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The samples of tungsten with a purity of 99.5 and 99.7% were irradiated with helium ion beams (Ewne" =
0.12 MeV). The total sputtering coefficients for the sample depth up to 60 A from the surface of sample were
obtained. It was found that on the surface of tungsten, the number of pits (the flecking effect) significantly exceeds
the number of bubbles (the blistering effect). The damage profiles of the surface of tungsten as a result of irradiation
with helium ions are calculated. The areas of maximal display of effects of damage are determined.

PACS: 52.40.HF, 29.27Ac, 621.715:539.376, 87.55N

INTRODUCTION

The current state of the issues of creating materials
for the first wall of the divertor is in the center of
attention. The reason for this is that the materials of the
first wall are exposed to thermal influences, to a plasma
flows when a current breakdown occurs, radiation
exposure by nuclear fusion products [1-3]. In all these
areas, a significant amount of work has been done, and
certain results have been obtained. However, there is no
complete solution to the problem.

In a fusion reactor, the first wall is exposed to high
temperature (>1200 K). Exposure to high temperature
leads to tempering of the material and softening of the
surface layer. Possibly, the formation of microscopic
points where the metal is molten. From these zones of
molten metal, spraying into the interaction chamber
occurs. All of it results in destruction of surface of the
first wall and contamination of plasma [4].

Also, in the process of work a thermonuclear
reactor, the surface of the first wall is irradiated with
fast neutrons (14.2 MeV, ~2 dpa) and nuclear fusion
products. In addition, in the process of work of the
reactor, helium flows of various intensity appear, which
also change the structure of the crystal lattice of the
material of the first wall. Therefore, when choosing the
material of the first wall, they are guided by the melting
temperature of the material. The second parameter for
determining the material of the first wall is the change
in the material as a result of exposure to nuclear fusion
products. That is, it is necessary to know how the lattice
structure of the material changes due to the appearance,
accumulation and migration of lattice defects. It is also
necessary to know how the orientation of the material
structure changes as a result of the action of
thermonuclear fusion products.

Violation of the thermonuclear reactor first wall
material  structure changes both the thermal
characteristics of the material and the mechanical
properties (hardness, plasticity, etc.). In addition, the
characteristics of flecking and blistering on the surface
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of the material change. There is a change in the
characteristics of spraying material from the surface.

As perspective materials, for creation of the first
wall of thermonuclear reactor, a few types of materials
were examined. Among them: ceramics which was
covered by a refractory metal; composite metals;
tungsten. Our choice was stopped for a tungsten, as on
material which possesses the row of specific properties.
Tungsten has a high temperature of melting. It is
durable at high temperatures. Tungsten has significant
residual strength after cooling. Also, tungsten has a high
thermal conductivity and a low coefficient of erosive
sputtering. It weakly retains tritium. That is, tungsten
has a number of specific properties that make it possible
to use tungsten as a material for the first wall of a
thermonuclear reactor [3-6]. These properties of
tungsten are also necessary when it is used in the
construction of storage RAW [7], the creation of
radiation-protective materials [8-10].

PURPOSE OF WORK

The task of the work is: a) study of effects which
arise as a result of affecting of helium ion beams on the
surface of tungsten; b) comparison of the macroscopic
characteristics of surface of tungsten before irradiation
and after irradiation.

THE MAIN PART

One of the technological and effective methods of
analysis is the simulation method. For our case, helium
ion beams with different energies were used. Helium is
slightly soluble in tungsten. When it acts on the surface
of tungsten, significant changes in the structure of the
tungsten lattice occur. Grates defects appear, which
change various characteristics of tungsten (hardness,
strength, thermal conductivity). It should be noted that
in the case of studying samples from real reactors,
questions of residual radioactivity arise.

Simulation allows you to avoid working with
radioactive substances. Helium has low solubility in
tungsten. Helium exposure leads to strong grate defects.
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It becomes possible to obtain the results of changing the
grate in a short time. These changes in the grate of
tungsten under real conditions must be expected for
several years. Therefore, simulation modeling by ion
beams makes it possible to study the development and
change of defects of grate of surface of tungsten.

