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Abstract. A cluster dynamics model based on rate theory has been developed to de-
scribe the accumulation and diffusion processes of helium in tungsten under helium
implantation alone or synergistic irradiation with neutron, by involving different types
of objects, adopting up-to-date parameters and complex reaction processes as well as
considering the diffusion process along with depth. The calculated results under dif-
ferent conditions are in good agreement with experiments much well. The model de-
scribes the behavior of helium in tungsten within 2D space of defect type/size and
depth on different ions incident conditions (energies and fluences) and material con-
ditions (system temperature and existent sinks), by including the synergistic effect of
helium-neutron irradiations and the influence of inherent sinks (dislocation lines and
grain boundaries). The model, coded as IRadMat, would be universally applicable to
the evolution of defects for ions/neutron irradiated on plasma-facing materials.

PACS: 02.60.Cb, 61.80.Az, 61.72.Cc, 61.72.J-

Key words: Cluster dynamics model, rate theory, helium and neutron irradiation, tungsten, ac-
cumulation and diffusion.

1 Introduction

In tokamak fusion reactors (e.g. ITER), plasma-facing materials (PFMs, e.g. Be, C and
W) suffer heavy bombardment from the plasma by particles such as hydrogen isotope
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(H, D and T) and helium (He) ions with the energy ranging from 10 eV to several keV
as well as energetic neutrons and high heat loads generated by D-T fusion reaction [1].
This process can cause damages to the metal surface, such as, erosion, sputtering, blister-
ing, etc. [2]. Especially, He atoms injected into metals would be deeply trapped by lattice
defects such as vacancies and He-vacancy complexes formed by themselves or neutrons
irradiation [3], which can alter the microstructure and thus the mechanical properties of
the material. On the other hand, due to their excellent thermal properties, low solubility
for hydrogen and low sputtering yield, tungsten (W) based materials are termed as po-
tential candidates for the divertor armor tiles in the future fusion reactor like ITER [2].
Therefore, the mechanisms of defects accumulation and diffusion under He ions irradi-
ation on PFMs like W are important to estimate the damage formation and distribution,
which have not been well understood.

Consequently, effects of He ions irradiation on W and other metals have been exten-
sively investigated over a wide range of burning plasma conditions with different ion
energies/fluences and system temperatures, using ion accelerators or large-sized plasma
confinement devices as well as several analysis techniques [3–25]. During implantation,
injected He atoms would be deeply trapped by different kinds of existing lattice defects
near surface. Thus, the distribution of He atoms in W is mainly in near surface of several
nms to several- tenth nms for keV He ions, while a little fraction can extend into in-bulk.
It is necessary to comprehend the mechanics of He trapping and diffusion effects and the
contributions by different types of He clusters in W quantitatively.

While the evolution of defects upon irradiation is by nature a multi-scale phenomenon,
numerical study of defects evolution requires a multi-scale atomistic-continuum model-
ing approach [26, 27]. Particularly for the long-term kinetic evolution of defects, cluster
dynamics (CD) [25, 28] and kinetic Monte Carlo (KMC) models [29, 30] are commonly
used by requiring previous knowledge of defects created during irradiation, their mobil-
ity as well as their energetic properties [31]. These models have also been performed to
the case of He ions irradiation on W, recently. Watanabe et al. [25] studied the formation of
interstitial loops in W under He ions irradiation by using rate theory modeling and com-
pared with experiment. Xu et al. [28] investigated the effects of He on the microstructure
evolution in W during He and neutron irradiations based on a simple model using rate
theory. Perhaps, more reliable parameters (especially the characteristic energies) or more
reasonable reaction mechanisms of defects should be addressed to obtain credible results.
Becquart et al. [29, 30] studied the micro-structural evolution of irradiated W with He by
using an object KMC (OKMC) model based on the ab initio parameterizations. However,
this model can not be applied to the case of long-range scale diffusion due to its low
efficiency.

In fact, although KMC model can account for the spatial and temporal correlations,
it is limited to small volumes (∼ µm), low irradiation dose (typically much less than 1
dpa) and small time scales, far from the order of practical nuclear reactor undergoing.
On the contrary, CD model based on the mean-field rate theory can explore the evolution
of defects over large space scales (intermediate-length) and time scales (∼ µs to years),
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which is close to those achieved experimentally. In spite of excluding of the stochastic ef-
fects/spatial correlations caused by the random nature of the cascade initiation, CD mod-
els would predict the same behavior as KMC models at least at high temperature [32], on
irradiation conditions that produce a high density of defects and for materials that have
a relative high density of fixed sinks [33]. Since CD models require small computational
resources, they represent thus an attractive alternative to KMC approach to predict defect
evolution under these conditions.

Moreover, although different types of irradiations occur simultaneously in actual fu-
sion devices, they are used to be treated individually, such as for He or hydrogen plasma
with different energies and fluxes irradiation on different PFMs [3, 4, 6, 10, 11, 13, 15, 16,
19, 25]. Recently, experimental studies have also been performed with the synergistic
actions of more than one types of irradiations, such as, He irradiation with high heat
loads [7, 12, 21, 24] or with different temperatures [5, 9] and hydrogen isotope-helium se-
quential irradiation [8, 14, 17, 18, 20, 22, 24]. It is worth mentioning that the studies of
multiplier effects of He [28] or Tritium [34] plasma and neutron irradiation on W were
performed by Xu et al. [28] using a simple rate theory model, which explain the formation
of He/T-vacancy complexes. Therefore, it is very important to consider the synergistic
effects of different irradiations and the interplay between them.

Thus, we develop a cluster dynamics model in this paper by involving different types
of objects, adopting up-to-date parameters as well as complex reaction processes, con-
sidering the diffusion process along with depth and including/excluding the synergistic
effects of He implantation and neutron irradiation. Furthermore, an efficient numerical
method is employed to solve the thousands of equations. Our theoretical approach is a
very efficient tool to simulate the dynamics processes of He in W in a long depth scale
and has been coded as IRadMat. The results calculated from IRadMat enable us to im-
prove the understanding on the accumulation and diffusion processes of He in W under
the synergistic effects of He implantation and neutron irradiation related to the condi-
tions like in ITER. IRadMat could also be generally applied to the cases of other ions
(e.g. H, D, T and etc.) in other PFMs/structural materials, by using the corresponding
characteristic parameters.

