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IMPLANTATION OF DEUTERIUM
AND HELIUM IONS INTO A TUNGSTEN-COATED
COMPOSITE STRUCTURE

The capture, retention, and thermal desorption of deuterium and helium ions with medium
energies implanted into tungsten-coated multilayer functional structures and the formation of
corresponding radiation-induced damages in the crystal lattice of the tungsten coatings of those
structures have been studied making use of the thermal desorption spectroscopy and electron
microscopy methods. The behavior of deuterium and helium in the examined materials and
its dependence on the post-implantation heating temperature, the dose of irradiation with DT
and Het ions, and the irradiation condition — separate (making use of ions of only one kind)
or sequential (making use of ions of both kinds) — are analyzed. A classification of radiation-
induced defects and mechanisms of their annealing are proposed.
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1. Introduction

The processes of capture, retention, and release of
hydrogen and helium isotopes, as well as changes in
the structure of the surface layer of materials used
in the devices of modern nuclear fusion installations,
which emerge owing to the interaction of plasma with
the surface of those materials, are a matter of inter-
est to the designers of fusion reactors. The study of
those processes under laboratory conditions with the
help of deuterium and helium beams makes it possi-
ble to obtain parameters characterizing the behavior
of mentioned gases in solids and to study the corre-
sponding radiation-induced damages. Tungsten (W),
which is applied as a vacuum-deposited coating of
multilayer functional structures, is one of the most
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promising materials intended to be used in contact
with plasma in thermonuclear facilities [1,2]. It has a
low sputtering ratio, enhanced thermal stability, and,
what is especially important, a low capture efficiency
of hydrogen isotopes, so that it is characterized by an
insignificant tritium accumulation.

Researches [1-26] dealing with the accumulation
of deuterium and helium and their thermal desorp-
tion into vacuum [1-4, 7, 8, 11], the distribution of
those gases over the specimen depth [5, 6], and the
formation of structural damages in the near-surface
layers [3, 4, 7-10, 12] were mainly performed using
tungsten foils rather than vacuum-deposited tungsten
coatings. Most of the works were carried out by sepa-
rately implanting D* or He™ ions into the W foil [1,3-
12]. Only a small number of works were performed
using the sequential implantation of those ions [8,13—
18]. The researches concerning the processes that ac-
company the implantation of DT or He™ ions into
vacuum-deposited tungsten coatings and the behav-
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ior of deuterium and helium in them are not numer-
ous [19-26]. Moreover, no results of researches with
the sequential implantation of those ions into the in-
dicated coatings were found in the literature.

This work continues our researches [27-30] deal-
ing with the formation and annealing of radiation-
induced defects, the interaction of the intrinsic and
induced matrix defects with the implanted ion-beam
particles, and the changes in the microstructure of
the surface layer and the surface morphology of the
specimens irradiated with medium-energy hydrogen
and helium isotopes. In particular, the processes that
accompany the implantation of DT and He™ ions
into tungsten coatings in multilayer functional struc-
tures that are proposed to be applied in devices of
thermonuclear facilities are studied. The formation of
radiation-induced damages in the crystal lattice of
the coating, as well as the capture, retention, and
thermal desorption of ion-implanted deuterium and
helium into vacuum, is considered. The behavior of
deuterium and helium in irradiated specimens is an-
alyzed for various post-implantation heating temper-
atures, Het and D irradiation doses, and ion irradi-
ation scenarios: separate (i.e. when ions of only one
kind are used) or sequential (when ions of both kinds
are applied after each other). Possible types of emerg-
ing radiation defects and the mechanisms of their an-
nealing are proposed.

2. Research Technique

Tungsten coatings 1 pm in thickness are stud-
ied. They were obtained by the magnetron sputtering
of a W target in the Ar atmosphere at a pressure of
1.0 Pa. Tungsten was deposited at the temperature
T = 600 K and at a rate of 0.6 nm/s onto a 0.5-mm
stainless steel (SS) substrate covered with a sputtered
intermediate Ti layer narrower than 10 nm. The tung-
sten coatings had a polycrystalline structure with an
average grain size of about 60 nm. The specimens
were designated as SS+W(um). The thickness of the
stainless steel substrate in our experiments was dic-
tated by a necessity to heat up the specimens to
1800 K at a predetermined rate.

The specimens were separately irradiated at room
temperature making use of 20-keV He'-ion beams
with a current density of about 5 pA/cm? to doses
within an interval of 1.0 x 107 cm=2 < Py+ <
< 35.5 x 1077 ¢cm~2 or with the help of 10-keV D™-
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ion beams (using 20-keV D ions) with a current den-
sity of about 5 A /em? to doses within an interval of
0.2 x 107 em™2 < ®&p+ < 16.5 x 1017 cm~2. For the
energies used in this work, the penetration depths of
the helium and deuterium atoms, as well as the dis-
tribution depth of radiation damages induced in the
W crystalline lattice by He™ and D™ ions, are much
smaller than the W coating thickness.

The sequential irradiation of similar specimens
with He™ and DT ions was carried out in both the sce-
narios He™ — DT and DT — He™ keeping the same
values of the ion energy, beam current density, and
specimen temperature. The irradiation doses were
within intervals of 1.03 x 1017 cm™2 < P+ <4.0%
x 1017 ¢em~—2 for Het ions and 0.15 x 107 ecm™2 <
< ®pt < 4.6 x 1017 cm~2 for DT ones.

