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Abstract

A first tritium permeation experiment with pure tungsten specimen, which was 25 pm thick, and annealed at 1273 K
for 3 h, was successfully carried out using pure tritium ion beam. The deuterium permeation experiment was also
carried out using the same tungsten specimen. The permeation of deuterium and tritium at steady state was found to be
controlled by diffusion at implantation side and permeation side (DD regime). No significant isotope effect was ob-
served on the steady-state permeation behavior between deuterium and tritium. On the other hand, the isotope effect on
the effective diffusion coefficient in tungsten, derived from the analysis of transient permeation behavior, was observed
between deuterium and tritium. The result indicates tritium has larger activation energy of effective diffusion than
deuterium. It was not inconsistent with the reported isotope effects of diffusion coefficient for bcc metal, to which

tungsten belongs. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 28.52.Fa

1. Introduction

In a deuterium (D)-tritium (T) fusion reactor devel-
opment, knowledge of tritium behavior in and out of a
fusion facility is one of the key issues. Especially, esti-
mation of permeation amounts of tritium to coolant
through plasma facing components is important in order
to establish its safety evaluation method. It is known
that the permeation of hydrogen isotopes through metal
by plasma exposure or by ion implantation is greatly
enhanced compared to that by gas exposure under the
same incident particle flux condition. These phenomena
are referred to as plasma driven permeation (PDP),
implantation driven permeation (IDP) and gas driven
permeation (GDP), respectively. From the viewpoint of
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safety of fusion reactors, it is important to know thor-
oughly about tritium permeation through plasma facing
components, and thus various experiments concerned
with the PDP [1-3] and IDP [4-7] have been performed.

Though many of the above studies were performed
using deuterium or hydrogen, there are only a few re-
ports on IDP or PDP with tritium, such as those on PDP
by Causey et al. [2] by discharge methods, and tritium
retention work by Yamaguchi et al. [§] using ion gun. In
addition, even these studies were performed using tri-
tium swamped by deuterium or hydrogen.

Authors have investigated the IDP behavior of deu-
terium implanted into tungsten and other metals [9-11]
in order to obtain knowledge on the permeation mech-
anism using a tritium permeation apparatus (TPA) [12]
at Tritium Process Laboratory (TPL) of Japan Atomic
Energy Research Institute (JAERI) [13]. The production
of pure tritium ion beam was then successfully carried
out with the TPA, and the first tritium permeation ex-
periment was performed for pure tungsten, which is one
of the candidate materials for divertor plates for Inter-
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national Thermo-nuclear Experimental Reactor (ITER).
In this report, the permeation behavior of tritium
through tungsten is presented, and the isotope effect on
the permeation behavior between tritium and deuterium
is discussed.

2. Experimental
2.1. Apparatus

The TPA [12] consists of the following five sub-sys-
tems: (1) an ion source for production of a hydrogen
isotope ion beam with high flux and low energy, (2) an
ion implantation chamber system, (3) a measuring sys-
tem of the permeated gases through the target, (4) tri-
tium supply and recovery system, and (5) a vacuum
pump system. The whole system has been installed in a
glovebox of TPL at JAERI. The schematic diagram of
tritium permeation apparatus is shown in Fig. 1.

The ion source is a modified quartz capillary duo-
PIGatron in order to produce low energy ions with high
intensity designed by Isoya [14]. More than 90% of the
ion species in the extracted beams was confirmed to be
atomic ion by means of mass spectrometry. The other
species were di-atomic and tri-atomic ions. The mono-
chromatic atomic ion energy can be varied from 100 eV
to 2 keV. The effective implantation area of the target is
25 mm in diameter. Tritium supply and recovery system
of the TPA consists of two zirconium—cobalt beds (for
supply and recovery), a reservoir tank (3 1 in volume)
and a pressure measuring system. Permeation fluxes are
measured by a quadrupole mass spectrometer (M /e = 4
for D, and M /e = 6 for T,), calibrated by the capillary
method using D, and T,, respectively. The permeation
flux is determined from the increase of the above mass
peaks. The base pressure of upstream chamber is
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maintained below 3 x 107¢ Pa by a cryo-pump. The gas
pressure of the upstream (incident) side in the main
chamber is controlled at around 4 x 10~* Pa during the
experiment. The base pressure of the down-stream
(permeation) side is kept below 1 x 10> Pa during the
experiment by an ion-pump.

