuterium permeation rate weakly depended on the temperature, whereas when the surface was rich in carbon and

oxygen it tended to decrease sharply for temperatures below �700 K. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nb (niobium) is a possible candidate material for the

membrane pumping in a fusion device [1], where it could

provide selective pumping of hydrogen isotopes from

plasma exhaust, owing to its high permeability. Under

certain conditions, the permeation ¯ux through some

metals becomes almost equal to the incident ¯ux; this is

referred to as superpermeation [2]. It is widely accepted

that the role of the surface impurities on hydrogen

transport is of fundamental importance; the superper-

meation phenomenon is considered to result from the

presence of a surface impurity layer, although the details

of the mechanism still remain to be made clear.

The interaction of atoms with solid surfaces is an

area where the current database for fusion applications

is lacking [3]. Hydrogen atoms produced through ther-

mal dissociation process in an atomizer heated up to

temperatures around 2350 K, have translational energies

around 0.3 eV. Hence, in contrast to energetic ion

beams, such a low energy of incidence will not produce

defects in the specimen, and their transport may be af-

fected by additional factors such as chemical interac-

tions between adatoms and surface atoms. Many studies

have been devoted to this subject. As an example,

Kiriyama and Tanabe [4] studied re¯ection of atoms at

surface of various metals and indicated some correlation

between the re¯ection coe�cient and solution energy.

However, they did not refer to the possible e�ects due to

surface conditions, in particular, surface impurities.

The purpose of the present study is to investigate the

interaction of ionic and atomic deuterium with the sur-

face of Nb, with particular emphasis on the e�ect of

surface impurities on the observed deuterium transport.

Measurements were made in an experimental device

equipped with an in situ surface analyzer [5].

2. Experimental

As shown in Fig. 1, an atomic beam source (ABS)

has been installed in our existing hydrogen permeation

experimental device [5]. This facility has two quadrupole

mass spectrometers (QMS) for dynamic measurement of
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the deuterium ¯uxes (HD and D2) in both the upstream-

side and downstream-side chambers (indicated as C1

and C2 in the ®gure, respectively), together with AES

(Auger electron spectroscopy) or SIMS (secondary ion

mass spectrometry) analyzing systems.

The ABS consists of a tungsten (W) nozzle, sur-

rounded by a thin cylindrical tantalum (Ta) heater,

electrodes and water-cooled vessel. The hydrogen mol-

ecules passing through the nozzle are thermally disso-

ciated (T ' 2350 K) and the atoms generated are

emitted with translational energy P 0.3 eV. As shown in

Fig. 1, the ABS is installed at an angle of 50 degrees

from the surface normal. The ¯ux density of incident

atoms is evaluated from geometric consideration:
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where IH
m is the atomic ¯ow (sÿ1), na�T � and va�T � are the

density (mÿ3) and the velocity (m sÿ1) of hydrogen

molecules at temperature T (K), g is the dissociation

probability which is also a function of T , da and dm are

the diameters (m) of the nozzle and the atomic beam (at

the specimen surface), respectively, and L is distance

between the nozzle and the specimen (m). The deuterium

was employed as a source of the atomic beam, and the

deuterium atomic ¯ux, /a (D mÿ2 sÿ1), to the specimen

was thus evaluated to be 2:5� 1017 D mÿ2 sÿ1 at a nozzle

temperature 2350 K.

The specimen employed in the present study is a Nb

foil (supplied by Nilaco 0.1 mmt, 14 mm/, 99.9 at.% in

purity), which was welded on the top of a cylindrical

sample holder made of type 304 SS. The specimen was

cleaned ultrasonically in acetone before being installed

in the vacuum vessel. The AES or SIMS analyses were

performed occasionally in order to monitor the surface

impurities on the specimen, while the specimen temper-

ature was varied from 600 to 1000 K.

3. Results and discussion

3.1. Analyses of surface impurity compositions

The impurity composition of the upstream-side sur-

face of specimen as determined by AES is indicated in

Fig. 2. The Nb specimen was annealed in vacuo at 1050

K for 10 min, while the residual pressure in the vacuum

vessel was below 10ÿ6 Pa. As seen in the ®gure, the

surface concentration of Nb was larger than 50 at.%,

while sulfur was evaluated to be �40 at.%. Other im-

purity elements were: carbon (C) < 10 at.% and traces of

oxygen (O) and calcium (Ca). It should be noted that the

surface compositions were essentially the same inde-

pendent of the temperature. This seems to indicate that

once sulfur segregates to the surface it provides ther-

mally stable surface condition under ultra-high vaccum

(above 600 K). The stability of this sulfur-rich surface

was also examined by exposure to atomic deuterium. In

some measurements the irradiation lasted more than

Fig. 2. Result of AES analysis on upstream-side surface of Nb

specimen performed before irradiation by atomic deuterium.