Before the irradiation of examined specimens with
ions of another kind, the ion source in the installation
was trained under a residual vacuum. In so doing, the
beam currents of ions with masses corresponding to
the ions used at the previous stage of the experiment
and the ions planned to be used at the next stage were
measured with the help of a Faraday cylinder. At the
initial vacuum training, there was no specimen in
the installation. Later, during a series of experiments,
when the specimen got increasing irradiation doses of
ions of the same kind, it was shielded with a screen at
the vacuum training. The specimen training contin-
ued until the values of the controlled currents of ion
beams reached the background values. Afterward, the
working gas was let into the ion source by means of
an inlet system, the operating parameters of the ion
beam were set, and the screen was removed from the
specimen in a vacuum chamber. When changing the
working gas, the training of an ion source was carried
out simultaneously with the vacuum training of the
gas inlet system. The mass spectrometric control of
the composition of the residual gas environment was
performed at that. This method of preparation of the
installation made it possible to exclude the presence
of deuterium (helium) impurities in the helium (deu-
terium) beams in the experiments described in this
paper.

Figure 1 demonstrates the distribution profiles of
deuterium (1) and helium (2) atoms in the specimen
depth and the profiles of the displacements of matrix
atoms (3 for DT ions and 4 for He™ ions) also into
the specimen depth, which were calculated using the
SRIM program described in work [31]. According to
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the calculation results, the mean projective and total
path lengths of Dt (10 keV) and Het (20 keV) ions
in the tungsten coating were approximately equal to
60 and 160 nm, respectively. They were much shorter
than the coating thickness. The profiles of radiation-
induced damages created by DT and He™ ions in the
W crystal lattice were identical, being located in the
ion-implanted zone (see curves 3 and 4, respectively).

In order to study the accumulation processes of
helium and deuterium ion-implanted into tungsten-
coated composite structures, their gas release into
vacuum, as well as the formation and annealing of
the radiation-induced defects in the matrix and their
interaction with one another, such methods as the
thermal desorption spectrometry (TDS), transmis-
sion electron microscopy (TEM), and reflection elec-
tron microscopy (REM) were used. In particular, the
TDS method was applied to obtain thermal desorp-
tion spectra of helium and deuterium (m = 4 amu)
with the help of a gas mass spectrometer PTI-TA cal-
ibrated with the use of a HELIT-1 helium leak, as
well as the data [32] on the ionization cross-sections
of helium and deuterium particles in the source of
a given spectrometer. The concentration C' and the
capture efficiency n = C/® of implanted gases were
also calculated. The more detailed description of the
experimental technique can be found in work [33].

The thermal desorption spectra of helium atoms
and deuterium molecules were studied when the irra-
diated specimens were heated up within a temper-
ature interval of 290-1800 K at the constant rate
a = 0.8 K/s. The heated specimens were arranged
on a Ta ribbon with a chromel-alumel thermocou-
ple welded to the latter. The spectra describe the
number S of implanted gas particles that were re-
leased at a given heating temperature T as a func-
tion of this temperature. The methodological error of
temperature determination was 425 K. The sensitiv-
ity of the method used to determine the amount of
helium and deuterium particles was not worse than
2 x 10'2 ¢cm™2. When the irradiated specimens were
heated in a temperature interval of 290-1800 K, the
partial pressure of helium or deuterium did not ex-
ceed 1 x 107° Pa.

Since the mass spectrometry measurements of the
thermal desorption of deuterium and helium were car-
ried out by measuring the current intensities of DT
and He™ ions (both have the mass m = 4 amu), it was
necessary to establish criteria that would allow the
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Fig. 1. Distribution profiles of deuterium (1) and helium (2)
atoms in the W coating depth, and the profiles of the matrix
atom shifts from the lattice sites for DT (3) and He™ (4) ions
calculated using the SRIM program for W irradiated with D+
(10 keV, &4 = 4.0x 1017 ecm~3, np = 0.1) and He™ (20 keV,
Ppyot+ = 2.0 x 1017 cm ™3, nyge = 0.8) ions
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Fig. 2. Dependences of the quantity S for particles with

m = 4 amu on the heating temperature of SS+W (um) speci-

mens: (1) non-irradiated, (2) irradiated with Dt ions (10 keV,

&4 = 4.0 x 1017 em™3), and (3) irradiated with Het ions

(20 keV, @+ = 2.0 x 1017 em™3). a = 0.8 K/s

desorption of each gas to be interpreted correctly. For
particles with m = 4 amu, the dependences of the
quantity S on the specimen heating temperature are
shown in Fig. 2: for non-irradiated specimens (1)
and for specimens irradiated with Dt (2) or He™ (3)
ions. From curve 1, one can see that the background
of particles with m = 4 amu did not exceed a value.of
0.001 x 106 cm~2 at temperatures T < 1200 K
and 0.005 x 10'® ¢cm~2 in the temperature interval
AT = 16001800 K, where the evaporation of the
components from the rear side of the stainless steel
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Fig. 3. Thermal desorption spectra of deuterium from a tung-
sten coating of the SS-+W(um) composite structure irradiated
with DT ions to various doses &4+ = 1.0 x 107 cm™2 (1),
2.0x 1017 cm~2 (2), 3.0x 107 cm™2 (3), 4.0 x 1017 cm~2 (4),
5.0 x 1017 cm~2 (5), 7.0 x 1017 cm~2 (6), 10.0 x 1017 cm—2
(7), and 16.5 x 107 cm~2 (8). The ion energy is 10 keV,
a=08K/s
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Fig. 4. Thermal desorption spectra of helium from a tungsten
coating of the SS+W (um) composite structure irradiated with
He? ions to various doses ®p;.+ = 1.0 x 1017 em~2 (1), 2.0 x
x 107 em™2 (2), 3.1 x 1017 em~2 (8), 4.0 x 10'7 em~2 (4),
4.7x10'7 cm~2 (5), 8.3x 107 cm™2 (6), and 35.5x 1017 cm ™2
(7). The ion energy is 20 keV, oo = 0.8 K/s
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substrate and an insignificant increase of the final vac-
uum in the chamber were observed. In the thermal
desorption spectra of helium or deuterium implanted
separately to the sequential irradiation doses quoted
in Table, the value of S does not exceed its back-
ground value at T < 1200 K for helium (3) and at
T > 1200 K for deuterium (2). This fact allows a
supposition to be made that the thermal desorption
spectra of helium and deuterium, whose ions are se-
quentially implanted in different orders, reflect the
release of Dy from the tungsten coating into vacuum
at T < 1200 K and the release of He at T' > 1200 K.

