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Abstract

A non-monotonic temperature dependence of the steady-state plasma-driven superpermeation of hydrogen through

an Nb membrane is observed for the first time. Such a permeation behavior is related not only to the surface properties

of the membrane, but also to its bulk properties and defects.

� 2002 Elsevier Science B.V. All rights reserved.

PACS: 52.40.Hf; 66.30.)h; 68.45.Da; 68.35.Rh

1. Introduction

As is known [1,2], the permeation efficiency of equi-

librium molecular hydrogen through vanadium-group

(V, Nb, and Ta) metallic membranes is extremely low in

comparison with that of the non-equilibrium hydrogen.

Under steady irradiation of the inlet side of the mem-

brane by a flow of hydrogen atoms or ions (with flux

densities ja or ji, respectively) that are produced by the
dissociation (ionization) of equilibrium molecular hy-

drogen, a flow of equilibrium molecular hydrogen with

the flux density jH2 ¼ 0:5gja;i (where g is the permeation
efficiency) is observed on the outlet side. The value of the

permeation efficiency can be close to unity. The physical

reason of such a phenomenon, which is called �super-
permeation�, consists in the combination of the large
absorption and small desorption probabilities under

conditions, such that the membrane bulk operates as a

trap for gas particles. Great interest in this phenomenon

is motivated by its possible unique technological ap-

plications, especially, in fusion research [3–6]. However,

till now, the effect of superpermeation through metal

membranes have not yet been widely employed.

The complexity of the practical application of sup-

erpermeation can partially be explained in terms of the

existing classical theory, which is based on surface

physics. It is well known (see, e.g. [1,2]) that the for-

mation of a surface barrier (SB), whose energy depends

on the surface cleanness, affects strongly the processes of

hydrogen input in (output from) the Nb membrane. If

the energy of a non-equilibrium particle is above the SB

energy, then hydrogen easily dissolves in the bulk of the

Nb membrane. Sivert�s law, jH2 ¼ KC2, describes the

release of hydrogen from the membrane volume. Here

and below, we use the notation of [7]: C is the concen-

tration of the dissolved hydrogen atoms close to the

membrane surface (C0 at the inlet surface, irradiated by
the flow of non-equilibrium particles, and CL at the

outlet surface) and K is the recombination coeffi-

cient (K0 on the inlet side and KL on the outlet side). The

recombination coefficient K depends strongly on the
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surface cleanness and cannot be controlled with a high

accuracy, especially for Nb membranes [8]. By solving

the steady-state one-dimensional diffusion problem [7], it

is easy to obtain an expression for the permeation effi-

ciency in the case of a thin membrane and low flux

densities (C0 � CN � C0, b ¼ D=L
ffiffiffiffiffiffiffi
Jk0

p
� 1, where D is

the coefficient of hydrogen diffusion, L is the membrane
thickness, and J is the flux density of non-equilibrium
particles). By introducing the dimensionless parameter

c ¼ KL=K0, the efficiency g can be written as [1,2,7]:

g ¼ c
c þ 1 : ð1Þ

For an Nb membrane with a thickness of 0.1 mm and at

a hydrogen flux density of 100 Am�2, expression (1) is

valid at room temperature. In these estimates, the fol-

lowing approximations for D and K were used [8–10]:

D ½m2 s�1
 ¼ 5:9� 10�8 expð�1300T�1 ½K
Þ;
K ½m4 s�1
 ¼ 4� 10�25 expð�13 000T�1 ½K
Þ

which are valid in the temperature ranges T ¼ 180–850

and 500–1000 K, respectively.

Classical relation (1) shows that the permeation

through a thin Nb membrane should possess the fol-

lowing features: (i) superpermeation occurs for c � 1 or

higher, i.e., when the SB energy on the inlet side is close

to or higher than that on the outlet side; (ii) the super-

permeation efficiency g does not depend on the mem-
brane thickness, temperature, particle flux density, and

diffusion coefficient; and (iii) the volumetric membrane

properties do not directly affect the superpermeation

efficiency.