2 Simulation model

The reaction rate theory has been developed and utilized commonly for a long term,
which provides relevant information on the long-time behavior of systems with different
metastable states [35,36]. Based on rate theory, a series of CD models that account for the
evolution of impurities [37], solutions [25, 38–42] and/or only intrinsic defects created
during irradiation [39,43–50] have been developed in the last decades to calculate the size
and space-distribution functions of defect clusters with time treated in 1-D [39, 43–50], 2-
D [25, 38, 40–42] or 3-D [37] size space, under energetic electrons [40, 48, 49], neutrons
[40, 42, 45, 47, 50] or plasma ions [25, 37, 38, 41, 43, 46] irradiation on different structure
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metals (such as, pure iron [37,46,50], nickel [38,39], tungsten [25], stainless steels [41–45],
iron alloy [40, 48], zirconium single crystals [47, 49], etc.). However, most of them are
solved under steady irradiation without considering the diffusion processes of mobile
defects in a long-range space scale. Recently, attempts have also been carried out to
consider the effect of helium diffusion along with depth in tungsten [28] and iron [51,52],
which gives an insight into the simulation of the dynamics processes of He in W in a
long-range depth scale mentioned here.

The CD model used here can provide information about the roles of different migra-
tion and reaction mechanisms, as well as the diffusion processes along with depth for
different defects. Several assumptions are employed as follows:

(1) The basic types of defects included in the model are self-interstitial atoms (SIAs,
I), vacancies (V), helium atoms (He) and the formed complex clusters (In, Vn, Hen, Hen I,
and HemVn, where m, n is the number of defects in a loop / cluster) by binary reactions.
In addition, other inherent sinks like dislocation lines (D) and grain boundaries (S) are
also included.

(2) Only SIAs (I), di-interstitials (I2), vacancies (V) and helium atoms (He) are consid-
ered to be mobile for simplification, while all other defect clusters are considered to be
immobile.

(3) The reaction types assumed and the corresponding rate coefficients are listed in Ta-
ble 1. For simplicity, the trap mutation effect has not been explicitly considered here. The
trap mutation is defined as the process during which a He-vacancy complex containing
excess helium atoms creates additional vacancies by emission of SIAs into its surround-
ing lattice [25], because of the existence of stress field due to the pressure of the helium
bubble [53]. This is a reasonable approximation to the case of keV-He ions irradiation
here for two reasons: first, it is a minor contribution by He clusters with sizes larger than
about 6 whose concentration is negligible. Second, it can hardly influence the distribu-
tion of He concentrations here but just influence the existing forms of He clusters mildly.
Indeed, the contributions of the trap mutation effect for the cases here are negligible as
shown in the following results (Fig. 4(b) comparing with the same case in [54]) when just
setting the objects of HemVn I (m> 6) as HemVn−1 (the corresponding reaction types are
also listed in Table 1).

2.1 Master equations

The cluster dynamical processes considered here are described with rate theory model in
terms of the density/concentration of different defects along with depth for the case of
synergistic effects of He implantation and neutron irradiation. The evolutions of mobile
defects are described in a set of one-dimensional spatial diffusion-reaction equations by
taking into account their diffusion and possible reactions with other defects, while immo-
bile clusters clearly follow a Markovian chain process and their evolutions are described



Y. G. Li et al. / Commun. Comput. Phys., 11 (2012), pp. 1547-1568 1551

Table 1: Reaction types and the corresponding rate coefficients.

Reaction types Rate coefficients

I+V⇋0; k+I+V , GI/V

I+ In⇋ In+1; α+n , α−n+1

I+Vn →Vn−1; k+Vn+I

I+Hen⇋Hen I; k+Hen+I , k−Hen I

I+HemVn ⇋HemVn−1; k+HemVn+I , k−HemVn−1−I (m>6)

I2+ In⇋ In+2; β+
n , β−

n+2

I2+Vn →Vn−2; k+Vn+I2

I2+HemVn →HemVn−2; k+HemVn+I2

V+ In⇋ In−1; k+In+V , k−In−1−V

V+Vn⇋Vn+1; γ+
n , γ−

n+1

V+Hen⇋HenV; k+Hen+V , k−HenV

V+Hen I→Hen; k+Hen I+V

V+HemVn ⇋HemVn+1; ω+
n , ω−

n+1

He+Vn ⇋HeVn; k+Vn+He, k−HeVn

He+Hen⇋Hen+1; η+
n , η−

n+1

He+Hen I⇋Hen+1I; µI+n , µI−n+1

He+HemVn ⇋Hem+1Vn; µV+
mn, µV−

(m+1)n

θ+D→Dθ; k+D+θ (θ= I,V,He)

θ+S→Sθ; k+S+θ (θ= I,V,He)

by the master equations [28, 43, 44, 48–51],

∂Cθ

∂t
=Gθ+Dθ∇2Cθ+∑

θ′

[

w
(

θ′,θ
)

Cθ′−w
(

θ,θ′
)

Cθ

]

−Lθ, (2.1)

where Cθ (θ= I, I2,V,X, In,Vn,Xn,Hen I,XmVn) is the concentration of defect of θ, Gθ, Dθ

and Lθ (θ= I, I2,V,X) are the production rate, the diffusion coefficient and absorption
rate of different mobile defects in materials, respectively, w(θ′,θ) is the transition rate co-
efficient per unit concentration of a defect cluster of type θ′ to a defect cluster of type θ
(as list in Table 1). The four parts of the right side in Eq. (2.1) are the generation term (un-
der He ions and neutron irradiation), the diffusion term (along with depth), the reaction
terms (including forward and reverse reactions) and the absorption term (such as, the
absorption by impurity, dislocation line, grain boundary, surface and etc.), respectively.

