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Molecular dynamics simulations were performed to study the diffusion behavior of hydrogen isotopes in single-crystal
tungsten in the temperature range of 300-2000 K. The simulations show that the diffusion coefficient of H isotopes exhibits
non-Arrhenius behavior, though this deviation from Arrhenius behavior is slight. Many-body and anharmonic effects of the
potential surface may induce slight isotope-dependence by the activation energy; however, the dependence of the pre-factor
of the diffusion coefficient on the isotope mass is diminished. The simulation results for H-atom migration near W surfaces
suggest that no trap mutations occur for H atoms diffusing near either W{100} or W{111} surfaces, in contrast to the
findings for He diffusion near W surfaces. Based on the H behavior obtained by our MD simulations, the time evolution of
the concentration distribution of interstitial H atoms in a semi-infinite W single crystal irradiated by energetic H projectiles
was calculated. The effect of H concentration on H diffusion is discussed, and the applicability of the diffusion coefficients

obtained for dilute H in W is assessed.

Keywords: hydrogen isotopes, tungsten, diffusion, molecular dynamics
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1. Introduction

As a plasma-facing material in nuclear fusion reactors,
tungsten suffers bombardment by high-flux hydrogen and he-
lium isotopes (H, D, T, He) in the fusion environment. 131 The
implantation of large numbers of hydrogen and helium iso-
topes into the W lining could induce changes in its structural
and thermomechanical properties. Moreover, high-dose ra-
dioactive T, which is a fusion fuel, could pose a crucial safety
issue in the event of lining failure.™ Thus, the retention of
hydrogen isotopes in W is an important research subject that
has attracted intensive experimental and theoretical attention,
as reviewed in Refs. [5]{8].

Nuclear reaction analysis (NRA), which detects the con-
centration profile of H in bulk W, and thermal desorption

10.111 which measures the rate of H re-

spectroscopy (TDS),!
leased from W, are two major experimental techniques used
to study the mechanism of H retention in W (we shall use the
chemical symbol H to refer to any hydrogen isotope, if not
otherwise specified). To analyze and extract the underlying
H-retention mechanism, rate-equation-based modelling of the
experimental observations can be performed.!!%'?! The mod-
els for diffusion, trapping, surface effects, and so on adopted
in this rate-equation-based modelling significantly impact the
explanation of experimental observations.[!%1113-171" How-
ever, rate-equation-based modelling itself is phenomenolog-
ical. The establishment of the models requires a detailed un-
derstanding of the relevant atomistic processes, in which atom-
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istic simulation plays an indispensable role.!'8] The purpose of
the present work is to study the diffusion behavior of intersti-
tial H atoms in the bulk and near-surface of W, which is a basic
atomistic process involved in the time evolution of H retention
in W.

The diffusion behavior of interstitial H atoms in bulk
W has been studied by a number of authors using density
functional theory (DFT).119-231 A1l the DFT calculations con-
cluded that the tetrahedral sites in single-crystal W are the
most preferable for occupation by interstitial H atoms. This
conclusion is consistent with experimental observations.>*!
However, the calculated activation energies for the diffusion
of H between two adjacent tetrahedral sites can vary widely:
0.20 eV,[1%231 0.21 eV,?2! 0.332 eV, and 0.38 eV.[2!]
Among these results, the last activation energy, obtained by
Johnson er al.,”?' best agrees with that experimentally ob-
tained by Frauenfelder,!'?! which is considered to be the most
reliable experimental result to date.!>) Nevertheless, it should
be noted that Frauenfelder conducted his measurements of the
diffusion coefficient of D in W at high temperature (> 1100 K)
and deduced the activation energy according to the Arrhenius
relationship. Several recent studies on the diffusion of He in W
have shown that the diffusion behavior of interstitial He tends
to be non-Arrhenius at high temperature (> 650 K).[2>-27]
These results for He diffusion in W suggest that it would
be worthwhile to examine whether the diffusion of H in W
also tends to be non-Arrhenius at high temperature. Because

