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Abstract—The accumulation of deuterium implanted in tungsten is simulated within the framework of
kinetic diffusion theory. The influence of the tungsten microstructure (dislocation density and impurity con-
centration) on the process of deuterium capture and accumulation is considered. It is established that, under
the chosen irradiation conditions, deuterium accumulation in the near-surface region is determined by cap-
ture at defects formed during implantation. The deuterium concentration gradient, together with the material
microstructure, determines its accumulation in tungsten. Variation in the dislocation density and impurity
concentration does not affect the simulation results, which is, first, related to the fact that the model used
does not contain alternative mechanisms for the formation and growth of vacancy clusters under the sub-
threshold irradiation mode. The simulation results are compared with experimental data, and ways of
improving the model are discussed in order to explain the deuterium-saturation effect for high fluences (more

than 102 m~2).
DOI: 10.1134/S102745101402013X

INTRODUCTION

The choice of materials for components interacting
with plasma is a very important stage on the way to the
construction of future thermonuclear devices, such as
the International Thermonuclear Experimental Reac-
tor (ITER). Such a material must satisfy a series of
requirements, in particular, it must have good stability
to radiation damage, sputtering, and high-tempera-
ture effects. In the ITER reactor, hydrogen isotope
fluxes reach 102—10** m=2 s~!, the particle energy
ranges from several electronvolts to kiloelectronvolts,
radiation damage doses reach 0.6—0.7 displacements
per atom (dpa), and the temperature in the divertor
can be up to 1300 K [1]. Tungsten has a low sputter-
ing coefficient, a high melting temperature (3695 K),
a high threshold displacement energy (38—100 keV)
[2—5], and high heat conductivity. In view of these
features, tungsten was chosen as the material interact-
ing with plasma in order to coat the ITER divertor
plates [6]. The ability of the material to capture, accu-
mulate, and retain hydrogen isotopes during reactor
operation (and afterwards) is another important crite-
rion applied in the choice of the material interacting
with the plasma for the ITER. The accumulation of
tritium is the most critical process, because it is a
radioactive, toxic, and expensive material. At present,
from safety considerations, a restriction is imposed on
the amount of retained tritium in the ITER chamber
(700 g) [7]. Thus, the study, understanding, and

description of mechanisms for the capture, accumula-
tion, and retention of hydrogen isotopes in tungsten is
of practical interest from the point of view of the devel-
opment, planning, and operation of future thermonu-
clear devices.

The mechanisms for deuterium capture and accu-
mulation in tungsten were studied experimentally and
by means of numerical simulation. The authors of [2]
experimentally estimated the threshold displacement
energy (E,) in tungsten, which was ~50 eV. The pub-
lished estimates of E,; range from 38 to 100 eV [4, 5],
whence it follows that the minimum deuterium energy
required to create a stable Frenkel pair is on the order
of 1 keV. Thus, typical irradiation conditions for W in
thermonuclear devices (for a D energy on the order
of kiloelectronvolts) corresponds, in fact, to the sub-
threshold irradiation mode (with a low effectiveness of
primary defect formation).

The authors of [8, 9] experimentally studied deute-
rium accumulation after the irradiation of W with
beams of D' ions with subthreshold energies. It was
shown that, at room temperature, for an energy of
1 keV per deuterium atom, the amount of deuterium
retained in the material reaches saturation at a level of
~6 x 102 m~2 for fluences of >10%* m~2 or more. At the
same time, the authors of [10] observed the formation
of blisters and bubbles after irradiation with a sub-
threshold energy of ~100 eV, starting from a fluence of
10%* m~2 or more. The standard procedure before the
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experiments is tungsten annealing at temperatures of
about 1300 K, which is considerably higher than the
temperature at which vacancies become mobile
(~600—700 K in accordance with [11]); i.e., they can
diffuse to the free surface and to the region near the
interface between polycrystalline grains. Thus, it can
be stated that the material barely has vacancies before
irradiation. However, typical spectra obtained using
thermodesorption spectroscopy have a characteristic
peak of the deuterium yield in the temperature range
of ~500 K [12], which corresponds to deuterium
escape from the bound state with “light” traps in the
material, such as dislocations, vacancies, and vacancy
clusters [13]. In addition, quantum-mechanical cal-
culations in the approximation of the electron-density
functional showed that the binding energy of two
hydrogen atoms in tungsten is less than 0.1 eV [14].
This means that, unlike helium with a high He—He
binding energy, hydrogen must have nucleation cen-
ters in the material to form bubbles and blisters. Thus,
summarizing the foregoing, we can point out the fol-
lowing: although irradiation in the subthreshold mode
barely produces defects in W, existing experimental
data showed that deuterium is retained by light traps
with a low energy of binding with it (on the order of
1 eV) in this case. The physical mechanism of such a
process, as well as the mechanism of the formation of
bubbles and blisters containing D, is unclear at present
and calls for further investigations.

