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a b s t r a c t

Multiplier effects of tritium plasma and neutron irradiation on microstructural evolution in tungsten
were investigated using computer simulations based on a rate theory. The effects of irradiation temper-
ature and dissociation energy of tritium-vacancy clusters on the interaction between tritium and defects
were also investigated. At the lower temperature (473 K), vacancies trapped tritium to form tritium-
vacancy clusters, which grew rapidly. When the irradiation temperature increased to 873 K, however,
it was difficult for a tritium-vacancy cluster to absorb a new tritium, and thus, the concentration of tri-
tium-vacancy clusters was about eight orders of magnitude lower than that at 473 K.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Reducing the tritium inventor, which is associated with damage
in the surface region of plasma-facing materials (PFMs), such as
blistering and erosion, is a key issue in fusion reactors. Important
criteria for choosing PFMs are a high melting point, high thermal
conductivity and low sputtering erosion. Tungsten, molybdenum
(high-Z materials), carbon, carbon fiber composites and beryllium
(low-Z materials) have been selected as PFMs because of their out-
standing thermal properties. However, recent studies have re-
vealed that carbon-based materials retain high levels of tritium
by co-deposition with eroded carbon, which could severely limit
plasma operation [1–3]. Metallic materials, such as tungsten and
molybdenum, prevent tritium retention, but maintaining plasma
purity with high-Z materials remains a concern. PFMs must typi-
cally withstand damage produced by particles with up to 10 keV
of energy and heat loads from the plasma, in addition to neutrons
with high energy, high flux and high fluence, similarly to structural
components. Neutron irradiation produces radiation-induced de-
fects and changes in microstructure, and hence, physical and
mechanical properties. Thus far, the tritium retention and irradia-
tion damage produced by neutrons in PFMs have usually been
investigated separately. In order to gain a better understanding
of tritium retention in PFMs, such as tungsten, the present study
focused on the interaction of tritium and defects produced by neu-
tron irradiation and tritium plasma.
ll rights reserved.
2. Outline of the model

To investigate the multiplier effects of tritium plasma and neu-
tron irradiation from the standpoint of basic research, tritium with
an energy of 1 keV and flux of 1018/m2 s, and neutron irradiation at
10�6 dpa/s were taken as typical cases. The damage and tritium
distribution in tungsten under 1-keV tritium irradiation were cal-
culated using the TRIM code [4], where the threshold displacement
energy in tungsten was assumed to be 50 eV, which depends
strongly on orientation [5]. The damage is accumulated in a 3-
nm-wide zone in the incident surface, and tritium is distributed
from around 5–15 nm in the incident surface. Thus, in the present
model, the depth distributions of damage and tritium are simply
assumed to have a rectangular shape. Tritium, interstitials, vacan-
cies and their clusters with tritium could migrate freely in the ma-
trix, and their concentrations at both surfaces are zero at all times.
The time evolution of the concentration of point defects, defect
clusters and tritium were calculated using dynamic rate theory
[6–8] with the following assumptions:

(1) Only tritium, interstitials, vacancies and tritium-vacancy
clusters are mobile.

(2) Maximal number of tritium atoms absorbed by a vacancy is
six.

(3) Thermal dissociation is considered in tritium-interstitial and
tritium-vacancy clusters.

In addition, the formation of vacancy clusters and tritium-va-
cancy clusters (nT–mV, m > 1) is neglected in the present study
to simplify the modeling, since the mobility of vacancies under
the present conditions is relatively low.

Throughout this paper, concentrations are given in fractional
units. The rate of change of concentration of interstitials, vacancies,
tritium and tritium-vacancy clusters can be expressed as
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dCi