Fig. 1. Schematic drawing of experimental device (HYPA-IV):

C1 and C2, vacuum chambers; AV1±AV4, valves; DV1±DV4,

variable leak valves; GV1±GV3, gate valves; TMP1±TMP4,

turbomolecular pumps; RP1±RP4, rotary pumps; G1±G3, Ba-

yard±Alpert gauges; SG1, Schultz gauge; QMS1 and QMS2,

quadrupole mass spectrometers; AES, Auger electron spec-

trometer; and IS2, ion source.
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about 40 h (total ¯uence; 6� 1020 D mÿ2), but the sur-

face compositions remained unchanged.

Similar measurements were performed with a di�er-

ent specimen (supplied by Daido Steel) under di�erent

vacuum conditions (residual pressure no better than

10ÿ6 Pa). The results of AES measurement performed at

500 K are shown in Fig. 3. Although the surface com-

positions were initially the same, the carbon concentra-

tion increased after atom beam irradiation. The origin of

carbon is not clear, but it may be probable that it was

mixed with the deuterium source gas due to poor vac-

uum condition.

3.2. Dependence of permeation rate on surface composi-

tions

In the preliminary runs with the ABS, it was observed

that when the temperature of the nozzle was increased

gradually, the deuterium permeation rate also increased.

Assuming that the atomic ¯ux is proportional to the

dissociation probability (g in Eq. (1)), it was found that

the permeation rate was directly proportional to the

evaluated atomic ¯ux.

The temperature dependence of steady state deuteri-

um permeation rate was then measured in the temper-

ature range between 600 and 1000 K, and the results are

shown in Fig. 4. In this ®gure, the results of measure-

ments performed under di�erent vacuum conditions,

corresponding to Figs. 2 and 3 are compared. A very

weak temperature dependence of the permeation rate,

with an apparent activation energy of 16.5 kJ molÿ1,

which tends to saturate at higher temperatures, was

observed in the case of the sulfur-rich surface (open

symbols). In the case of the carbon-rich surface (closed

symbols), a rather sharp decrease of permeation rate,

with an apparent activation energy of 84.5 kJ molÿ1, was

observed below 700 K.

The observed phenomena may be explained as fol-

lows. Under steady state conditions, when the transport

of hydrogen is limited by surface recombination at both

sides, the molecular permeation rate, UP (D2 mÿ2 sÿ1),

may be expressed by

UP � n
a2

a1 � a2

/a

2

� �
; �2�

where n is the `retention' fraction of atoms on the sur-

face, and a1 and a2 are the probabilities of dissociative

adsorption at the upstream-side and downstream-side,

respectively [2]. Since n is considered to be independent

of temperature, T [2], the above equation would predict

the permeation rate to be independent of T , assuming

that the surface conditions are the same; i.e. a1 � a2.

Although Eq. (2) may be considered to be consistent

with the experimental results in general, it does not

predict the decrease of the permeation rate at lower

temperatures in the case of the carbon-rich surface

(closed symbols in Fig. 4). In order to be consistent with

the experimental result one must assume that the de-

position of carbon during atom beam irradiation has

resulted in the decrease of n. It is unlikely that the sur-

face composition of the downstream-side surface should

change in the course of permeation, so that a1 � a2 may

be assumed initially. Either due to the increase of surface

potential barrier by carbon deposition, or to the in-

creased retention by impurity layer, which is likely to

become pronounced at lower temperatures, the entry of

atomic deuterium into the bulk of Nb may have been

limited.

The permeation probability, v � 2UP=/a, was esti-

mated to be �0.07, which is smaller than the values

Fig. 3. Results from AES analysis on upstream-side surface of

Nb specimen. The results before and after atomic deuterium

irradiation are compared. Note that the measurements were

performed under di�erent vacuum conditions from those in

Fig. 2.