The above features of superpermeation were ob-

served in experiments with Nb membranes [1–6] under

certain conditions, such as thorough sample cleaning by

long annealing at a temperature of 2000 K under ul-

trahigh vacuum and the use of atomic (rather than ionic)

hydrogen at fairly high membrane temperatures of

T � 1000 K. The physical reasons for these conditions

are clear. The first condition stems from the necessity of

removing impurities from the Nb surface. The cleaning

of the membrane and the reduction of oxides and other

compounds is obligatory. The necessary degree of

cleaning is discussed below. Note that the theory [1,2]

predicts the disappearance of superpermeation not only

for thick impurity layers, but also for an ideally cleaned

inlet surface (see (1)). The second condition is related to

the preservation of a thin impurity layer on the inlet

surface from irradiation. The hydrogen atoms have

small, but sufficient energies to overcome the SB without

destroying it, whereas the plasma ions, which have

higher energies, can destroy the SB. The high tempera-

ture is necessary to eliminate the bulk effects.

This work is aimed at studying plasma-driven sup-

erpermeation at relatively low (lower than 1000 K)

temperatures, when the bulk properties of the membrane

material play a significant role. Such an investigation is

of interest because the plasma-driven production of in-

tense non-equilibrium hydrogen flows has the highest

efficiency. The intense plasma flow destroys the SB on

the inlet side; hence, according to the classical theory,

superpermeation should disappear. However, this pre-

diction contradicts to experiments [11,12]. To explain

the experimental observations in terms of the classical

theory, the authors of [12] put forward the hypothesis

that the SB on the inlet side is preserved due to either

impurity segregation from the membrane volume or an

impurity flow from an insufficiently pure plasma.

However, the existence of such an SB is possible only at

low densities of the plasma flow. In this work, it is

shown that the steady-state plasma-driven superperme-

ation is also observed at fairly high densities of a pure

plasma flow. Under these conditions, the cleaning rate

exceeds the impurity segregation rate.

2. Experimental facilities

Two experimental installations were used in experi-

ments with Nb membranes. The first installation (In1)

was applied to study the temperature dependence of

hydrogen permeation at intensive plasma irradiation.

The second installation (In2) was used to measure the

sorption and desorption of equilibrium hydrogen.

2.1. In1 installation

The device was to obtain a steady-state pure hydro-

gen plasma flow with a large diameter and a high flux

density exceeding the atomic flux density. For this pur-

pose, a microwave distributed electron-cyclotron-reso-

nance (DECR) plasma source is used. Such a source has

many applications in microelectronics [13]. The param-

eters of our DECR source are given in Table 1.

In the experiments described, the ability of the

DECR source to provide an intense flux of pure plasma

at a low gas pressure of 0.01 Pa was employed. Under

these conditions, the atomic flux is lower than the ionic

flux. Previous experimental investigations of the plasma

parameters in the DECR source allowed us to develop

the code OGRAS for calculating H 0, Hþ, Hþ
2 and Hþ

3

fluxes. The code uses the measured parameters, such as

the gas pressure P , the electron temperature Te, and the
ion current density jion onto a floating Langmuir probe.
A representative example of calculations is given in

Table 2. When calculating the ion flux, we took into

account the number of nuclei in a molecular ion. In

experiment, it was possible to vary the membrane po-

tential (within 400 V) and, hence, the energy and type
of the particles (ions or electrons) bombarding the

membrane.
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The flux of molecular hydrogen leaving the mem-

brane from the outlet side was measured by means of a

diaphragm with a gas conductivity of 3 s�1. Two gauges

measured the pressure difference at the opposite sides of

the diaphragm. The gas composition was monitored by

a quadrupole mass-analyzer. Fig. 1 shows a schematic of

the In1 vacuum system.