*Project supported by the National Magnetic Confinement Fusion Program of China (Grant No. 2013GB109002).

fCorresponding author. E-mail: ghou@scu.edu.cn
© 2018 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

073103-1


http://dx.doi.org/10.1088/1674-1056/27/7/073103
mailto:qhou@scu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 27, No. 7 (2018) 073103

the DFT method is applicable to calculating the static energy
states of atomic systems and the temperature-dependence of
the diffusion coefficient for H in W presuming Arrhenius be-
havior, this examination can be performed only by using the
molecular dynamics (MD) approach. Another issue worthy of
investigation is the isotopic effect of H diffusion. The isotopic
effect is usually considered in terms of the harmonic transi-
tion state theory (HTST). If the thermal vibrations of H iso-
topes dominantly contribute to the pre-factor of the diffusion
coefficient, the pre-factor would be inversely proportional to
the square root of the atomic mass. However, with increasing
temperature, the anharmonic properties of the potential surface
and nonlinear multiphononic contributions could exert effects.

Recent studies on the diffusion behavior of He near W

[28-301 ingpired us to consider the analogous diffu-

surfaces
sion behavior of H atoms. MD simulations have shown that
He atoms near W{100} and {110} surfaces can quickly es-
cape from the substrate, while trap mutations most likely oc-
cur when the He atoms migrate to the W{111} surface. The
trap mutations may impede the release of He atoms from the
substrate and would impact the analysis in TDS experiments.
Thus, whether trap mutations occur in the case of H-atom mi-
gration near W surfaces also merits further investigation.

In the present paper, MD simulations were conducted to
study the diffusion behavior of H in W. The surface and iso-
topic effects, as well as the impact of H concentration, on
H diffusion will be discussed. A general description of this
method is presented in Section 2, followed by the results in
Section 3. Finally, the findings are discussed and concluding
remarks are given in Section 4.

2. Simulation method
2.1. MD simulation

Our MD simulations were performed using the graphics
processing unit (GPU)-based MD package MDPSCU.?!! For
the inter-atomic potentials, we implemented the embedded-
atom-method (EAM) potentials developed by Bonny et al. 3!
for the W-H-He system on the basis of the W-W potential
of Marinica et al.*3 Only the potential denoted as EAM1 in
Ref. [32] was used. All the simulations were performed in the
temperature range of 300-2000 K. For W, the lattice constant
ap = 3.14 A was adopted, which is consistent with that used
by Marinica et al.*3

In calculating the H diffusion coefficient, 1000 indepen-
dent simulation boxes were generated for body-centered-cubic
(bec) W. Each box has a size of 10ag x 10ag x 10ag and con-
tains 2000 W atoms. Periodic boundary conditions were ap-
plied in the x-, y-, and z-directions. In the simulation pro-
cedure, we initially added one H atom to every simulation

box, and then thermalized them to a given temperature by the

Monte Carlo sampling of the Maxwell distribution for the ve-
locities of the atoms. After achieving thermal equilibrium, the
boxes were then allowed to freely relax for 40 ps with the in-
tegral time step of 0.25 fs. The time step is small enough to
guarantee the energy conservation. Since the energies of the
boxes follow the Boltzmann distribution at the given temper-
ature, an NVT ensemble is simulated. The displacement R(¢)
of the H atom was recorded. The diffusion coefficient D at
a given temperature was then calculated by linear fitting the
equation

(R*(1)) = 6D, (1)

where ¢ is the time and (R?()) denotes the ensemble average.