The changes in the microstructure of the surface
layer of a tungsten coating containing implanted he-
lium or deuterium were studied on a transmission
electron microscope EVM-100L using thinner spec-
imens. The surface morphology of irradiated speci-
mens was monitored on a scanning electron micro-
scope REM-100U.

3. Experimental Results and Discussion

3.1. Study of regularities

in the accumulation of ion-implanted
deuterium and helium in and their
thermal desorption from tungsten
coatings of composite structures

3.1. Separate irradiation of tungsten
coatings with deuterium and helium tons

When the experimental specimens with implanted
deuterium or helium were heated up, the thermally
stimulated release of the latter from the tungsten
coatings into vacuum was observed. Figure 3 ex-
hibits the thermal desorption spectra of deuterium
from the coating in the case of the SS+W (um) com-
posite structure irradiated with DT ions to various
doses. The thermal desorption spectra of helium from
the tungsten coating of an identical composite struc-
ture, but irradiated with HeT ions to various doses,
are shown in Fig. 4. The limits of the temperature in-
tervals AT in which deuterium and helium are ther-
mally released and the character of their thermal des-
orption spectra depend, for the given material, on the
type of implanted gases and the dose of irradiation
with Dt and He™ ions. The limits of the tempera-
ture intervals AT and the temperatures Ty, corre-
sponding to the maxima of the peaks in the thermal
desorption spectra are quoted in Table.
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Parameters of the deuterium and helium captures

in and their thermal desorption from a W coating of the SS + W(um) composite system

Irradiation ®, 1017 cm—2 C, 107 cm—2 n, £10%
X AT, K Tiax, K
scenario
D+ He™t D He D He
He't 1.0 0.80 0.80 900-1750 1500
Het 2.0 1.64 0.82 900-1750 1500
Het 3.06 2.55 0.83 900-1750 1500
Het 4.0 3.16 0.79 900-1750 1490
Het 4.7 3.59 0.76 480-1750 1490 900
Het 6.1 4.36 0.71 4501750 1500 900
He't 8.3 5.3 0.65 450-1750 1480 900
He't 10 6.0 0.60 450-1750 1490 1000 900
He't 16 6.72 0.42 350-1750 1480 1200 900
Het 35.5 6.96 0.2 350-1750 1500 1200 900
D+t 0.2 0.026 0.13 380-960 640
D+t 1.0 0.12 0.12 380-960 640
D+ 2.0 0.25 0.13 380-960 640
D+ 2.5 0.32 0.13 380-960 640
Dt 3.0 0.394 0.13 380-960 640
D+t 4.0 0.476 0.12 380-960 640
D+ 5.0 0.5 0.10 350-1000 645
D+t 7.0 0.526 0.08 350-1000 645
D+t 10.0 0.62 0.06 300-1580 640 1400
D+ 16.5 0.7 0.04 300-1580 640 1380
Dt — Het 2.0 1.03 0.24 0.85 0.12 0.83 380-1750 640 1480
Dt — Het 2.0 2.0 0.24 1.68 0.12 0.84 370-1750 640 1480
Dt — He™t 2.0 3.03 0.26 2.35 0.13 0.78 370-1750 640 1520
Dt — He™t 2.0 4.0 0.24 3.12 0.12 0.78 370-1750 640 1520
Het — DT 2.0 1.03 0.24 0.84 0.12 0.82 380-1750 640 1480
Het — DTt 2.0 2.0 0.26 1.58 0.13 0.79 370-1750 640 1480
Het — Dt 2.0 3.0 0.24 2.43 0.12 0.81 370-1750 640 1520
Het — DT 2.0 4.0 0.26 3.05 0.13 0.76 370-1750 640 1520
Dt — He™t 0.15 2.0 0.019 1.68 0.13 0.84 380-1700 645 1500
Dt — He't 0.8 2.0 0.1 1.64 0.13 0.84 380-1700 640 1500
Dt — He't 2.0 2.0 0.24 1.68 0.12 0.84 370-1750 640 1480
Dt — Het 4.6 2.0 0.59 1.65 0.13 0.83 380-1760 640 1520
Het — Dt 0.2 2.0 0.026 1.66 0.13 0.83 380-1700 645 1500
Het — DT 2.0 2.0 0.26 1.58 0.13 0.79 370-1750 640 1480
Het — DT 3.4 2.0 0.424 1.62 0.13 0.81 380-1750 640 1520

