SECTION 1
PHYSICS OF RADIATION DAMAGES AND EFFECTS IN SOLIDS

FEATURES OF HELIUM COMPLEXES BEHAVIOUR NEAR THE FREE
SURFACE IN TUNGSTEN
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The formation of interstitial atoms by lattice tungsten atoms displacement by clusters of implanted helium,
which is accompanied with the appearance of helium-vacancy complexes, was found. The stimulating effect of the
free surface on the development of the processes of displacement and dissociation of complexes has been revealed.
It is shown that this influence is caused by the action of image forces. The depth of the image forces was

determined, which was about 2.5 nm.
PACS: 68.35.-p

INTRODUCTION

The creation and development of efficient magnetic-
confinement nuclear fusion reactor face significant
problems of materials for facing the plasma structural
elements. This primarily concerns the divertor and the
first wall of the reactor. Tungsten, which has a high
melting point and low sputtering values [1, 2] is
considered as the most appropriate material for these
elements. Since the burning plasma contains a mixture
of helium and hydrogen, the surfaces of divertor and the
first wall of reactor undergo the irradiation by intense
fluxes of low-energy ions, which can cause significant
surface erosion. Low irradiation energy is the main
cause of surface damage. Short path lengths of
bombarding particles in metals contribute to a
significant accumulation of helium in the surface layer,
that, with long exposure, can lead to the formation a
tendril-like fuzz reminiscent the corals [3-7]. Currently,
a large number of studies on low-energy irradiation of
metals is carried out using computational methods and
mat. modeling [8]. Extensive data have been obtained
on the He solution energy, the ability to form various He
clusters and their mobility, as well as the energetics of
the processes that determine the behaviour of helium in
the vicinity of interfaces [9-14]. However there are still
few real atomic level experiments on this issue. This
paper presents experimental data on the free surface
effect on the behaviour of implanted helium atoms and
their complexes in tungsten, obtained by field ion
microscopy.

METHODS

The studies were carried out in a field ion
microscope combined with a source of accelerated
helium atoms to an energy of 0.15...5 keV (Fig. 1).

The requirement of irradiation with neutral particles
was dictated by the need to observe the process of
formation of defects right at the moment of irradiation.
Since the type of microscope used in this work is
characterized by the presence of strong electric fields,
ion irradiation is not possible due to the deflection of
charged particles in the field. The possible difference
between the effects of irradiation with atoms and ions in

the case of irradiation of metals can be neglected since
these effects can be noticeable only for insulators and
semiconductors.
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Fig. 1. Scheme of the accelerated helium atoms source

The study was conducted at a temperature of
samples of 78 K and a pressure of the imaging gas (He)
of 5-10° Pa. The atoms of the imaging gas were also
used as the bombarding particles. The source of
accelerated atoms was an ion gun with a recharge
chamber, made in the form of a narrow metallic channel
(Fig. 1). The beam neutralization took place in the
channel by ion sliding contacts with the channel walls,
as well as by the resonant charge exchange on the
imaging gas atoms. The samples with radii top of
15...15nm were manufactured by electrochemical
etching in 1N aqueous solution of NaOH from tungsten
wire of purity 99.98 weight %. In the microscope the
samples were initially cleaned by field desorption and
then were subjected to evaporation in an electric
strength field 58 V/nm to form an atomic-smooth
hemispherical surface. Field ion images were formed by
applying a positive potential to the samples in the range
of 3...25 kV. The direction of irradiation was normal to
the axis of the needle-shaped samples. This made it
possible to simultaneously observe the irradiated and
shadow sides of the sample surface. The flux intensity
of the incident helium was 5-10* at./cm?s, which made
it possible to get fluence to 10 at/ecm® during one
experiment.
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RESULTS AND DISCUSSION

Experiments have shown that, as a result of
irradiation, the surface erosion takes place, especially
noticeable from the incident beam side (Fig. 2,a,b). As
can be seen, after irradiation there are many bright spots
which are tungsten atoms in the position of adatoms.
Since adatoms are characterized by low coordination
number, the local field strength is increased above them.
As the result, the adatoms were observed as bright
emission centres in the ion image. The appearance of
radiation adatoms on the surface can take place in two
different ways. The first is the displacement along the
surface of the atoms located on the edges of the atomic
steps. In this case, surface vacancies appear on the steps.
Such vacancies also contribute to radiation erosion. The
second is the formation of classical Frenkel pairs in the
volume of sample with subsequent interstitial atoms
(SIA) migration toward the surface and their
displacement in adatom position. It should be noted that
radiation adatoms are observed on the irradiated side of
the sample independent of their origin. In contrast, the
appearance of adatoms on the shadow side was possible
only by the formation of interstitial atoms. After the
cease of irradiation, the rate of appearance of new
adatoms on the surface dropped sharply.