To study the diffusion behavior of H atoms near surfaces,
we constructed W{100} and W{111} surfaces with bcc W box
sizes of 10ag x 10ag x 30aqy and 8.5ag x 9.8ay x 27.7ay, re-
spectively. Generally, the simulation procedure consisted of
two phases. In the first phase, one H atom was randomly in-
troduced into the constructed bcc W box, and periodic bound-
ary conditions were used in all directions. For each of the box
sizes, we generated 500 independent replicas that were sub-
sequently thermalized to a given temperature. In the second
phase, the periodic boundary condition in the z-direction was
discarded, which is defined as the (100) and (111) crystal ori-
entations. The length of the box side in the z-direction was
sufficient to eliminate possible interactions between the two
surfaces. In this phase, all the boxes were evolved for 1000 ps,
during which the states of the boxes were recorded every 20 ps.

3. Simulation results
3.1. Non-Arrhenius diffusion of Hin W

Using the methods described above, the diffusion coeffi-
cients D of H, D, and T in W were calculated in the tempera-
ture range of 300-2000 K and fitted to the Arrhenius relation-
ship

E.
D:Doexp(—kBaT>, )

as shown in Fig. 1. Here, Dy is the pre-exponential factor
(or pre-factor), E, is the activation energy, kg is the Boltz-
mann constant, and 7 is the temperature (K). At first sight,
the dependence of D on temperature follows the Arrhenius re-
lationship well, with the corresponding Dy and E, values for
H, D, and T presented in Table 1. However, detailed anal-
ysis shows that E, varies with the temperature range cho-
sen when fitting the MD data to Eq. (2).
over the whole temperature range, fitting the MD data for
an H atom to Eq. (2) results in E, = 0.218 £0.002 eV (Ta-
ble 1), while the E, values obtained in the discrete tempera-
ture ranges of 300-1000 K, 1000-2000 K, and 1600-2000 K
are 0.221£0.002 eV, 0.201 £0.004 eV, and 0.183 £0.003 eV,

For example,
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respectively. In the low-temperature range (300-1000 K), the
E, value (0.221 eV) is in good agreement with the diffusion
barrier of 0.221 eV that we obtained using the nudged elastic
band (NEB) method. 3*3%1 This can be understood because the
NEB is a static method which calculates the lowest diffusion
barrier on the potential surface at 0 K. However, with increas-
ing temperature, E, decreases, and could even be smaller than
the diffusion barrier of the NEB. This variation of E; is an indi-
cation of non-Arrhenius diffusion. A similar phenomenon has
been observed for He in W by Wang et al.,!*>! Shu et al.,13%]
Perez ef al.,’*’) and Wen et al.3") The E, value of He atoms
in W is lower in the temperature range 650—1000 K than that
at 300-650 K.[2>27-371 At temperatures higher than 1000 K,
the diffusion of He atoms in W tends to be the Einstein—
Smoluchowski type,?”) which would result in an enlarged E,
if arbitrarily fitted to the Arrhenius relationship. The mech-
anism of multiple diffusion pathways, proposed by Wang et
al.™) and Shu eral.,® cannot explain the lowered E, in the
intermediate temperature range (650—1000 K). The reason is
as follows. According to HTST for multiple diffusion path-
ways, the diffusion coefficient D can be expressed as
” _ B
D= Zi:ODie 7

_Eo m ;. _Ei—Eo
= Dgpe *8T 1—|—Zi:1—e kBT ), 3)

where D; and E; represent the pre-factor and activation energy

of diffusion pathway i. Ey is the lowest activation energy. The

Eo
) . @

Because Ey < E;, InD tends to be ——T +1nDgy and 8(11%)) _

—Ey/kp at the limit T — 0. It is easy to prove that a 1/T is

logarithm of diffusivity InD can be expressed as

InD = —ﬁ—l—lnDo-Hn (1-1—21 { Do

always less than —E( /kg and monotonically decreases with in-
creasing temperature 7. In other words, the activation energy
obtained by fitting the Arrhenius relationship would increase
with increasing temperature. Wen and coworkers suggested
that the deviation from HTST prediction could be the result
of many-body effects.3’] Alternatively, we conjecture that the
existence of correlated successive jumps, which have been ob-
served in the diffusion of metallic adatoms on surfaces, 8] is a

