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Influence of crystallite size on sputtering coefficients of tungsten
bombarded by hydrogen isotopes and argon
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Using the code we have developed, we obtained for the first time coefficients Y of the tungsten target sputtering
by hydrogen isotopes and argon with the bombarding particle energies ranging from 0.01 to 100keV in dependence
on the crystallite size and type of the surface potential barrier. Numerical simulation has predicted that, when
energies exceed 100eV, a significant increase in the sputtering coefficient is observed with increasing crystallite
size. The most remarkable growth takes place while the crystallite size increases from one to two lattice constants.
A strong influence of the choice of the surface barrier type on the sputtering coefficient calculations has been
demonstrated. The results obtained are necessary for analyzing the entry of tungsten impurities into the tokamak

plasma hot region.
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At present, controlled thermonuclear fusion is regarded
as a promising alternative source of power. To succeed
in its implementation, it is necessary to overcome a
number of technological and technical difficulties. The most
important problem on this way is associated with the issues
of durability of structural components facing the burning
plasma. Surfaces of the first wall and divertor are liable
to irradiation by flows of fast atoms, neutrons and plasma.
Interaction of high-energy plasma flows with the first wall
and other structural components of the tokamak reactor
can promote sputtering of these components, modification
of their structure, and even their destruction [1,2], as
well as entering of impurities into the reactor working
volume [3-6]. Especially high load will be applied to the
divertor surface [7,8]. Sputtered first-wall particles may
reach the last closed magnetic surface (separatrix) and
penetrate into the plasma-column central part thus giving
rise to high radiative-energy losses.

As a material for the ITER tokamak divertor, it is
planned to use one of the most refractory metals, i.e.
tungsten characterized by a low sputtering coefficient and
high sputtering energy threshold. However, tungsten has
such a drawback as large atomic number Z = 74 due to
which emission of tungsten ions causes large energy losses.
When the tungsten concentration is as low as ~ 0.1% [9],
achievement of a high energy efficiency of thermonuclear
fusion is impossible.

Entry of impurities into the reactor plasma can signif-
icantly change the tokamak operating mode; thus, it is
necessary to exactly know and control the flows of incoming
impurities. This requires data on sputtering coefficients
of tungsten bombarded by hydrogen isotopes, as well
as by argon that may be added to plasma in order to
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decrease its near-wall temperature. By this moment, those
coefficients have been measured only in a limited energy
range. Moreover, measurements obtained by different
research teams contradict each other. Data for tritium are
unavailable.

As the first-wall and divertor material, polycrystalline
tungsten is planned to be used. The surface topology can
considerably affect the first-wall sputtering. It was shown
in [10] that the coefficient of sputtering by He and Ar ions
varies strongly depending on orientation of the W crystal-
lattice face. Paper [11] showed that sputtering coefficients
of tungsten bombarded by Ga ions differ from each other
by eight times for different surface orientations. The average
sputtering coefficient for the faces of different orientations
differs from that for amorphous material. Much attention
is paid to sputtering of tungsten fuzz, that is, columnar
structures emerging on the surface under an intense ion-
beam bombardment [12,13]. An additional global reduction
in the sputtering yield was revealed, which we attributed
to the influence of the effect of redeposition between
nanocolumns. These results confirm the possibility of using
nanocolumnar tungsten as a coating for the tokamak first
wall.

The sputtering coefficient dependence on crystallite size
has not been studied so far, although the influence of surface
topology on the sputtering coefficient has been already
mentioned (see, e.g. [10-13]). Among the objectives of
this work there was obtaining data on sputtering coefficients
Y of tungsten bombarded by argon and hydrogen isotopes
(hydrogen, deuterium, tritium) in a wide range of initial
energies (0.01—100keV) for different crystallite sizes.

To describe particles sputtering under bombardment
of a solid, we used our own program code based on
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Figure 1. Visualization of the program code operating mode with N = 4 (the crystallite grain size equals four unit cells). For clarity,
thermal vibrations are not considered, and cube clusters are not left-truncated; however, in the process of simulation, all the atoms to the
left of the gray plane (with coordinates z < 0) were truncated. Colored dots indicate the cluster atoms where binary elastic collisions
occur. Clusters belonging to one and the same grain are colored identically. The black line represents the trajectory of the projectile Ar
atom 10keV in energy; the arrow indicates the motion direction; Ar begins moving from the black dot (0, 0, 3a), where a is the lattice
constant. The colored figure is given in the electronic version of the article.

the Monte—Carlo method and binary—collision approxima-
tion [14].

The projectiles trajectory was calculated by using poten-
tials obtained in the framework of the Density Functional
Theory [15]. The calculations were corrected by the
potential-well parameters. Stopping of particles in the target
was taken into account. Nuclear stopping power, 1. e. energy
losses associated with scattering from target atoms, were
precisely calculated for the used interaction potential based
on the energy and momentum conservation laws. According
to the recommendations given in [16], stopping losses on
the target electrons were accounted for in the form of
a product of the projectile stopping power by the inter-
collision distance. Thermal vibrations of target atoms were
taken into account; as the vibration amplitude, the value
corresponding to room-temperature was taken.

