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Abstract. We have reproduced, by means of molecular dynamics simulations, the behaviour 
of helium atoms impinging on a nickel {loo} surface at finite temperature ( T  = 0.3T,, where 
T, is the bulk melting temperature) with incident energies ranging from 0.1 to 50 eV. We 
have evaluated the reflection coefficients as a function of incident energy for given incidence 
angle, (Y = 0". Several reflection mechanisms have been individuated in the higher-energy 
range (10 s Ei, s 50 eV). Furthermore, we discuss the role of the thermal spike associated 
with displacement cascades in the process of creation of surface defects. We describe the 
structural modifications induced on the metal lattice by the simultaneous presence of helium 
atoms and lattice point defects. The evaluation of the energies required to form these 
defective configurations confirms the strong tendency of helium to migrate to defective 
regions rather than to defect-free ones. 

1. Introduction 

In tokamaks with high-temperature plasmas the first wall is subject to a flux of light ions 
(=1019-1022 ions cm-2 s-') with a probable energy spectrum ranging from 1 to 100 eV 
[l]. Evaluation of the mechanical effects induced by the presence of those species in the 
metal structure is one of the main tasks in the development of fusion reactor materials. 

Several mechanisms are responsible for the presence of light ions and atoms in 
structural materials, among them the implantation of particles in a direct interaction of 
plasma with exposed surfaces and their production in the bulk region through neutron- 
induced reactions. 

The case of helium is of major significance: the observed growth of helium bubbles 
and their segregation into lattice defects, such as grain boundaries and dislocations, lead 
ultimately to severe embrittlement [2], blistering and swelling [3], with consequent loss 
of mechanical properties of the irradiated materials. 

An important area in the research and development of materials deals with the 
selection of the basic physical phenomena which are at the origin of these observed 
macroscopic events [4-7]. Although the technological significance of these studies 
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resides mainly in the development of structural steels, a first step in singling out the 
fundamental processes of radiation damage consists in the study of elementary effects 
in pure metals: as often pointed out, simple metals reproduce, at least qualitatively, the 
complex behaviour of structural steels; for instance, strong analogies in the diffusive 
behaviour of nickel atoms in nickel and in austenitic alloys have been underlined [8]. 

The present work can be divided into two parts. First, we discuss the problem of the 
interaction of low-energy helium ions (E ,  G 50 eV) with the metal surface and we 
analyse the modifications induced on the surface structure and the behaviour of reflected, 
or absorbed, projectiles. In the second part, we deal with the modifications induced in 
the bulk structure of the metal, originating from the lattice relaxation around the guest 
atoms and their interactions with pre-existent point defects. 

As far as ion back-scattering is concerned, experimental data are available mainly for 
incident energies E,, > 1 keV (see [l] and references therein). The lack of experimental 
information in the low-energy range has not allowed, up to now, a complete com- 
prehension of the atomic-scale processes which govern sputtering, surface erosion and 
ion reflection. 

The most widespread numerical approach used to tackle irradiation problems is the 
binary collision (BC) model [9], where the real-space trajectories of incident ions and 
displaced lattice atoms are determined from a sequence of two-body collisions which 
begins at the time of the primary knock-on and finishes when the kinetic energy of 
each atom involved in the displacement cascades turns out to be smaller than the 
phenomenological value of the corresponding activation energy for diffusion. 

A great amount of work has been carried out in the energy range above 100 eV using 
BC codes, among others MARLOWE [9] andTRIM [IO, 111, in order to study the behaviour 
of reflected projectiles and the characteristics of sputtered atoms for a wide class of 
projectile-target combinations. The results have been used mainly to understand the 
structure of experimental energy spectra and to single out the atomic-scale contributions 
of different scattering phenomena [ 121. 

The applicability of BC codes breaks down, however, at low incident energies 
( E ,  s 100 eV). In this energy range, which is important in the plasma device scenario, 
many-body interactions are no longer negligible and have to be taken into account for 
a realistic modelling of scattering events: the system, metal lattice plus incident ions, 
has to be treated in a fully dynamical way, through the use of molecular dynamics (MD) 
codes. This approach is extremely general since it avoids several approximations typical 
of BC models, such as static lattice and indirect introduction of thermal motion, but, in 
turn, it can handle only small systems (a few thousand atoms) during very short time 
periods (picoseconds). The most important phenomena in irradiated materials occur, 
however, on an atomic scale and in times which are comparable [l] to the vibrational 
period of the lattice atoms (10-'3-10-'2s). Therefore the use of MD codes is fully 
legitimate. 

