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Formation of vacancy-helium complexes
at low-energy irradiation of tungsten
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The structure of subsurface area of tungsten after low-energy irradiation by helium ions was investigated by the method of field-
ion microscopy. The emerging of the compact groups of interstitial atoms to the surface was registered. It was found the depleted zones
consisted with vacancy—helium clusters, which arise as the result of crowding out own lattice atoms by helium. The depleted zones
spatial configuration was investigated as a function of the dose. The processes of forming of vacancy—helium complexes and depleted
zones in subsurface area at the high concentration of the implanted helium atoms were analyzed. The correlation between the size of
depleted zones and the range of image forces was shown.
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MetogoM TOMBOBOI  IOHHOT MIKPOCKOMIi JIOCHiPKEHa CTPYKTypa MiANOBEpXHEBHX oOmacteid  Bomb(pamy micis
HH3bKOCHEPIeTHYHOTO OIPOMIHEHHS 10HAMH Tellifo. 3apeecTpOBaHHI BHXi/l HA MOBEPXHIO KOMIIAKTHUX TPYI MiXKBY3CJIbHHX aTOMIB.
Busineni 30iqHeH1 30HH, YTBOpEHI BaKaHCIHHO - TETI€BUMH KJIacTepaMu, BUHHKAIOYMMH BHACIIIOK BHUTICHEHHS TETI€M BIACHUX
rpaTtkoBHuX aToMiB. JlocmimKkeHo mpocTopoBi KoH}Irypaiii 30iIHEHHX 30H B 3aJIeKHOCTI BiJ| 03M onpoMiHeHHs. [IpoaHanizoBaHo
MPOIIECH MOBEAIHKK Ta GOPMYBaHHS BAKaHCIMHO - FeJTiEBUX KOMILJICKCIB 1 301THCHUX 30H B MPUITOBEPXHEBI 00TaCTi B yMOBaX BUCOKOI
KOHIICHTpAIIiT BIPOBA/XKCHUX aToMIB refito. [TokazaHo 38’5130k po3MipiB 30iJHEHUX 30H 3 OOIACTEO JIiT CHIT 300paKeHHS.

Konrouosi ciroBa: BakaHCis, MiXKBY3€JIFHHI aTOM, ITOJIE0BE BUIIAPOBYBAHHS, €JIEKTPOHHA eMicis, alaToM, ONIPOMIHEHHS, epo3is,
BaKaHCIHO — TeNi€BUH KIacTep.

MetonoM MONEBOH HOHHOM MMKPOCKOIIMM MCCIIEOBaHA CTPYKTypa IOANOBEPXHOCTHBIX oOnactell Boib(pama mocie
HU3KOYHEPreTUYHOro OOJIydeHHsT MOHAMHU Tejusl. 3aperdcTpUPOBaH BBIXOJ Ha MOBEPXHOCTh KOMITAKTHBIX TPYIH MEX0Y3eJIbHBIX
aromoB. OOHapy)XeHbI 0OeTHEHHBIE 30HBI, 00pa30BaHHbIE BAKAHCHOHHO - TEJIMEBBIMH KJIACTEPaMH, BO3HUKAIOIIMMH B pPe3yJbTaTe
BEITCCHCHHUSI TEJIMEM COOCTBEHHBIX PEIIETOYHBIX aTOMOB. llcciieoBaHBI MPOCTPAHCTBEHHBIE KOH(GUIypanuu OOCTHEHHBIX 30H
B 3aBHCHMOCTH OT 03Bl 00mMydeHus. IIpoaHamm3HpoBaHBI MPOLECCH (hOPMUPOBAHMS BAKAHCHOHHO - TEIHEBBIX KOMIUIEKCOB U
00eJHEHHBIX 30H B TPUIOBEPXHOCTHON OOIACTH B yCIOBHSAX BBHICOKON KOHIIEHTPAIMM BHEIPEHHBIX aToMOB renus. [lokazaHa cBs3b
pa3mMepoB 00CHEHHBIX 30H C 00JIACThIO ACHCTBUS CUIT U300PaKEHHUSL.

KiroueBble ¢J10Ba: BAKaHCHS, MEXI0Y3€IIbHBIH aTOM, T10J€BOE HCIIAPEHUE, JIICKTPOHHAs SMUCCHS, a1aTOM, 00Ty4eHHE, 3pO3Hus,
BAaKaHCHOHHO - I'€JIMEBbIE KJIACTEPbI.