A 50-mm-diameter membrane for permeation ex-

periments was fabricated by pressing an Nb foil between

two flanges. To isolate the foil from the metal flange,

MgO paste was used. The membrane was heated by

using a dc power supply. The temperature was measured

by five thermocouples welded at the center and at the

edge of the membrane and at the middle of the mem-

brane radius. The radial variations in the membrane

temperature did not exceed 50 K at dc heating up to

1000 K.

The mechanical properties of the Nb foil were in-

vestigated by using acoustic measurements. For this

purpose, the membrane block schematically shown in

Fig. 1 was replaced with a special acoustic block de-

scribed in [6,14].

2.2. In2 installation

The In2 ultrahigh-vacuum installation was used to

study the equilibrium-hydrogen sorption by (desorption

from) Nb membranes. Samples made from an Nb foil of

size 160� 15 mm2 were placed in a 75-l warmed-up

volume with a background gassing of 10�6 l Pa/s. The

samples were heated up to a temperature of 1300 K. A

schematic of the In2 vacuum system is shown in Fig. 2.

Two types of dynamic measurements of the sorption

and desorption processes in Nb membranes at low gas

pressures were performed. The dependence of the hy-

drogen pressure on the membrane temperature was

measured with and without pumping.

Hydrogen sorption by (desorption from) Nb has

been investigated by many authors (see, e.g. [8,15]). All

the authors paid special attention to cleaning the sample

surface. In our experiment, we both cleaned the sample

surface by ion sputtering and contaminated it by oxi-

dation. The membrane biasing in an argon discharge

leads to sputtering, whereas the heating in oxygen leads

to surface oxidation.

Table 1

DECR plasma source parameters

Parameter Value

Maximum ion current density (A/m2) 100

Ion energy (eV) >10

Flow diameter (m) 0.15

Flow inhomogeneity (%) 2

Flow time stability (% per hour) 5

Flow fluctuations (%) 5

Magnetron frequency (GHz) 2.45

Magnetron power (kW) 1

Number of waveguide electrodes 8

Type of permanent magnets NdFeB

Gas pressure (Pa) 10�3–10�1

Ultimate vacuum (Pa) 10�5

Vacuum chamber Without warming

Table 2

Fluxes in a discharge with parameters P ¼ 0:07 Pa, Te ¼ 4:1 eV,

and jion ¼ 17 A/m2

Parameter Value

H 0 density, 1016 m�3 6

Hþ density, 1016 m�3 0.1

Hþ
2 density, 10

16 m�3 0.2

Hþ
3 density, 10

16 m�3 1

H 0 flux, 1020 atom/m2 s 0.8

Ion flux, 1020 atom/m2 s 2.5

Maximum permeation flux, 1020 atom/m2 s 0.8

H2 sorption rate, 10
20 atom/m2 s 0.05

Fig. 1. Schematic of the In1 vacuum system: ðP Þ vacuum gauge and ðSÞ mass-analyzer.

234 A.A. Skovoroda et al. / Journal of Nuclear Materials 306 (2002) 232–240



3. Nb membrane properties

We studied the properties of Nb membranes with

thicknesses of 0.025 and 0.1 mm. The inductively cou-

pled plasma (ICP) analysis showed the existence of

0.15% Ta in both membranes.

Membranes made from an Nb foil after its deep

cleaning were only used. The procedure of cleaning

consists of three steps: (i) the foil is cleaned in acetone,

(ii) the foil is annealed in a vacuum at a temperature of

1300 K, and (iii) both sides of the foil are sputtered by

an intense (30 A/m2) flow of argon ions with energies of

800 eV. The duration of argon cleaning was chosen such

as to ensure the sputtering of 2 lm of the foil. The

profiles of the niobium, oxygen, and carbon concentra-

tions in the original and cleaned foils are shown in Figs.

3 and 4. The profiles were measured by Rutherford

backscattering (RBS) of a 7-MeV proton beam. Before

RBS measurements, the samples were exposed to air.

This exposure explains the appearance of a thin nitrogen

surface layer in Fig. 4.

