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Helium ion beams with energies Ey," = 0.12 and 4 MeV were used to irradiate samples of tungsten with a purity
of 99.7%. Graphs of coefficient of the ionization, coefficient of production of phonon and vacancies are obtained.
These processes occurred as a result of irradiation. The differential and integral curves of the sputtering coefficient
from the surface of samples of tungsten were constructed, that allowed to determine the number of recoil atoms that
reached the surface. The total coefficients of displacements on the surface of the samples were calculated. These
characteristics are compared with similar characteristics obtained by irradiating of samples of tungsten (tungsten
samples) with a purity of 99.5% with helium ions (0.12, 4 MeV). Areas in which the characteristics are similar and

areas where these characteristics differ are marked.
PACS: 52.40.HF, 29.27Ac, 621.715:539.376, 87.55N

INTRODUCTION

The use of beams of accelerated particles allows
deciding a few tasks. One of them is the simulation of
the effect of ionization radiation on various materials.
For these purposes, beams of accelerated ions and the
beams of accelerated electrons are widely used. In our
work, we considered the effect of accelerated beams of
helium ions with different energies on the surface of
material. To obtain helium ions beams, a set of
equipment was made [1, 2].

Irradiation of materials with helium ion beams
makes it possible to simulate processes and structural
disturbances. These violations occur when materials are
exposed to various types of ionizing radiation. Heavy
ions have a scattering cross section five times larger
than neutrons. Therefore, they can create 10°~10" times
more radiation damage than with neutron irradiation. In
a few hours of irradiation, it is possible to get radiation
damage that takes several years to develop in reactors.
The beam of heavy ions must have an intensity of
several microamperes.

At creation of thermonuclear reactors it is necessary
to decide the problem of change of structure of material,
because material is exposed to rays by an ionizing
radiation. It is necessary to decide a question, what
material to use for creation of the first wall of
thermonuclear reactor. The importance of this issue is
determined by the conditions of the location of the first
wall in the active area of reactor.

The first wall can be affected by several extreme
factors. The first wall of the reactor is in the region of
high temperature (>1200 K). The products of nuclear
fusion act on the first wall of the reactor. The streams of
particles can have intensity: ~ 10%...10**H*" m?s*
(<500 eV) helium ions and ~ 10*H"m?%s™ (1...10 eV)
protons. Also, fast neutrons influence on the first wall of
the reactor (14.2 MeV, ~2 dpa) [3, 4].
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As a result of influence of high temperature and
radiation factors, different effects appear on the surface
the material of the first wall and inside the material of
the first wall. There is a melting of individual points on
the surface, bubble boiling, evaporation, sputtering of
the material of the first wall. At the same time, the
effects of blistering and flecking work. Cavities, “hills”
appear on the surface, and material is pulled out. Thin
microscopic  outgrowths  (“fuzz”) appear. The
microscopic outgrowths (“fuzz”) grow in height and
width. The speed of growth in different directions is
different.

Microscopic characteristics also change. As a result
of thermal and radiation exposure, the appearance and
increase of defects in the crystal lattice of the materials
of the first wall occurs. All these effects lead to
deterioration of characteristics and destruction of the
material of the first wall.

The main candidates that are proposed for the first
wall may be refractory materials. Tungsten is a
promising material [5-9]. Tungsten has a number of
specific characteristics that meet the requirements of
material of the first wall. The temperature of melting of
tungsten is high. He has a high residual strength, low
coefficient of erosive sputtering.

Also, tungsten has high radiation-protective
characteristics. Composite materials were created on its
basis. Thermal conductivity values have been obtained
for these composite materials. Changes in micro
hardness were studied for various composites. All these
changes occurred as a result of irradiation and
accumulation of structural defects [10—12]. Tungsten is
used to create hard balls in ball mills, which are used in
uranium mining [13].

Tungsten retains almost no tritium and has minimal
swelling. At present, technologies for applying coatings
of tungsten on ceramics have been developed. Tungsten
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is also used to create containers for the storage and
transportation of RAW [14].