Fig. 2. The surface of the tungsten sample before (a)
and after (b) irradiation with a fluence of 2-10* at./Jcm?

Field evaporation of the previously irradiated sample
restored the perfect state of the surface, by removing the
surface layer along with all the radiation adatoms.
However, after further field evaporation of the irradiated
sample, a repeated emerges of SIAs from the volume,
was unexpectedly found. With time the emerges of new
SIA were ceased. The appearance of SIA on the surface
took place with a short time delay, which could reach
~5...30 s from the evaporation moment. For example
Fig. 3,a,b shows the ion images of the surface of
tungsten before (a) and after (b) the emerge of a single
SIA. The process of SIAs emergence on the surface was
repeatedly reproduced after each new evaporation and
was observed with equal probability both as on the
irradiated and as on the shadow side of the sample. In
addition to single SIAs and their complexes in some
cases, the emergence of compact SIA groups containing
more than a dozen atoms was recorded. It should be
noted that the repeated emergence of SIA occurred in
the absence of irradiation and after a sufficiently large
period of time after the end of bombardment.

Fig. 3. The field ion images of the irradiated tungsten
sample obtained immediately after the removal of
several surface layers (a) and after the appearance of
an interstitial atom on the surface 12 s later (b)

This suggests that the repeated SIA emergencies are
not related to the shock processes of the Frenkel pairs
formation. Those SIA, which was formed directly at the
time of irradiation, already left the volume of a sample
before the new evaporation acts due to their high
mobility at 78 K. Therefore they were removed together
with the eroded surface layer at initial evaporation.
Taking into account the noted above facts, it can be
concluded that the formation of SIA after evaporation
takes place directly at the moment preceding their
appearance on the surface. So the observed effects are
definitely associated with the presence of implanted
helium in the lattice [15]. Since the mean path of 5 keV
helium atoms in tungsten is less than the sample
diameter, the almost all helium ultimately turn out in the
lattice in the implanted state. Possessing zero solubility
and high mobility (by tetra-positions) at 78 K, helium
atoms are able to form clusters by the self-trapping
mechanism [16]. When such helium clusters reach the
size of several atoms they acquire the possibility to
displace lattice atoms from its positions. It leads to the
appearance of the complicated polyatomic complexes
[SIA (V nHe)] [17]. The complexes are partial vacancies
filled with helium atoms, which hold near themselves
the partially displaced tungsten atoms. Under certain
conditions, the complexes can dissociate and produce a
mobile SIA and full vacancy, unable to migrate due to
stabilization it by helium. Detaching of SIA from the
complex can occur with additional absorption of helium
atoms into a vacancy or with temperature increasing. In
this experiment, we found one more reason for the
complexes dissociation. It is the influence of the free
surface. The proximity of the complexes to the surface
leads to the appearance of image forces that stimulate
the processes of displacement and complexes
dissociation.

Each new act of field evaporation reduces the
distance from helium clusters to the surface, causing the
development of the processes of lattice atoms
displacement and SIA detaching from helium-vacancies
complexes. If a helium cluster turns out near the free
surface, it falls into the region of image forces action.
As is well known, image forces arise as a result of the
reduction of full crystal energy in the case when any
defect approaches a free surface. The magnitude of
image forces increases with the distance to the surface
decreasing. Therefore, if a mobile defect appears in the



field of action of image forces, it inevitably leaves the
volume. Taking into account the reason of image forces
appearance, one can come to a conclusion that the SIA
formation energy in the near-surface region regardless
from the process should be less compared to the same
process taking place in volume. Moreover, the closer to
the surface this process develops, the less energy for the
process of formation of SIA is needed. For this
particular case with implanted helium, it means a
decrease of helium atoms number capable of lattice
atoms displacement with subsequent SIAs detaching
from complexes.

According to modern data, the energy of formation
of an SIA in tungsten is ~ 9 eV [18-20], and the most
preferred configuration of an SIA is a crowdion,
elongated along the close-packed direction <111> by 10
interatomic distances. As it is known the solution energy
of helium in bcc metals is equal ~5...6eV [21].
Comparing the formation energies of these two defects,
one can make an assumption that process of tungsten
atoms displacement is possible by only one helium atom
in the case if this process occurs near the free surface.
Considering the non-linearity of the distribution of the
energy of a defect along the crowdion, we can obtain a
rough estimate of the depth with which this process is
possible. This equals to 3...4 interatomic distances or
8...10 A from the surface. In this case, the helium atom
migrating towards the surface does not leave the crystal
and turns out in a bound state in a subsurface vacancy.
On the contrary, a lattice tungsten atom is pushed out to
the surface at the adatom position. At a small distance
from the free surface, the processes of displacement and
SIA detaching should merge into a uniform process,
simple extrusion of a subsurface lattice atom from the
volume along the direction of the spatial orientation of
the crowdion — <111>. The small energy required for the
implementation of this process in the immediate vicinity
of the surface can be explained by the short-term
(virtual) occurrence of a shortened crowdion
configuration, which has substantially less energy than
an SIA.
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Fig. 4. The number of interstitial atoms emerging on the
surface as a function of the removed layer thickness