As far as the behaviour of helium atoms in the bulk region is concerned, the basic 
statement of the problem is the vanishingly small equilibrium solubility of helium in 
metals. The closed-shell electronic configuration prevents helium, like other rare gases, 
from sharing electrons with metal atoms, thus inhibiting the formation of any kind of 
bond. This phenomenon induces a large strain field in the lattice in the neighbourhood 
of the helium atom, once it is located at some interstitial site. The intensity of the strain 
field is a measure of the heat of solubility, which is of the order of 3.5 eV in the case of 
helium in nickel [ 131. 

The replacement of the interstitial helium atom with a pre-existent lattice vacancy 
cancels the strain field almost completely: therefore, the binding energy of the helium 
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atom with a vacancy, is of the same order of magnitude of the heat of solution 
(E;+" = 2.1 eV [13]). The fact that the substitutional position for heliumisenergetically 
favourable with respect to the interstitial one originates a very efficient 'trapping' 
mechanism, exerted by lattice vacancies, which strongly affects the diffusive behaviour 
of helium atoms: in fact, they show a strong tendency to fill vacancies and form clusters. 
The migration energy of interstitial helium (EP  = 0.1 eV [13] f E? = 0.35 eV [14]) has 
been found experimentally lower than that of substitutional helium, EF > 3 eV [l] .  
Moreover, under certain conditions, helium atoms form clusters and self-trap by creating 
vacancy-interstitial Frenkel pairs, even in the absence of damage or thermal defects. As 
pointed out by Wilson et a1 [6], the collective action of even small clusters of helium 
atoms is sufficient for spontaneous creation of additional vacancies and associated self- 
interstitials: helium atoms can push lattice atoms off their normal sites and the latter find 
it energetically more convenient to remain in the vicinity of the cluster, thus creating 
'near-Frenkel-pair' defects. This simple energetic picture at the atomistic scale makes it 
possible to understand some observed features like the high concentration of sub- 
stitutional helium with respect to the interstitial one [ 131 and the nucleation of helium 
bubbles in irradiated materials [ 11. 

In spite of many suggestions on migration mechanisms, a clear quantitative measure 
of the activation energy for diffusion has not been given yet [ l] .  The interpretation of 
diffusion data in terms of simple interstitial migration over macroscopic distances has 
been implemented by introducing the effect of a 'trapping-detrapping' mechanism with 
thermal and non-thermal vacancies [ 151. Furthermore, bulk diffusion does not seem to 
be influenced by extended lattice defects like grain boundaries: similar activation ener- 
gies for diffusion have been found for single crystals and polycrystals [15]. Helium is 
permanently trapped in the lattice structure, either in the form of gas-filled voids, or 
solid clusters merged into the grains or segregated along grain boundaries and dis- 
locations [ l ,  21. Even at high temperatures, T = O.ST,, where T,,, is the bulk melting 
temperature, only a small percentage of implanted helium is desorbed from the surfaces. 

The main purpose of this work is to give a representative atomic-scale description of 
the phenomena induced by the presence of helium atoms on the surrounding host lattice 
and to describe the most important dynamical properties of both species. For this 
purpose we have used the MD technique, which is a very powerful tool to investigate the 
thermodynamical and structural properties of materials [16, 171. Recently, interesting 
results have been obtained by means of MD codes in the study of hydrogen on metals. In 
particular, the MD approach has emphasised the drastic reduction of the particle reflec- 
tion coefficient at low incident energy, E,, < 3 eV, due to hydrogen capture into par- 
ticular surface sites [18]. 

Using a MD model developed in reference [19], we have studied the reflection 
properties of low-energy helium atoms scattered by a (100) nickel surface at low tem- 
perature, T = 0.37". This temperature has been chosen for a number of reasons: (i) it 
allows quantitative reproduction of the thermodynamical behaviour of the lattice [ 191 ; 
(ii) it mimics a temperature scale which is supposed to be important in controlled fusion 
devices; (iii) thermodynamical equilibrium conditions can be imposed without taking 
into account high-temperature surface effects, like roughening and premelting. 

The MD reproduction of the microscopic behaviour of lattice atoms allows us to 
analyse the surface effects induced by temperature variations due to scattering events. 
Therefore, we have studied the possible correlations between defect creation and onset 
of local structural transitions on the surface, i.e. solid-liquid or roughening, induced by 
the incident flux, by measuring the local temperature of each atomic layer of the model 
during the scattering events. 
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Table 1. Cohesive energy parameters. 

1.7557 2.70 0.1368 10.0 

Finally, we have evaluated the dynamical response of the bulk structure (in terms of 
relaxation) due to the presence of helium atoms and to their interaction with bulk-lattice 
defects. 

2. Computational model 

We recall in this section the main features of the adopted MD model, which has been 
described in more detail elsewhere [19,20]. 