The low-energy irradiation of metals is an
accompanying the process of the work of many vacuum

technological devices. The short projectile path lengths of

an opportunity to conduct a simulation of the irradiation
conditions which is similar conditions of divertor work and
to obtain information about the state of surface at the atomic

the low energy ions are a cause of the surface damage. The
low-energy irradiation intensifies the processes of surface
diffusion [1] and ultimately leads to radiation-induced
erosion [2]. The problem of interaction of helium atoms
with the surface in tungsten is relevant in the light of the
intended using this metal for the elements of construction
of the first wall and divertor in the controlled thermonuclear
fusion reactor. Previously, it was shown that at relatively
high concentrations of helium in a perfect crystal, it is
able to produce the displacement of lattice atoms into the
interstitial positions [3-5]. Field emission microscope gives
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level. This paper presents the results of ion-microscopic
research of subsurface vacancy - helium formations, arising
by the low-energy helium irradiation of tungsten.

Method of experiment
The experiments on the low-energy irradiation of
tungsten surface were realized in the two-chamber field ion
microscope, at a temperature of samples 78 K. The samples
were prepared by the method of electrochemical etching
in water solution of potassium hydroxide. The wire for
samples had diameter 10 microns. The final shaping and
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cleaning of the samples surface were conducted by the
field evaporation in the chamber of microscope. The layer
by layer analysis of the tungsten nanocrystal irradiation
structure on a depth was conducted in the mode of the
impulsive field evaporation, providing remove less than
one atomic layer for the one act of evaporation. To obtain
reliable information on atomic level the irradiation of the
investigated objects was conducted “in situ” in order to
avoid any surface contamination under contacting with air.
The bombardment was conducted by the helium ions which
also were used as the imaging gas. The irradiation was
produced in the electron mode of a microscope operation.
The negative potential at the voltage 400 V — 500 V was
supplied to the pointed specimen in a presence of the
imaging gas at a pressure of 5 - 10 Pa. At this led to
the appearance of the cold field emission. The atoms
of imaging gas were ionized by the stream of emitted
electrons. The imaging gas ions were accelerated under
the electric field and bombarded the sample surface with
an average energy of about 140 e¢V. The fluence of falling
particles depended on the density of imaging gas and the
current of electron field emission. These parameters were
chosen and controlled during experiments. Calculations of
the total numbers of particles N which fall on the top of
sample were obtained using expression, proposed in [6].
N=144LL.5(r) ()
kT e
where: i — is an electron field current, p — is a gas pressure,
r, — is a radius of the sample, (V) =2,24-10""cm® -is an
ionization cross section. An irradiation was conducted at the
size of electron field currents within the limits of ~ 0,4 um,
which provided the fluence of bombarding ions of helium

2-10%ion/cm* -sek . Four series of irradiations were

conducted from a dose 6-10"ion/cm® to 3,6-10"ion/cm? .

Results
As a result of irradiation atomically smooth tungsten
surface by low-energy helium atoms is appear a lot of
atoms displaced to the adatoms position on the surface. In
image, such atoms were observed as bright emission spots
(la, b). The positions adatoms is characterized by low

Fig.1 . lon microscopic image of the sample surface W
before irradiation (a) and after irradiation (b).
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coordination numbers, therefore in an electric field it leads
to a local increasing of the field strength over these atoms.
This factor is cause of their high contrast.

The analysis showed that only a part of the observed
atoms appeared during the irradiation stage. Because a
formation of Frenkel pairs by classic way is impossible
by the subthreshold irradiation. The second part of the
adatoms the most important for our consideration, has
already appeared in image in the research process at the
constant voltage after irradiation. The appearance of this
part of the adatoms can not be associated with a direct
exposure of the bombarding beam to the surface. Since the
second part of atoms emerging out volume, they passed
the stage of interstitial condition. Atoms come out to the
surface, generally in the complex forms or compact groups.
An example of a compact group, which appeared through 5
second after evaporation of two atomic layers (001) is shown
in Fig. 2 (a). The group consists of three dozen interstitials.
A feature of the emerging of polyatomic interstitial groups
is their surface localization and simultaneous appearance
on the image. Delay time between the moment of emerging
and a moment of evaporation was typical for the groups
of interstitial atoms. In some cases, the delay time could
be several minutes. The emerging of interstitial atoms was
stopped after field evaporation layer which is greater than
the length of the projected range of helium with energy of
140 eV in tungsten (~ 3-4 nm). It is show, that presence of
helium in the surface layer was a necessary condition for the
formation groups of interstitial atoms. Thus, the observed
effects of the emergence of interstitial atoms, confirmed the
possibility realization the process of crowding out lattice
atoms from the site positions by implanting helium atoms
[3-5] and not by the impact.

The mechanism of crowding out supposes the
formation of the vacancy-helium defects. This statement
has been experimentally verified in process of controlled
field evaporation of the irradiated sample. Vacancy type
defects were always detected at a depth of 1-5 atomic
layers bellow the crowded out interstitial atom groups. The
structure of these defects is similar to depleted zones. An
example of such vacancy defects, which is observed as a
dark area, is shown in Fig. 2 (b).