In detail, the master equations of different types of involved defects can be given as

∂CI

∂t
=GI/V+DI∇2CI−k+I+V

(

CICV−C
eq
I C

eq
V

)

−2
(

α+1 C2
I −α−2 CI2

)

+k+V+I2
CV CI2

− ∑
n≥2

(

α+n CICIn −α−n+1CIn+1

)

−
NV

∑
n=2

k+Vn+ICICVn
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−
NX

∑
n=1

(

k+Xn+ICICXn −k−Xn ICXn I

)

+
NX

∑
n=7

k−Xn−ICXn

−
NV

∑
n=1

MX

∑
m=1

k+XmVn+ICICXmVn+
NV

∑
n=1

MX

∑
m=7

k−XmVn−ICXmVn−LI , (2.2)

∂CI2

∂t
=DI2

∇2CI2
+
(

α+1 C2
I −α−2 CI2

)

−2
(

β+
2 C2

I2
−β−

4 CI4

)

+k+I3+VCI3
CV−

(

α+2 CI2
CI−α−3 CI3

)

− ∑
n≥3

(

β+
n CI2

CIn −β−
n+2CIn+2

)

−
NV

∑
n=1

k+Vn+I2
CI2

CVn

−
NV

∑
n=1

MX

∑
m=1

k+XmVn+I2
CI2

CXmVn−LI2
, (2.3)

∂CV

∂t
=GI/V+DV∇2CV−k+I+V

(

CICV−C
eq
I C

eq
V

)

−2
(

γ+
1 C2

V−γ−
2 CV2

)

−k+I2+VCVCI2
− ∑

n≥3

(

k+In+VCVCIn −k−In−1−VCIn−1

)

−
NV

∑
n=2

(

γ+
n CVCVn−γ−

n+1CVn+1

)

−
NX

∑
n=1

[(

k+Xn+VCVCXn−k−XnVCXnV

)

+k+Xn I+V CVCXn I

]

−
NV

∑
n=1

MX

∑
m=1

(

ω+
n CVCXmVn−ω−

n+1CXmVn+1

)

−LV , (2.4)

∂CX

∂t
=GX+DX∇2CX−2

(

η+
1 C2

X−η−
2 CX2

)

−
(

kX+ICXCI−k−Xn ICXn I

)

+k+XI+VCXICV−
NV

∑
n=1

(

k+Vn+XCXCVn−k−VnXCVnX

)

−
NX

∑
n=2

(

η+
n CXCXn−η−

n+1CXn+1

)

−
NX

∑
n=1

(

µI+n CXCXn I−µI−n+1CXn+1I

)

−
NV

∑
n=1

MX

∑
m=1

(

µV+
mnCXCXmVn−µV−

(m+1)n
CXm+1Vn

)

−LX , (2.5)

∂CIn

∂t

∣

∣

3≤n≤NI
=−

(

α+n CICIn −α−n+1CIn+1

)

+
(

α+n−1CICIn−1
−α−n CIn

)

−
(

β+
n CI2

CIn −β−
n+2CIn+2

)

+
(

β+
n−2CI2

CIn−2
−β−

n CIn

)

−
(

k+In+VCV CIn −k−In−1−VCIn−1

)

+
(

k+In+1+VCV CIn+1
−k−In−VCIn

)

, (2.6)

∂CVn

∂t

∣

∣

2≤n≤NV
=−k+Vn+ICICVn+k+Vn+1+ICICVn+1

−k+Vn+I2
CI2

CVn

+k+Vn+2+I2
CI2

CVn+2
−
(

γ+
n CVCVn−γ−

n+1CVn+1

)

+
(

γ+
n−1CV CVn−1

−γ−
n CVn

)

−
(

k+Vn+XCXCVn−k−XVn
CXVn

)

, (2.7)
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∂CXn

∂t

∣

∣

2≤n≤NX
=−

(

k+Xn+ICICXn−k−Xn ICXn I

)

−
(

k+Xn+VCVCXn −k−XnV CXnV

)

+k+Xn I+VCVCXn I+k+XnV+ICICXnV+kXnV2+I2
CI2

CXnV2

−
(

η+
n CXCXn −η−

n+1CXn+1

)

+
(

η+
n−1CXCXn−1

−η−
n CXn

)

−k−Xn−ICXn |n>6 , (2.8)

∂CXn I

∂t

∣

∣

1≤n≤NX
=
(

k+Xn+ICICXn −k−Xn ICXn I

)

−k+Xn I+VCV CXn I

−
(

µI+n CXCXn I−µI−n+1CXn+1I

)

+
(

µI+n−1CXCX−1
−µI−n CXn I

)

, (2.9)

∂CXmV

∂t

∣

∣

1≤m≤MX
=−

(

k+XmV+ICICXmV−k+XmV2+ICICXmV2

)

−
(

ω+
1 CVCXmV−ω−

2 CXmV2

)

−
(

k+XmV+I2
CI2

CX+mV−k+XmV3+I2
CI2

CXmV3

)

−
(

µV+
m1CXCXmV−µV−

(m+1)1
CXm+1V

)

+
(

µV+
(m−1)1

CXCXm−1V−µV−
m1CXmV

)

+
(

k−Xm−ICXm −k−XmV−ICXmV

)

|m>6 , (2.10)

∂CXmVn

∂t

∣

∣

∣

∣

∣

2≤n≤NV
1≤m≤MX

=−
(

k+XmVn+ICICXmVn−k+XmVn+1+ICICXmVn+1

)

−
(

k+XmVn+I2
CI2

CXmVn−k+XmVn+2+I2
CI2

CXmVn+2

)

−
(

ω+
n CVCXmVn−ω−

n+1CXmVn+1

)

+
(

ω+
n−1CV CXmVn−1

−ω−
n CXmVn

)

−
(

µV+
mnCXCXmVn−µV−

(m+1)n
CXm+1Vn

)

+
(

µV+
(m−1)n

CXCXm−1Vn−µV−
mnCXmVn

)

−
(

k−XmVn−ICXmVn−k−XmVn−1−ICXmVn−1

)

|m>6 , (2.11)

where X=He in Eqs. (2.2)-(2.11), C
eq
θ (θ= I,V) are the concentrations of SIAs and vacan-

cies at thermodynamical equilibrium, and NI ,NV ,NX,MX are the maximum size of in-
terstitial loops, vacancy and He atom clusters as well as He atoms in HemVn complexes,
respectively. All equations (Eqs. (2.2)-(2.11)) are solved for a set of depth points of Nz.