To irradiate tungsten with beams of charged ions, a
helium ion accelerator was used [11-15]. The
accelerator had the following operating characteristics
(4 MeV): pulse current up to 1 mA, pulse length 500 ps,
repetition frequency 2...5 imp./s, beam diameter on the
target 1 cm. Samples are irradiated in the mode when
the temperature does not exceed 380 K. That is,
experimental studies were carried out in cold conditions.
This makes it possible to understand the mechanisms of
radiation damage. The contributions of radiation and
thermal factors to these damages were separated. When
determining the thermal effect of the beam, an IR
radiometric method was used to control the beam
parameters [16]. This accelerator allows you to perform
research with low and high energy helium ions. Beam
energy: 0.12 MeV (in injection mode), 4 MeV (in
acceleration mode). This allows you to significantly
expand the range of research. To diagnose a helium ion
beam, it is possible to use gamma-radiation detectors
based on mercury compounds [17].

When exposed to helium ions on the surface of a
tungsten target, lattice defects appear. These defects
have the form of pores [18-21]. The appearance of these
defects leads to a change in the characteristics to the
surface of tungsten. It is necessary to determine the
dynamics of the development of these defects, to find
how these defects interact with the surface structure.
The study of changes in the structure makes it possible
to determine the dynamics of the development of
defects. When irradiating the surface of tungsten with a
beam of helium ions, an increase in wear resistance,
strength, and hardness is possible. The performance
characteristics of the material of the first wall are
changed. During an irradiation the stream of ions there
is their penetration deep into of superficial layer of
tungsten target on the depth of ten and hundreds of
nanometers [18-21]. As a result of irradiation, defects
are formed, and their diffusion occurs. In this case,
certain processes occur, which are caused by ion-atomic
and ion-electron interactions [21]. In this case, it is
possible to predict the resistance of tungsten as the
material of the first wall of a thermonuclear reactor.

Two types of tungsten samples were used as a target.
The tungsten was of high purity. We designated them
W-1 and W-n. The concentration of impurities in
tungsten was determined using X-ray fluorescence
analysis. Tungsten W-1 contained 99.5% tungsten. Its
composition is given in Table 1a [19]. Tungsten W-n
contained 99.7% tungsten and had the following
composition (Table 1 b) [19].

All experiments and calculations were performed for
the tungsten of type of W-1 and for the tungsten of type
of W-n. The results differ slightly. Therefore, the results
are given only for the tungsten of type of W-1.

Pucks 2 mm thick and 10 mm in diameter were used
as targets. The use of samples of this form makes it
possible to obtain the manifestation of all the effects of
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irradiation on the surface of the sample, from the
irradiation side.

Irradiation of samples at a helium ion accelerator is a
laborious and time-consuming task. Therefore, we use
mathematical modeling. The main calculations were
performed using the SRIM code [22]. The calculations
of weakening of ionizing radiation were also executed
by the code of Geant4 v 4.9.6p02 [23].

The SRIM software package allows, by numerical
methods, to obtain the path lengths of various ions in
materials. Also, the SRIM software package makes it
possible to determine the following characteristics: the
distribution of vacancies at the target, the distribution of
recoil atoms, etc. It can be used to calculate the
characteristics of the movement of ions and their
stopping in a wide energy spectrum (up to 2 GeV). The
SRIM package is based on the use of the Monte Carlo
method. The SRIM package considers quantum-
mechanical approximations of ion-atom collisions.

Also, using the SRIM software package, you can
calculate the final 3D distribution of ions over the target
volume. It is possible to determine the characteristics
that depend on the energy losses of the ions. These
characteristics are: a) target damage, b) sputtering of
target atoms, c) ionization of the target volume,
d) phonon production. All these quantities make it
possible to determine how the characteristics of the
surface of tungsten change.

All studies were carried out in the temperature range
of 330...340 K. For helium ions with an energy of
0.12 MeV, the irradiation dose was 1.7-10" ion/cm®.
The radiation damage dose was 93.78 dpa.