The authors of [15] calculated the accumulation of
implanted deuterium in tungsten at room temperature
using Kkinetic transport theory. They considered
implantation at energies of 5, 15, and 30 keV per deu-
terium atom and a fluence of 5.8 x 10 m=2. The
results of this calculation agree well with the experi-
mental data; in this case, it was established that the
material microstructure affects the distribution of deu-
terium retained by tungsten. The authors of [16] pre-
sented the results of experiments on the implantation
of deuterium with an energy of 1 keV and a fluence of
up to 9 x 102 m~2 into tungsten and those of the anal-
ysis of the distribution of captured deuterium using
methods of nuclear reaction (NRA) and thermodes-
orption spectroscopy.

In this paper, within the framework of the model in
[15], we simulate the subthreshold implantation of D
into W; we compare the results with the corresponding
experimental data [16]. The aim of this paper is to ver-
ify the adequacy of the model, which realistically
reproduces the accumulation of deuterium in the case
of implantation for an abovethreshold energy, under
subthreshold implantation conditions and to study the
influence of the impurity concentration and the dislo-
cation density in W on the distribution of retained
deuterium.
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SIMULATION PROCEDURE

To simulate the diffusion processes in W, we used
kinetic diffusion theory based on the solution of stan-
dard diffusion equations (describing the Fick’s law)
including additional terms that take into account sinks
and reactions between atoms of different types. The
simulation procedure was described in detail in [15];
therefore, we here restrict ourselves to description of
the main physical processes taken into account within
the framework of this model. All calculations were car-
ried out for room temperature (300 K). In our model,
we initially considered deuterium, impurities, vacan-
cies, vacancy clusters, interstitial sites, and interstitial
clusters as mobile objects. However, because of the
high migration energies of vacancies and carbon (the
most widespread impurity in W), which are 1.8 [17]
and 1.5 eV [18], respectively, only deuterium, intersti-
tial sites, and interstitial clusters remain mobile at
room temperature. The migration energy for deute-
rium is 0.26 eV [11], and the pre-exponential factor of
the diffusion coefficient was recalculated for the

hydrogen isotope as Dé) = Dé'[ / «/5, where D(? is the
hydrogen diffusion coefficient. Diffusing deuterium
can interact with vacancies and vacancy clusters,
forming stable complexes; in this case, one vacancy
can retain a maximum of six deuterium atoms in
accordance with [11]. Deuterium can also interact
with grain boundaries and dislocations, which are
nonsaturated sinks for it within the framework of the
considered model. Interstitial atoms can annihilate
with vacancies, form clusters, and move to the grain
boundaries and dislocations like deuterium.

The spatial distributions of implanted deuterium
and primary defects formed during implantation were
important initial parameters. To calculate them, the
authors of [15] first calculated the energy spectrum of
primarily knock-on atoms (PKAs) using the well-
known SRIM program [3, 19] and then simulated the
formation of defects in the PKA cascade using the
method of classical molecular dynamics in order to
take defect recombinations into account and to obtain
their distributions. In the case under consideration,
because of the low irradiation energy, at which the
PKA energy does not exceed 2E; and, consequently,
the mode of “direct atom ejection” occurs, the num-
ber of generated defects in the system is mainly deter-
mined by the threshold displacement energy E,. Cal-
culation of the primary defect profiles was carried out
using the SRIM code [19]. To verify the influence of
the defect concentration profile, we chose the most
“optimistic” case with a minimum threshold energy of
E4=40eV and then considered several versions of inclu-
sion of the effectiveness of Frenkel-pair recombination:
its absence and 50 and 90% of the recombination.

To study the influence of the tungsten microstruc-
ture (the impurity concentration and the dislocation
density) on the process of deuterium capture and
accumulation, we varied the dislocation density from
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Fig. 1. (a) Profiles of the depth distribution of deuterium with an energy of 1 keV implanted into tungsten and of primary defects
for different inclusions of the effectiveness of defect recombination. (b) The dependences of the concentration of captured deu-
terium on the target depth using the implantation profiles with different inclusions of the effectiveness of defect recombination.

10'2 to 10'* m~2 and the relative impurity concentra-
tion from 10~*to 10-% at~1.

RESULTS AND DISCUSSION
Influence of the Distribution of Primary Defects

As was mentioned above, in our calculation, we
used the profiles of primary defect formation by taking
into account the different effectivenesses of Frenkel-
pair recombinations. The distribution obtained using
the SRIM code (without considering additional
recombination) was used for one of the calculation
versions. For the two other calculation versions, the
initial profile was modified under the assumption that
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Fig. 2. Comparison of relative differences between the depth
distributions of captured deuterium d(p, C) for different dis-
location densities (p) and impurity concentrations (C):
(d(p, C) — dy)/d,y, where d,, is the deuterium concentration
corresponding to p = 102 m2andC=10"*at"".
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the recombination effectiveness is 50 and 90%, respec-
tively. These profiles are given in Fig. la. Figure 1b
shows the calculated target-depth distributions of
retained deuterium obtained using different initial
defect-formation profiles. It can be seen that the dif-
ferences between the initial defect concentrations only
affect deuterium accumulation in the near-surface
region of the material with a thickness of up to 10 nm,
and D accumulation at a material depth of 10 nm or
more is independent of the initial defect concentra-
tion. Thisis related to the fact that the amount and dis-
tribution of deuterium retained in the near-surface
region is first determined by deuterium capture at
vacancies that formed during irradiation. At the same
time, D accumulation in the material depth is deter-
mined by the D capture at inherent material traps,
such as dislocations, impurities, and grain boundaries.
The deuterium concentration gradient (from the near-
surface layer into the material) is a sort of boundary
condition determining its capture inside the material.
The process of D penetration into the material can be
described as D diffusion in the field of traps.