more likely explanation for the non-Arrhenius diffusion of He
and H isotopes in W. In comparison with the non-Arrhenius
diffusion of He in W, the non-Arrhenius behavior for H in
W is insignificant, because the lowest diffusion barrier for H
in W is higher than the lowest diffusion barrier for He in W.
Non-Arrhenius diffusion for H in W tends to occur at a higher
temperature than for He in W, and the transition to Einstein—
Smoluchowski diffusion is not observed up to the highest tem-
perature (2000 K) considered in the present paper. The non-
Arrhenius diffusion of H in W has been more obviously ob-
served in the MD simulations of Liu et al,’°! who used a
different potential for the H-W system than ours. However, in
contrast to our findings, they observed E, increasing as tem-
perature increased, and an E, in the low temperature region
that was less than the value they obtained by NEB using their
potential.

Temperature/K
2000 1000 500
plag o o | 1 1 1 1
B Dy
e Dp
- A Dr
1078 5 o piftst

— fit of DH
» fit of Dp
- fit of D
£ 1004 L
S E
=]
)
2
&
)
o
9]
5 107193 3
b=
A

10~ 3

05 10 15 20 25 3.0 3.5

(1000/T) /K1

Fig. 1. (color online) Diffusion coefficients of H, D, and T in W, cal-
culated by MD simulation (Dy, Dp, and Dr), by fitting the Arrhenius
relationship to the MD data (lines). D¥TST is the diffusion coefficient
of T, derived from Dy based on single-mode harmonic transition state
theory.

Table 1. Fitted pre-exponential factors and activation energies for H, D, and T and a comparison with literature data.

H isotopes Do/m?-s~ ! E,/eV NEB: E,/eV
H (8.03+£0.012) x 1078 0.21840.002 0.211
Present work D (7.55140.025) x 1078 0.225+0.001 0.211
T (6.902+0.017) x 1078 0.227 +£0.001 0.211
Frauenfelder! ™ H 41x1077 0.391
(1100-2500 K)
Frauenfelder[22] H 158 x 10~ 025
(15002500 K)
Heinola ez al.[?2] H 52%x1078 0.21
Johnson et al.?!] H 8.93x 1077 0.38
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For comparison with experimental results, the activation
energies obtained by separately fitting the Arrhenius relation-
ship to Frauenfelder’s experimental data in the temperature
ranges of 1100-2500 K and 1500-2500 K are 0.39 eV and
0.25 eV, respectively.??] The observation that the E, at higher
temperatures is smaller than that at lower temperatures is sim-
ilar to our results shown above. However, the effect of non-
Arrhenius diffusion on the experimental observations remains
ambiguous because of the large discrepancies between E, val-
ues obtained through experiments and simulations.

3.2. Isotopic effects of H diffusion in W

According to the HTST of Vineyard,*"! E, is indepen-
dent of isotopic mass, and the pre-factor in Eq. (2) for isotopes
can be written as

pHTST) _ A
0, *\/n—Ta’

where « denotes the isotopes (H, T, D), A is a constant, and 77

®)

is the effective mass. Vineyard showed that /7, is dependent
on the masses of the jumping atom (here, H, D, or T) and the
host atom (W), as well as the direction of the diffusion path at
the saddle point on the potential surface. /7, would be well ap-
proximated by the mass of the jumping atom if its movement
is the dominant contribution to the configuration variation dur-
ing jumping. By this approximation, the diffusion coefficients
for D and T can be expressed by

8 Dy, ©6)
My

where Dy is the diffusion coefficient of the H atom. In Fig. 1,

DSXHTST)

the diffusion coefficient D(THTST) is compared to the diffusion

coefficient Dt obtained by MD simulation. D(THTST)

agrees
well with Dt at low temperature but deviates from Dt with in-
creasing temperature. The difference arises from two sources,
as discussed below.