2.2 Rate coefficients

The rate coefficients listed in Table 1 describe the physical production rates and the rates
of capture and emission of point defects by defect clusters [48–50]. These processes
include the production and recombination of I−V point defects and the reactions of
In−θ |θ=I,I2,V , Vn/Hen/HemVn−θ |θ=I,I2,V,He , Hen I−θ |θ=V,He and D/S−θ |θ=I,V,He .



1554 Y. G. Li et al. / Commun. Comput. Phys., 11 (2012), pp. 1547-1568

2.2.1 Production and recombination of I−V point defects

The production rate of Frenkel-pairs by He implantation and neutron irradiation, GI/V
(

dpa s−1
)

, is simply treated as that: a uniform rate caused by neutron irradiation is in-
troduced across the whole domain, while the rate distribution near surface caused by He
implantation is estimated by TRIM-code [55].

The recombination rate of SIA and vacancy point defects is given by,

k+I+V =4πrIV (DI+DV), (2.12)

where rIV is the recombination radius, DI and DV are the diffusion coefficients of SIA
and vacancy point defects, respectively, and expressed in terms of Arrhenius form for
thermally activated events:

{

DI =DI0
exp

(

−Em
I

/

kBT
)

,

DV =DV0
exp

(

−Em
V

/

kBT
)

,
(2.13)

here, DI0
and DV0

are the pre-exponential factors of the point defects, kB is the Boltzmann
constant.

2.2.2 Rate coefficients for In−θ |θ=I,I2 ,V

The rate of absorption of point defects (I, I2,V) by dislocation loops (In) is usually given
by











α+
n =2πrIn ZI

In
DI ,

β+
n =2πrIn ZI2

In
DI2

,

k+In+V =2πrIn ZV
In

DV ,

(2.14)

where rIn is the loop radius, which is given by making the assumption that the SIA point
defects agglomerate to form dislocation/interstitial loops:

rIn =
√

nVat

/

πb, (2.15)

where Vat = a3
0

/

2 is the atomic volume for bcc metals like W, b is the Burger vector of the
dislocation loop, Zθ

In
|θ=I,I2 ,V is an efficiency factor that makes it possible to take the defect-

dislocation elastic interaction and also the toroidal shape of the loop into account [49]:

Zθ
In
=Zθ

D max

{

2π

ln
(

8rIn

/

rp

) ,1

}

, (2.16)

where Zθ
D is the capture efficiency factor of point defect θ by dislocation loops, rp is the

pipe radius of dislocation loops and is usually taken equal to 2b.
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For the case of point defects emitted from dislocation loops, the rate coefficients are
obtained by the detail balance:























α−
n =2πrIn−1

ZI
In−1

DI exp
(

−Eb
In−I

/

kBT
)/

Vat,

β−
n
∼=2πrIn−1

ZI
In−1

DI2
exp

(

−Eb
In−I2

/

kBT
)/

Vat,

k−In−1−V =2πrIn−1
ZV

In−1
DV exp

(

−Eb
In−V

/

kBT
)/

Vat,

(2.17)

where Eb
In−θ |θ=I,I2 ,V =E

f
θ −
(

E
f
In
−E

f
In−θ

)

are the binding energies of point defects (I, I2,V)
with dislocation loops, which can be estimated by the capillary law approximation [30,
48, 49],



























Eb
In−I =E

f
I +

Eb
I2
−E

f
I

22/3−1

[

n2/3−(n−1)2/3
]

,

Eb
In−I2

=2E
f
I −Eb

I2
−
(

2E
f
I −Eb

In−I−Eb
In−1−I

)

,

Eb
In−V =E

f
V+

E
f
I −Eb

I2

22/3−1

[

n2/3−(n−1)2/3
]

,

(2.18)

where E
f
θ |θ=I,V,In

are the formation energies of SIAs, vacancies and dislocation loops,
and Eb

θ2
|θ=I,V are the binding energies of I2 and V2.

2.2.3 Rate coefficients for Vn−θ |θ=I,I2 ,V,He

The rate of absorption of point defects (I, I2,V,He) by spherical vacancy clusters is calcu-
lated according to the assumption of a diffusion limited regime

{

k+Vn+θ |θ=I,I2,He =4πrVn Dθ,

γ+
n =4πrVn DV ,

(2.19)

where rVn is the cluster (Vn) radius

rVn =

(

3nVat

4π

)1/3

+r0, (2.20)

with r0=
√

3a0/4.
Only the point defects of V and He are assumed to be emitted from a vacancy cluster

here. Their rate coefficients are also obtained by the detail balance:










γ−
n =4πrVn−1

DV exp
(

−Eb
Vn−V

/

kBT
)/

Vat,

k−Vn−He=4πrVn−1
DHeexp

(

−Eb
Vn−He

/

kBT
)/

Vat,
(2.21)

where Eb
Vn−V and Eb

Vn−He are the binding energies of a vacancy cluster with a vacancy and
a He atom, respectively,

Eb
Vn−V =E

f
V+

Eb
V2
−E

f
V

22/3−1

[

n2/3−(n−1)2/3
]

, (2.22)
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and Eb
Vn−He can be obtained from ab initio or molecular dynamics (MD) calculation for

small clusters and extrapolated for the larger size ones like in [29, 30].

2.2.4 Rate coefficients for Hen/HemVn−θ |θ=I,I2,V,He and Hen I−θ |θ=V,He

For the cases of Hen/HemVn−θ |θ=I,I2 ,V,He and Hen I−θ |θ=V,He , the reaction rate coeffi-
cients (k+Hen+I , k+Hen+V , k−HenV ,η+

n , η−
n+1; k+HemVn+I , k+HemVn+I2

, ω+
n , ω−

n+1, µV+
mn, µV−

(m+1)n
;

k+Hen I+V , µI+n , µI−n+1) are treated equally to those for Vn−θ |θ=I,I2,V,He .