It has been shown [21] that several characteristics of FCC d-band transition metals 
depend only on the width of the electronic density of states, i.e. on the second moment 
(SM) of its distribution. According to a tight-binding scheme, the cohesive energy of the 
metal has been divided into an attractive part, derived in the framework of a SM 
approximation, and a repulsive pairwise interaction. The total cohesive energy, E,&, 
can thus be written: 

where /3 is an effective hopping integral, rlI the distance between atoms i and j  and ro the 
first-neighbour distance. The parameter q gives the distance dependence of the hopping 
integral. The parameterSA, /3, q andp have been determined by fitting the experimental 
cohesive energy, the lattice parameter, the bulk modulus and the shear elastic constants 
under the equilibrium condition of vanishing hydrostatic pressure and are given in table 
1. Metal-metal interactions are limited to first neighbours: the non-pairwise nature of 
the attractive interaction, however, allows us to extend the real interaction up to the 
first shell of neighbours of the first neighbours. 

The helium-metal interaction is described by a fully repulsive potential 

V(r) = r exp(-yr)/r (2) 
where r is the distance between the helium projectile and a lattice atom. The potential 
parameters have been determined by Melius et a1 [22]: r = 45.9 eV 8, and y = 2.03 A-' 
in the He-Ni interaction. We have imposed a cut-off interaction radius, R, = 3.5 8,; this 
value allows us to take into account first and second He neighbours, once the helium 
atom is in the equilibrium interstitial octahedral site (oh). Potential (2) can only describe 
elastic collisions of helium with lattice atoms; the so called inelastic energy losses due to 
the interactions with the electron gas filling the solid have been found to be of minor 
importance compared with the elastic losses for the present case and are not explicitly 
included in this simulation. A few figures of comparison between nuclear and electronic 
stopping powers will be given in a subsequent section. 

The physical system used in the present simulation is an assembly of N = 1800 atoms 
arranged in a FCC structure of 25 (100) atomic planes parallel to the free surface, each 
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containing 72 atoms. Periodic boundary conditions (PBC) along the directions parallel 
to the surface have been imposed, with a period equal to the lattice size, i.e. six lattice 
parameters. Along the (100) direction perpendicular to the surface PBC have been 
imposed with a period of 25 lattice parameters, twice the lattice size in that direction, so 
as to describe the presence of free space above and below the system [20]. This free 
space should contain surface defects (adatoms which will be detected at a distance from 
the surface equal to half a lattice parameter) and atoms promoted to the vapour phase 
(detected at a distance greater than the cut-off radius R,), which ensure thermodynamic 
equilibrium at a given temperature. The appropriateness of such PBC has been proved 
elsewhere [23]. 

The model size has been chosen so as to reproduce correctly the thermodynamic and 
structural surface properties, like the mean-square amplitude of the atomic vibrations 
and relaxation of the uppermost atomic planes. It has already been pointed out, in fact, 
that correct reproduction of these properties in a system with free surfaces can be 
achieved only if interactions between surfaces are avoided, i.e. if a reasonable part of 
the system reproduces the thermodynamic properties of the bulk lattice [23]. Fur- 
thermore, the necessity of simulating absorption events requires a sample thick enough 
to explore incident energies up to E,, > 50 eV. 

Another reason for the choice of a thick sample is related to the increase of lattice 
temperature in the case of complete release of projectile energy. Small systems cannot 
afford to absorb impacts at E,, = SO eV, because they would produce a temperature 
increase driving the whole system to a solid-liquid transition. 

The Newton equations of motion for the system have been solved under the con- 
straints of the microcanonical ensemble (total energy, volume and particle number are 
constants of motion) by using the central difference algorithm with a time step h = 
3 X s. This value has been chosen in order to obtain total energy conservation with 
an accuracy better than even in the case of high-energy impacts. 

Initially, the metal lattice has been thermalised at the desired temperature, T = 
500 K = 0.3Tm, in about 2 X lo4 steps. During this period several physical quantities 
have been monitored in order to ensure a final thermalised state with realistic values of 
lattice parameter, surface relaxation and mean-square amplitude of atomic vibrations. 
The quantitative agreement between the thermodynamic and structural properties 
predicted by the model and the corresponding experimental data has been proved to be 
quite satisfactory [19]. 

The introduction through the thermalisation procedure of spurious longitudinal 
waves in the direction perpendicular to the surface has been avoided by the method 
described in references [20] and [23]. 

At the beginning of the MD simulation, the helium atom is placed at a fixed distance 
from the surface, z o ,  slightly greater than R,, and the xo and yo on the initial plane are 
taken at random. For a given incident energy 100 particle histories have been simulated 
with different (xo ,  y o )  choices in order to explore a wide class of possible impact 
conditions and to obtain significant statistics. In all cases the initial velocity is per- 
pendicular to the surface, with zenith angle a = 0". 