The quality of the surface was checked by the re-

producibility of the measurements. Good reproducibility

of experimental data was achieved only after the deep

cleaning of the inlet and outlet surfaces and the peri-

odical short argon cleaning of the inlet surface. We also

used the sorption of oxygen at a pressure of 10�4 Pa to

modify the surface. The influence of oxides on the

sorption activity of metals is well known and is de-

scribed in detail, e.g., in [16]. After oxidation, the vac-

uum characteristics of an Nb membrane changed

substantially; however, short argon cleaning restored the

previous membrane properties.

The outlet surface was cleaned only once. The gas

pressure on the outlet side of the membrane never ex-

ceeded 100 Pa. To estimate how the quality of the outlet

surface affected the phenomenon under study, a com-

bined Nb/Pd membrane was fabricated whose outlet

surface was covered with a 1-lm Pd film.

3.1. Distribution of hydrogen in a membrane

The hydrogen distribution in the original foil before

deep cleaning (BDC) and in the membrane after per-

meation experiments was measured by using elastic re-

coil analysis (ERA). A helium beam with an energy of

Fig. 3. Profiles of the Nb, O, and C concentrations near the

surface of a 0.025-mm foil BDC.

Fig. 4. Profiles of the Nb and N concentrations near the

membrane surface after permeation experiments.

Fig. 2. Schematic of the In2 vacuum system.
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1.7 MeV was used for ERA. The detectable level of

hydrogen was 1%. The results of these measurements are

presented in Fig. 5.

We were interested in the distribution of hydrogen in

the membrane body. Therefore, it was unnecessary to

pay attention to the surface hydrogen that appeared due

to the exposure of the membrane in air. The original foil

contained a lot of hydrogen (�9%) in its volume. After
the deep cleaning and permeation experiments, the

density of hydrogen atoms in the membrane decreased.

Note that the hydrogen density in the membrane near its

outlet surface was appreciably higher than near the inlet

surface, exposed by plasma. This paradoxical result has

a simple explanation. The membrane was kept for 5–10

min at a rather high temperature in a good vacuum after

plasma irradiation was terminated. Since the inlet sur-

face was well cleaned by plasma, hydrogen could easily

leave the membrane through this surface.

3.2. Crystal structure and phase transformations in the

membrane

X-ray investigations of the original foil BDC and the

membrane after permeation experiments allow us to

draw the following conclusions. The original foil and the

membrane are textured. In the original foil, the charac-

teristic value of mechanical stress determined from the

diffraction line width is da=a ¼ 0:01 (where a is the pa-
rameter of Nb crystal cell), which is ten times stronger

than in the membrane.

It is known [17] that phase transformations in Nb

affect strongly the attenuation of longitudinal acoustic

waves. We investigated the b ! a phase transformation
in the Nb–H system by using the longitudinal acoustic

resonance at the frequency f � 20 kHz in a 9� 80-mm2

membrane. The dependence of the resonant line width

Df on the membrane temperature was measured. The
membrane with piezoelectric gauges was located in the

vacuum chamber of the In1 installation and was exposed

to gas and plasma under various conditions (see [6,14]

for details). A typical temperature dependence of Df =f
for a 0.025-mm membrane is shown in Fig. 6.

Based on acoustic investigations, we can draw the

following conclusions. A sharp increase in the resonant

line width is observed at the critical temperature Tc ¼
470 20 K, which coincides with the temperature of the
phase transformation of coupled hydrogen (b-phase)
into mobile hydrogen (a-phase) [18]. Under our experi-
mental conditions, the critical temperature did not de-

pend on the membrane thickness and plasma exposure.

4. Experimental results

To investigate how the bulk properties affect super-

permeation, Nb membranes of two thicknesses were

used. The difference in the results obtained under the

same experimental conditions demonstrates the bulk

effects.

4.1. Plasma-driven superpermeation through Nb mem-

branes

Hydrogen superpermeation through membranes with

thicknesses of 0.025 and 0.1 mm was investigated in the

In1 installation. The permeation efficiency at a fixed

temperature was measured for several hours after

switching-on the gas discharge. After the discharge was

switched off, permeation rapidly disappeared.