2.2. Samples and permeation experiment

Pure tungsten (>99.5%) metal sample from Nilaco
corporation was cut into discs of 34 mm# from a foil of
25 pm thick to be used as the target for the permeation
experiments. Major impurities in the tungsten foil were
Mo(150 ppm), Pb and Si(<50 ppm), respectively. A
sample foil was annealed at 1273 K for 3 h in a vacuum
furnace before the experiment. The permeation experi-
ment was carried out with deuterium ion beam at first
and then with tritium ion beam without replacing the
target specimen: both the deuterium permeation char-
acteristics and tritium permeation characteristics were
investigated with the same tungsten specimen.

The deuterium experiment was carried out by the
following method. The specimen was heated up to about
670 K for several hours under vacuum for degassing
after clamping on the target flange. Pre-implantation
with the deuterium ions was then carried out at about
660 K until the permeation flux became constant. After
these preparations, the permeation characteristic mea-
surement was performed, where the constant energy
deuterium ions were implanted into the constant tem-
perature specimen with constant ion flux. The perme-
ation flux was measured by a quadrupole mass
spectrometer (QMS) scanning the mass number 3-6.
The implantation was continued until the permeation
flux reached steady state. The permeation flux was
measured even after the implantation was terminated
until it reached the base value. A series of permeation
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Fig. 1. Schematic diagram of the TPA.
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experiments were performed as a function of target
temperature, incident ions flux and incident ion energy.

The tritium experiment was performed with the same
procedure as the deuterium experiment except for using
tritium gas (>95% purity) instead of deuterium gas.
Tritium was loaded to the reservoir tank from the Zr-Co
supply bed. Total usage of tritium gas at the present
tritium experiment was about 0.26 PBq (7100 Ci). Al-
most all the tritium gas introduced into ion source was
evacuated by a cryo-pump, and was recovered into the
Zr—Co recovery bed by a regeneration of the cryo-pump
after experiment.

3. Results and discussions

Fig. 2 shows typical traces of tritium permeation flux
measured in the present experiment. More than 90% of
the permeated tritium was released in the form of T,.
The permeation behavior was analyzed both at steady
state and transient state.

3.1. Permeation behavior at steady state

Figs. 3(a)—(c) show the parameter dependence of the
steady-state permeation behavior of D and T implanted
into pure tungsten. Dependencies of the permeation flux
of D and T on temperature, incident ion flux and inci-
dent ion energy are shown in Figs. 3(a)—(c), respectively.
Where, the incident ion energy was converted to mean
projected range of D and T in tungsten, which was de-
rived TRIM calculation [15].

The value and the parameter dependencies of the
permeation flux of D and T observed in the present
experiment were similar to each other as shown in Figs.
3(a)—(c). Permeation fluxes of D and T were found to be
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Fig. 2. Typical IDP traces measured at the experiment, where
the tritium ions were implanted into pure tungsten at various
temperatures.

nearly constant and independent of the specimen tem-
perature as shown in Fig. 3(a). The permeation fluxes of
D and T were almost proportional to the incident ion
flux as shown in Fig. 3(b). And n values, which were
determined from the following relationship: ¢, = k¢!,
where ¢, is the permeation flux, ¢; is the incident flux,
and k is the constant, were found to be 1.24 and 1.12 for
D and T, respectively. Permeation fluxes of D and T
were found to increase with increase of the mean pro-
jected range as shown in Fig. 3(c).

The rate-determining process of the permeation of
D and T through pure tungsten was discussed from the
results of the steady-state permeation characteristics.
From the steady-state hydrogen transport model pro-
posed by Doyle and Brice [16,17], the permeation
process of hydrogen isotopes implanted into metals can
be classified into four categories depending on whether
the rate-determining step is the recombination reaction
on the surface or diffusion process for hydrogen iso-
topes, at the front or back side of the metal. These are
(1) recombination reaction at both sides (RR regime),
(2) the recombination at the front side surface and
diffusion in the back side (RD regime), (3) diffusion in
both sides (DD regime) and (4) diffusion in the front
side and recombination at back side (DR regime). The
permeation flux equation for each of the above regimes
is listed in Table 1 with parameter dependence. By
comparing the parameter dependencies of the predicted
permeation characteristics with parameter dependencies
of observed steady-state permeation behavior, it is
possible to estimate the rate-determining process of
steady-state permeation of D and T through pure
tungsten. Because the experimental results showed that
(1) the permeation is almost constant and independent
of specimen temperature, (2) the permeation is almost
proportional to incident ion flux, and (3) the perme-
ation increases with increase of ion energy, which
corresponds to the increase of range, it is appropriate
to classify these permeation behavior into the DD re-
gime as shown in Table 1, in the case where it is as-
sumed the activation energy of the diffusion coefficient
in the implanted side and bulk is equal. These results
agree with the previous results of the permeation be-
havior of the deuterium implanted into unannealed
tungsten [10].