Influence of the Dislocation Density
and the Impurity Concentration

Figure 2 shows comparison of the results of calcu-
lating the D accumulation in W obtained for different
impurity concentrations (varied from 10~°¢ to 10~* of
the relative atom concentration) and the dislocation
densities (varied from 10'2 to 10'* m=2). It can be seen
from this figure that the relative difference between the
deuterium distributions in the material does not
exceed 0.5%. Thus, we can state that, under the con-
sidered irradiation conditions, the impurity concen-
tration and the dislocation density have no significant
influence on the deuterium capture and accumulation
in tungsten. The D accumulation at depths of 20 nm or
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Fig. 3. Comparison between the results of calculating the
concentration of deuterium retained in tungsten for differ-
ent fluences and the published experimental data.

more is mainly due to the capture of D at material
grain boundaries.

Comparison of the Calculated Results
with the Experimental Data

Figure 3 shows the comparison of the calculated
results with the experimental data [8, 15, 16]. It can be
seen that the model shows good agreement with the
experimental data for low fluences (10*> m~? or less).
However, for fluences exceeding 102 m—2, the effect of
captured-deuterium saturation was observed in the
experiments [8, 9]. Moreover, it can be seen from this
figure that the results in [16] (corresponding to
implantation in the subthreshold mode) also satisfy
this tendency. The saturation effect was not mani-
fested in the performed calculations, and the amount
of captured deuterium continued to grow with
increasing fluence. This distinction can be related to
the absence of the inclusion of mechanisms of addi-
tional-trap formation leading to an increase in D
under irradiation in the subthreshold mode (at room
temperature) within the framework of the considered
model. The authors of [10] established that the blister
formation begins at a threshold fluence of ~10% m~2,
which coincides with the onset of D concentration
saturation. This fact can indicate that the bubble for-
mation prevents deuterium from penetrating into the
material, decreasing the effectiveness of deuterium
capture and accumulation. In addition, the output of
such bubbles on the surface and the blister formation
decrease the amount of retained deuterium. We can
assume that the saturation is related to the establish-
ment of equilibrium between the arrival of “new” deu-
terium under irradiation and its departure on the sur-
face because of blister formation. Thus, to improve the
agreement between the model and the experimental
data in the range of high fluences, it is necessary to
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introduce new mechanisms for deuterium bubble
nucleation and growth into the model. The capture of
D atoms at dislocations with subsequent deuterium
migration along the dislocation lines leading to the
formation of immovable clusters can serve as a bubble-
formation mechanism. The subsequent growth of such
clusters can lead to detachment of the bubble from the
dislocation. Then the growth of such clusters (poten-
tial blisters) can occur in the subthreshold implanta-
tion mode because of the effect of deuterium supersat-
uration in the near-surface region [20], deuterium
capture at stable clusters with the formation of inter-
stitial sites and interstitial dislocation loops [21].

CONCLUSIONS

In this paper, using computer simulation within the
framework of kinetic diffusion theory, we have studied
the process of deuterium capture and accumulation in
tungsten in the mode of subthreshold irradiation (i.e.,
for a low effectiveness of the processes of primary
defect formation). We considered the influence of the
dislocation density and the impurity concentration on
the process of D accumulation in W. We compared our
results with the existing experimental data. We estab-
lished that (i) the change in the initial concentration of
primary defects affects D capture only in the near-sur-
face region, while accumulation in the material depth
is independent of the concentration of primary
defects; (ii) under the considered irradiation condi-
tions, the change in the dislocation density and the
impurity concentration does not affect deuterium
accumulation and retention in tungsten; (iii) the cal-
culated results agree well with the experimental data
for fluences of 102> m~2 or less; and (iv) for fluences of
10 m~? or more, the calculated results predict an
increase in the amount of deuterium accumulated in
the material, which does not correspond to the exper-
imental data demonstrating the effect of accumulated
deuterium saturation.

Analysis of the results indicates that the model used
must be supplemented with alternative mechanisms
for deuterium bubble formation and growth. The pri-
mary interaction of deuterium with dislocations and
small-angle polycrystal grain boundaries with subse-
quent migration along the dislocation lines leading to
cluster formation must be regarded as possible mech-
anisms. A further study of the indicated processes
within the framework of atomistic simulation (using
methods of ab initio and classical molecular dynam-
ics) is planned in order to perform correct parameter-
ization and improvement of the kinetic model.
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