PURPOSE OF WORK

Study of changes in the characteristics of the surface
of tungsten with a purity of 99.7%, which occurred as a
result of irradiation the beams of ions of helium with
energies of 0.12 and 4 MeV. Calculation of coefficients
of ionization, appearance of photons, appearance of
vacancies for these cases. Determination of coefficient
of sputtering from the surface of tungsten taking into
account the thickness of superficial layer. Comparison
of all these values, which were obtained for a sample of
tungsten with a purity of 99.7%, with the results that
were obtained for a sample of tungsten with a purity of
99.5%.

THE MAIN PART

All experimental work were conducted with the use
a helium ion beams accelerator [1, 2, 15, 16]. The
helium ion beam had the following parameters: pulse
current 700 pA, pulse length 500 ps, average current
0.7 pA, repetition frequency 2...5 imp/s, current density
(0.15...0.44)-10" part/cm?. The studies were performed
using helium ion beams with energies of 4 (acceleration
mode) and 1.2 MeV (injection mode). Diagnostics of
beam of ions are carried out using gamma-radiation
detectors [17, 18]. The control of thermal characteristics
and the vacuum state of the equipment was carried out
using methods IR radiometric [19].

In the process of irradiation of tungsten with helium
ion beams, there is implantation of ions and change of
structure of material [7, 9, 20-24]. The defects of grate
of tungsten appear. There is an accumulation of defects
of grate of tungsten. There is diffusion of defects of
grate. These defects lead to a change in the
characteristics of tungsten.

The use of helium ion beams makes it possible to
simulate the processes of irradiation of materials that are
used as materials for the first wall of a thermonuclear
reactor. In this case, it becomes possible to avoid
working with radioactive substances, to work in “cold”
and “hot” modes, and to reduce the time of research.

In our case, the experiment was performed in the
“cold” mode. The irradiation temperature was 380 K.
That is, in the “cold” mode, we study changes in of
structure of material of tungsten that appeared as a
result of radiation exposure. There was no thermal
effect.

In the experiments, tungsten with a purity of 99.7%
(W —n) was studied. The samples of tungsten were
made in the form of circles, which had a thickness of 2
and a diameter of 10 mm. Irradiation was carried out
perpendicular to the end face of the circles. The ends of
the circles were polished. Such a choice of the shape of
the circles is due to the possibility of detecting and
studying surface damage, both from the irradiation side
and from the opposite side.

In previous experiments, tungsten was studied with a
purity of 99.5% (W —1) [7, 9, 21]. The composition of
tungsten was determined using X-ray fluorescence
analysis. Experimental data on the composition are
given in [7, 9, 21]. In this work, we will compare the
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results obtained for a sample of tungsten (W— n) with
previously obtained results for the samples of tungsten
W-1)[7,9,21].

The implementation of experimental work is a
laborious process; therefore, methods of mathematical
modeling were used. Numerical calculations were
carried out using the SRIM code [25]. The values of
ionization radiation doses were found using the Geant4
v 4.9.6p02 software package [26].

The SRIM software package makes it possible to
calculate the mean free paths of ions, the distribution of
vacancies, and the distribution of recoil atoms in the
target material. The characteristics of damage of target
depend on the loss of ions along the trajectory of run.
We find the following characteristics: damage of target;
sputtering of atoms from the surface of target; ionization
of the material in the volume of the target; phonon
production in the volume of the target.

The coefficients of ionization, coefficients of
damage, and coefficients of production of phonon were
obtained for a sample of tungsten (99.7%) (Table 1).

Table 1
The values of energy loss and damage of tungsten
samples (W(99.7)) when irradiated with helium ion
beams with energies of 0.12 (a) or 4 MeV/(b)

a
Energy loss, Eye' = 0,12 MeV.
Formation of vacancies = 146 vac./ion
Damageability = 166 displacements/ion
free run (max) = 0.5 pm
lonization, Displace- Phonons,
Parameters o ments, o
0 % 0
lons He” 93.98 0.08 0.74
Cascade of 1.38 028 | 357
Displacement
b
Energy loss, By, =4 MeV.
Formation of vacancies = 339 vac./ion
Damageability — 386 displacements/ion
free run (max) = 7 um
loniza- | Displace- Phonons
Parameters tion, ments, % ’
% %
lons He" 99.59 0.00 0.04
Cascade of 0.10 0.02 0.24
Displacement

It follows from the Table 1, that the main losses of
the beam go to the ionization of tungsten. The energy
spent on ionization in the volume of sample is 95%
(1.2 MeV (see Table1,a)) and 99.6% (4 MeV (see
Table 1,b)). lonization of tungsten occurs due to the
ions of helium.