The system, consisting of 1800 lattice atoms and one helium projectile, is then left 
free to evolve and the equations of motion iteratively integrated up to the onset of one 
of the following events, which stops the computer run: (i) the projectile is reflected and 
reaches a distance from the surface greater than the cut-off radius, R,: at this point the 
projectile kinetic energy is recorded, together with the velocity components, and the 
scattering angle with respect to the surface normal is evaluated; (ii) the projectile is 
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Table 2. Particle and energy reflection coefficients. 

0.1 100.0 93.5 
1.0 100.0 80.3 

10.0 88.0 52.0 
30.0 50.0 33.0 
50.0 44.0 28.8 

absorbed and its kinetic energy decreases to the order of magnitude of the He migration 
energy, ,!?Ee, whose experimental value is about 0.35 eV in nickel [14]. In this case, the 
potential energy of helium inside the lattice characterises the particular interstitial site 
where it has been trapped. 

In all cases the total duration of a simulation has never exceeded 3000 time steps, 
i.e. 9 X s, indicating that fast processes govern both slowing down of absorbed 
projectiles and back-scattering events. During this period no other helium atoms have 
been sent on the surface. Since the exposed area is about 400 A* the simulated flux does 
not exceed @ = 2.5 x lo2' ions cm-*s-'. 

The final positions of the lattice atoms have been recorded and analysed in order to 
study the processes of defect creation in the bulk and on the surface. The relevant results 
are shown in the following sections. In particular, 9 3 is devoted to the analysis of back- 
scattered particles, whose behaviour is important for the problem of 'recycling' [24]. 
Section 4 contains the analysis of surface defects; 9 5 describes the behaviour of helium 
in the bulk structure; finally, 9 6 summarises the results of the present calculations and 
compares them with available experimental data. 

3. Back-scattering events 

The main characteristics of the reflected beam are described in table 2, which gives 
particle and energy reflection coefficients, CN and CE respectively, against incident 
energy, E,, . CN is defined by the ratio of the number of reflected particles, NR , to the 
number of incident projectiles, N T ,  and CE is the ratio of the reflected energy, ER, to 
the total energy sent on the surface, E T :  

CN(E,") = NRINT (3) 

cE(Em ) = ER l E T .  (4) 
The analysis at very low E,, (= KB 7), performed on the basis of the distributions of 

reflected energies at given E,, , in figures l(a)-(d) shows that the projectile can exchange 
with the target an amount of energy which is comparable to the energy of a single lattice 
phonon: in fact, the histogram of reflected energies at E,, = 0.1 eV reveals the presence 
of important contributions to back-scattering up to E,,, = 1.7 E,, , which corresponds to 
an absorbed phonon of frequency of about 7THz,  not far from the main phonon 
peak of nickel at that temperature [19]. In the same figure ( l ( a ) )  the reflected energy 
distribution is shown not only for T = 500 K but also for T = 0 K; in the latter case the 
distribution consists of a main peak at E,,,/E,, = 0.936 and, or course, an energy gain 
in back-scattering is no longer possible. 
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0.4 0.8 1.2 1.6 

Figure 1. Energy distributions of reflected helium at various incident energies: (a )  0.1 eV, 
( b )  1.0 eV, (c) 10 eV, ( d )  50 eV. Abscissae in units of E,,, ordinates in units of total number 
of reflected particles at given E ,  temperature T = 500 K, In (a) the hatched histogram is the 
reflected energy distribution at E,, = 0.1 eV, T = 0 K.  

At higher energy (10 eV 6 E,, 6 50 eV) the reflection coefficients decrease mono- 
tonically with increasing E,,. This trend is in reasonable agreement with low-energy 
extrapolation of numerical simulations based on BC model [1]; however, the MD results 
are systematically lower than the BC ones in the same energy range. This fact can be 
interpreted in terms of the target reaction to the guest atom, taken into account in MD 
models, consisting of a lattice relaxation around the projectile path, which makes its 
penetration easier. In a BC model, where lattice atoms cannot move if not directly 
involved in a scattering event, the target is ‘stiffer’ with respect to the interaction with 
the guest atom. Moreover, in a BC code, once a lattice atom has been displaced by the 
projectile, it can hardly restore its initial position. This leads to an overestimate of the 
number of created defects. Such a limitation has been taken over by MD models, where 
the introduction of a real thermal motion allows for an eventual recombination of 
unstable Frenkel pairs. In any case, the lattice relaxation around the projectile path is 
not observable when E,, < 10 eV, because the projectile energy is too low to induce the 
lattice reaction. Therefore, in this energy range, the qualifying difference between MD 
and BC codes does not play a crucial role for this particular effect. 