From the discussion of the steady-state permeation
characteristics, it is concluded that the permeation of D
and T through pure tungsten at steady state is controlled
by the DD regime, and this result agreed with the pre-
diction by the model for tungsten [16,17].

As to the isotope effect of steady-state permeation, no
significant difference between D and T on the steady-
state permeation behavior was observed. When the
permeation is controlled by DD regime, the isotope
effect of diffusion coefficient on the permeation flux
is canceled out between the diffusion coefficient at
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Fig. 3. Parameter dependencies of the permeation of deuterium and tritium through pure tungsten at steady state. (a) Temperature
dependence of the permeation fluxes of D and T, (b) incident ion flux dependence of the permeation fluxes of D and T, and (c) incident
ion energy dependence of the permeation of D and T, where, incident ion energy was converted to the mean projected range.

implantation side and permeation side as shown in an
equation of Table 1. Additionally the isotope effect of
the mean projected range predicted by TRIM calcula-
tion [15] is small. Therefore, significant isotope effect will
not appear on the steady state permeation in DD re-
gime. The present experimental observation does not
contradict with the above discussions.

3.2. Permeation behavior at transient state

Transient behavior of the permeation of D and T was
also analyzed. The ‘lag time’, which was derived from
the difference between the ‘beam on’ time and the time
axis intercept of a ‘steepest-slope’ line tangent to the
permeation signal, was derived for D and T, respec-
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Table 1

Clarification of steady-state hydrogen transport model proposed by Doyle and Brice [16,17] with the expressions of permeation flux

Regime ¢, Expression ¢; Dependence r Dependence
RR by = kb]i: 0 o, Pp x P; Independent
PR bo = de ox 01 frocr

RD dp = dl\)/b]?f \/05_‘7)1 bp X /P, Independent
pD e =y 2 br o< 6 frocr

where, ¢,: permeation flux, ¢;: incident flux, D: diffusion coeflicient, k: recombination coefficient, r: range, d: thickness of foil,
o: sticking coefficient subscripts f: implantation side, b: permeation side.

tively. This lag time, which was proposed by Longhurst
[18] theoretically for analysis of the permeation strongly
affected by trap effect, should be distinguished from the
‘time-lag’, which is one of the methods to derive the
diffusion coefficient.

Fig. 4 shows the temperature dependence of observed
lag time for D and T. This figure also shows the reported
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Fig. 4. Temperature dependence of lag time, where, D-aW and
T-aW mean results of deuterium and tritium observed in the
present experiment, respectively. D-nW means result of deute-
rium in the unannealed tungsten. A, B, and C mean unannealed
tungsten, annealed tungsten at 1627 K and annealed tungsten at
1273 K, respectively, reported by Anderl et al. [7].

lag time of deuterium with several tungsten foils by
Anderl et al. [7]. Observed lag time is almost agreed with
those by Anderl et al. The difference of lag time between
annealed and unannealed tungsten was observed for
deuterium, and it has been discussed in the other reports
[10,11]. The absolute values of lag times of D and T for
the annealed tungsten foil were almost similar. There
are, however, slight difference in the temperature de-
pendence as shown in Fig. 4. Observed difference indi-
cates isotope effect on the transient permeation
behavior.

In the previous report [11], it was shown that the
deuterium permeation implanted into unannealed
tungsten foil could be expressed with the assumption of
existence of trap site, with the trap energy of 0.9 eV and
trap density of 40 ppm according to TMAP [19] analysis.
On the other hand, the transient permeation curves of
deuterium implanted into annealed tungsten foil could
be expressed by the simple diffusion equation with ef-
fective diffusion coefficient which involves virtually in-
distinguishable trap effect from the reduce of the
diffusion coefficient. Based on such result, the effective
diffusion coefficient of tritium in annealed tungsten was
determined in order to discuss the isotope effect on the
transient permeation behavior in detail.