The processes of cascades of displacements have
little effect on the change in the radiation characteristics
of material of target. Also, a very small part of the beam
energy is spent on the production of phonons. Graphs of
changes in the processes of ionization, the formation of
phonons, and the processes of segregation
(redistribution) of atoms were obtained.
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Fig. 1. Curves which show of changes in the number of
photons, vacancies, ionization in the sample of tungsten
(W —=n (99.7%)). Irradiation with helium ions with
energy: a —1.2 MeV; b —4 MeV

It follows from the graphs that all processes
(ionization, formation of phonons and vacancies) for the
ions of helium with energies of 4 MeV occur much
deeper than for ions with energies of 1.2 MeV. Thus,
ionization processes occur to depths of 0.4 um
(1.2 MeV) and to depths of 6.4 um (4 MeV). The half-
width of peaks of production of phonon is in the range
of 0.1...0.3um (1.2 MeV) and 5.8...6.3 um (4 MeV).
In the case of energies of 4 MeV, the half-width is wider
than for the case of 1.2 MeV.

These relations are also valid for the cases of the
appearance of vacancies and the segregation of atoms.
When of samples of tungsten (W — n) are irradiated with
helium ions with an energy of 1.2 MeV, all processes
occur up to the surface layer depth of 0.5 um. For the
case when the energy of helium ions is 4 MeV, all
processes occur to depths of 7 um. These differences
depend on the mean free path of helium ions.
Obviously, at low energies, the mean free path is shorter
than at high energies.

A comparison was made of the results presented in
this work and the results presented in the works (W —1
(purity 99.5%)) [7, 9, 21]. The results differ slightly. All
maximal values of peaks of ionization, productions of
¢dononos and vacancies are deeper on 0.01 um for the
case of tungsten of type of W — 1 (99.5%), what for the
case of tungsten of W —n (99.7%). Such results in the
case of helium ion energy Eye" = 0.12 MeV.

When irradiated with helium ions with an energy of
Ene” = 4 MeV, the maxima of the curves of ionization,
production of phonons and vacancies are deeper by
0.1 um for the case of tungsten of type of W-1
(99.5%) than for the of tungsten of W —n (99 — 7). The
shallower depth of the ionization peaks was due to the
larger amount of tungsten in the sample. This does not
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contradict the general laws of absorption and scattering
of ions on atoms.

The quantitative values of the quantities that are
presented in Fig. 1 are needed when calculating the
displacement coefficient (dpa is the number of
displacements per atom). Graphs have been obtained
that show the change in the coefficient of displacement.
To calculate the coefficient of displacement (dpa), we
use the expression:

D, -dpi 1
o T 2N
NA'pO -SL 100 i

where D, — is the radiation dose, ion/cm?. The Diq,
parameter is found from the experimental conditions.
The dpi parameter is the number of displacements per
ion. The dpi parameter is found from the total number
of displacements per ion (see Table 1,a,b). Ny — is
Avogadro's number. In this equation: p, — is the density
of the sample, which was measured experimentally,
S=1cm? — is the unit area of the sample, L — is the
maximal run of ions in a sample. The value M = 1/100
xY uin; — is the molar mass of the sample. The value of
i — is the molecular weight of the i-th element of the
sample, n; — is the percentage of the i-th element of the
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Fig. 2. Displacement formation profile in a sample of
tungsten (W —n (99.7%)). Irradiation with helium ions
with energy: @ —Ene’ = 0.12 MeV; b —Ep.’ = 4 MeV

When irradiated with ions of helium with an energy
of Eye” = 0.12 MeV (Fig. 2,a), the maximum of peak of
displacement is located at a depth of 0.21 um. The half-
width of the peak of displacement was in the sample
depth range of 0.08...0.31 um. In this region, ions can
produce displacements up to 200 dpa. At depths from 0
to 0.08um and from 031 um, ions can produce
displacements of no more than 130 dpa. The total
coefficient of displacement was dpa ~59 at an
irradiation dose of 1-10"® jon/cm?.
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When irradiated with ions of helium with an energy
of Eqe’ = 4 MeV (see Fig. 2,b), the maximum of peak of
displacement is located at a depth of 6.1 um. The half-
width of the displacement profile peak was in the depth
range of 5.8...6.3 um. In this region, ions can produce
displacements up to 10 dpa. At depths from 0 to 5.8 and
from 6.3 um, ions can produce displacements of no
more than 2dpa. The maximum contribution to
displacements is made by ions with path lengths from
5.8 t0 6.3 um. The total coefficient of displacement was
dpa ~ 8.7 at an irradiation dose of 1-10*® ion/cm?.