Figs. 7 and 8 demonstrate the dependences of the

steady-state permeation efficiency on the membrane

temperature for 0.025- and 0.1-mm membranes, re-

spectively. It can be seen that the permeation efficiency

Fig. 5. Profiles of the hydrogen concentration near the surface

of a 0.025-mm foil BDC and the membrane surface after per-

meation experiments (APE).

Fig. 6. Temperature dependence of the acoustic resonant line

width Df =f for a 0.025-mm membrane.
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decreases in nearly inverse proportion to the membrane

thickness. For the 0.025-mm membrane, superperme-

ation appears at a critical temperature of about 570 K. It

is interesting that the temperature dependence is non-

monotonic. The efficiency increases with increasing

temperature and reaches a local maximum, after which it

somewhat decreases and, then, begins to grow again.

The permeation efficiency depends slightly on the ion

flux (in the range 1–30 A/m2), the gas pressure in the

outlet volume (in the range 0.001–0.1 Pa), and the

membrane potential (in the range 0–100 V).

As the membrane temperature increases and then

decreases, a hysteresis effect is observed. The tempera-

ture dependence of the permeation efficiency for three

cycles of heating is shown in Fig. 9. The time during

which steady-state permeation is reached is a few min-

utes for the 0.025-mm membrane at a temperature of

670 K. For the 0.1-mm membrane, this time is a few tens

of minutes at a temperature of 770 K. Therefore, it is

only worth to carry out dynamic experiments with thin

membranes.

The measurements of steady-state permeation show a

small degradation of the efficiency (about 1% per hour).

After 1-min argon cleaning, the permeation efficiency

restores. Both the permeation efficiency and the degra-

dation rate increase slightly with increasing negative

membrane potential.

4.2. Molecular-hydrogen sorption by (desorption from)

Nb membranes

The time dependences of the hydrogen pressure and

the membrane temperature are shown in Fig. 10 for (a)

high (without pumping) and (b) low (with pumping)

pressure. One can see an identical behavior in low-

temperature (400–800 K) and high-temperature (>1000
K) ranges. In these ranges, sorption at high pressure

and desorption at low pressure are observed. In the in-

termediate temperature range, both sorption and de-

sorption are significantly reduced. The conventional

boundary between the low- and high-pressure ranges is

about 3� 10�4 Pa.
The following effects can be observed in low-tem-

perature dynamic experiments. The reversibility of

sorption and desorption processes is observed in exper-

iments with a preliminary outgassed membrane. The

amount of the absorbed gas increases as
ffiffiffi
P

p
at high

pressures. The temperature corresponding to the most

intense sorption at high pressures coincides with the

temperature corresponding to the most intense desorp-

tion at low pressures. The temperature at which sorption

(desorption) is the most intense depends on the heating

rate. The higher the heating rate, the greater the tem-

perature corresponding to the most intense sorption

(desorption). At a constant pressure, the total amount of

Fig. 7. Plasma-driven permeation efficiency g vs. temperature
for 0.025-mm Nb and Nb/Pd (Nb covered with a 0.001-mm Pd

layer on outlet side) membranes at the floating potential, an ion

current density of 15 A/m2, and a hydrogen gas pressure of 0.04

Pa.

Fig. 8. Plasma-driven permeation efficiency vs. temperature for

a 0.1-mm Nb membrane at a potential of )100 V, an ion cur-
rent density of 17 A/m2, and a hydrogen gas pressure of 0.04 Pa.

Fig. 9. Dynamics of the plasma-driven permeation efficiency

for an Nb/Pd membrane: (1) the first cycle of heating and

cooling and (2) the second cycle of heating; the heating rate is

about 15 K/min, the ion current density is 13 A/m2, the mem-

brane potential is )10 V, and the hydrogen pressure is 0.06 Pa.
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the absorbed gas is proportional to the membrane

thickness (in the 0.1-mm membrane, the amount of the

absorbed gas is by a factor of 4 higher than that in the

0.025-mm membrane).