Considering that SIAs have the highest formation
energy among point defects, the depth of image forces
action to SIA is also maximum. The dissociation of
helium complexes found during evaporation makes it
possible to determine the thickness of the surface layer,
in which image forces influence the processes of the
displacement of lattice atoms by helium and lead to the
emerge of SIA from the volume. In Fig. 4 the number of

interstitial atoms emerging on the surface after single
evaporation acts depending on the thickness of the layer
being removed is given. Dependencies are plotted
separately for single SIA (curve 1) and double SIA
complexes (curve 2).

Each evaporation act leads to the approach of the
complexes to the surface by the value of the evaporated
layer. At slight evaporation, a small number of
complexes fall into the area of action of the image
forces and, accordingly, after the dissociation, the same
number of SIAs turn up on the surface. It is clear that in
cases where the thickness of the evaporated layer is
equal or greater than the depth of action of the image
forces, the number of SIAs emerging on the surface
should be constant and maximum. So the thickness of
the evaporated layer at which the curves go to saturation
corresponds the range of action of the image forces on
the process that we study. As can be seen, both
experimental dependencies tend to saturate, that makes
it possible to estimate the image forces action range on
the processes of formation and dissociation of vacancy —
helium complexes with SIA. This depth exceeds 25 A.

CONCLUSIONS

1. The stimulating influence of free surface on the
process of lattice tungsten atoms displacement by
implanted helium atoms and on the process of detaching
of SIA from helium-vacancy complexes has been found.

2. It is shown that this influence is caused by the
action of image forces and depends on the distance to
the surface. The depth of action of these forces was
determined. Tt is at least 25 A.
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OCOBEHHOCTH MOBEJEHUS I'EJUEBBIX KOMILIEKCOB BBJIM3U CBOBOJTHON
INOBEPXHOCTH B BOJIb®PAME

HU.B. Cmapuenxo, E.B. Caoanos

OOHapyxeHO 00pa3oBaHHE MEXKY3elIbHBIX aTOMOB IyTEM BBITECHEHHs PELIETOYHBIX aTrOMOB BOJIb(pama
KJacTepaMu HMMIUIAHTHPOBAHHOTO TeJHs, KOTOPOE CONPOBOXIAETCS IOSBICHHUEM  TeMi-BaKaHCHOHHBIX
KOMIIJIEKCOB. BEISBIECHO CTUMYJIUPYIOIIEC BIUSIHUC CBO6OHHOﬁ IMOBEPXHOCTU HA PA3BUTUC MPOLECCOB BLITCCHCHUSA
U JMCCOLMAIMN KOMILIEKCOB. Iloka3zaHO, 4TO 3TO BIMSAHME BBI3BAHO AeiicTBHeM cuil u3obOpaxkenus. OnpeneneHa
ITyOuHa IeHCTBHSA CHIT H300pakeHus], KOTOpast COCTaBUIIa OKOJIO 2,5 HM.

OCOBJHUBOCTI NOBEAIHKH I'EJJIEBUX KOMILIEKCIB BLJISI BUIBHOI IIOBEPXHI
Y BOJIb®PAMI

LB. Cmapuenxo, €.B. Caoanos

Bussneno ¢gopMyBaHHS MiXKBY3€JIbHUX aTOMIB IIUIIXOM BUTICHEHHS TPAaTKOBUX aTOMiB BOJb(paMy KiacTepaMu
IMIUTAHTOBAHOTO TEJIiI0, SIKE CYNPOBOPKYETHCS TOSBOIO Tellifi-BaKaHCITHUX KOMITIEKCiB. BHABIEHO cTUMYIOI0UHi
BIUIMB BUTBHOI MOBEPXHI Ha PO3BHUTOK IPOIECIB BUTICHEHHS 1 Aucoliamnii koMiiekciB. [lokazaHo, mo med BILUIHB
BHKITUKAHO JII€I0 CHJI 300pakeHHs. Bu3HaueHa rmubOuHa 1ii il 300paskeHHs], IO CKIIaia OJIH3bKO 2,5 HM.