The projectile collision with target atoms gives rise to
recoil particles which are able to be emitted beyond the
surface boundary provided they overcome the potential
barrier at the solid—vacuum interface. In addition, cascade
particles generated in the collisions between recoil particles
and target atoms were taken into account.

The calculation results strongly depend on the potential
barrier model. This model depends on the surface topogra-
phy. In the case of a severely rough surface consisting of
atomic-size peaks, the surface potential may be assumed to
be isotropic (spherical). In this case, the sputtered particle
energy Eox is to be higher than sublimation energy Us.
For a smooth surface, the planar potential model is used.
In this case, the sputtered particle should meet condition
Eou cos?0 > Us, where 6 is the angle of the sputtered
particle emission measured from the surface normal.

Under the tokamaks real operating conditions, the surface
roughness may vary significantly; therefore, we calculated
sputtering coefficients for both the above-considered limit-
ing cases.

Our previous study [17] has shown that the choice of
the surface potential model strongly affects the results of
calculating the sputtering coefficients.
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The target was described by the model within which
an atomic cluster one lattice constant in size was used
to take into account the correlation in the nearest-neighbor
arrangement. Position of the first atom and cluster§ spatial
orientation were chosen randomly. After the collision, a next
cluster was constructed whose center was set to the atom
on which the next scattering occurred. At N = 1, spatial
orientation of this cluster was chosen randomly. At N > 2,
the clusters spatial orientation was maintained until the
particle interacted with the given clustershnumber N. After
that, the cluster§ orientation was chosen randomly again,
and again was maintained until number N was reached.
Thus, there was created a model of a polycrystalline target
with the grain size of N (expressed in the number of unit
cells). Crystallite size N was varied from 1 to 100.

Fig. 1 visualizes the mode with N =4 for a randomly
selected trajectory.

Fig. 2 demonstrates calculations of sputtering coefficient
Y versus collision energy for the case of normal argon-
beam incidence on the target surface. Dashed colored lines
represent the case of the spherical barrier, solid colored
lines are for the planar barrier Dots are experimental
data obtained by different researchers and given in the
monograph [18]. The gray dashed-and-dotted line represents
the Eckstein team§ calculations [18,19]. Figures at the
curves indicate the values of crystallite size N. In Fig. 2,5,
the ordinate-axis scale was made linear in order to make
clearer the strong crystallite-size effect on the sputtering
coefficient.

As N increases, sputtering coefficients for the Ar—W
system increase till N = 8 for both potential barrier versions.
The figure shows that the planar barrier provides lower
coefficients Y. Further increase in the crystallite size
(N > 8) results in saturation of the Y dependence. The
agreement between the experimental data and simulation
results is better in the case of the planar barrier. The
main factor justifying the planar potential barrier model
is the presence of a maximum in the energy distribution
of sputtered particles. In the case of the spherical surface
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Figure 2. Tungsten sputtering coefficient versus collision energy in the case of normal argon-beam incidence on the target. Dashed
colored lines represent our calculations for the spherical barrier, solid colored lines are our calculations for the planar barrier, dots are
experimental data, gray dashed-and-dotted line represents the calculations obtained by the Eckstein team. The calculations are presented
in double logarithmic coordinates (a) and ordinate-axis linear scale (). The colored figure is given in the electronic version of the article.

potential, this maximum would appear at the zero energy of
sputtered particles, which does not agree with experimental
data. In the case of measuring sputtering coefficients for
tungsten, it is possible to prepare a sufficiently smooth
surface. Intense ion bombardment can make the surface
considerably rough.

Fig. 3 demonstrates calculations of sputtering coefficient
Y versus collision energy for the case of normal hydrogen-
isotope incidence on the target surface. When number
N increases, sputtering coefficients for the H-W, D—W,
and T—W systems also increase for both potential barrier
versions but only up to N ~ 2. The planar barrier again
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Figure 3. Tungsten sputtering coefficient versus collision energy in the case of normal hydrogen-beam incidence on the target: ¢ —
H, » — D, ¢ — T. Dashed colored lines represent our calculations for the spherical barrier, solid colored lines are our calculations for
the planar barrier, dots are experimental data, gray dashed-and-dotted line represents the calculations obtained by the Eckstein team. The

colored figure is given in the electronic version of the article.

gives lower coefficients Y. When the crystallite size
continues increasing (N > 8), the Y dependence tends to
saturation. Similarly to the case of the Ar—W system,
experimental data for the planar barrier are in better
agreement with the simulation results.

Thus, it has been established that the sputtering coeffi-
cient significantly depends on the target crystallite size; the
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most significant variation is observed while the crystallite
size increases from N = 1 to N = 2, after which the growth
becomes slower. To our mind, the obtained dependences
of sputtering coefficients on the target crystallite size may
be associated with manifestations of channeling in the
process of recoil particles emission from the target. The
results of computer simulation confirm that the depth of the
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Fig. 3 (continued).

layer wherefrom sputtered atoms are emitted increases with
increasing crystallite size.
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