Another interesting feature, typical of the higher-energy impacts, is the possibility of 
occurrence of two types of reflection processes: (i) direct reflection, when the projectile 
interacts with a few atoms of the first, or second, layer and is then back-scattered; (ii) 
delayed reflection, when the projectile penetrates much deeper into the solid (up to 20 
atomic layers in the case E,, = 50 eV), diffuses freely with high kinetic energy in the 
layers below the surface and is subsequently desorbed through the surface, after a 
‘residence’ time which can be up to 100 times longer than the typical direct reflection time 
at the same initial energy. In order to display this absorption-desorption mechanism, the 
real-space trajectory of the helium atom during one of these events, at E,, = 30 eV, is 
represented in figure 2 within the field of lattice atom positions as they are at the end 
of the helium trajectory. Bulk defects, created in multiple interactions before back- 
scattering, have already undergone recombination, while, on the surface, adatoms 
created by a local increase of temperature are clearly visible. 

In the case of deep penetration into the solid it is possible to evaluate a trajectory- 
averaged energy loss per unit path length, due to elastic collisions of helium with lattice 
atoms; at E,, = 30 eV, for instance, we obtain -(dE/ds),, = 0.65 eV A-’ and the 
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Figure 2. Delayed reflection, illustrated by the real-space trajectory of a helium atom with 
E,, = 30 eV during 1400 time steps in the field of a projection (along a (100) direction) of the 
first seven layers of the sample (view from one side) The presence of adatoms on the surface 
is noteworthy. 

0 10 20 10 20 30 

J 

10 20 30 40 50 
eout 

10 20 30 40 50 60 

Figure 3. Angular distributions of reflected helium at the same E,, values as in figure 1. e,,, 
is the zenith angle with respect to the surface normal; T = 500 K. 

average path length (s) = 46 A for projectiles undergoing absorption, or delayed reflec- 
tion. An upper limit to the inelastic energy losses can be estimated in the framework of 
a jellium model for the solid, with the assumption that the projectile travels in a fully 
ionised state, by the method of reference [ 2 5 ] ,  giving -(dE/dsji,,, = 0.39 eV A-’ over 
the same path length. The importance of the inelastic energy loss is even smaller at 
smaller E ,  since it is proportional to .\/E: that is why we have neglected inelastic effects 
in the present simulation. 

Further qualitative information on back-scattering can be obtained from the angular 
distributions of reflected particles at given initial energy and incidence angle, as shown 
in figures 3(a) - (4 .  Although no direct correlation appears between exchanged energy 
and reflection angle, 8, the above-mentioned distributions show that the average reflec- 
tion angle, 8, increases with increasing Ei,. This corresponds to the naive picture of 
single collisions for low incident energies and multiple collisions for high energies. In 
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the latter case any correlation between initial and final projectile directions is lost. Figure 
2 gives a clear illustration of this effect. 

4. Creation of surface defects 

As far as radiation damage is concerned, interesting results can be obtained from the 
analysis of defects created in the lattice by projectile interactions, either in the bulk or 
on the surface. 

For the incident energy range of interest in the present work a straightforward 
calculation shows that the formation of stable Frenkel pairs in the bulk is quite unlikely. 
In the approximation of two-atom head-on collisions the maximum transferred energy 
is 

Kmax = 4m1m2Eln/(m1 + m212 (5) 
where m, and m2 are the masses of projectile and target, respectively, and E,, the incident 
kinetic energy [26]. K,,, can be evaluated in the limiting cases of two-body collisions 
(m2 = mNI) and simultaneous interaction with four surface atoms (m2 = 4mN1 in FCC 
surface geometry), obtaining the lower and upper limits 3.3 eV and 11.9 eV for E,, = 
50 eV. This energy range has to be compared with the formation energy of a bulk self- 
interstitial in its stable relaxed configuration ((100) dumbbell), E:, = 3.55 eV, as pre- 
dicted by the model [19]. 

We have observed several cases where bulk lattice atoms have been strongly dis- 
placed by direct interactions with the projectile; the resulting Frenkel pairs, however, 
appear to be unstable, in the sense that they undergo recombination when the tem- 
perature of the system is quenched to 0 K. 

We have also observed some examples of ‘channelled’ projectiles along the main 
crystallographic directions. In figure 4, for instance, the helium atom at E,, = 50 eV 
reaches the 13th layer below the surface without significant energy loss (less than 
0.25E,,). In this case the energy has been spent against a reaction force which originates 
from the presence of lattice atoms along the (100) channel. 