The following effects can be observed in high-tem-

perature dynamic experiments. At a temperature of 1000

K, intense desorption begins at low pressures (or sorp-

tion at high pressures). There is no reversibility of the

sorption and desorption processes in this case. Only one-

half of the previously absorbed hydrogen is desorbed at

cooling.

Note that the measured sorption rate of molecular

hydrogen is much lower than the fluxes of atoms and ions

in plasma-driven permeation experiments (see Table 2).

5. Discussion

The main results of our measurements can be sum-

marized as follows:

1. The permeation efficiency of equilibrium hydrogen

through thin Nb membranes is very low in compari-

son with the efficiency of plasma driven permeation.

2. For Nb membranes, superpermeation in the low-tem-

perature range is observed. It is characterized by the

following properties: (i) the threshold temperature for

the appearance of plasma-driven superpermeation is

about 570 K (see Fig. 7), (ii) the threshold tempera-

ture for the appearance of a sharp peak of acoustic

wave damping is about 470 K (see Fig. 6), (iii) the

temperature dependence of the permeation efficiency

is non-monotonic (see Figs. 7 and 8), and (iv) the

temperature dependences of the gas sorption and de-

sorption rates are non-monotonic (see Fig. 10).

3. The efficiency of plasma-driven permeation in the

low-temperature range is inversely proportional to

the membrane thickness.

The threshold temperatures appear to be close to the

known temperature of the phase transformation in an

H–Nb system, when the coupled hydrogen (b-phase)
transforms into the mobile hydrogen (a-phase) [18].
Phase transformations were detected independently by

acoustic and desorption measurements. The hysteresis

effect observed in the permeation experiments also pro-

vides evidence in support of such transformations.

As was pointed out in [18], the b ! a phase trans-
formation in a polycrystalline material is related to the

behavior of hydrogen on the grain boundaries. At a

threshold temperature of about 440 K (the phase

transformation temperature depends on the amount of

dissolved hydrogen and the surface cleanness), hydrogen

atoms begin to diffuse along the grain boundaries faster

than inside the crystallites. At lower temperatures, hy-

drogen atoms are captured at the grain boundaries (b-
phase) and their diffusion rate becomes lower than inside

the crystallites. Hence, permeation through polycrys-

talline membranes at low temperatures is strongly af-

fected by the bulk defects. At high temperatures, the

diffusion rate of hydrogen atoms along the grain

boundaries and that inside the crystallites both increase;

hence, in this case, the regime of classical superperme-

ation can be realized.

5.1. Non-monotonic temperature dependence of perme-

ation

The most typical experimental result is the non-

monotonic temperature dependences of the permeation

efficiency and the sorption (desorption) rate of hydrogen

in thin Nb membranes in the low-temperature range.

The following hypotheses can be proposed to explain

this phenomenon.

The first hypothesis. Remaining within the classical

permeation theory [1,2,7], we should redefine the diffu-

sion and recombination coefficients in order to take into

account the processes on the grain boundaries. The

experimentally measured decrease in the efficiency of

plasma-driven permeation with increasing membrane

Fig. 10. Time behavior of the hydrogen pressure and the

membrane temperature in the In2 installation (for a 0.025-mm

Nb membrane after intensive argon cleaning): (a) high pressure

(without pumping) and (b) low pressure (with pumping).
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thickness allows us to conclude that diffusion limits the

hydrogen permeation (CL � C0, b � 1) [7]. In this case,

the permeation flux j can be estimated as j ¼ DC=L. For
example, using the value of the hydrogen solubility in

Nb from [19] to determine the hydrogen atom density C
and the diffusion coefficient D, specified in the intro-

duction, we obtain j � 1021 atom/m2 s for a 0.02-mm

membrane at a temperature of 570 K. The estimated

permeation flux is larger than the measured maximum

plasma-driven permeation flux (see Table 2).

