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Abstract

Recombination coefficient of deuterium on either side of a palladium membrane was experimentally studied. Under

conditions that one side of the membrane was continuously exposed to a deuterium plasma and the permeation flux was

monitored on the other side, two experiments were conducted. One was to observe the transient behavior of the

permeation when the incident flux from the plasma was quickly changed and the other was to observe the deuterium

concentration by the nuclear reaction analysis. The permeation was limited by the second-order kinetics with respect to

deuterium concentration, and the recombination coefficient ku on the plasma-facing side was expressed by

ku ¼ 1:5� 10�27 expð�0:48 eV=kT Þ m4 s�1, which is explained by the Pick�s model. The recombination coefficient kd on
the downstream side was the same as ku at lower temperatures but showed different temperature dependence above 400
K. This can also be explained by the model but another process of the second-order kinetics may be present.

� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The recombination of hydrogen, in which two atoms

recombine to form a molecule, is often the rate-deter-

mining process for hydrogen desorption from surface,

and hence the recombination coefficient is important for

evaluating both hydrogen recycling and tritium inven-

tory in plasma-facing materials. The recombination co-

efficient is a phenomenological constant and is generally

a function of the rate constants for some surface pro-

cesses [1–4]. It is difficult to predict actual values due to

lack of sufficient information on the processes and in-

vestigation on recombination is still needed.

In the present work, the recombination coefficient on

palladium, exposed to deuterium plasma, is experimen-

tally studied by transient permeation measurement [5]

and the in situ observation of concentration [6]. There

have been reported some features in palladium, for ex-

ample, a coverage-dependent recombination [7] and a

difference of recombination between a hydrogen-facing

side and a vacuum-facing side [8]. These features are

expected to be examined by our experimental system

and the results would help to understand a mechanism

of the recombination phenomena. In addition, palla-

dium is being employed for practical use such as sepa-

rating hydrogen isotopes from mixed gas in fusion

technology. The values of the recombination coefficient

will be of use, but available data [8,9] are not so many.

2. Experiment

Two experiments on deuterium permeation through

palladium were performed. One was an observation of

the transient behavior of the permeation when incident

flux of deuterium was quickly changed. The other was

an in situ observation in which the permeation flux and
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the deuterium concentration were observed simulta-

neously. In both experiments, a palladium sheet with

0.1-mm in thickness and 99.95% in purity was used for

samples.

In the transient permeation experiment, the sample

was mounted between two vacuum chambers; one was

an upstream-side chamber in which a discharge tube for

deuterium plasma was located and the other was a

downstream-side chamber in which a quadrupole mass

analyzer was set to monitor the permeation flux. In

order to observe the transient behavior of permeation, a

mechanical shutter was installed between the sample and

the discharge tube. The shutter had two areas, one with

a large hole and the other with some small holes, to

change the incident flux of deuterium from the plasma in

a short time, typically 30 ms. Details of the experimental

setup have been explained elsewhere [5].

In the in situ experiment, the components of the

setup were essentially the same as above, except that a

system for the nuclear reaction analysis (NRA) was in-

stalled instead of the shutter. A probing beam of 0.8-

MeV 3Heþ ions from a 4 MV Van de Graaff Accelerator

of Kyoto University irradiated the upstream side of the

sample at 45� to the surface normal and protons pro-
duced by the reaction D(3He,p)4He were detected by

a solid-state detector located at a scattering angle of

174.3�. The energy spectrum of the protons was con-

verted into a depth profile of deuterium [10] from sur-

face to around 0.5 lm depth. Details of the in situ

experiment have been explained elsewhere [6].

To minimize the effects of irradiation, the beam flux

was restricted to 1� 1016 m�2 s�1 and the beam dose

per measurement was less than 1� 1019 m�2. During

the NRA, the sample was continuously exposed to the

plasma and the permeation flux was simultaneously

monitored.

3. Results

3.1. Transient permeation experiment

The transient behavior of the deuterium permeation

was observed between 398 and 571 K. When the shutter

was set to the large hole and the permeation flux Ji be-
came constant, the shutter was quickly moved to the

small holes at t ¼ 0 and the decrease in the permeation
flux JðtÞ was monitored until it became constant, Jf . In
this case of decrease evolution, Ji > Jf . A typical de-

crease curve of JðtÞ at 452 K is shown in Fig. 1. An

increase curve when the shutter was moved from the

small holes to the large one (Ji < Jf ) is also shown.
The permeation flux begins to change at t ¼ 0 with-

out any time-lag in each curve, which indicates the

permeation is not limited by the diffusion process. When

the desorption of deuterium from each side is limited by

the second-order kinetics with respect to deuterium

concentration, JðtÞ is expressed as [11,12]