Similar work was also carried out for samples of
tungsten of the W — 1 type (99.5%), but in the case of
irradiation with ions of helium with energy of 4 MeV
[21].

An important parameter which helps to define the
degree of damage of surface of material is a coefficient
of sputtering of surface. The paper [7] presents the
results of numerical calculations of coefficients of
sputtering for separate impurities of materials which are
in our samples of tungsten. These data are used to
calculate the total of coefficients of sputtering from the
surface of the samples. The paper [9] presents the
results of numerical calculations of the total coefficients
of sputtering for tungsten of W-1 (99.5%). The
samples were irradiated with ions of helium ions with
energy of 0.12 MeV.

Differential characteristics of sputtering of atoms
from the surface of samples of tungsten (W —n) were
obtained.
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Fig. 3. Differential characteristics of sputtering of
tungsten (type of W —n ( 99.7%)). Irradiation with
helium ions with energy:
a—Epe" =0,12 MeV; b — Epe” = 4 MeV

There are two regions on the graphs, which are
separated by a straight line 3.2 (Fig. 3,a) and 3.4 eV (see
Fig. 3,b). These straight lines correspond to middle
energy of connection for the sample of tungsten (W —n
(99.7%)) that was irradiated ions with energies of
0.12 (see Fig.3,a) and 4 MeV (see Fig.3,b). The
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regions to the left of lines of the 3.2 (see Fig. 3,a) and
3.4 eV (see Fig. 3,b) contain atoms with energies below
than energy of connection. Consequently, these atoms
are not sputtered from the surface of the samples.

To the right of these lines are atoms with energies
greater than energy of connection. These atoms are
sputtered from the surface and contribute to the
coefficient of sputtering.

Integral characteristics of sputtering were obtained.
They are shown in Fig. 4.
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Fig. 4. Integral characteristics of sputtering of sample
of tungsten (W — n (99.7%)). Irradiation with helium
ions with energy: a — Epe” = 0.12 MeV;
b—Ene =4 MeV

The total energy of recoil atoms that reach the
surface of the samples is given along the horizontal axis
of the graphs. The number of recoil atoms that have
reached the surface is given on the vertical axis. The
number of recoil atoms is given in terms of one ion of
helium. From the graphs (see Fig. 4) we can determine
the number of atoms that are sputtered from the surface
of sample of tungsten (type of W —n ( 99.7%)).

We observe a significant difference in the number of
recoil atoms that appear after irradiation with ions of
helium with energies of 0.12 or 4 MeV. In the case of
energies of 0.12 MeV, the maximum number of atoms
that are sputtered from the surface is 0.045 atom/ion. In
the case of energies of 4 MeV, the maximum number of
atoms that are sputtered from the surface is
0.0025 atom/ion. Amount of atoms which are sputtered
from a surface, with energies of 8 eV is 0.005 atom/ion
(Ene” = 0.12 MeV) and 0.001 atom/ion (Epe” = 4 MeV).
For an energy of 20 eV, with which atoms of recoil
reach the surface of sample, these values are
0.001 atom/ion  (0.12MeV) and 0.0005 atom/ion
(4 MeV).
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It can be seen from the graphs that the number of
atoms that are sputtered on the surface, in terms on one
ion of helium, is almost 20 times less for the case of
ions of helium with energies (4 MeV) than for the case
of ions of helium ions with energies (0.12 MeV).

The surface of the samples, after irradiation, differs
significantly when irradiated the ions of helium with
different energies (Fig. 5).