2.2.5 Rate coefficients for absorption of point defects by dislocation lines and grain

boundaries

The absorption rates Lθ = k+D+θ+k+S+θ |θ=I,V,He of point defects include the contributions

from dislocation lines k+D+θ |θ=I,V,He and grain boundaries k+S+θ |θ=I,V,He , which can be
estimated by taking account of the dislocation line density ρD and the grain size d, re-
spectively [48, 49].

The absorption rate k+D+θ |θ=I,V,He of mobile defects of type θ by per unit of length of
dislocation lines is

k+D+θ |θ=I,V,He =ρDZθ
DDθCθ, (2.23)

where Zθ
D is also a dimensionless factor representing the absorption efficiency of point

defects by the dislocation lines.

The absorption rate k+S+θ |θ=I,V,He of the mobile defects of type θ by grain boundaries
is given by

k+S+θ |θ=I,V,He =Ssk
θ DθCθ, (2.24)

where Ssk
θ =

(

Ssc
θ

)1/2
H, with Ssc

θ the sum of the sink strengths of all the sinks but the grain
boundary and H=6/d for a grain boundary.

2.3 Numerical methods

The evolution of cluster size is then obtained through numerical resolution of a set of par-
tial differential equations (PDEs). However, the interstitial loops considered here contain
a large number of SIAs (typically ∼ 104 here), which would exceed the current capabil-
ity of computers. In order to extend this limit and increase the computation efficiency,
for larger sizes of interstitial loops, the discrete master equation is usually transformed
into a continuous Fokker-Plank type equation by applying a second-order Taylor series
expansion [43,56]. Here, only the reaction types of SIAs with interstitial loops (In− I) are
included for simplification. Indeed, this is a reasonable approximation for that the contri-
bution of the reaction types In− I2 is negligible as shown in our test samples below. Thus,
Eq. (2.6) for the cluster size x larger than a certain number N can be replaced by [43, 56],

∂C(x,t)

∂t
=

∂

∂x

(

−F(x,t)C(x,t)+
1

2

∂

∂x
D(x,t)C(x,t)

)

, x>N, (2.25)
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where
{

F(x,t)=κ(x,t)−λ(x,t),

D(x,t)=κ(x,t)+λ(x,t),
(2.26)

are the point defect net bias flux and point defect average diffusion flux, respectively,
with

{

κ(x(n),t)∼=α+
n CI (t)+k−In−V ,

λ(x(n),t)∼=α−
n +k+In+VCV (t).

(2.27)

Here, n is the integer part of x, that is, the approximated number of point defects in loops
at size of x.

The combined set of equations (the discrete master equation and the continuous
Fokker-Plank equation) can be solved numerically as in [56], where Turkin and Bakai con-
sidered several different well-known numerical methods traditionally used and further
proposed a new realization of the hybrid approach which is rather simple and straight-
forward methodologically. A much simpler non-adaptive non-uniform mesh scheme is
used, where the mesh spacing varies smoothly in a preset way across the computational
domain. The following relationship for mesh points xi and mesh spacings ∆xi are em-
ployed,























x1=1,

xi = xi−1+∆xi, 2≤ i≤M,

∆xi =

{

1, for 2≤ i≤N,

∆xi−1exp(ε), for N≤ i≤M,

(2.28)

where M is large enough to fulfill the boundary condition C(xM)=0, 0< ε≪1 is a small
parameter which controls the mesh spacing. It is easy to find the explicit relationship
between mesh point xi and point number i,

i=N+
1

ε
ln

(

1+
exp(ε)−1

exp(ε)
(xi−N)

)

, x≥N. (2.29)

The PDEs are transformed approximately to conservative finite difference equations on
the non-uniform mesh by using central finite differencing, i.e., the set of ordinary differ-
ential equations (ODEs),

dCi(t)

dt
=

1

∆xi+1+∆xi

[

−(Fi+1Ci+1−Fi−1Ci−1),

+

(

Di+1Ci+1−DiCi

∆xi+1
− DiCi−Di−1Ci−1

∆xi

)]

. (2.30)

For the diffusion term related to mobile defects in Eqs. (2.2)-(2.5), clearly it is more
convenient and efficient to use a nonuniform mesh because the values of Cθ attenuate
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with depth z over a large scale. Thus, the diffusion term at point j can then be expressed
by a finite difference approximation with a non-uniform mesh as [57],

∂2C
j
θ

∂z2
|θ=I,I2 ,V,X =

2

(1+δ)h

(

C
j+1
θ −C

j
θ

δh
−C

j
θ−C

j−1
θ

h

)

, (2.31)

where h is the interval of the last mesh and δ > 1 is a parameter controlling the mesh
spacing to increase with point number of j.

Furthermore, in order to account for He desorption, the first-order boundary condi-
tions in both surface and sufficient depth are used [51]. Here, we assume that the flux of
He atoms at the surface is proportional to the concentration of He atoms and only lim-
ited by diffusion. This approximation is reasonable enough for that the migration energy
of He is only 0.06 eV in W, which can be regarded as a free diffusion. Otherwise, we
consider the surface as the sink for I, I2, and V in our model.

Here, the system of ODEs is solved by using lsoda subroutine packages [58], which
is well known as a liver-more solver for ODEs based on the explicit predictor-corrector
method with an automatic switch for stiff and non-stiff problems. In practice, the pa-
rameters are set as n ∼ hundreds, Nv ∼ several and Nx,Mx,Nz ∼ tenths in general, by
considering their respective precipitate size mentioned here. Thus the total number of
the ODEs is estimated by (NI+Nv+Nx+(Nv∗Mx))∗Nz, typically in the order of ∼ 103

here. Our code is efficient enough that no more than several hours are necessary for the
most time-consuming input condition when using a modern personal computer.