When the IDP is controlled by the DD regime, the
transient permeation behavior at permeation rising can
be expressed by the diffusion equation in Eq. (1) under
the initial and boundary conditions in Eqgs. (2) and (3),

0C(x, ¢) Da2c(x t)

=0 = p= 2 (a6 ), (M)
¢1(0) = 07 d)i(t) = d)ia (2)
C(0,1)~0, C(d,f)~0, (3)

where C(x,t),D, ¢;(¢t),r and o(x — ) are hydrogen con-
centration, diffusion coefficient, incident flux, mean
projected range and delta function, respectively. C(0,¢)
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and C(d,r) mean hydrogen concentration at implanted
surface and permeation surface, respectively.

According to the report by Tanabe et al. [4], the
permeation flux can be expressed by Eq. (5) by solving
Egs. (1) ~ (2) under the condition of r < d,

pylt) = DL @
Pp(1) > " nm 2
3oroc) _1+2;(71) exp(7D<7) z), (5)

where ¢,(¢) and ¢,(oc) mean permeation flux at time ¢
and steady state, respectively. Therefore, Eq. (5) was
used to determine the diffusion coefficient from transient
permeation analysis.

Fig. 5 shows temperature dependence of derived ef-
fective diffusion coefficient of D and T in tungsten. This
figure also shows the hydrogen diffusion coefficient in
tungsten reported by Frauenfelder [20]. In Fig. 5, the
effective diffusion coefficient derived by curve-fitting was
quite smaller than that reported by Fraunfeleder, and
slight difference was observed in effective diffusion co-
efficient between D and T as well as observed lag time as
shown in Fig. 4. Obtained effective diffusion coefficients
of D and T derived by least-square fitting in the same
temperature range (580-660 K) shown in Fig. 5 are
represented in Egs. (6) and (7), respectively,
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Fig. 5. Temperature dependence of effective diffusion coeffi-

cient of deuterium and tritium in pure tungsten annealed at
1273K.

DR =3.60 x 10~ exp(—58.7 kJ/mol/RT) (m*/s), (6)
DL = 6.74 x 10 exp(—70.1 kJ/mol/RT) (m?/s). (7)

As to the effective diffusion coefficient (D), it is
known that the D is given in Egs. (8) and (9) with the
diffusion coefficient (D) and trapping parameter () [18],

D = (D, (8)
22y E;
C:p—DeXp<_ﬁ>’ )

where A is the material lattice spacing, v is the Debye
frequency, p is the trap site density, and E, is the trap
energy.

Observed small D could be attributed to the trap-
ping parameter shown in Eq. (9), which is virtually
indistinguishable from the reduction of diffusion
coefficient as well as that in the previous report [11].
When the diffusion coefficient is known, the trap effect
represented trapping parameter in Eq. (9) will be de-
rived. However, since there are uncertainties on the ex-
trapolation of Frauenfelder’s diffusion coefficient in a
lower temperature range, which has been measured at
higher temperature above 1200 K, it is difficult to discuss
the trapping effect in the annealed tungsten qualitatively
in this position. Further database of trapping effect in
the tungsten is desired deeper discussion of trap effect in
tungsten.

3.3. Isotope effect of effective diffusion coefficient

There is slight difference in activation energy of dif-
fusion between D and T in Egs. (6) and (7). The D is
expressed by the trapping parameter and diffusion co-
efficient as shown in Egs. (8) and (9). Generally, it is
believed that trapping effect does not include isotope
effect, whereas the diffusion process does. Isotope effect
of diffusion coefficient is known to be expressed in
Eq. (10) [21],

D*/DP = (m® fm*)'", (10)

where D* and DP are the diffusion coefficients of species
of mass m* and mP, respectively.

According to Eq. (10), the diffusion coefficient should
be inversely proportional to the square root of the mass
ratio, while the activation energy of diffusion should be
independent. However, the obtained activation energies
of effective diffusion coefficient between D and T were
different. The reported isotope effects are inconsistent
with the theoretical prediction. For example, reported
isotope effects of the hydrogen diffusion in metal were
summarized by Vogle and Alefeld [21], where, for fcc
metals, the activation energy of diffusion was reported to
decrease with the mass increase, and on the other hand,
for bcc metals, the activation energy of diffusion is
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reported to increase with the mass in contrast to fcc
metals.

There are quite a few reports on hydrogen diffusion
in tungsten, which is one of the bcc metals. However,
there are no reports on isotope effect of hydrogen dif-
fusion in tungsten. It is difficult to declare, the tendency
of observed activation energy of Dy in tungsten for D
and T, where larger activation energy was observed for
larger mass isotope, agreed with that for the bcc metals
(Nb, Ta, V [21]) as summarized by Vogle and Alefeld.
Because derived Der of D and T in annealed tungsten
involves indistinguishable trap effect as mentioned in
previous section, the possibility that observed isotope
effect on D can be attributed to isotope effect of the
trapping parameter between D and T cannot be ne-
glected.