dt
¼ P þ PD�TðxÞ þ Di

@2Ci

@x2 � ðMi þMTÞCiCT � ZivMiCiCv

� 2ZiiMiC
2
i � ZLiMiðCLiCLÞ1=2Ci � ZSiMiCSiCi þ EMITTiCTi

� ZTiMiCiðCTv þ C2Tv þ C3Tv þ C4Tv þ C5Tv þ C6TvÞ; ð1Þ

dCv

dt
¼ P þ PD�TðxÞ þ Dv

@2Cv

@x2 � ðMv þMTÞCvCT � ZivMiCiCv

� ZvT MvCvCT � ZLvMvðCLiCLÞ1=2Cv � ZSvMvCSvCv

þ EMITTvðCTv þ C2Tv þ C3Tv þ C4Tv þ C5Tv þ C6TvÞ; ð2Þ

dCT

dt
¼ PTðxÞ þ DT

@2CT

@x2 � ðMi þMTÞCiCT � ðMv þMTÞCvCT

� ZTvMT CTðCTv þ C2Tv þ C3Tv þ C4Tv þ C5TvÞ

� ZLT MTðCLiCLÞ1=2CT � ZST MT CST CT þ ZTiMiCiðCTv

þ 2C2Tv þ 3C3Tv þ 4C4Tv þ 5C5Tv þ 6C6TvÞ
þ ZvTiMvCTiCv þ EMITTiCTi þ EMITTvðCTv þ 2C2Tv

þ 3C3Tv þ 4C4Tv þ 5C5Tv þ 6C6TvÞ; ð3Þ

dC2Tv

dt
¼ ðMT þMTvÞCT CTv þ D2Tv

@2C2Tv

@x2 �MiCiC2Tv � ðMT

þM2TvÞCT C2Tv � ZL2TvM2TvðCLiCLÞ1=2C2Tv

� ZS2TvM2TvCS2TvCv � EMITTvC2Tv ; ð4Þ

dC6Tv

dt
¼ MT CT C5Tv þ D6Tv

@2C6Tv

@x2 �MiCiC6Tv

� ZL6TvM6TvðCLiCLÞ1=2C6Tv � ZS6TvM6TvCS6TvCv

� EMITTvC6Tv ; ð5Þ

where P and PD�T are the production rate of Frenkel pairs due to
neutron and tritium irradiation, respectively. D is the diffusion coef-
ficient of point defects or tritium. MI, MV, MT and MnTv are the mobil-
ity of interstitials, vacancies, tritium and tritium-vacancy clusters,
respectively, which are related to the migration activation energy
Em by mexp(�Em/kT), where m is the jump frequency. The values of
D equal a2M, where a is one atomic distance. Details of the equation
were described in Ref. [7].

PD�T and PT in Eqs. (1)–(3) are, respectively, the defect produc-
tion rate and injection rate of tritium. The defects induced by tri-
tium are only produced close to the incident surface. PD�T and PT

can be expressed as

PD�TðxÞ ¼ PD�T ; 0 5 x 5 3 nm
PD�TðxÞ ¼ 0 x > 3 nm
PTðxÞ ¼ PT ; 5 nm 5 x 5 15 nm ð6Þ
PTðxÞ ¼ 0; x < 5 nm; x > 15 nm:
Table 1
Parameters used in simulations.

P (s�1) 10�6 dpa/s
pD�T (s�1) 8 � 10�5 dpa/s
pT (s�1) 5 � 10�4

EI
m (eV) 0.15 eV [7]

EV
m (eV) 1.4 eV [7]

ET
m (eV) 0.39 eV [9]

EEmit (T-I) (eV) 0.5 eV [10]
EEmit (T-Loop) (eV) 1.05 eV [10]
EEmit (T-V) (eV) 1.4 eV [11]
CS 0
Z 1
m (s�1) 1013
The rate of change of concentration of interstitial loops, CL, and
interstitials aggregated in the loops, CLi, in Eq. (1) can be expressed
as

dCL

dt
¼ ZiiMiC

2
i ; ð7Þ

dCL

dt
¼ ZLiMiðCLiCLÞ1=2Ci � ZLmMmðCLiCLÞ1=2Cm: ð8Þ

Eqs. (4) and (5) express the time dependence of tritium-vacancy
clusters. The parameters used in the present simulations are listed
in Table 1, where the migration energy of tritium and dissociation
energy of a tritium defect are assumed to be equal to those of
hydrogen. There is little data on the migration energy of a tri-
tium-vacancy cluster. Thus, it was assumed to be equal to the
migration energy of a single vacancy. The dissociation energies of
tritium-interstitial pairs, tritium-dislocation and tritium-vacancy
clusters were assumed to be 0.7, 1.05 and 1.4 eV on the basis of
existing experimental data [10,11].