3 Results and discussions

It should be noted that in order to obtain more reliable results, the parameters must be
carefully chosen. We present the recommended parameters here by considering the pub-
lished values from experiments or ab initio/MD calculations as listed in Table 2.

The characteristic energies such as formation energy (E
f
θ |θ=I,V,He ), migration energy

(Em
θ |θ=I,V,He ) and binding energy (E

f
θ′n−θ |θ′,θ=I,V,He ) are the critical parameters for reaction

dynamics and must be considered correctly. By comparing different sources of data ob-
tained from experiments and calculations, the energies used here for point defects and
binary clusters in W are also listed in Table 2. While the binding energies of mobile
point defects (I, I2,V,X) with different types of large loops/clusters can be obtained by
the capillary law approximation (as in Eqs. (2.18) and (2.22)) or by atomic-scale calcu-
lations, as shown in Fig. 1. For dislocation loops with large sizes n, the values derived

from Eq. (2.18) with E
f
I =9.466 eV and Eb

I2
=2.12 eV for Eb

In−I are in good agreement with
ab initio calculated ones and also with the expression given by the elasticity theory of
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Table 2: Parameters used in the case of He atoms and neutrons irradiated on W.

Symbol Value Refs.

He beam intensity IHe 1018−1022m−2s−1 [28, 59]

Temperature T 300K,873K -

Point defect creation rate GI/V 10−6dpa s−1 [28]

Lattice parameter a0 3.1652
◦
A [60]

He radius rHe 0.49
◦
A -

Burgers vector b 2.74
◦
A [60]

Recombination radius rIV 4.65
◦
A Estimated

Dislocation line density ρD 1012m−2 [61]

Grain size d 10µm -

Interstitial pre-exponential factor DI0
10−8m2s−1 [25, 28, 30]

Vacancy pre-exponential factor DV0
10−4m2s−1 Assumed

He pre-exponential factor DHe0
10−8m2s−1 [25, 28, 30]

SIA/dislocation elastic interaction ZI
D 1.2 [49]

V/dislocation elastic interaction ZV
D 1.0 [28, 49]

He/dislocation elastic interaction ZHe
D 1.0 [28]

Formation energy of SIA E
f
I 9.466 eV [62]

Formation energy of Vacancy E
f
V 3.80 eV [62, 63]

Formation energy of He E
f
He 4.0 eV [30]

Migration energy of SIA Em
I 0.013 eV [64]

Migration energy of Vacancy Em
V 1.66 eV [65]

Migration energy of He Em
He 0.06 eV [66]

Binding energy of I2 Eb
I2

2.12 eV [30]

Binding energy of V2 Eb
V2

0.6559 eV [65, 67]

Binding energy of He2 Eb
He2

1.02 eV [30]

Binding energy of Hen− I Eb
Hen−I 0.94 eV [29, 30]

Binding energy of HemVn− I Eb
HemVn−I 0.7 eV(m>6) Estimated [25]

dislocations with neglecting the small edge core term (Fig. 1(a)) [60],










E
f
In
=2πrn

µb2

4π(1−ν)

(

ln 4rn
ρ −1

)

,

Eb
In−I =E

f
I −
(

E
f
In
−E

f
I(n−1)

)

,
(3.1)

where rn is the loop radius, µ (160 GPa for W) is the shear modulus, ν (0.28 for W) is
the Poisson’s ratio and ρ (0.14 for W) is the dislocation core parameter. The MD calcu-
lation results [67] including the influence of high temperature for vacancy and the ab
initio calculation results [29, 30] for He atom were used respectively and extended with
the capillary law approximation for large clusters, as shown in Fig. 1(b). The binding
energies of a He atom/vacancy with HemVn complexes obtained by ab initio calculations



1560 Y. G. Li et al. / Commun. Comput. Phys., 11 (2012), pp. 1547-1568

0 1 2 3 4 5
0

2

4

6

8

10

12

 

 

Eb I n-I
/V

 (e
V

)

R (nm)

 (I
n
+I) - Capillary Approx.

 (I
n
+I) - Elastic Theory

 (I
n
+V) - Capillary Approx.

 (I
n
+I) - Ab initio

(a)

0.0 0.5 1.0 1.5 2.0
0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

 

 

Eb V
/H

e n-V
/H

e (e
V

)

R (nm)

 (V
n
 + V) - Capillary Approx.

 (He
n
 + He) - Capillary Approx.

 (V
n
 + V) - MD

 (He
n
 + He) - Ab initio

(b)

Figure 1: Binding energies of (a) a SIA/vacancy with an interstitial loop, (b) a vacancy (He atom) with a
vacancy (He) cluster for W versus the size of the cluster calculated by the capillary law approximation/elastic
theory [60] and obtained from MD [67]/ab initio calculations [29,30].

for clusters up to size 23 have been presented in [30]. For larger size clusters, the data
were extrapolated. In this model, the mixed SIA-He clusters (Hen I) are also considered,
where the corresponding binding energy is set equal to 0.94 eV and is independent on the
cluster size n [29,30]. Moreover, the binding energy of a SIA with a He-vacancy complex
(HemVn |m>6 )) due to the trap mutation effect is estimated to be around 0.7 eV, by fitting
the experimental results [25].