One of the important parameters is the spray
coefficient. On its basis, it is possible to determine how
the characteristics of the surface of the material of the
first wall and diverter of a thermonuclear reactor
change. The sputtering factor is calculated on the basis
of cascades of scattering and reflection, which return on
a surface.

Therefore, for calculations, we consider a thin
surface layer. For cascades, we consider the
approximation of scattering on hard spheres. The values
of connection energy and displacement energy were
used in the calculations. The values of the surface
binding energy were also used. These values were
considered for each element that is part of tungsten.

The parameter “sputter yield” is used in
determining the spray coefficient. The “sputter yield”
parameter is defined as the average number of target
atoms per one incident ion. A dose of 5-10° helium ions
was used in calculations. Atomic sputtering coefficients
were obtained for sample W-1 (Table 1). The sputtering
coefficients of atoms are given depending on the
thickness of the samples. The energy of helium ions is
0.12 MeV.

The total sputtering coefficient was
SK ~2-102 atom/ion. Sputtering coefficient in the table
are given taking into account the accumulation over
depth. Distributing of the sputtering coefficient (SK) on
spatial intervals was got. This information is resulted.

The first column is the thickness of the layer and the
depth of its location.
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Tables 1, 2 refer to W-1 tungsten. Component of
tungsten makes the main contribution to the sputtering
efficiency. The total sputtering coefficients (D)) were

obtained after processing Tables 1, 2.

Table 1

Sputter coefficients (sk). Sample W-1
(k-10”° atom/ion, Eye" = 0.12 MeV, density =19.275)

... |Thickness| targets A A
Additives 5 20 20 60
(W-1) | 327.7 | 1480 | 1790 | 1940
(Al 0.1 0.7 08 | 09
(Cr) 05 13 23 | 23
(Ni) 0 0.9 03 | 09
(Co) 0.1 06 0.7 1.0
(Mo) 0.1 1.0 1.4 1.9
(Mn) 0 0.4 05 | 06
(Ca) 0.2 1.0 08 | 06
(Si) 0 0.4 0.5 0.4
(Pb) 0 11 11 0.9
(0) 13 7.1 6.5 8.4
(Mg) 0 0 0 0
(S) 0.2 0 0.1 0.1
(P) 0.1 0.1 0.2 0.4
Q) 330.3 | 1494.6 | 1805.2 | 1958.4
Table 2

Sputter coefficients depending on the thickness
of the layer and the depth of its location.

Sample W-1
1(A) (W-1) )
0...25 327.7 330.3
25...75 583.9 589.1
75...125 358.4 362.3
12.5...175 | 210.0 212.3
17.5...225 | 220.0 219.4
225...275 10 9.5
27.5...325 40.0 41.8
32.5...375 40.0 39.9
37.5...425 40.0 42.2
425...475 40.0 47.8
475..525 40.0 415
52.5...57.5 30.0 31.7
600
500 ‘W _ 1‘

400

300

k, 10°° atom/ion

200

30 60
LA

Fig. 1. Change in the total sputtering coefficient (3.)
with respect to the depth of the samples:
(tungsten type W-1). Irradiation with helium ions
with an energy of 0.12 MeV
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The total sputtering coefficients (3)) depend on the
layer depth. The energy of helium ions was 0.12 MeV.
Sputtering coefficients () are shown in Fig. 1.

Helium ions make the main contribution to the
sputtering efficiency. Helium ions interact with tungsten
in thicknesses up to 25um. Integral sputtering
characteristics were obtained to study the sputtering
coefficient (Fig. 2).