C

Fig. 5. Photographs of the surface of sample of tungsten
(W —n (99.7%)): a — before irradiation, %;
b — irradiation with helium ions with energy
Ene’ = 0,12 MeV; ¢ —irradiation with helium ions
with energy Eye” = 4 MeV

The non-irradiated sample of tungsten (W —n
(99.7%)) has a smooth surface (see Fig. 5,a). To
accurately perform the experiment, the surface of the
sample was polished. This avoids the appearance of
effects associated with inhomogeneities

In the case of irradiation of sample of a tungsten
(W —n (99.7%)) with beams of ions of helium with an
energy of 0.12MeV, the total coefficient of
displacement was dpa~59, at an irradiation dose of
1-10" ion/cm?®. In the case of irradiation of sample of a
tungsten (W — 1 (99.5%)) with beams of ion of helium
with an energy of 0.12 MeV, the total coefficient of
displacement was dpa ~ 50, at an irradiation dose of
1-10" ion/cm? [9, 21]. On the surface of the sample of
tungsten, we observe a significant number of pits
(craters) (see points similar to 1 Fig. 5,b).

Also, there are protrusions (bulges) on the surface
(see points similar to 2 Fig. 5,b). The protrusions are
much smaller than the depressions. As in the case of the
sample of tungsten (W — 1 (99.5%)) [9, 21], there are
five times more pits than protrusions. The reason for
this is the inhomogeneity of the processes of flecking
and blistering [24].
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In the case of irradiation of sample of a tungsten
(W —n (99.7%)) with beams of ions of helium with an
energy of 4 MeV, the total coefficient of displacement
was dpa ~ 8.7, at an irradiation dose of 1-10™ ion/cm?.
In the case of irradiation of sample of a tungsten (W —1
(99.5%)) with beams of ion of helium with an energy of
4 MeV, the total coefficient of displacement was
dpa=~4, at an irradiation dose of 1-10"ion/cm? [9,
19, 21].

On the surface of the sample, we observe the
presence of small tendrils of “fluff” of tungsten (see
points similar to 3 Fig. 5,c). These violations are formed
as a result of the diffusion of ions of helium to the
surface of the material and extrusion of the material into
thin tendrils. In our studies, the length of the “fluff” was
three times its thickness. In experimental works [21, 23,
24] a height of fuzz was in one and a half or two times
more than thickness. This may be due to the effects of
annealing. A “fuzz” grows slower, when effects of
annealing are. This assumption is consistent with our
results. In our case, the temperature of the experiment
did not exceed 380 K.

Because processes of formation and development of
inhomogeneities and violations of structure of material
of the first wall are in the stage of study, our
experimental data are useful and necessary.

The problem of radiation resistance of tungsten
under the action of beams of charged particles is also
relevant in view of the current trends in the
development of the latest nuclear reactors. For example,
a bimetal based on tungsten and titanium is proposed for
the manufacture of a neutron converter for a subcritical
assembly reactor [27]. Such a coating can be formed
both by rolling and by using charge particles beams.
[28-30]. The observed loosening of the tungsten
structure must be taken into account when creating such
converters, since their operation is expected under
conditions of cooling and intense irradiation, i.e., an
additional factor here will be the thermoelastic effect,
both due to macrocooling and due to the formation of
microtracks along the passage of particles [31]. The
formation of local temperature peaks in the contact zone
of materials under irradiation, in turn, can lead to the
formation of a liquid phase at grain boundaries [32] and
create conditions for facilitated deformation by the
mechanism of grain boundary sliding. Another factor
that can affect the mechanism of destruction is the
formation of intermetallic phases [33, 34], which causes
a change in the value of the crystal lattice parameter.

CONCLUSIONS

1. The samples of tungsten (purity 99.7%) were
irradiated beams of ions of helium with energies of 0.12
and 4 MeV.

2. The features of the change of processes of
ionization, the processes of formation of phonons and
vacancies, which go (pass) to the depths of superficial
(of the surface) layer of tungsten 0.45 (Ene =
0.12 MeV) and 6.8 pm (Ey." = 4 MeV), are determined.

3. Integral and differential characteristics of
sputtering of atoms from the surface of tungsten
(99.7%) are obtained, depending on the energy of ions
of helium. It was found that as a result of the work of
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ions with energy of 0.12 MeV, twenty times more recoil
atoms appear on the surface than for ions with an energy
of 4 MeV. The calculation of recoil atoms is given for
one ion.