As one can see from Fig. 3, the appreciable re-
lease of deuterium from the tungsten coating began
at the temperatures T > 350 K and terminated at
T =~ 1000 K (curves ! to 6) for specimens irradiated
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to the doses ®p+ < 7.0 x 1017 em 2. For specimens
irradiated to ®p+ > 10.0 x 107 cm ™2, the insignifi-
cant release of Dy also took place in the temperature

interval AT = 1000+-1580 K (curves 7 and 8). The
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Fig. 5. Dependences Che(®Ppye+) (1), Cp(®p+) (17),

NHe(Pre+) (2), and np(Pp+) (2’) for helium and deuterium
in a tungsten coating of the SS+ W (um) composite structure
irradiated separately with 20-keV Het or 10-keV D7 ions to
various doses
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Fig. 6. Thermal desorption spectra of deuterium and helium
from a tungsten coating of the SS+W (um) composite structure
irradiated sequentially according to scenarios Het — DT (1)
and DT — Het (2). DT ions: 10 keV, 3.0 x 10'7 cm~2; Het
ions: 20 keV, 2.0 x 10’7 ecm™2; o = 0.8 K/s

maximum of the major peak of deuterium thermal
desorption was found to be located at a temperature
of 640 K. For two highest exposure doses, the addi-
tional peak was also observed at a temperature close
to 1400 K.
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From Fig. 4 (curves I to 4), one can see that the
temperature interval of helium release equals AT =
900-+1800 K. Helium is mainly released in the peak
with Thax ~ =~ 1500 K. But if @+ > 4.7x10'7 cm 2
(curves 5 to 7), the thermal desorption spectrum
of helium also contains a low-temperature interval
AT = 350+900 K, which is superimposed on the in-
terval with the D5 release.

The regularities of the helium and deuterium ac-
cumulations in the tungsten coatings of composite
structures during the process of ion bombardment
of the specimen are studied by analyzing the depen-
dences of the concentration C' of the implanted gas
and its capture coefficient 1 on the dose ® of irra-
diation with this gas. The values of the parameters
C and 7 for He and D particles obtained for various
doses ® at separate irradiation doses are presented
in Table. The dependences of C' and 1 on ® are de-
picted in Fig. 5 for implanted helium (curves 1 and
2, respectively) and deuterium (curves 1’ and 2’, re-
spectively).

From Fig. 5 and the data in Table, one can see that
the values of the parameters C' and 7 for implanted
helium are much larger than those for implanted deu-
terium provided the same irradiation doses. An in-
crease of the irradiation dose results in an increase of
the C values and a decrease of the 1 ones for both
types of ions. The dependence Che(Pe+) tends to
the saturation at the doses @y + > 1.5 x 10'® cm™2,
which is associated with a larger amount of im-
planted and released He from the specimen dur-
ing the ion bombardment. According to the results
of works [34-36], if the tungsten foil is irradiated
with medium-energy Het and DV ions, the expo-
sure doses at which the saturation state is reached
do not exceed, as a rule, (0.4=1.5) x 10'® cm—2
for Het ions [34, 35| and 1.5 x 10 ¢cm™2 for D*
ones [36].

The main specific feature of the metal saturation
state consists in that the processes of formation and
growth of gas bubbles in the gas-saturated layer un-
dergo acceleration, when approaching this state, and,
according to the results of work [35], an intense
change of the metal surface layer begins as a result of
the blistering. In this work, owing to the fine-grained
structure of a W coating, the migration of helium is
possible from gas bubbles to the surface along the
grain boundaries. The formation of blisters is hardly
probable at that.
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3.2 Sequential irradiation of tungsten
coatings with deuterium and helium ions

Figure 6 illustrates the thermal desorption spectra
of deuterium and helium from the tungsten coating
of a composite structure sequentially irradiated with
DT (® = 3.0 x 10'" cm™?) and He™ (& = 2.0 x
x 107 cm~2) ions following the He™ — D% (curve 1)
and DT — He™ (curve 2) scenarios. For other doses
of sequential irradiation with the ions concerned, the
characters of the thermal desorption spectra of deu-
terium and helium were the same. The doses of DT
and He™ ions used at the sequential irradiation are
indicated in Table.

When comparing Figs. 3, 4, and 6, it becomes
evident that the thermal desorption spectra of deu-
terium and helium, whose ions were sequentially im-
planted in different orders to the irradiation doses
Ot < 4.6x 107 cm™2 and P+ < 4.0 x 1017 cm 2,
are superpositions of the thermal desorption spectra
of DT and Het implanted to the same doses, but
separately. The temperature intervals AT of the deu-
terium and helium release remained the same. The
temperatures T, of their thermal desorption peaks
have the same values for both separate and sequential
implantations of D and He™ ions (see Table).

In Fig. 7, the dependences of the concentration Cp
(curve 1) and the capture coefficient np (curve 2)
for deuterium in the tungsten coatings of composite
structures on the irradiation dose ®p+ with DT ions
obtained in various irradiation scenarios are shown:
for the separate irradiation with only D ions (sym-
bols e and A), for the sequential Het — DY irra-
diation (symbols o and A), and for the sequential
D* — He™ irradiation (symbols x and *). Analogous
dependences for the concentration Cy, (curve 1) and
the capture coefficient ng. (curve 2) of helium on
the irradiation dose ®p,+ with He™ ions obtained in
various irradiation scenarios are shown in Fig. 8: for
the separate irradiation with only He™ ions (symbols
e and A), for the sequential He™ — DT irradiation
(symbols o and A), and for the sequential D™ — He™
irradiation (symbols x and *). Figures 7 and 8 tes-
tify that, in various irradiation scenarios with He™
and DT ions, the values of the parametersCy, and
NHe for implanted helium are much larger than their
counterparts Cp and np for implanted deuterium.