The surface exposed to the flux of helium atoms is, of course, the most severely 
damaged part of the lattice. The analysis of the simulated events shows the presence of 
several sources of radiation damage. Surface atoms appear to be strongly displaced in 
consequence of three main processes: (i) direct impact with the projectile (primary 
knock-on (PKO)); on the compact faces with low Miller indexes a PKO takes place, in 
general, in the first few atomic layers, although one can have canalisation of the pro- 
jectiles which interact, in that case, well below the surface; (ii) impact with PKO atoms, 
i.e. atoms directly displaced by the projectile; (iii) increase of local surface temperature, 
induced by thermalisation of the energy gained by the lattice during the collisions 
(thermal spike). 

eV, it results that E,, + KBT for the whole energy range 
considered in the present work. At E,,, = 50 eV and maximum energy transfer, K,,,, the 
corresponding temperature increase of the lattice is AT,,, = 215 K. Although the global 
temperature increase cannot exceed AT,,,, strong temperature fluctuations can be 
produced in a single atomic layer for periods of the order of 10-’4-10-13 s. This phenom- 
enon causes, particularly on the surface, the creation of ‘thermal’ defects, i.e. adatom- 
vacancy Frenkel pairs, which establish new equilibrium conditions as the local tem- 
perature rises. These pairs do not necessarily recombine, since the thermal energy is 

Since KBT = 4 x 
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Figure 4. Channelled trajectory at E,, = 
50 eV Time duration and projection as in 
figure 2 The projectile goes through the 
first 15 layersfrom the surface andis finally 
absorbed 

rapidly shared with the other degrees of freedom. Stable defects could be produced 
because the diffusion enhanced by the thermal spike drives the dissociated defects into 
metastable lattice positions (interstitial or absorption sites), from which they cannot 
escape, due to the low thermal energy established on the surface at the regained 
thermodynamic equilibrium. This point can be easily understood by looking at the 
situation of figure 5 ,  where a projectile with E,, = 30 eV impinges on the surface in the 
position indicated by the full circle (the view is from above the surface). In the same 
figure we have drawn the displacements of each atom of the first two atomic layers from 
t = 0 to t = 1400 time steps. It is worth noting (figure 2) that some surface atoms have 
been promoted, after strong displacements, to the vapour phase in the so called adatom 
layer. Since the projectile has been absorbed, the excitation responsible for the creation 
of defects must have a thermal origin. In fact, the same displaced atoms are distant from 
the impact area, as figure 5 shows; therefore, they have not received a direct impulsion 
from the projectile. Moreover, the weak displacement field around the impact zone 
excludes any possibility of indirect energy transmission through PKO atoms. This feature, 
related to the presence of a thermal spike, can be directly analysed through the evaluation 
of the time evolution of the local temperature measured in each atomic layer, from the 
time of the impact up to the complete sample thermalisation. 

We have defined the local temperature, T,(t), of a generic layer, U, as the average 
kinetic energy sampled on the atoms belonging to layer o at a given time, without 
including the projectile contribution. Figure 6 shows the time evolution of the local 
temperature in the surface layer, T,(t). Soon after the impact, indicated by an arrow in 
figure 6, one observes an increase of temperature in the impact area, because the kinetic 
energy of the projectile is released through fast local processes (collisions). During the 
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Figure 5.  Displacements of the atoms belonging to the first two layers during the event of 
figure 2. Projection perpendicular to that of figure 2 (view from above the surface); time 
duration, 1400 steps. The long segments correspond to the displacements of adatoms in 
figure 2 .  The crystal axes are merely a guide to the eye. 

1000 - 

1 ,  
0.5 10 1.5 2 0  2.5 

Time (IO3 t ime steps)  
f 

Figure 6. Time variation of the local temperature on the first atomic layer during a collisional 
event ending with absorption of the projectile. E,, = 50 eV.  

spike, the local temperature grows up to 1000 K (0.6Tm) and exceeds the roughening 
temperature of that particular crystallographic face, which is of the order of 700 K [27]. 
In this case the temperature needed to create a step on the (100) face is of the order of 
500 K per unit length, yo. Therefore, a large number of defects is generated on the surface 
under the effect of the transition. These defects diffuse, with a diffusion coefficient 
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4 

Figure 7. Equilibrium configuration of a helium 
atom in an Oh site at T = 0 K in a relaxed lattice 
configuration. 

typical of a high-temperature regime. At a later time thermal equilibrium is restored 
with a net overall temperature increase corresponding to the kinetic energy released by 
the projectile to the lattice. One should also notice the time lag between projectile 
impact and onset of thermal spike, which gives a measure of the dynamical reaction time 
of the system. 

5. Helium in bulk regions 

We have studied the structural response of the nickel lattice to the presence of interstitial 
helium. After free diffusion in the lattice, the guest atom reduces its kinetic energy to a 
value smaller than the migration energy for an interstitial, E!e = 0.35 eV [14]. Then, 
the lattice is left free to relax around the helium atom, usually trappedin an Oh interstitial 
site, before quenching the entire system to T = 0 Kin  a few picoseconds. The potential 
energy in the relaxed configuration turns out to be Ugh(0 , )  = 3.12 eV; in an Oh site of 
the unrelaxed lattice one would obtain U g ( 0 , )  = 4.62 eV. The difference, AU = 
1.50 eV, gives rise to strong deformations in the unit lattice cell: the relative distance of 
the first neighbours of helium increases by a factor Adl/dl = 0.092 along the (100) 
direction, while the second neighbours are slightly displaced by Ad2/d2  = 0.002 along 
the (111) direction, as shown in figure 7. 