First, from Table 1, the pre-factors calculated via the MD
simulations give the ratio Dot /Do,H = 0.93. This value is
larger than \/W = 0.58, the ratio predicted by Eq. (6).
From Eq. (5), when the value of Do t/Doy approaches unity,
the effective masses myg and st are similar. According to
Vineyard’s analysis,*’! the underlying physical mechanism is
that many-body effects play roles: the W atoms neighboring
the jumping atom (H or T) are displaced non-symmetrically
as the jumping atom passes through the saddle point of the
potential surface, and thus, the W atoms impart a large con-
tribution to the effective mass. The situation is similar for the
diffusion of D, with Do /Do = 0.97 vs. \/myu/mp = 0.71.
Second, also from Table 1, differences exist among the E, val-
ues obtained by MD simulations for H, D, and T. Although
the differences are small, they contradict the predictions of the
HTST, in which E, is constant for isotopes. Since MD is based

on classical mechanics, the differences among the E, values
of the isotopes do not arise from the contribution of the zero-
point energy (ZPE), which is an isotope-dependent quantum
effect that was added to E, in previous studies.*"?>! More-
over, it has been shown that including the ZPE in E, leads to
a more temperature-dependent diffusion-coefficient pre-factor
than when the ZPE is not included. >3 Clearly, the dependence
of E, on isotope identity observed in the present paper derives
from the anharmonic properties of the potential surface.

3.3. Migration of H atoms near W surfaces

MD simulations were performed for temperatures from
600-1600 K with the simulation boxes having two free sur-
faces. Two surface orientations, {100} and {111}, were con-
sidered.

W(100), t=01ps 1000 K, 1000 ps

1400 K, 1000 ps

B 1400 K [

161 W(100) BN 1000 K |

Depth distribution of H atoms
[\~)
S

—15 —-10 -5 0 5 10 15
Depth/ag

Fig. 2. (color online) (a) Snapshots of H-atom distribution in W bulk
for W(100); ¢+ = 0 and 1000 ps; and 7 = 1000 K and 1400 K. Each pic-
ture represents the merging of 500 simulation boxes. The red and green
spheres represent W and H atoms, respectively. (b) The corresponding
depth distribution of H atoms.

For the case of the W{100} surface, figure 2(a) displays
snapshots taken at times # = 0 and 1000 ps for temperatures
T = 1000 K and 1400 K. The snapshots were generated by

merging snapshots of 500 simulation boxes. From the figure,
the interstitial H atoms are initially uniformly distributed in
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the simulation boxes. As time elapses, some of the H atoms
escape from the substrate, and dilute H atoms are found in the
subsurface region. Figure 2(b) shows the corresponding depth
distribution of H atoms. These results suggest that H atoms
near the surface can quickly escape from the substrate, analo-
gous to the behavior of He atoms near the W{001} surface. "]
The time scale for the escape of subsurface H atoms should be
shorter than the recording interval (20 ps).

Figure 3 displays the snapshots and depth distribution
of H atoms for the case of the W{111} surface orientation,
which is in the closest-packed direction of W atoms. In the
case of He atoms in W, temperature-dependent trap mutations
may occur when He atoms move to the W{111} surface, and
these trap mutations induce the subsurface accumulation of
He atoms.[?%3% We repeated the MD simulation of He diffu-
sion near the W{111} surface using the W-H-He potential of
Bonny et al.,’?! which is used in the present paper for the W—
H interaction but is different from the W—He potentials used
in Ref. [28] and [30]. The simulation results (not shown in
the present paper) further verify the accumulation of He atoms
in the subsurface region of the W{111} surface. However,
in contrast to the He case, no subsurface accumulation of H
atoms is observed in Fig. 3. Similarly to the case of H diffu-
sion near the W{100} surface described above, H atoms can
quickly escape from the substrate through the W{111} sur-
face. This observation is applicable to all temperatures con-
sidered in the present paper.