JðtÞ ¼ Jf
AðtÞ � 1
AðtÞ þ 1

� �2
; ð1Þ

AðtÞ ¼
ffiffiffiffi
Jf

p
þ

ffiffiffiffi
Ji

p
ffiffiffiffi
Jf

p
�

ffiffiffiffi
Ji

p expðktÞ; ð2Þ

k ¼ 2ðku þ kdÞ
ffiffiffiffi
Jf

p

L
ffiffiffiffiffi
kd

p ; ð3Þ

where L is the sample thickness, ku and kd the recombi-
nation coefficients at the upstream and the downstream

sides, respectively. The parameter k has to be fitted to
the evolution curve. The results of the calculation with

these equations agree well with the experimental data as

shown in Fig. 1. In the temperature range investigated,

all the other data can also be well reproduced by the

calculation. This confirms the assumption of the second-

order kinetics.

In order to estimate ku and kd, a parameter y is in-
troduced. It is a function of ku and kd and derived from
Eq. (3) as

y ¼ ðku þ kdÞ=
ffiffiffiffiffi
kd

p
¼ Lk=2

ffiffiffiffi
Jf

p
: ð4Þ

The temperature dependence of y is shown in the Arr-
henius diagram of Fig. 2. The values of y do not form a
straight line. This suggests that ku and kd are different
from each other.

Fig. 3 shows the temperature dependence of the

steady-state permeation flux J in case of the large hole.
From the particle balance at the steady state, J is ex-
pressed as

J ¼ F � ku=ðku þ kdÞ; ð5Þ
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Fig. 1. Typical evolution curves in permeation flux of deute-

rium at transient state.
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where F is the incident flux of deuterium. From Eqs. (4)
and (5), the recombination coefficients can be derived.

The incident flux from the rf plasma, however, is difficult

to determine and is not always a constant value as will

be discussed later. So ku and kd cannot be determined
from the transient experiment only.

3.2. In situ observation

The temperature dependence of the steady-state

permeation flux during the in situ observation is shown

in Fig. 3. The sample was closer to the discharge tube

than in the transient experiment, the permeation flux

became higher and was observed at a very low temper-

ature of 338 K.

A deuterium depth profile observed by the NRA

showed a peak at the surface and a plateau in the bulk.

This profile was a typical one that has also been ob-

served in our previous works [13,14]. The peak area and

the height of the plateau correspond to the areal density

S of absorbed deuterium on surface and to the con-

centration C of dissolved deuterium in the bulk, re-

spectively. Both S and C increased with decreasing

temperature as shown in Fig. 4.

From C in Fig. 4 and J in Fig. 3, the recombination
coefficient on the downstream side, kd, can be directly
obtained from the relation J ¼ kdC2, assuming that C is
uniform over the sample and all deuterium atoms are

dissolved. The results are shown by circles in Fig. 5. In

the experiment, the NRA was conducted twice at each

temperature except for the highest and the lowest ones.

If traps were produced by the probing beam, the ap-

parent value of kd at the first observation should be lager
than that at the last one but the data showed no hys-

terisis. No traps contributed to the concentration. Some

scattered data in Figs. 3 and 4 are attributed to insta-

bility of the plasma.

The value of ku is estimated from Eq. (4) by substi-

tuting kd and y. In the estimation, an asymptotic line, y0

in Fig. 2, of y at lower temperatures is applied below 400
K. The results are shown by triangles in Fig. 5. Below

 

 

 
 

Fig. 2. Temperature dependence of a parameter y. y is a func-
tion of recombination coefficients and explained in the text.

  

 

 

 
 

Fig. 3. Temperature dependence of the steady-state permeation

flux in the transient permeation experiment (circles) and in the

in situ observation experiment (triangles).

Fig. 4. Temperature dependence of the surface density S and
the concentration in bulk C of deuterium observed by the NRA.
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400 K, kd is very close to ku but deviates at higher
temperatures. From Fig. 5, ku is found to be expressed
by one Arrhenius relation of

ku ¼ 1:5� 10�27 expð�0:48 ½eV�=kT Þ ½m4 s�1�: ð6Þ
The energy term in Eq. (6) is close to that for ku by Park
et al. [8] although absolute value of ku is slightly differ-
ent. Data by Antoniazzi et al. [9] agree with ku of the
present work below 500 K (see Fig. 4 in Ref. [9]).