3. Results and discussion

3.1. Tritium retention at low temperature

First, the diffusion of tritium at low temperature, where vacan-
cies are almost immobile, is discussed. Fig. 1(a) shows the time
dependence of tritium concentration in a 4.3-mm-thick tungsten
sample at 473 K, without any damage produced by tritium or
neutron irradiation. The concentration of tritium increased with
time (except near the incident surface) and decreased markedly
with increasing depth. The tritium concentration saturated to
10�10 after 104 s. Fig. 1(b) shows the time and depth dependence
of tritium concentration, taking into account the damage produc-
tion of tritium and neutron irradiation. In contrast to tritium dif-
fusion in the tungsten without damage produced by neutrons and
tritium plasma, tritium was concentrated near the incident sur-
face in the presence of damage produced by neutrons and tritium,
though the tritium concentration peak was 10�10. For elapsed
irradiation time up to 0.1 s, the tritium concentration in the bulk
first increased, and then decreased with irradiation time. The
highest concentration of tritium near the incident surface was
the same as that shown in Fig. 1(a). The decrease in tritium con-
centration with increasing irradiation time after 0.1 s suggests
that most of the injected tritium was trapped by radiation-in-
duced defects, and thus diffusion of tritium into the bulk of the
specimen decreased.

In order to elucidate the interaction of tritium and defects, espe-
cially vacancies, the formation of tritium-vacancy clusters was
investigated. Fig. 2(a) shows the depth distribution of tritium-va-
cancy clusters, i.e., 1T-V clusters, for several irradiation times.
The 1T-V clusters accumulated was concentrated at 3 nm, which
was the damage peak region produced by 1-keV tritium. The con-
centration of 1T-V clusters decreased dramatically in the area free
of damage by tritium ions. With elapsed irradiation time, the con-
centration of 1T-V clusters increased, exceeding 10�9 after 104 s
even at a depth of 0.02 mm, which is about three orders of magni-
tude deeper than the ion range produced by 1-keV tritium. This
suggests that tritium is also trapped by vacancies produced by neu-
tron irradiation to form tritium-vacancy clusters.

Time and depth dependence of formation of tritium-vacancy
clusters 2T-V, 3T-V, 4T-V and 5T-V are similar to those of 1T-V,
though the concentration of tritium-vacancy clusters decreases
slightly with increasing number of tritium atoms per cluster. The
concentration of tritium-vacancy cluster 6T-V (see Fig. 2(b)), how-
ever, was 40 times higher than that of 1T-V. This indicates that
there are enough tritium atoms in the matrix to be absorbed by
the tritium-vacancy clusters. The tritium-vacancy clusters with a
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Fig. 1. Time and depth dependence of mobile tritium concentration in tungsten at 473 K with an energy of 1 keV and flux of 1018/m2 s in the absence of damage produced by
tritium and neutron irradiation (a), and in the presence of damage by tritium and neutron irradiation (b). The irradiation time (in seconds) for each curve is shown in the
insert legend.
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Fig. 2. Time and depth dependence of formation of tritium-vacancy clusters 1T-V (a) and 6T-V (b) under tritium irradiation with an energy of 1 keV and flux of 1018/m2 s and
neutron irradiation at 473 K. The irradiation time [s] for each curve is shown in the insert legend.
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small number of tritium atoms absorb the tritium immediately in
order to grow.

3.2. Tritium retention at high temperature

We now turn to the diffusion of tritium at high temperature,
where the vacancies are mobile. Compared with the tritium distri-
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Fig. 3. Time and depth dependence of formation of tritium-vacancy clusters 1T-V (a) and
neutron irradiation at 873 K. Irradiation times [s] for all curves are shown in the insert
bution in tungsten at low temperature (473 K), shown in Fig. 1(a),
the distribution of tritium in this case rapidly reached steady state
(100 s). The saturation concentration of tritium near the incident
surface at 873 K was two orders of magnitude lower than that at
473 K. The tritium distribution and the change of tritium concen-
tration in the matrix with damage at 873 K were the same as those
at 473 K, as shown in Fig. 1(b), but the tritium concentration near
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2T-V (b) under tritium irradiation with an energy of 1 keV and flux of 1018/m2 s and
legend.



a b

1E-12
1E-11
1E-10
1E-9
1E-8
1E-7
1E-6
1E-5
1E-4
1E-3
0.01

0.10.080.060.040.020

C
on

ce
nt

ra
tio

n 
(C

1T
-V

)

Thickness (mm)

 473 K
 573 K
 673 K
 773 K
 873 K

1E-12
1E-11
1E-10
1E-9
1E-8
1E-7
1E-6
1E-5
1E-4
1E-3
0.01

0.030.020.010

C
on

ce
nt

ra
tio

n 
(C

2T
-V

)

Thickness (mm)

 473 K
 573 K
 673 K
 773 K
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the incident surface was two orders of magnitude lower than that
at 473 K, and the tritium distribution was deeper than that at
473 K.