ATOMS REACHING SURFACE
(Energy Normal to Surface)

W Atoms

Not
Sputtered

P Atoms
., 0 Atoms
~SiAtoms

S Atoms
As Atoms

Sputtering Yield {(Atoms/Jon)

OeV' deV 8eV 12¢ 16eV 0eV

Fig. 2. Integral sputtering characteristics: (tungsten
type W-1). Irradiation with helium ions with an energy
of 0.12 MeV

The graphs represent the energy of each recoil atom
that reaches the surface of the sample. The number of
these atoms, in terms of a helium ion, is given along the
vertical axis. That is, on the vertical axis, we have a
sputtering coefficient. The straight lines 3.2 eV (W-1)
and 3.8 eV (W-n) represent the average surface binding
energies for these samples. To the left of these straight
lines (the Not Sputtered region) are atoms that have an
energy below the surface binding energy. Accordingly,
these atoms are not sputtered from the surface. To the
right of these straight lines are atoms that have reached
the surface with energies higher than the surface binding
energy. That is, these are the atoms that contribute to the
sputtering coefficient.

The integral curves (see Fig. 2) are given for the
ideal case. The surface of tungsten has changed after
irradiation. The type of surface of tungsten after
irradiation is shown in Fig. 3.

Fig. 3. The surface of tungsten that was irradiated with
helium ions with an energy of 0.12 MeV (flux density
1.1-10" jon/cm?, 50 dpa)
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Fossulas are visible on the surface (flaking
phenomenon). Bubbles are visible on the surface
(blistering phenomenon). The bubbles didn't burst.
There are 20 times fewer bubbles than pits. Elongated
filaments of tungsten (tungsten “moss”) form at the
edges of the bubbles. These inhomogeneities increase
during irradiation. It is quite likely that simultaneously
with the irradiation, the process of oxidation of the
surface material [24] with the formation of new
compounds occurs, which causes differences with the
process in the depth of the target. Detachment of the
material from the target surface can occur as a result of
the occurrence of peak temperatures in the vicinity of
zones with accumulated defects [25, 26]. Therefore, the
sputtering efficiency increases due to the change in the
surface binding energy. The surface binding energy
decreases with exposure time. The graphs shown in
Fig. 2 allow one to estimate how the sputtering
coefficients change when tungsten is irradiated with
helium ions. Differential characteristics of the sputtering
of atoms on the surface of tungsten were obtained. They
are shown in Fig. 4.
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Fig. 4. Differential characteristics of sputtering
(tungsten of type of W-1). Irradiation with helium ions
with energy 0.12 MeV

They were found for samples of tungsten with
different purity. Based on these differential
characteristics (see Fig. 4), we can determine with what
energy the atoms reach the tungsten surface. Atoms
whose energy is less than 3.8 MeV (tungsten of W-1),
or less than 3.2 MeV (tungsten of W-n), are not
sputtered from the tungsten surface. The sputtering
coefficient depends on the helium ion path length (the
graph is shown in Fig. 5).
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o
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Fig. 5. Change of the sputtering coefficient depending
on the length of the helium ion range
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The count of atoms is given in the amount per
helium ion. The maximum number of atoms is sputtered
in the range of mean free paths from 0.03 to 0.13 pm.
The sputtering peak (590-10° atom/ion) is at a depth of
0.07...0.08 um. At depths of 0.27...0.57 um, no more
than (40...50)-10° atom/ion is sprayed. This is no more
than 10% of the maximum value of atoms. The structure
of the target material changes along the path of the
helium ions. In this case, tungsten is ionized, phonons
are formed, vacancies appear, and segregation
(redistribution) of atoms occurs. Graphs of changes in
these characteristics are presented on Fig. 6.

I
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% —— Phonon
—— Range
\""-\__:&

(R —
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0.0 '\ @Jl —
s 1P, /
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-1.0 l
0.0 0.1 0.2 0.3 0.4
L, pm

Fig. 6. Graphs of changes in characteristics. Irradiation
with helium ions with energy 0.12 MeV (tungsten of
type of W-1)

The graphs show that the maximum photon yield
(red line) was found in the 0.2 um region. There is
maximal appearance of vacancies at these lengths of
free run (green line). Also, in this area, there is a
redistribution (segregation) of atoms (dark blue line).
The results are almost the same for both tungsten of
type of W-1 and tungsten of type of W-n. The results
obtained are consistent with the results presented in
Fig. 5. In the region of 0.2 pm, we observe a plateau.