4. Discussion

The permeation flux J estimated by Eq. (5) with ku
and kd is shown by broken lines in Fig. 3, where constant
values of F are assumed in both the cases in the transient
and the in situ experiments. The data agree with the

results of calculation at higher temperatures but largely

deviate at lower temperatures, where ku and kd are
nearly the same and hence J should be independent of
temperature. It is likely attributed to saturation of

deuterium on surface. The surface density S, which is
proportional to the surface coverage h of deuterium,
seems to be saturated below 380 K as shown in Fig. 4. If

h is not negligible, the impinging flux is denoted by
F ð1� hÞ because the incident atoms with a fraction of
ð1� hÞ cannot find empty sites to be absorbed on sur-
face. More quantitative analysis is difficult since the

precise value of ð1� hÞ cannot be determined in case of
h being close to unity.

According to the Pick�s model [3], the energy term in
Eq.(6), Eku, is �2ðEs � EcÞ, where Es and Ec are heat of
solution and activation barrier for desorption, respec-

tively. Although Es depends on hydrogen concentration
and temperature, it can be regarded as a constant value

of around )0.08 eV [15] under our experimental condi-
tions. If this model is applied, Ec is 0.16 eV. The pre-
exponential factor ku0 of ku is around mN�4=3=h2 [3,4],
where m, N and h are the attempt frequency, the atomic
density of palladium and the number of solution sites

per host palladium atom, respectively. The value of ku0 is
estimated to be 3:6� 10�26 m4 s�1 when m ¼ 1013 s�1 and
h ¼ 1. It can be said that this value is not so different
from that in Eq. (6), if comparisons are made in terms of

logarithmic scales.

From the above discussion, the value of ku can be
explained by the Pick�s model but the surface processes
do not seem to be fully understood as the followings:

The model is based on some conditions that forming a

molecule from two atoms on surface is the rate-deter-

mining process of desorption, the jumping rate of an

atom from bulk to surface, k4Cð1� hÞ=hN , is approxi-
mately balanced to that from surface to bulk, k3h, and
the surface coverage h is proportional to the concen-
tration C in bulk. Parameters of k3 and k4 are rate
constants for jumping from surface to bulk and jumping

from bulk to surface, respectively. At higher tempera-

ture where h � 1, the last condition applies because

k3h ¼ k4C=hN . At lower temperature where h becomes
high, the condition would be no longer applicable but ku
can be expressed by one equation of Eq. (6) in the whole

temperature range. The reason is not clear as long as the

jumping rate from bulk to surface is expressed by

k4Cð1� hÞ=hN but not k4C=hN in the model.

The values of kd are essentially the same as those of ku
at lower temperatures but deviate at higher tempera-

tures. A possible process for kd at higher temperatures is
the recombination of two atoms on surface and subse-

quent desorption without the barrier. The energy term

of kd at higher temperatures is around 0.17 eV and is
nearly the same as �2Es of 0.16 eV. If it is adopted,
another rate-determining process with the second-order

kinetics would be required for ku, since Ec ¼ 0 is also
expected to the upstream side, which is continuously

cleaned by deuterium atoms. A possible process for ku is
that two atoms in the bulk just beneath the surface jump

to form a molecule outside the bulk [16,17]. In this

process the potential barrier for an atom would be the

same as the activation energy for diffusion, Ed, and the
energy term of the recombination coefficient is 2Ed. As
Ed is 0.21 eV for deuterium in palladium [18], the energy
term is 0.42 eV, which is close to the value in Eq. (6).

This process could explain temperature dependence of kd
at lower temperatures and ku at the whole temperature
range but no clear evidence is observed in the present

work.

Fig. 5. Temperature dependence of the recombination coeffi-

cients ku on the upstream side and kd on the downstream side.
Data for hydrogen by other researchers� works [8,9] are also
shown.
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5. Summary

Concerned with the mechanism of hydrogen de-

sorption from solid surface and practical requirement

in fusion technology, the recombination coefficient of

deuterium on either side of a palladium membrane was

determined from two experiments. Under continuous

exposure of the deuterium plasma to one side of the

sample, transient behavior of permeation and the deu-

terium concentration near the plasma-facing surface

were observed. As the results, the permeation was lim-

ited by the second-order kinetics of concentration and

the recombination coefficient ku on the plasma-facing
side was expressed by one Arrhenius equation. The re-

combination coefficient kd on the vacuum-facing side
was essentially the same as ku at lower temperatures but
showed different temperature dependence above 400 K.

Although the temperature dependence can be explained

by the Pick�s model with some activation barrier for
desorption, another process of recombination of two

atoms in the bulk just beneath the surface is suggested.

Further investigation is worthwhile to understand the

recombination phenomena comprehensively.
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