Our model is verified by comparing with the experiments [3, 4, 7, 9, 68] as shown in
Fig. 2. The He atom (apa) and damage (dpa) distributions in W determined by TRIM-
code [55] are used as the initial distributions of point defects in the calculations and are
also plotted together for comparison. The calculating conditions are set by concerning the
experimental details as the following. For the case of 1.5 keV, the experiment [3] considers
the depth profile of He in W bombarded by charge exchange (CX)-He atoms during large
helical device (LHD) He discharges. Generally the typical plasma parameters are as the
energy of 0.7−1.7 keV and the density of 0.3−8.1×1019 m−3. While the total duration time
is 87 s and the temperature of the probe head during exposure is stayed almost constant
near room temperature. Additionally by comparing the evolution of microstructure with
the reference data, the estimated flux is ∼1019 m−2s−1 and incidence energy is about 1−
2 keV. Furthermore, by considering the elastic recoil detection (ERD) depth profile of
retained He atoms in W after exposed to He discharges, the majority CX-He bombarding
the first wall holds the estimated energy of a little more than 1 keV. Thus, the calculation
conditions are taken as follows: The He plasma with a mean energy of 1.5 keV and a
flux of 4.0×1019 m−2s−1 bombard W bulk with temperature of 300 K for a duration time
of 87 s. Obviously, seen from Fig. 2(a), the calculated depth profile (with the average
penetration depth of ∼ 11 nm) of He in W is comparable to the experimental one (with
the average penetration depth of ∼ 13 nm). For the case of 8 keV, the normal incidence
He ions with energy of 8 keV and fluence of 5×1021 m−2 implanted in W at 300 K, the
experimental settings [7], are used, which leading to the fact that the calculated depth
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Figure 2: Comparison of calculated results and experimental ones: (a) Depth profiles of retained He atoms in

W under He ions irradiation with mean energy of 1.5 keV and fluence of 3.5×1021 m−2 [3] and with energy

of 8 keV and fluence of 5.0×1021 m−2 [7] respectively at 300 K. Inject He atom (apa) and damage (dpa)
profiles calculated by TRIM-code [55] are also plotted together for comparison. (b) The average penetration
depth as a function of He incident energy with the experimental one [3] and the one estimated by TRIM-code

after W exposed to the He plasma with fluence of 3.5×1021 m−2. (c) Amount of retained He atoms versus He
ions fluence in W with experimental [4, 9] and simulation results [68] for He with energy of 5 keV at nonmoral

incidence. The density of dislocation lines and diameter of grain boundaries in W are set as 1012 m−2 and
10 µm respectively for all the cases.
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profile is in good agreement with the residual gas analysis (RGA) depth profile of He
in W, as shown in Fig. 2(a). Generally, two effects control the depth distribution profile
of He in W, that is, the trapping and diffusion effects. The competition of these two
effects makes the profiles have a peak (located at about 9 - 10 nm and 25 nm for the two
cases, respectively) and a long tail beyond the projected range. In addition, the average
penetration depth of injected He in W as a function of incidence energy is compared with
the experimental one [3] and the projection range calculated by TRIM-code (Fig. 2(b))
in which the currents are consistent with each other. Furthermore, retention of He in
near surface of W was usually mentioned, for example, by the experiments under the
implantation of He ions with different energies and system temperatures [4, 9] as well
as a simulation study based on a ACAT-DIFFUSE code with assumed parameters [68].
Here, the amount of He retained versus He ions fluence in W for He normal implantation
with an energy of 5 keV is given in Fig. 2(c) and compared with the experimental [4, 9]
and simulated ones [68]. In spite of including various kinds of complex influence factors
(such as, multiform micro-structures of W, different experimental conditions, complexity
and assumptions of the model, etc.), a reasonable agreement has been obtained without
any adjusted parameters, which further verifies our model quantitatively.

Various complicated factors, such as, approximations introduced in the model and
measurement errors from different special experimental conditions, can cause our calcu-
lated results to deviate from the experimental ones. As shown in Fig. 2(a) and (b), the
calculated penetration depthes are somewhat undervalued here comparing to the exper-
imental ones, which would be due to the neglected mobility of larger defects and the
inaccuracy more or less of the parameters of defects used in the model, or due to the
estimated bias of the experimental conditions and errors in measurement. A consider-
able deviation near surface for the case of 8 keV in Fig. 2(a) would mainly come from
the adsorption of He atoms by W surface in the experiment and partly from the choice
of the boundary condition on the system surface in the calculation. Furthermore, for the
amount of retained He in W versus He fluence (Fig. 2(c)), if taking no account of the er-
rors in measurement, the main deviation of our calculation from the experiment would
be mainly attribute to the immutable He diffusion coefficient in the damaged region near
surface while the diffusion coefficient would increase during He ions irradiation with
high fluence [68].

In the following, we consider new features of our model when applying to study the
accumulation and diffusion of He in W for different typical cases, such as, describing
the He concentrations within the 2D space of defect type/size and depth, including the
synergistic effect of He implantation and neutron irradiation, taking into account of the
influence of inherent sinks (dislocation lines (DLs) and grain boundaries (GBs)), etc.

Generally, the injected He ions in W would be scattered by the lattice atoms and
slowed down/accumulated instantaneously. Associated damages in space (such as Fran-
ker-pairs) would be produced during He atoms drifting and slowing down, for He ions
implantation with incident energy larger than 400 eV for the case of W (above-threshold
value for the displacement damage). This process is just attributed to the kinetics en-
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ergy loss of injected He atoms and have been treated reasonably by TRIM-code [55]. On
the other hand, the deposited He atoms would diffuse (with very low migration energy
of 0.06 eV) due to the concentration gradient of them, and be trapped by the lattice de-
fects such as vacancies and He-vacancy complexes instantaneously. The (drift-) diffusion
effect makes the He atoms extend to a long range, while the trapping effect by defects
makes the He atoms accumulate to form large clusters (i.e. Hen,Hen I,HemVn) at very
near surface. Indeed, the competition of these two effects requires the evolution of He in
W describing within the 2D space of defect type/size and depth, which has been funda-
mentally treated in our model.