Because the time scale for the escape of subsurface H
atoms from the substrate is much smaller than the time scale
considered in continuous-diffusion-theory (CDT)-based simu-
lations (e.g., the size of the time grid in rate theory), we can
establish a model for continuous diffusion for W surfaces. In
this model, the W surface is treated as an absorber. The H
atoms can be considered to migrate through the bulk tungsten
until arriving at the absorber, where they are absorbed instantly
with probability R. According to Wang et al.,’%! R can be de-
termined by fitting the MD data and the following formula

N () /N — [1 / hh dz"oz(z)(E1+E2+E3+E4)} )

with

i T+ (— 1) (2kh —

Er = Y (1-2R)erf ht (Z1) (2kh Z)],
=0 L 4Dt

Er = Y (1—2Rerf| AE(EN) KA Z)}
k=0 L 4Dt
> [h+ (=DM (2kn

Es = Y (1-2R)erf (=D +Z)}
k=1 L 4Dt
> [h+ (—D* (2kh

Ey = Y (1-2R)erf (= +Z>],
k=1 L 4Dt

where N, (¢) is the accumulated number of H atoms escaping
from the substrate in time ¢, and N is the number of simula-
tion boxes, which equals the total H atoms (here, Ng = 500).
D is the diffusion coefficient of H in the W bulk calculated
above. The ng(z) term represents the initial depth distribu-
tion of the H atoms and is given by 1/L; (L, is the simulation
box size in the z-direction) since the H atoms are initially uni-
formly distributed in the simulation boxes. # is the distance
from the center of the simulation box to the absorbing layer,
and is defined as h = L /2 here.

W(111), t=0ps 1000 K, 1000 ps

1400 K, 1000 ps

I 1400 K

1000 K[

Depth distribution of H atoms
o
S

-12 -9 -6 -3 0 3 6 9 12
Depth/ag

Fig. 3. (color online) (a) Snapshots of H-atom distribution in W bulk
for W(111); ¢+ =0 and 1000 ps; and T = 1000 K and 1400 K. Each pic-
ture represents the merging of 500 simulation boxes. The red and green
spheres represent W and H atoms, respectively. (b) The corresponding
depth distribution of H atoms.

The absorbing probabilities R determined for the W{100}
and W{111} surfaces are summarized in Table 2 for different
substrate temperatures. Figure 4 shows N, () /Ng obtained by
MD simulations as well as by Eq. (7). Generally, the MD re-
sults are well described by Eq. (7), suggesting validation of
the absorber model. By CDT, the value of R should be 1 for
a perfect absorber. As we can see from Table 2, the R value
for W{100} is less than 1 while that for W{111} is greater
than 1. The deviation of the R value from 1 reveals that the
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diffusion barriers of H atoms near the surfaces vary relative
to the in-bulk diffusion barriers. Using the NEB method, we
calculated the potential evolution for an H atom moving from
the near-surface region to the top of the surface. The results
are shown in Fig. 5. It should be noted that the horizontal axis
represents the configuration images of the NEB rather than the
depth of the H atoms in W. Thus, for the W{111} surface, the
interstitial state of an H atom close to the surface has a poten-
tial energy lower than that of the in-bulk interstitial state by
0.07 eV, while for the W{100} surface, the interstitial state of
a near-surface H atom has almost the same potential energy as
the in-bulk interstitial state. This observation explains why the
R value is larger than 1 for the W{111} surface and smaller

MD 1200 K
fit 1200 K

= MD 600 K

than 1 for the W{100} surface. Meanwhile, the energy dif-
ference from the bulk to the surface is approximately 1.50 eV,
which is in good agreement with the absorption energy (from
the surface to the bulk) calculated by Hodille ez al.!*!!

Table 2. R values obtained by fitting Eq. (10) to simulation data. The
diffusion coefficient used in Eq. (10) is calculated in the present work.