Figure 9 demonstrates the concentration-versus-
dose dependences Cp(Pye+) (curve 1) and
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Fig. 7. Dependences of the concentration Cp (1) and the
capture coefficient np (2) of deuterium in a tungsten coating of
the SS+ W (um) composite structure on the irradiation dose
with only DY ions (e,A), HeT and DY ions in the sequence
Het — D7t (0,A), and DT and He' ions in the sequence
Dt — Het (x,x). Het ions: 20 keV, 2.0 x 1017 cm~2; Dt
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Fig. 8. Dependences of the concentration Cye (1) and the
capture coefficient nge (2) of helium in a tungsten coating of
the SS+ W (um) composite structure on the irradiation dose
with only HeT ions (e, A), He™ and D ions in the sequence
Het — D7t (o,A), and DT and He' ions in the sequence
Dt — Het (x,%). Dt ions: 10 keV, 2.0 x 10'7 cm—2; Het
ions: 10 keV

Cue(®p+) (curve 1’) and the capture coefficient-
versus-dose dependences 7p(®Pge+) (curve 2) and
Mie(Pp+) (curve 27) for deuterium (curves I and
2) and helium (curves I’ and 2’) in the tungsten
coatings of composite structures irradiated according
to various scenarios: for the separate irradiation
with only D™ or He' ions (symbols e and A), for
the sequential He™ — D7 irradiation (symbols o and
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Fig. 9. Dependences Cp(Pye+) (1), Cue(®p+) (17),
1D (Pret) (2), and nue(Pp+) (2’) for helium and deu-
terium in a tungsten coating of the SS+W(um) compos-
ite structure irradiated with only DT or Hetions (e, a),
Het and D1 ions in the sequence Het — D¥t (o0,4),
and DT and He' ions in the sequence DT — Het (x,x).
Curves 1 and 2: ®p4+ = 2.0 x 1017 cm™2; curves 1’ and 2
Qo+ = 2.0 x 1017 cm ™2

A), and for the sequential DT — He" irradiation
(symbols x and x). From the analysis of the results
obtained, it follows that the previous and next
implantations of helium to various doses within the
interval ®p.+ < 4.0 x 10’7 cm™2 do not change the
values of the parameters C'p and np for deuterium
[see the dependences Cp(Pye+) (curve 1) and
Np(Ppe+) (curve 2) in Fig. 9. Furthermore, the pre-
vious and next implantations of deuterium to various
doses in the interval ®p+ < 4.6 x 10'7 cm~2 also do
not change the values of the helium parameters C'y,
and 7y, [see the dependences Cye(Pp+) (curve 17)
and Npe(Pp+) (curve 2') in Fig. 9].

In the works performed by other authors for mas-
sive W foils [13, 14, 16], the influence of the previ-
ous implantation of He™ ions on the capture of deu-
terium implanted at the next stage in the frame-
work of the Het — DT scenario was demonstrated. If
DY ions with energies of 1-4 keV were implanted
to the doses ®p+ = (2+-3) x 107 em~2 after the
preliminary irradiation with (8+10)-keV He™ ions to
0.3 x 1017 em™2 < @+ < 1.0 x 107 em =2, the for-
mer did not change their accumulation [13]. But this
parameter became 3 times as large, when the dose of
He™ ions reached @y + = 2.0 x 107 cm~2 [14]. The
cited authors associated those results with the cap-
ture of D particles by radiation-induced defects in
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the matrix in the former case [13] and with the influ-
ence of a high stress field emerging around separate
helium bubbles in the latter one [14]. According to
work [16], the further growth of the He™-ion (3 keV)
dose to @+ = 1.0 x 101 em~2 resulted in a decrease
of the deuterium capture due to the influence of a
formed network of helium bubbles on the deuterium
accumulation. A reduction in the deuterium capture
was also observed by the authors of work [16] at
the sequential DT — He™' implantation to the doses
O+ = 1.0x 10'" cm™2 and ®po+ = 1.0 x 107 cm ™2,
which was induced by the radiation-accelerated diffu-
sion of weakly trapped deuterium atoms to the speci-
men surface followed by their release into vacuum un-
der the further irradiation with He™ ions. Probably,
the differences in the formation of helium bubbles in
our studies (see below) and in works [13, 14, 16] may
explain the character of the deuterium accumulation
at the sequential Het — D™ implantation into the
tungsten coatings.

3.2. Electron microscopy studies
of tungsten coatings in composite structures
irradiated with deuterium and helium ions

Transmission electron microscopy (TEM) was used to
study the structure of tungsten coatings in the initial
specimens and in the specimens irradiated with DT
or Het ions. In the initial state, the W coatings had
a polycrystalline bee structure. In Fig. 10, the mi-
crographs of tungsten coating structures are shown:
(a) in the initial state, (b) after the irradiation with
deuterium ions, and (c¢) after the irradiation with he-
lium iomns.