For further understanding on the tritium transport
characteristics in tungsten, it will be desirable to carry
out additional experiment on a well-characterized
tungsten specimen, such as trap free or trap reduced
specimen, in order to exclude the influence of trap effect
in tungsten. By knowledge of further experiment, it will
be possible to clarify the isotope effect on hydrogen
isotope diffusion in tungsten. And it would be useful for
more accurate estimation of tritium permeation or re-
tention in a fusion reactor.

4. Conclusion

A first tritium permeation experiment through pure
tungsten was successfully carried out using pure tritium
ion beam in TPA at JAERI.

The results revealed that at steady-state permeation
fluxes of D and T were independent of specimen tem-
perature, were proportional to the ion flux, and in-
creased with the ion energy, indicating that the
permeation was controlled by diffusion in both sides
(DD regime). The permeation behavior of D and T
showed almost the same characteristics. No significant
isotope effect was observed on the permeation behavior
between deuterium and tritium at steady state. These
results were consistent with the theoretical transport
model proposed by Doyle and Brice.

On the other hand, isotope effect was observed on the
lag time and effective diffusion coefficient obtained
through analysis of transient behavior. Obtained effec-
tive diffusion coefficient for tritium had a larger activa-
tion energy than that for deuterium. Although this result
was not consistent with the theoretical description by

classical diffusion theory, it was consistent with the re-
ported isotope effects for bcc metal, to which tungsten
belongs.

Acknowledgements

Authors would like to thank Drs M. Seki and S. Seki
for their continuous encouragement to this work. Au-
thors also would like to acknowledge Dr R. Causey for
his helpful discussions on this work.

References

[1] H.K. Perkins, T. Noda, J. Nucl. Mater. 71 (1978) 349.
[2] R.A Causey, R.A. Kerst, B.E. Mills, J. Nucl. Mater.
122&123 (1984) 1547.
[3] Y. Hatano, H. Nakamura, H. Furuya, M. Sugisaki, J. Vac.
Sci. Technol. A 16 (1998) 2078.
[4] T. Tanabe, Y. Furuyama, N. Saito, S. Imoto, Trans. Jpn.
Inst. Met. 28 (1987) 706.
[5] T. Nagasaki, R. Yamada, H. Ohno, J. Nucl. Mater. 179—
181 (1991) 335.
[6] R.A. Anderl, D.F. Holland, G.R. Longherst, J. Nucl.
Mater. 176&177 (1990) 683.
[71 R.A. Anderl, D.F. Holland, G.R. Longhurst et al., Fus.
Technol. 21 (1992) 745.
[8] K. Yamaguchi, M. Okada, O. Onoue, F. Ono, M.
Yamawaki, J. Nucl. Mater. 258-263 (1998) 1104.
[9] H. Nakamura, T. Hayashi, S. O’hira, M. Nishi, K. Okuno,
J. Nucl. Mater. 258-263 (1998) 1050.
[10] T. Hayashi, H. Nakamura, M. Nishi et al., Fus. Eng. Des.,
To be published.
[11] H. Nakamura, T. Hayashi, Y. Iwai, M. Nishi, Fus.
Technol. 39 (2001) 894.
[12] K. Okuno, S. O’hira, H. Yoshida, Y. Naruse et al., Fus.
Technol. 14 (1988) 713.
[13] Y. Naruse, Y. Matsuda, K. Tanaka, Fus. Eng. Des. 12
(1990) 293.
[14] A. Isoya, Helv. Phys. Acta 59 (1986) 632.
[15] J.F. Ziegler, The Stopping and Range of Ions in Matter,
vol. 2-6, Pergamon, Oxford, 1977-1985.
[16] B.L. Doyle, J. Nucl. Mater. 111&112 (1982) 628.
[17] D.K. Brice, B.L. Doyle, J. Vac. Sci. Technol. A 5 (1987)
2311.
[18] G. Longhurst, J. Nucl. Mater. 212-215 (1994) 1015.
[19] G.R. Longhurst, D.F. Holland, J.L. Jones, B.L. Merrill,
EGG-FSP-10315, 1998.
[20] R. Frauenfelder, J. Vac. Sci. Technol. 6 (1964) 388.
[21] J. Volkl, G. Alefeld, in: A.S. Nowick, J.J. Burton (Eds.),
Diffusion in Solid, Academic, New York, 1975.