In our simulation we have also placed the helium atom in the vicinity of a pre-existent 
point defect, like avacancyor a self-interstitial, in order to study their mutual interaction. 
For example, the helium atom has been placed in an Oh site as a second neighbour of a 
lattice vacancy and its behaviour has been followed for the subsequent lo4 time steps. 
After about 2 x lo3 time steps spent oscillating around the initial site, the helium atom 
jumped, in a few hundred time steps, into the near vacancy, where it kept on vibrating 
around the new equilibrium configuration. Figure 8 shows the time dependence of the 
distance of helium from the initial Oh site, at T = 700 K (-0.4Tm); here, the jump of 
one lattice spacing into the vacancy is clearly visible. It is worth noting that the mean- 
square amplitude of the helium oscillations in the substitutional site is twice as big as 
that in the interstitial Oh site at the same temperature, (U;, (0,)) = 0.068 A2. The 
helium potential energy in the relaxed substitutional position, obtained by quenching 
the system to 0 K as usual, is estimated to be Ugt (substitutional) = 1.36 eV, in com- 
parison with the unrelaxed value, U;lI",' (substitutional) = 1.47 eV. This energy dif- 
ference accounts for the small lattice distortion around helium in this configuration. 
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Figure 8. Distance Ar of the instantaneous position of helium from the initial Oh position as 
a function of time. In this case the helium atom has been placed in the vicinity of a pre- 
existent lattice vacancy. Crystal temperature T = 700 K.  

As an example of interaction with self-interstitials, a helium and a nickel atom have 
been placed in the second neighbour’s position as Oh interstitials inside contiguous 
unit cells, at T = 700 K. Then the system evolves during some lo4 time steps at that 
temperature, and is subsequently quenched to T = 0 Kin order to find the configuration 
of minimum energy. We have repeated these operations starting from the same lattice 
configuration, but assigning different initial positions to the two extra atoms, tetrahedral 
sites, for instance. 

The resulting final configuration at zero temperature appears to be independent of 
the initial state. We have found two different stable configurations to which the system 
evolves. In the first case (case (a)) shown in figure 9(a) ,  the helium atom remains in the 
initial Oh position, or evolves toward it if it is not initially there, while the interstitial 
nickel moves in a (100) direction up to the creation of a stable (100) dumbbell, whose 
axis contains the helium atom too. In this case, the lattice relaxation around He in 
Oh fits the requirements for lattice relaxation around the dumbbell. In fact, the first 
neighbour of helium (atom A in figure 9(a))  moves toward the dumbbell, as required 
for the re1axatio.u process around the dumbbell. In such a configuration we obtain 
U@ = 3.05 eV. 

The second allowed configuration (case (6)) is sketched in figure 9(b). Here, the 
helium atom migrates from the Oh site into a ‘quasi’ edge site characterised by coor- 
dination C = 14. In its displacement, it pushes a Ni first neighbour out of its initial 
position: in figure 9(b), the relative displacement of atom A is about 0.21. The interstitial 
nickel creates a (100) dumbbell, whose axis does not contain the helium atom. In case 
(6)- the helium potential energy is somewhat lower than in case (a), since 
Ugl = 2.42 eV. Nevertheless, the resulting local structure is strongly perturbed by the 
combined action of the two extra atoms. 

The energy, EF,  required to form a given defective configuration containing a helium 
atom can be estimated as follows: 

E F  = U H e + D  - ( U H e  f U D )  (6) 
where UHetD is the energy of the system containing helium and the defect, U,, is the 
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Figure9. Stable equilibrium configurations, cases (5) in figure 9(u )  and (6) in figure9(6), of 
helium interacting with a self-intcrstitial, see text for explanation. 

energy of the system containing only the helium atom and UD is the energy of the 
defective metal structure in the absence of helium. Equation (6) can be rewritten as 
follows: 

EF = [ ("'U$+'/(N? 1))N + UEf'] - [("UN,'I/(N * 1))N + U&] (7) 
where ( U t )  represents the apotential energy (a = M for metal and a = He for helium) 
in configurations (N - 1) (with vacancy), N(defect free), (N + 1) (with self-interstitial). 
The left-hand superscripts He and 0 refer to the presence or absence of helium, respect- 
ively. U:' is the He potential energy in configuration N .  For the cases we have con- 
sidered, EF(N) is the formation energy for a configuration where helium is in a defect- 
free zone, EF(N - 1) for He in a substitutional position, EF(N + 1) for He bound to a 
dumbbellincases(5)and(6),andwehaveobtained:EF(N) = 5.18 eV,EF(N + 1 ,  (a)) = 
5.12 eV, EF(N + 1, (6)) = 5.26 eV, EF(N - 1) = 2.73 eV. From these results the 
helium-vacancy interaction energy can be obtained: 