—— fit 600 K

4 MD 800 K
—— fit 800 K

< MD 1000 K

¢ MD 1400 K
— fit 1400 K
°  MD 1600 K

Temperature/K Dl.ffl]SIOI; . RforW{100} R for W{l11}
coefficient/m=-s

600 1.244 x 107° 0.809 0.937
800 3.607 x 1079 0.944 1.232
1000 6.593 x 1077 0.925 1.140
1200 9.796 x 10~° 0.977 1.086
1400 1.347 x 1078 0.938 1.097
1600 1.616 x 1078 0.931 1.112

- MD 600 K MD1200 K

—— fit 600 K fit 1200 K

4 MD 800 K
—— fit 800 K
< MD 1000 K

—— fit 1000 K —— fit 1600 K
140 n 1 n 1 1 n 1 n 1
(a) W{100}
0.8 . . r
m 0.6 8 O -
Z .
R
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1

(b) W{111}

e
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Fig. 4. (color online) The ratio of escaping H atoms (,) to the total H atoms (Ng) as a function of time obtained from MD simulations for (a)
W{100} and (b) W{111} surfaces. The solid lines are the curves generated from the fitting of Eq. (10) to the MD data.
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W{100} and (b) for W{111} surfaces. The potential energy of the in-bulk tetrahedral interstitial state is taken as zero.

We note that the W—H potential used in this paper is re-
pulsive if H atoms are on the top of the W surfaces. No H
adatoms, and thus, no Hy molecules, which are thought to be
detected in TDS experiments, are observed on the top of the
W surfaces in our MD simulations. The study of the diffusion,
recombination, and desorption of H adatoms on W surfaces

likely needs a H-W potential that can correctly describe the
interaction between H adatoms and W surface atoms. How-
ever, the model established here can be applied to modelling
the production rate of H adatoms on W surfaces produced by
diffusing in-bulk H atoms. The behavior of H adatoms on W
surfaces can be considered as an independent subsequent pro-
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cess and beyond the scope of the present paper.

4. Discussion and conclusions

We performed MD simulations to study the diffusion be-
havior of H isotopes in single-crystal W. Several concepts were
clarified by the MD simulation results. First, in the considered
temperature range, the slight non-Arrhenius behavior of the
diffusion coefficient of H isotopes in W indeed exists. Second,
many-body effects reduce the sensitivity of the dependence of
the pre-factor of the diffusion coefficient on the isotope mass,
although the anharmonic effect of the potential surface induces
a very slight dependence of the activation energy on isotope
mass. Third, no trap mutations occur for H atoms diffusing
near either the W{100} or W{111} surfaces, in contrast to the
analogous cases for He atoms.

These conclusions were obtained for dilute interstitial H
atoms in single W crystals. According to previous DFT and
MD results,!1°#21 H-H interactions at short distances in the
W lattice are repulsive. The diffusion path of an interstitial
H atom can be obstructed by neighboring H atoms. Based on
this picture, a kinetic Monte Carlo (KMC) method was used
by Yang et al.!! to study the concentration dependence of
the diffusion coefficient of H in single-crystal W. The con-
centration effects on D diffusion in W have also been stud-
ied by Ahlgren and Bukonte!**! based on MD simulations.
They showed that the diffusion coefficient deviated signifi-
cantly from the low concentration limit when the D/W ratio
was above 0.01. We have also conducted MD simulations with
various H/W ratios in the simulation boxes, arriving at a con-
clusion similar to that of Ahlgren and Bukonte. To assess the
applicability of the diffusion coefficient obtained in the case of
dilute interstitial H isotopes in single-crystal W, we calculated
the time evolution of the concentration distribution of intersti-
tial H atoms in a semi-infinite W substrate irradiated by en-
ergetic H projectiles. Assuming the concentration distribution
at time 7 is n(z,t), based on the model established in subsec-
tion 3.3, the concentration distribution at time ¢ + Af can be
expressed