Damage coefficients were obtained for the tungsten
of type of W-1 and the tungsten of type of W-n.
Irradiation with helium ions with energies of 0.12 MeV.
Graphs Fig. 6 was used to calculate the damage factor
dpa (dpa is the number of displacements per atom) and
the profiles over which the damage factor is distributed.

The final expression for calculating displacements
per atom (dpa) looks like:

D tpl 1 5 o o)
NA'pO.SL 100 i

Dion — is the radiation dose [ion/cmz]. The Dion
parameter is found from the experimental conditions.
The dpi parameter — is the number of displacements per
ion. It is found from the total number of displacements
per ion (from SRIM calculations, see Tables 1, 2). Also,
Na — is the Avogadro number, Mpqe = M/M, m = pgy x
SL. In this equation, py — is the density of the sample,
which was measured experimentally. S =1 cm? — is the
unit area of the sample, L — is the maximum range of
ions in the sample. The value M = 1/100 <} u;n; — is the
molar mass of the sample. The value of x4 — is the
molecular weight of the i-th element of the sample, n; —
is the percentage of the i-th element of the sample.

Using expression (1), the damage profiles of
samples of tungsten were obtained (Fig. 7).

dpa=
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The radiation dose was 1-10*® jon/cm®. The energy
of helium ions was 0.12 MeV. The damage rate was dpa
~ 60. The half-width of the displacement peak is in the
range from 0.1 to 0.3 um. The displacement peak is
located at the point, where length of free run is equal
0.2 um. This point coincides with the location of peaks,
phonon profiles, and vacancies.

TN
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A \

| \

0.0 0.1 0.2 0.3 0.4

g
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L, pm
Fig. 7. Displacement formation profiles in samples of
tungsten (tungsten of type of W-1). Irradiation with
helium ions with energy 0.12 MeV

CONCLUSIONS

1. The samples of tungsten were irradiated with
helium ions with energies of 0.12 MeV. Samples of
different percentages were irradiated.

2. Total sputtering ratios calculated for W-1 and W-
n samples of tungsten. The total sputtering coefficients
are determined by the amount of tungsten and weakly
depend on other elements.

3. The calculation of the total coefficients must be
carried out to depths of 60 A.

4. Damage profiles and damage coefficients have
been obtained, which makes it possible to predict the
wear of tungsten in the process of exploitation.

5. It was found that there are 20 times more pits on
the surface of sample than bubbles.

6. It was found that 95% of the energy of helium
ions is spent on tungsten ionization (Epe” = 0.12 MeV).
Vacancies and phonons are formed due to displacement
cascades.
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BIIVIMB ITYYKIB IOHIB I'EJITIO 3 EHEPI'ISIMMU 0,12 MeB HA TPOLLEC PO3IIUJIEHHSA
HA MOBEPXHI BOJIb®PAMY

O.B. Manyiinenxo, €E.M. Ilpoxopenko, K.B. Ilagnin, b.B. 3aiiyes, C.M. /[yoniox,
B.B. Jlumeunenxo, 10.0. Kacamkin, T.I'. IIpoxopenko

[IpoBeeHO OMpPOMiHEHHs 3pasKiB Bombpamy 3 umcroToro 99,5 i 99,7% myuxkamu iomis remito (Epe =
0,12 MeB). Otpumano cymapHi koe(illieHTH po3NuIeHHs 3a TIHOMHOM 3paska 10 60 A Big moBepxHi 3paska.
3HaiifieHo, 1110 Ha MOBEPXHI 3pa3KiB BOJIb(GpPaMy KiUIBKICTb SIMOK (e(eKT (UIeKIiHTYy) ICTOTHO MEpPEeBHIIYE KUIbKICTh
OynbOamok (edexr Omicrepunry). IlopaxoBani mpodini MOMIKOMKEHHS MOBEpXHI BONb(GpaMy B pe3yJbTaTi
OINPOMIHEHHs 10HaMU refiito. Bu3HaueHo 30HM MaKCUMAJIbHOTO TPOSIBY PyHHIBHHX €(EKTiB.
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