From Fig. 10, b, one can see that the grains of
the crystalline structure in a tungsten coating irradi-
ated with D% ions to the dose ®p+ = 6 x 10'® cm—2
contain a large number of black dots with the aver-
age diameter exceeding 5 nm and a concentration of
(3.2 4 0.3) x 1012 ecm~2. Seemingly, these are pene-
trating dislocation loops. The works of other authors
[8, 36] report results concerning the formation of in-
terstitial dislocation loops and dislocation networks
at T, = 300+350 K in a single-crystalline W irra-
diated with DJ ions with an energy of 10 keV to
the dose ®p+ = 2 x 10*® cm=2 [36] and with H*
ions with an energy of 10 keV to the dose ®y+ =
=3 x10'® cm™2 [8]. The results were obtained by
channeling the megaelectronvolt *Het ions along
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Fig. 10. Electron microscopy images of a tungsten coating of the SS + W (um) composite structure (a) in the initial
state, (b) after irradiation with 10-keV D7 ions to the dose &1+ = 6 x 10'® em~2, and (c) after irradiation with
20-keV Het ions to the dose Pyt =7 X 1017 cm—2

(111) W accompanied by the detection of backscat-
tered *He* ions and TEM studies.

According to the results of works [9, 10|, where
TEM studies of metallurgical grade W (99.95%) and
superpurity W (99.995%) were carried out, the ir-
radiation with He™ ions (8 keV, 1.0 x 10 ecm™2 <
< Pper < 6.5 x 105 em™2) at the temperature
T, = 293 K also results in the formation of penetrat-
ing dislocation loops. As the dose ® increases, the
average size of the loops grew to 5.0 nm, and their
concentration reached a value of 3.5 x 10'2 cm 2. Af-
terward, they were accumulated as entangled dislo-
cations. We may assume that, in those studies, the
formation of interstitial dislocation loops and disloca-
tion networks in the tungsten coatings of composites
irradiated with He™ ions also took place.

In Fig. 10, ¢, the black dots are not visible because
the electron focusing mode in the TEM experiment
was selected to detect the formation of helium bubbles
in the coating.

No formation of helium bubbles was observed in the
tungsten coating after its irradiation with He™ ions
up to doses ®p.+ < 4 x 107 ecm~2 at room temper-
ature. Helium bubbles were detected after the irradi-
ation with He* ions to doses ®po+ > 7 x 10*7 em~2.
They had an average diameter of about 2.5 nm and a
concentration of (5.0 & 0.5) x 102 ¢cm™2 at the dose
Bt = 7x 1017 em =2 (see Fig. 10, ¢). The formation
of helium bubbles does not change the bce structure of
the crystal lattice in the W coating. According to the
results of works [9,10], helium bubbles were observed
in the specimens of metallurgical grade W (99.95%)
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and superpurity W (99.995%) irradiated with 8-keV
He™ ions to the doses @+ > 2 x 107 cm~? at room
temperature. The average diameter of those bubbles
was about 2.5 nm, and their concentration was much
higher than the concentration of dislocation loops
(3.5 x 102 cm~2).

After the irradiation of the tungsten coating with
D™ ions to a maximum dose of 6 x 10'® cm~2 at room
temperature, no formation of deuterium bubbles
with the average diameter exceeding 2.5 nm and no
changes in the bcc structure were detected. According
to the results of work [3], deuterium bubbles in tung-
sten are formed at the irradiation with D ions to
doses exceeding 1 x 10'? ecm~2. This is about two or-
ders of magnitude higher than the corresponding ir-
radiation dose with He™ ions.

The method of reflection electron microscopy
(REM) is applied to study the surface morphology
of tungsten-coated composite systems. Initial speci-
mens, specimens irradiated with Dt or H* ions, and
specimens — preliminary irradiated or not — annealed
to 1800 K are studied. In the latter case, the speci-
mens were annealed at a heating rate of 0.8 K/s. It
is found that the surface morphology of the speci-
mens irradiated at room temperature with DT ions
to doses Pp+ < 2.0 x 10" cm ™2 or with Het to doses
P+ < 5.0x10' em~? is not changed. No formation
of blisters was not observed on the surface of speci-
mens irradiated with DT or He™ ions and annealed to
a temperature of 1800 K. An insignificant worsening
of the coating specularity (a higher roughness) was
observed at T' > 1600 K.
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After the specimens were heated to T' = 1800 K,
the growth of grains of the crystalline lattice of a W
coating (recrystallization) is observed. According to
the data of work [37], pure tungsten undergoes the
recrystallization at T" > 1700 K, with the concentra-
tions of dislocations and grain boundaries decreas-
ing at that. The grain size increases by about an or-
der of magnitude. In this work, the recrystallization
was detected at temperatures above the temperatures
of maximum helium (7" g 1520 K) and deuterium
(T Z 1400 K) release into vacuum, and its effect
on the thermal desorption spectra of indicated gases
from tungsten coatings is insignificant.

3.3. Radiation defects induced
by tmplanted deuterium and helium ions
in tungsten coatings of composite structures

In the course of bombarding the tungsten coatings
with D* or Het ions, there arise radiation defects of
various types in them: defects in the material crys-
tal lattice and impurities in the form of implanted
ion beam particles. In order to determine the origin
of the generated radiation defects, we, as was done
earlier in works [27, 28, 33, 38, 39], analyzed the cap-
ture, migration, and release of implanted deuterium
and helium particles from the specimens into vacuum
with the help of thermal desorption spectra. In par-
ticular, this method was used, when determining the
activation energy of the thermal desorption FE, in
the main peaks of particle release spectra. Electron
microscopy observations gave us information about
structural defects (dislocations, defect accumulations,
bubbles of implanted gases). The kit of applied meth-
ods allowed us

® to obtain a more detailed information on the for-
mation and annealing of radiation defects, including
their origin; the mechanisms of defect accumulation
and transformation in the crystal lattice; the migra-
tion of gas particles to the specimen surface and their
further desorption into vacuum;

¢ to describe the mechanisms governing the forma-
tion of penetrating dislocation loops; the accumu-
lation of radiation-induced matrix defects and im-
planted particles from the bombarding beam, as well
as their interaction that gives rise to the formation of
gas-vacancy complexes;

® to propose mechanisms governing the annealing
of radiation damages in the crystal lattice, namely,
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the dissociation of complexes and the migration of de-
fects to sinks in the coating bulk, which results in the
formation of gas bubbles, and to the coating surface,
which results in the desorption of gases into vacuum.