E(He-V) = EF(N) - EF(N - 1) = 2.45 eV. (8) 
This result can be compared with the values in the literature: E(He-V) = 2.1 eV [13], 
3.2 eV [28] and 2.3-3.2 eV [14]. 
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Figure 10. Time dependence of helium distance, 4 r ,  from initial Oh site. 4 r  is expressed in 
unitsofthelatticeparameter,timeinunitsoflOOOtimesteps. (a) T =  700K,(b) T =  11OOK. 
In ( b )  the distances of the nearest interstitial sites from the initial Oh position are marked on 
the ordinate axis: T, is the tetrahedral site. 

In addition, we have investigated the dynamical behaviour in the metal lattice at 
finite temperature for helium as a simple interstitial, or in the neighbourhood of a pre- 
existent vacancy. Although the short duration of the trajectories does not allow adefinite 
evaluation of the diffusion coefficient, we have calculated the mean-square displacement 
of helium in different sites, or roughly estimated the migration energy for interstitial 
helium. Therefore, we have initially introduced the helium atom as an interstitial into 
an Oh site of a relaxed lattice configuration at two different temperatures, T = 700 K 
(KBT = 0.06 eV) and T = 1100 K ( K B T -  0.095 eV). We have then followed the tra- 
jectory of the guest atom during the subsequent 10000 time steps. As a result, the time 
variation of the distance, Ar, of helium from its initial Oh position is shown in figures 
10(a) and (b )  at T = 700 K and 1100 K, respectively. At T = 700 K the atom oscillates 
around the site with (U’,,) = 0.068 A 2 ,  to be compared with the mean-square amplitude 
of the lattice atom vibrations, (Uki) = 0.011 A’. At T = 1100 K, on the contrary, after 
a short oscillation time around the initial site, with (U”,) = 0.093 A’, the atom diffuses 
and its motion is illustrated in figure 10(b), where the geometrical distances of the main 
interstitial positions from the initial Oh site are also reported. The helium atom appears 
to diffuse almost freely, despite short residence periods, less than 10-15-10-’4 s, in 
temporary equilibrium positions which coincide with the nearest interstitial sites. Since 
the diffusion of interstitial helium occurs in the 700-1100 K temperature range, these 
extrema provide the lower and upper bounds of the migration energy, namely 0,060 < 
EEe < 0.095 eV. The latter value is in agreement with the experimental lower limit of 
E r ,  0.1 eV [13]. 

6. Conclusions 

Using the MD approach, we have simulated the behaviour of a (100) nickel surface 
irradiated with helium in the energy range from 0.1 to 50 eV for fixed incidence angle 
(a = 0’) and crystal temperature ( T  = 0.3 T,). 
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The interactions among the atoms of the model system have been derived in the 
framework of a tight-binding scheme, which reproduces correctly the thermodynamic 
and structural properties of FCC d-band transition metals [19]. 

We have studied the reflection properties of helium and found a super-elastic behav- 
iour of the surface at E,, = K,T. The reflection coefficients decrease monotonically with 
increasing E,, and turn out systematically lower than the BC results for E,, > 10 eV. This 
difference could be attributed to the excessive stiffness of the simulated lattice in the BC 
approximation. Furthermore, we have stressed the existence of a process of delayed 
reflection at high E],; in this case the projectile can create defects in layers well below 
the surface before backscattering. 

Different mechanisms responsible for the creation of surface Frenkel pairs have been 
analysed: the effect of the thermal spike seems to be the most important of them 
at Ei, > 10 eV. The surface defects can hardly recombine, because the temperature 
variations restoring the thermodynamic equilibrium are extremely fast. 

Although the incident energies are too low for the creation of stable bulk defects, 
we have evaluated the total formation energies of simple defective configurations con- 
taining a helium atom plus a vacancy, or a self-interstitial. The calculations support a 
strong ‘chemical’ bond between helium and lattice vacancies (E(He-V) = 2.45 eV). We 
have observed, moreover, a smaller, but significant, value for the interaction energy of 
helium and a self-interstitial dumbbell in configuration (6) (E(He-D(6)) = 0.06 eV). 

These values indicate a tendency of helium to migrate into defective zones rather 
than into defect-free areas. Finally, the combined effect of helium and self-interstitials 
on lattice structure determines an important decrease of local order. 

Various improvements and applications of the present model are in progress, in 
order to deal with other types of metal, e.g. BCC crystals; the explicit introduction of 
inelastic energy losses allows an extension to different projectiles, such as protons, at 
higher incident energies, for a better comparison with BC calculations. 
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