Fig. 3 shows the time dependence of 1T-V clusters and 2T-V
clusters at 873 K. With increasing irradiation temperature, the
behavior of tritium-vacancy cluster formation differed from that
at 473 K. First, the tritium-vacancy clusters with high concentra-
tion near the incident surface disappeared. Second, the distribution
of tritium-vacancy clusters in the matrix reached saturation after
100 s, and the saturation concentration of 1T-V clusters near the
incident surface was about seven orders of magnitude lower than
that at 473 K. Finally, the concentration of tritium-vacancy clusters
decreased with increasing number of tritium atoms per cluster.
The vacancies are sufficiently mobile and the tritium-vacancy clus-
ters were unstable at 873 K, thus, vacancies near incident surfaces
were mobile enough to sink, and the peak of tritium-vacancy clus-
ters formation disappeared near the incident surface. In addition,
the instability of 1T-V clusters makes it difficult to grow larger
clusters absorbing the tritium, and the concentration of tritium-va-
cancy clusters decreased with increasing number of tritium atoms
per cluster.

The present study also investigated the temperature depen-
dence of tritium-vacancy cluster formation. Fig. 4 shows the tem-
perature dependence of 1T-V clusters (a) and 2T-V clusters (b)
after 104 s. The tritium-vacancy clusters with high concentration
near the incident surface disappeared from 673 K, and the concen-
tration of tritium-vacancy clusters decreased with increasing num-
ber of tritium atoms per cluster. This indicates that tritium
retention decreases as temperature increases. The experimental
data obtained by Igarashi et al. agreed with our simulation results
[12].

3.3. Effects of dissociation energy of tritium-vacancy clusters on the
formation of defect clusters

The dissociation energy of tritium-vacancy clusters is assumed
to be 1.4 eV in the present study; however, some reports indicate
that deuterium-vacancy clusters are unstable even at 473 K [13].
Thus, here, we investigate the effects of the dissociation energy
of tritium-vacancy clusters on the formation of defect clusters.
Compared with the results shown in Fig. 4, where the dissociation
energy of tritium-vacancy clusters is 1.4 eV, 1T-V and 2T-V clusters
with high concentration near the incident surface disappeared at
the same temperature (673 K), while the concentrations of 1T-V
and 2T-V clusters decreased by two and five orders of magnitude,
respectively. These results indicate that the disappearance of tri-
tium-vacancy clusters with high concentration, induced by tritium
ions with 1 keV, is governed by the temperature of mobile vacan-
cies. The vacancies produced by 1-keV tritium ions move to the
surface at 673 K, and the concentration of tritium-vacancy clusters
decreases. In addition, tritium-vacancy clusters become increas-
ingly unstable with decreasing dissociation energy. It is difficult
for tritium-vacancy clusters to absorb a new tritium atom to grow.
Thus, the concentration of tritium-vacancy clusters decreases with
decreasing dissociation energy of tritium-vacancy clusters. A fu-
ture study will focus on multiplier effects of tritium plasma and
neutron irradiation on microstructural evolution in tungsten under
high tritium flux with a view toward improving the performance of
tungsten in a divertor or a tokomak.

4. Conclusion

To estimate the effect of the tritium plasma on the microstruc-
tural evolution induced by neutron irradiation, computer simula-
tions based on the rate theory considering both tritium and
defect diffusion were performed. Tritium diffusion in 4.3-mm-
thick tungsten free of damage by tritium ions and neutrons only
took 104 s and 100 s to reach saturation at 473 K and 873 K, respec-
tively. Irradiation-induced defects enhance the accumulation of tri-
tium in the matrix. At lower dissociation energies of tritium-
vacancy clusters, it is more difficult for tritium-vacancy clusters
to grow by absorbing tritium atoms. These results indicate that tri-
tium trapped near the incident surface is an important issue at
high dissociation energies of tritium-vacancy clusters, whereas tri-
tium diffusion into the bulk becomes important at low dissociation
energies of tritium-vacancy clusters.
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