If DY (®p+ < 4.6 x 1017 cm™2) and Het (@t <
< 4.0 x 107 cm~2) ions are sequentially implanted
into the tungsten coatings in different orders, (i) the
helium (deuterium) accumulation depends on neither
the previous nor next irradiation with deuterium (he-
lium) ions, and (ii) the thermal desorption spectra of
D5 and He particles are superpositions of the ther-
mal desorption spectra of deuterium and helium im-
planted separately. In this case, the temperature in-
tervals of the deuterium and helium releases into vac-
uum, as well as the temperatures Ti,a.x correspond-
ing to the maxima of their thermal desorption peaks,
remain the same. The intensities of the thermal des-
orption peaks of Dy and He into vacuum also do not
depend on the scenario of the irradiation with D and
He™ ions.

Proceeding from those facts, we assumed that the
types of radiation-induced damages in the tungsten
coatings with composite structure irradiated with
DT and He™ ions, both separately and sequentially,
and the mechanisms of their annealing can be the
same. We supposed that, in the tungsten coating ir-
radiated at room temperature with Dt and He™
ions, there arise radiation defects of the vacancy
type. Those defects capture deuterium or helium into
gas-vacancy complexes: D,,V,, or He,,V,,. If the con-
centration of implanted gases increases, those com-
plexes transform into gas bubbles (e.g., the forma-
tion of helium bubbles at irradiation doses ®Ppo+ >
> 7 x 10'7 cm™?). Furthermore, the irradiation with
DT and He™ ions brings about the appearance of in-
terstitial atoms in the W lattice, and their radiation-
stimulated migration is observed with the formation
of clusters and complexes of the penetrating disloca-
tion loop type.

According to the results of calculations [40], the re-
lease of deuterium in the main peak (Tih.x = 640 K)
with the activation energy of thermal desorption
E, = 1.4 eV may occur due to the dissociation of
deuterium-vacancy complexes, the migration of deu-
terium atoms through the interstitial sites to the sur-
face, and the subsequent desorption of Dy into vac-
uum. The high-temperature peak (T4, ~ 1400 K)
of deuterium thermal desorption from the W coat-
ing, which is observed at irradiation doses ®p+ >
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> 8.0 x 10'7 cm™2, is most probably associated with
the formation of deuterium bubbles at the heating
and with the release of deuterium from them. At such
®p+ values, gas bubbles are formed in metals, as a
rule, at T > 0.4T a1 (for W, 0.4 61, = 1470 K).
The authors of works [41,42] also showed that deu-
terium is mainly released in the peak with Ti.x ~
~ 630 K, if it was implanted into W at room temper-
ature to the doses Pp+ < 1 x 1017 ¢cm~2. The cited
authors connected the peak origin with the release of
deuterium at the dissociation of deuterium-vacancy
complexes DV,,, where n = 4-+10, the migration of
deuterium atoms through the interstitial sites to the
surface with the migration energy EfY, ~ 0,39 €V,
and the subsequent desorption of Dy into vacuum.
From work [43], it is known that, in tungsten ir-
radiated with 8-keV HT ions to the dose @+ = 1 x
x 108 cm ™2, the formation of penetrating dislocation
loops was observed at Ty = 473 K, and the formation
of hydrogen bubbles at T, = 873 K. In work [44], the
release of deuterium was observed in the peak with
Thax ~ 1400 K from tungsten irradiated with 3-keV
D+ ions to the dose ®p+ = 4 x 10'® em 2. The cited
authors explained it by the movement of dislocations
owing to the recrystallization of tungsten at its heat-
ing. According to the results of work [37], the recrys-
tallization in tungsten occurs at 7' > 1700 K. In our
work, this process is relevant for the tails of the ther-
mal desorption spectrum and, therefore, has little ef-
fect on the process of deuterium release into vacuum.
The peak with T.x = 1500 K was the main
one in the spectrum of helium thermal desorption
at 1.0 x 1017 em~2 < P+ < 4.0 X 1017 em~2. It
was also observed at higher irradiation doses ®y+ >
> 4.7 x 10'7 cm ™2, although the corresponding frac-
tion of captured helium did not exceed 30%. Accor-
ding to calculations [40], the peak has the activation
energy of the helium thermal desorption E, =~ 4.2 V.
According to the results of work [45], the diffusion
of helium in the W crystal lattice takes place ow-
ing to the dissociation of the helium-vacancy com-
plex of the HeV type, the migration of helium atoms
through the interstitial sites to the surface (the mi-
gration energy Eff., ; ~ 0.28 e¢V), and the subsequent
desorption of He into vacuum. This process is char-
acterized by the activation energy E3SS ~ 4.42 eV,
which is close to the E, value. Therefore, the as-
sumption can be made that the peak of the He ther-
mal desorption corresponds to the migration of He
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through the interstitial sites to the surface, which
occurs after the dissociation of helium-vacancy com-
plexes HeV. In work [46], it was shown that, in the
case of tungsten irradiated with 60-keV He' ions to
the dose @+ = 2 x 10*® cm ™2, helium is released at
T ~ 1500 K, which the cited authors also explained
by the release from HeV monovacancies.