[ 1 —(z—2)*
n(z,t-i—At)—/o W[exl)(M)

—(z+20)*
_R'eXp< ADAr )}
x [n(z0,t) + 5(z0,1)] dzo, ®)

where s(z,¢) is the depth distribution of the H source. If the
incident flux of H projectiles is I', s(z,?) is written

S(th):FAt(l_Rf)f(Z)v 9

where R is the reflection coefficient and f (z) is the range dis-
tribution of the H projectiles. We calculated R¢ and f(z) us-
ing the bipartition method for solving the Boltzmann transport

equation of projectiles in materials.[*>! Moreover, the setup of
the time step At and the size of the depth grid dzg can be jus-
tified by checking the conservation of particle number.
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Fig. 6. (color online) Time evolution of the concentration distribu-
tion of D implanted in perfect W at 400 K. The incident flux of D is
3.6 x 102! m=2.s71: (a) 0.0002-0.00327 s, (b) 41.885-7827.592 s.

As an example, we considered 200 eV D projectiles ir-
radiated on W at 400 K with I' = 3.6 x 10*! m~2:s~!. The
reflection coefficient is 0.606. Figure 6 shows the evolution
of the concentration distribution in the D/W ratio. As time
elapses, the concentration distribution spreads out in depth.
The maximum concentration, near a depth of 0.1 pm, in-
creases initially and then tends to maintain a D/W ratio of
8.5 x 1077, This value is lower than 0.01 by four orders of
magnitude. If we adopt I’ = 3.6 x 10** m~2.s~!, which is
within an order of magnitude of the highest flux reported in
the experimental literature, the maximum concentration would
be 8.5 x 10~*. We also calculated the retention of D atoms,
which is defined by 71(t) = [y n(z,t) dz. Figure 7 illustrates
ii(r) (m~2) versus time 7 (s) for I’ = 3.6 x 10! m~2.s7, in
which 7 (¢) is proportional to the square root of ¢ and can be
well fitted by the equation 7i (f) = 6.607 x 107 x %3 The ob-
servation that D retention is proportional to the square root of
time was also observed in Refs. [16] and [46] . At the fluence
@ =3.60 x 10** m~2 (t = 1000 s), 71 (¢) is ~ 2.09 x 10! m~2.
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This suggests that most of the implanted D atoms have es-
caped from the substrate. One reason for this is the shallow
range distribution. The range over which 200 eV D projectiles
continuously slow is ~ 0.016 pm.

T T T T T T T T T
m retained particles
fit of RTD

=]
1

200 eV D=W
temperature =400 K
flux = 3.6X10%2! m—2.s~1
the fitting function:
RTD = 6.607x1017x¢0-5

Retained particles/10'? m~—2
w
1

T T T
4000 6000 8000

Time/s
Fig. 7. (color online) Retention of D as a function of time. The D

atoms are implanted in perfect W at 400 K with an incident flux of
3.6 x 10 m™2.s71.

T T
0 2000

From the calculation results, the concentration of intersti-
tial D atoms in single-crystal W irradiated by low-energy H
isotopes is clearly much lower than that when the concentra-
tion effects of interstitial D atoms on diffusion must be con-
sidered. Additionally, we should note that the influence of de-
fects, such as vacancies and grain boundaries which usually
exist in experimental samples and form trapping sites for H
isotopes, on the diffusion of H isotopes was not considered in
the foregoing calculations. Trapping sites may block the diffu-
sion of H isotopes and build up their concentration in the shal-
low region of the substrate. However, the immobile, trapped
H isotopes would contribute the principal portion of the con-
centration. The concentration of interstitial H isotopes should
be reduced by the presence of trapping sites. Thus, unless the
concentration of trapping sites is high, the diffusion coefficient
obtained for dilute interstitial H isotopes should be applicable
to, for example, rate-equation-based modelling in which trap-
ping of H isotopes is included.
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