Fig. 4. Temperature dependence of atom-driven deuterium

permeation rate from Nb. The measurements performed under

di�erent vacuum conditions, corresponding to Fig. 2 (open

symbols) and 3 (closed symbols) are compared.

K. Ohkoshi et al. / Journal of Nuclear Materials 266±269 (1999) 1167±1171 1169



generally reported by Livshits et al. [2]. The reason may

be due to the fact that the angle of incidence was 50° in

the present study, resulting in an increase of the particle

re¯ection coe�cient. However, it should be noted that

the interaction of low energy incident particles with solid

surfaces is the area where the fundamental database is

incomplete. Unfortunately, the QMS signals were not

calibrated in the case of the carbon-rich surface, so it is

not possible, at present, to compare the absolute values

of the permeation rates. Thus, the dependence on sur-

face compositions is yet to be clari®ed.

3.3. Comparison with ion-driven permeation measurement

The experiments on ion-driven deuterium permeation

in Nb were performed using the same experimental de-

vice [6±8]. Again, a very weak dependence of steady state

permeation rate on temperature was observed above 873

K (see Fig. 5). This was considered to be a consequence

of surface-limited processes taking place at both sur-

faces. In such a case,

v � k2

k1 � k2

; �3�

where k1 and k2 are known as `phenomenological' re-

combination rate coe�cients. Since k's can be related to

a's in Eq. (2) [2,9], these two equations are similar in

terms of temperature dependence, n in Eq. (2) can be

considered to be temperature-independent only because

the impinging atoms are initially not in equilibrium with

the surface temperature. This is considered to be the

origin of the similarity between ion- and atom-driven

permeation.

It is interesting to note in Fig. 5 that at lower tem-

peratures the permeation rate also tends to decrease.

However, the interactions due to atoms and ions are

expected to be di�erent, because the energies of inci-

dence di�er by orders of magnitude. Therefore, di�erent

mechanisms should be responsible for the observed re-

sults. In contrast to the probable role of surface impu-

rities on the incident deuterium atoms as mentioned in

Section 3.2, the energetic deuterium ions would induce

physical sputtering of non-metallic surface impurities,

which would lead to increase of k1 in Eq. (3). Such an

e�ect is more pronounced at lower temperatures, for the

segregation rate of impurities from the bulk to coun-

terbalance the loss by sputtering would be smaller. The

above-mentioned e�ect cannot be expected in the case of

atom-driven deuterium.

As expected the values of v was considered to be

larger for the ion-driven case than atom-driven case,

although the precise calibration is yet to be performed in

the atom-driven case. Furthermore, due to the lack of

knowledge on n, `phenomenological' recombination rate

coe�cients, corresponding to a's in Eq. (1), were not

evaluated in the present study. If this becomes possible,

then k's obtained from ion- and atom-driven experi-

ments can be compared.

4. Conclusion

Atom- as well as ion-driven permeation behavior of

deuterium in Nb was studied experimentally. An atomic

beam source was installed in the current permeation

experimental setup, thus making it possible to study the

interaction of atoms with a solid surface, with in situ

surface analysis. The measurements were performed

under two di�erent vacuum conditions, which resulted

in contrasting surface compositions: one surface became

enriched in carbon (C) after atom beam irradiation

while both specimen surfaces had a large sulfur (S)

content. The result of permeation measurements re-

vealed that when the specimen surface was covered

predominantly by sulfur the deuterium permeation

rate weakly depended on the temperature, exhibiting the

characteristic features of surface-limited transport. The

surface composition was found to be una�ected by

the atomic deuterium beam. On the other hand, when

the surface was relatively rich in carbon and oxygen the

permeation rate tended to decrease sharply when the

temperature was below �700 K. The above observations

on the atom-driven experiment showed some similarities

with the results of ion-driven experiment in terms of

temperature dependence. Whereas the sputtering of

surface impurities is considered to be responsible for the

reduction of permeation rate at lower temperatures in

the case of ion beam irradiation, such an e�ect cannot be

expected in the case of atom beam irradiation. Some

kind of e�ects by surface impurities which would inhibit

the entry of atomic hydrogen was implied by the present

study, but further experiments with more elaborate and

Fig. 5. Temperature dependence of ion-driven deuterium per-

meation rate from Nb [8]. The data series indicated with open

and closed symbols means two di�erent experimental sessions.
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active control of surface impurity compositions, with the

help of in situ surface analysis, are necessary in near

future.
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