4. The total coefficients of displacement on the
surface of samples of tungsten were calculated:
a) dpa = 8.7, when ions with energy of 4 MeV; b) dpa =
59 when the energy of ions of helium is 0.12 MeV.
Dose of irradiation 1-10'® ion/cm?® The profiles of the
change in the coefficient of displacement with respect to
the depth of the surface layer of tungsten are found.

5. Supposition is outspoken, that the increase of
temperatures (annealing) on the surface of sample,
prevents the growth of the tendrils (fuzz) in height.
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HOPIBHSAHHSA CTPYKTYPHUX NOWKO/’KEHb IIOBEPXHI BOJIb®PAMY,
SAKI 3YMOBJIEHI OITPOMIHEHHSAM ITYYKAMM 1IOHIB I'EJITIO
3 EHEPTTAMMU 0,12 ABO 4 MeV

O.B. Manyiinenxo, €E.M. Ilpoxopenxo, K.B. Ilagsnin, b.B. 3aiiyes, B.A. Couenko,
B.1. Bymenko, T.I'. IIpoxopenko

[Tyukamu ioHiB Temiro 3 eHepriamMu Ene =0,12 i 4 MeV BHKOHAHO ONPOMIHEHHS 3pa3KiB BONb(paMy 3
yrctoTor0 99,7%. OtpuMani rpadiku 3HaueHb KoedimieHTa i0Hi3alii, koediienta reueparii GOHOHIB i BaKaHCIi
TIPH OIIPOMIHEHHI 3pa3KiB BoIb(ppamy ioHamu remito. [loOymoBaHi qudepeHIiaibHi i iHTerpaibHi KpUBi KoedilieHTa
PO3MIJICHHS 3 TOBEPXHi 3pa3KiB BOJb(Ppamy, IO JO3BOJMIO BU3HAYHATH KUIBKICTH aTOMIB BiAmadi, sSKi JOCSTIH
noBepxHi. [lopaxoBaHi cymapHi KOeQillieHTH 3CyBIB Ha TMOBEpPXHI 3pa3KiB. BWKOHAHO TOpIBHAHHS IHX
XapaKTEepUCTHK 3 aHAJIOTIYHHMH XapaKTepUCTUKaMH, sIKi OyJIM OTpMMaHi HpH onpoMiHeHHi ioHamu remiro (0,12;
4 MeV) 3pa3kiB Boabdpamy 3 9uctoToro 99,5%. BinznaueHi o6macTi, B IKHX XapaKTEPUCTHKH CXOXi 1 o0macTi, ae
Il XapaKTEePHUCTHKH BiIPi3HAIOTHCS.

123

ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ne3(151)


https://www.scopus.com/record/display.uri?eid=2-s2.0-80054016397&origin=resultslist&sort=cp-f
https://www.scopus.com/sourceid/20344?origin=resultslist
https://www.scopus.com/sourceid/20344?origin=resultslist
https://doi.org/10.1016/j.fusengdes.2011.01.034
https://doi.org/10.1016/j.jnucmat.2009.02.027
http://www.srim.org/
https://www.scopus.com/authid/detail.uri?authorId=6503867740
https://www.scopus.com/authid/detail.uri?authorId=57211314962
https://www.scopus.com/authid/detail.uri?authorId=7005972240
https://www.scopus.com/authid/detail.uri?authorId=57772825100
https://www.scopus.com/authid/detail.uri?authorId=57898177400
https://www.scopus.com/record/display.uri?eid=2-s2.0-85158105088&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-85158105088&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-85158105088&origin=resultslist
https://www.scopus.com/sourceid/19700182270?origin=resultslist
https://www.scopus.com/sourceid/19700182270?origin=resultslist
https://www.scopus.com/authid/detail.uri?authorId=7004359192
https://www.scopus.com/authid/detail.uri?authorId=7004359192
https://www.scopus.com/record/display.uri?eid=2-s2.0-77956200254&origin=resultslist&sort=cp-f
https://www.scopus.com/record/display.uri?eid=2-s2.0-77956200254&origin=resultslist&sort=cp-f
https://www.scopus.com/sourceid/27347?origin=resultslist
https://www.scopus.com/sourceid/27347?origin=resultslist
https://doi.org/10.1016/j.nimb.2022.03.008