Fig.2. (a) The polyhydric interstitial complex on the
surface, (b) the ion- microscopic image vacancy-helium
depleted zones .
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The observation and unambiguous interpretation of
the individual vacancies by field ion microscopy, is an
extremely rare event. It is possible only in cases where
the vacancy is located on a full resolution surface area.
Depleted zone is an area with increased concentration
of the vacancies, where a lot of atoms are having low
coordination. Thereby bonding energy of atoms with
crystal in the depleted zones is reduced. This is the reason
of local removing of material from area with a high content
of vacancies by the field evaporation. In this place on the
surface is formed a deepening. The field strength on this
area with a negative curvature of the surface is lower than
on the rest parts of the pointed sample. It reduces the rate
of gas ionization and decrease a brightness of the image on
the vacancy defect area.

The transverse (in the image plane) and longitudinal
(depth in the crystal) sizes of depleted zones were obtained
by a series of images. The size distributions of the depleted
zones are shown in Fig. (3), and (4a, b). The transverse
size of the depleted zones was practically unchanged with
irradiation dose increasing and was ~ 13 A. The longitudinal
sizes of the depleted zones in the depth of the crystal were
increased with dose increasing. The average value of the
longitudinal sizes of the depleted zones was about 25A at
the maximum dose of radiation.
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Fig. 3. Distribution of depleted zones on the transverse
dimensions.

It should be noted that in this experiment the energy
of helium was insufficient to create the Frenkel pairs
by classical way in a tungsten crystal. Therefore, the
experimentally observed effects of the emergence groups
of interstitial atoms and large vacancy formations are
the result of helium implantation. Helium is mobile at a
temperature of 78 K therefore it form an inactive cluster
by the mechanism of self-trapping [5]. In the cluster the
crowding out process of the lattice atoms in to the interstitial
positions can develop at the sufficiently high local helium
concentration. At the same time the vacancy is form.

In this case, some of the helium atoms are in a bound
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Fig. 4. Distribution of depleted zones on the longitudinal
dimensions for the two doses min (a) and max (b).

0 45 9 135

state, occupying the volume of vacancy, thereby stabilizing
it and making immobile. The immobile vacancy-helium
clusters, formed as a result of this process, hold the displaced
interstitial atoms nearby. Detaching of the interstitial atoms
from the complexes is possible at the additional absorption
of helium by vacancy or when the temperature increase.

In this experiment we found another opportunity
to initiate the crowding out. It is based on a fact that the
processes of crowding out were observed only after acts
of field evaporation. The each act of evaporation removes
small surface layer and resulted in a decrease of the distance
from the helium clusters to the free surface. Nearness to the
free surface promoted to the development the processes of
crowding out of the lattice atoms by the implanted helium.

In the subsurface area on any defects are forces seeking
to bring them out of volume. It is image forces. For the own
interstitial atoms, which arise as a result of crowding out,
depth action of the image forces in the crystal is greater than
25 A. The received data on the longitudinal dimensions of
the depleted zones are satisfactory agreement with the area
ofimage forces. This indicates that the thickness of the layer,
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containing the vacancy — helium complexes is determined
by the depth action of the image forces. Therefore can be
assumed that the number of helium atoms in the clusters,
capable to produce the crowding out and create a vacancy -
helium clusters should fall with decreasing of the distance
to the free surface.

Thus, at low-energy irradiation of tungsten helium, the
most part of the implanted atoms turns out in a subsurface
layer in the connected state. Helium is located near the
surface within the action of the image forces and exists in
depleted zones, consisting of vacancy- helium complexes.
On the greater depth helium is concentrated in slow-moving
helium clusters.

The simultaneous output from the volume of the
interstitial atom groups and the appearance under them
the localized vacancy-helium educations (depleted zones)
allows to assuming that the process of output has collective
character and develops as avalanche. The developments of
collective processes of the crowding out were previously
found in the experiments carried out by the method
of molecular dynamics [7]. Apparently, the incidental
emerging of the interstitial atom induces the development
of the avalanche processes in the surrounding area. The
eventually formed subsurface layer, consisting of a series
of depleted zones, saturated with helium. Data on the
longitudinal dimensions of the depleted zones give us an
idea about spatial distribution of helium, which present in
vacancies and is not able to migrate.

Conclusions

1. The depleted zones consisting of vacancy - helium
complexes are found in a subsurface area at the low-energy
irradiation of tungsten helium.

2. It was found, that the implanted helium at the low-
energy irradiation is localized in a subsurface area, where
is in the bound state.

3. It was shown, that the main factor leading to the
formation subsurface vacancy - helium depleted zones is
the action of image forces.
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