In this work, we did not reveal the formation of
helium bubbles in tungsten coatings irradiated with
He™ ions at room temperature to doses @+ < 4.0 x
x 10" ecm~2. On the contrary, the irradiation of
tungsten coatings at room temperature with He™ ions
to doses P+ > 7.0 X 10'7 ¢cm~2 resulted in the for-
mation of helium bubbles. The doses of irradiation
with He™ ions applied in this work are in agreement
with the doses @+ = (2.0+8.0) x 1017 cm ™2 applied
in work [9], where the formation of helium bubbles in
W foils also took place after the irradiation with 8-keV
helium ions at the temperature Ty = 293 K. The ther-
mal desorption of helium from a tungsten coating into
vacuum at T < 1400 K (at @yt > 4.7 x 1017 cm~2)
is associated with its release from available defects in
the tungsten coating structure after the formation of
helium bubbles.

Further studies of the formation and annealing of
radiation-induced defects in the matrix and the accu-
mulation of particles from the bombardment beam in
the matrix at the doses of the sequential irradiation
of a tungsten coating that are higher than those used
in this work are a matter of our future interest.

4. Conclusions

The following processes are studied for the tungsten
coatings of SS+ W (um) composite structures irra-
diated with medium-energy D and He™ ions and
afterward subjected to the heating: (i) the accu-
mulation of deuterium and helium particles; (ii) the
formation and annealing of intrinsic and radiation-
induced defects in the matrix; (iii) the thermal des-
orption of ion-implanted deuterium and helium from
the specimens into vacuum; and (iv) changes in the
morphology of the specimen surface. The irradiation
with DT and He™ ions was performed at room tem-
perature to the doses ®p+ < 4.0 x 107 cm™2 and
Ppor < 4.7 x10'7 cm™2, respectively, when applying
the sequential (He™ — DT or DT — He™) irradiation
scenarios, and to the doses 0.2 x 1017 cm™2 < Pp+ <
<16.5 x 101" em™2 and 1.0 x 1017 em™2 < byt <
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< 35.5x 107 cm™2, respectively, if the bombardment
was carried out with either DT or He™ ions separately.

General regularities are found for the separate and
sequential implantations of DT and He't ions into
tungsten coatings. In particular, deuterium is accu-
mulated in the tungsten coating to lower concen-
trations in comparison with helium, and its capture
coefficient is approximately an order of magnitude
lower. The main release of deuterium from the spec-
imens into vacuum occurs at lower temperatures in
comparison with that of helium.

At the sequential implantations of DT and Het
ions, the temperature intervals of the deuterium and
helium releases and the temperatures of the peaks in
their thermal desorption spectra have the values iden-
tical to those obtained at separate implantations. The
accumulation of deuterium (helium) does not depend
on the previous irradiation with Het (D) ions.

The following types of radiation-induced damages
are assumed to be formed in the tungsten coating
bulk: defects of the vacancy type, penetrating dis-
location loops, and gas-vacancy complexes He,,V,
and D,,V,. Possible mechanisms of deuterium and
helium accumulation and their thermally induced re-
lease from a tungsten coating are considered. Pro-
bably, implanted deuterium is captured by defects of
the vacancy type. As the temperature of the post-
implantation heating grows, the prevailing release
of deuterium is associated with the dissociation of
deuterium-vacancy complexes, the migration of deu-
terium particles to the surface, and the deuterium
desorption into vacuum. For the irradiation doses
O+ > 8.0 x 1017 cm™2, the formation of deuterium
bubbles at the heating and the deuterium release from
them are possible. The accumulation of helium in a
tungsten coating is probably takes place by its cap-
ture into helium-vacancy complexes with the subse-
quent formation of helium bubbles. The thermal des-
orption of helium may be associated with its release
from the helium-vacancy complexes at their dissoci-
ation, as well as from available defects in the tung-
sten coating structure after the formation of helium
bubbles.
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IMILJTAHTALIIS IOHIB JJEUTEPIIO
TA TEJITIO Y KOMITO3UIINHY CTPYKTYPY
3 BOJIb®PAMOBUM ITOKPUTTAM

Peszowme

HocmimkeHo 3axOIIEHHsI, yTPUMAHHS Ta TEPMOLECOPOIio
1OHHO-IMITAHTOBAHUX JEeUTEPII0 Ta reJiio, YTBOPEHHS paJia-
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MIAHUX MTONUIKO/XKEHb KPUCTAJIYHOI I'PATKA BOJIHLMPAMOBUX I10-
KpUTTIB HararomapoBux (GyHKIIOHAJBHUX CTPYKTYP, ONPOMi-
nennx iomamu DT ta HeT cepemmix emepriit. Jlocmimkenns
IIPOBEJZIEHO 3a [IOIOMOI'OI0 METOJIiB TEePMOIECOPOLiiHOI CIeK-
TpoMeTpil Ta esekTpoHHOI Mikpockomil. IloBexninky neiiTepiro
Ta reilo y Marepiajlax BUBYAJIN B 3aJIE2KHOCTI BiJ TeMmiiepaTy-
P¥ NOCTIMILUIAHTAILITHOTO HArpiBy, /103U OIPOMIHEHHsS iOHAMU
Het Ta DT i ymoB onpowminenns iowmamu: immusigzyansre a6o
10CJIiJOBHE. 3alpOIIOHOBAHO THUIIM YTBOPIOBAHMUX PaJiialliiHuX
nedekTiB Ta MexaHi3Mu X Bigmasry.
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