Fig. 3 gives the concentrations of He atoms (Hen−All) as well as respective types of
He clusters (Hen,Hen I,HemVn) and the absorption of inherent sinks (i.e. DLs and GBs)
along with depth and defect size quantitatively, for a typical case of He ions with an
incident energy of 1.5 keV and a fluence of 3.5×1021 m−2 irradiated on W at 300 K. As
shown in Fig. 3(a), it is reasonable as discussed above that the He concentrations along
with depth has a peak near surface due to the deep trapping effect by intrinsic defects
and self-trapping, while it is nearly a diffusion process of He atoms far from surface in
spite of existing the minor self-trapping and absorption by the uniform inherent sinks.
Here, n/m denotes the sum of the same type of He clusters from 1 to n/m. The concen-
tration of He mainly comes from He clusters such as Hen I and partly from Hen,HemVn

near surface, as shown in the insert of Fig. 3(a). In addition, the cluster size distributions
of different types of defects are evolving during He ions irradiation. The typical cluster
size distributions of different types of He defects can also be represented by our model
as shown in Fig. 3(b). The concentrations for different types of He clusters here denote
the sums of the same types though the whole depth. Also, Hen I clusters (around 67% of
Hen−All) dominate the He clusters concentration while Hen and HemVn clusters (about
16% and 17% of Hen−All, respectively) are the minor parts, which are consistent with
the depth distributions as shown in Fig. 3(a). The most frequent sizes of Hen and HemVn

are typically less than 5 while the size of Hen I clusters can grow much bigger than sev-
eral tens. This current is similar to the case in [30]. Clearly, the ratios contributed by
different types of He clusters are related directly to their respective initial concentrations,
corresponding rate coefficients and motilities of different types of defects.

Corresponding to the conditions of PFMs in fusion devices, the synergistic irradia-
tions of ions and neutron practically occur, other than the cases mentioned above. In [54],
by using this model, we have considered the processes of accumulation and diffusion of
He in neutron irradiated W (treated as a single crystal there as usual [28], without con-
sidering the absorption of DLs and GBs), for two typical cases of He plasma (with higher
energy and lower flux for the first wall and with lower energy and higher flux for the
divertor, respectively) as well as a uniform damages produced by neutron irradiation in
contrast to the surface located injected He atoms and associated damages. Indeed, the
concentrations of He clusters have the similar behavior even after considering (Fig. 4(a))
the influences of DLs and GBs (typically, the dislocation density of 1012 m−2 and the grain
diameter of 10 µm are used). There is a shoulder peak at about 1 µm with neutron irra-
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Figure 3: (a) Depth and (b) size dependence of He concentrations in W attributed to different types of He

under He ions implantation with energy of 1.5 keV and fluence of 3.5×1021 m−2 at 300 K. The density of
dislocation lines and diameter of grain boundaries in W are set as 1012 m−2 and 10 µm, respectively.
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Figure 4: (a) Depth dependence of He concentrations in W attributed to different types of He under He plasma

with energy of 1 keV and flux of 1018 m−2s−1 and with/without synergistic neutron irradiation at 873 K and
100 s. (b) The corresponding concentrations of mobile defects along with depth for the same conditions. The

density of dislocation lines and diameter of grain boundaries in W are set as 1012 m−2 and 10 µm, respectively.

diation due to the trapping of defects produced by energetic neutron; otherwise, it is
nearly a diffusion type without neutron irradiation. However, for the case of lower en-
ergy (∼1 keV) of He ions and higher temperature (∼837 K), desorption of He in clusters
from W surface becomes more obvious and thus the concentrations contributed by DLs
and GBs stands out (Fig. 4(a)).

Moreover, we can further give the concentrations of different special defects (espe-
cially the mobile defects) along with depth with or without neutron irradiation by our
model in detail, shown in Fig. 4(b). As expected, the concentrations for different mobile
defects are directly related to their generation rates and mobilities, which fully illustrates
that the trapping by other immobile defect clusters is the main absorption of mobile de-
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Figure 5: Depth dependence of He concentrations in W under He ions implantation with energy of 8 keV and
fluence of 5.0×1021 m−2 at 300 K, with/without absorption of dislocations and grain boundaries. The density

of dislocation lines and diameter of grain boundaries in W are set as 1012 m−2 and 10 µm, respectively.

fects. For the case of synergistic irradiations of ions and neutron, the depth distributions
of different mobile defects are reasonable like in Fig. 4(b) after a full diffusion-absorption
process, that is, most of them are located near surface due to He irradiation with high
fluence, and then in equilibrium due to neutron irradiation far from surface. For the case
of He ions implantation without neutron irradiation, thus most of the residual concentra-
tions of mobile defects locate at near surface and then drop sharply when extending into
deep. The concentrations of mobile defects without neutron irradiation are lower than
the ones with neutron irradiation except for He atoms due to their less loss induced by
intrinsic defects in the depth far from surface.

Finally, we discuss the rationality of some assumptions made in this model. As men-
tioned above (Fig. 4), we have concluded that the influences of inherent sinks (DLs and
GBs) can not be negligible in the case of low He ions energy and high system tempera-
ture, when these sinks are prominent in some special samples. However, the discrepancy
of including the influences of inherent sinks or not is vanished for the case of higher He
energy (8 keV) and lower temperature (300 K), as shown in Fig. 5. He clusters dominate
in the main part of He concentration due to the high damage production with higher
He energy, while the concentrations by DLs and GBs are several orders lower than that
by He clusters and can be neglected anyway (as performed in [69]). Moreover, the con-
centration of I2 clusters as shown in Fig. 4(b) is negligible for the low binding energy of
di-interstitial (1.02 eV). Thus, it is reasonable to neglect this term in solving Eq. (6) and
then be replaced by the Fokker-Plank equation. Also, the reaction term of I2 with He clus-
ters is not important, so only the reaction of SIAs with He clusters is included as adopted
in Table 1.
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4 Conclusions

In this paper, a cluster dynamics model has been developed to account for the accumula-
tion and diffusion processes of He atoms in W under He implantation alone/synergistic
irradiation with neutron. By using this model, the concentrations of different defects
with depth and size have been given for different He ions incident conditions (energies
and fluences) and material conditions (system temperature and existent sinks). The cal-
culated results agree with different experiments much well, which demonstrate that the
model proposed here is very reasonable. The model has been coded as IRadMat and
been applied to several typical cases, i.e., describing the He concentrations within the 2D
space of defect type/size and depth, including the synergistic effect of He-neutron irradi-
ations, taking into account of the influence of inherent sinks (dislocation lines and grain
boundaries), etc. Additionally, our model would be universally used to further inves-
tigate the dynamic mechanics of defects in plasma-facing materials under ions/neutron
irradiations.
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