The small b value can be achieved either by sub-

stantially reducing the diffusion coefficient D or by in-

creasing the recombination coefficient K with respect to

their values specified in the introduction. At tempera-

tures below the threshold temperature, the diffusion

coefficient of b-hydrogen is supposed to be very small
and the parameter b is much less than unity. During the
phase transformation, the diffusion coefficient for hy-

drogen atoms increases rapidly. As a result, the pa-

rameter b and the permeation efficiency also increase. A
further increase in the temperature results in a decrease

in the parameter b if the activation energy of recombi-
nation is greater than the double activation energy of

diffusion (e.g., this is true for the values specified in

Section 1). The decrease in b will result in the observed
decrease in the permeation efficiency. The change of the

activation energy of recombination can explain the ab-

sence of a substantial decrease in the permeation effi-

ciency in the experiments with a combined Nb/Pd

membrane (see Fig. 7).

The main drawback of this hypothesis is the as-

sumption that, for plasma-driven experiments, the re-

combination coefficient on the outlet surface is much

higher than that specified in Section 1. We remind that,

in our case, the outlet surface was cleaned only once at

the beginning of experiments.

The second hypothesis. We assume that the grain

boundaries form a network of connected �channels�
(CCs) in the bulk of the membrane. The network can

have �open channels� (OCCs) on the surface.
Many phenomena observed in the low-temperature

range can be qualitatively explained based on this as-

sumption. Careful surface cleaning is necessary for the

formation of open channels. If the network has OCCs,

then the phase transformation in a CC should be ac-

companied by the desorption of hydrogen. In fact, we

observed this effect, but only after intensive argon

cleaning. The reversibility of the sorption and desorp-

tion processes is also related to the network. It can ex-

plain the observed increase in the sorption capacity with

increasing membrane thickness. The CC-percolation

phase transformation explains the threshold tempera-

ture for plasma-driven superpermeation. A textured thin

membrane should facilitate percolation.

The theory of molecular gas diffusion in one-dimen-

sional subnanometer channels [20] can be used to dem-

onstrate the non-monotonic temperature dependence of

the permeation efficiency. Note that, in our experiment,

hydrogen atoms diffuse in CCs. This is confirmed by the

observed square-root dependence of the sorption rate on

the gas pressure. The CC transverse dimension is sup-

posed to be so small that only one hydrogen atom can be

placed within it. Thus, a chain of hydrogen atoms can be

disposed along the channel. The displacement of one

atom causes the displacement of all atoms in the dense

chain.

In [20], an expression for the channel diffusion coef-

ficient was derived. The authors designed the tempera-

ture function hðT Þ ¼ rq=L, which describes the degree of
channel filling by particles. Here, r is the atom diameter,
L is the channel length, and q is the number of particles
in the channel. The diffusion coefficient is

DðT Þ ¼ D0 1

 
þ h2

ð1� hÞ2

!
; ð2Þ

where D0 is the usual diffusion coefficient. One can see

that the channel diffusion is faster than usual diffusion

and its temperature dependence can be non-monotonic.

The above model is very simplified, because there are

many other factors that are to be taken into account.

The grain boundaries are the most obvious type of the

bulk defects in polycrystalline metal membranes. The

dislocation network can also be formed due to the in-

tensive irradiation of a membrane during cleaning [21].

These dislocations tend to grow in the course of irradi-

ation. The dislocation �length� can be comparable with
the membrane thickness. The diffusion along the dislo-

cation is fast and can have a non-monotonic tempera-

ture dependence [22].

6. Conclusion

Our experiments with thin Nb membranes have

shown that there are a lot of factors that govern plasma-

driven superpermeation in the low-temperature range.

Material defects and phase transformations determine

the non-monotonic character of the temperature de-

pendence of the permeation efficiency. The efficiency of

steady-state plasma-driven permeation increases with

decreasing the membrane thickness. A maximum effi-

ciency of 25% has been obtained. Argon cleaning in-

creases the efficiency of plasma-driven permeation in the

low-temperature range.
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