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ABSTRACT - The irradiation with energetic particles causes changes in the properties of 
materials. The understanding of microscopic processes by which the evolution of macroscopic 
effects is initiated, is very important for effective overcoming of the problems, related to the 
macroscopic radiation effects. After describing the basic ideas and models of the radiation dam
age theory, the emphasis is given to recent experimental and computer simulation results. These 
results indicate the occurence of local melting during the displacement spike. The importance 
of radiation damage in other materials and other fields is also described. 

WDfV'ZETEK - Obsevanje z energetskimi delci povzroči spremembe v lastnostih snovi. Razu
mevanje mikroskopskih procesov, iz katerih se razvijejo makroskopski sevalni efekti, je izredno 
pomembno za uspešno obvladovanje problemov makroskopskih sevalnih efektov. Po opisu te
meljnih idej in modelov teorije sevalnih poškodb se osredotočimo na novejše rezultate ekspe
rimentov ter računalniških simulacij. Ti rezultati kažejo, da pride med konico izbijanja do 
lokalnega taljenja. Opisana je tudi vloga sevalnih poškodb v drugih materialih in na drugih 
področjih. 

1 Introduction 
High-energy particles produce changes in mechanical and electrical properties of mate
rials, e.g. they increase brittleness, hardness, they cause swelling, creep, they decrease 
the mobility of charge carriers and conductivity of the metals, etc. These macroscopic 
and usually technologically important phenomena are referred to as radiation effects. 
For the primary microscopic processes, which are the origin of radiation effects, the term 
radiation damage is used. Radiation damage and radiation effects can also be distin
guished on the time scale: Primary process is completely finished in 10~ u s, while its 
evolution (radiation effects) lasts from some milliseconds (diffusion of defects to sinks) 
to some months (nucleation and growth of voids). 

Radiation damage is produced by particles with energies which are several orders of 
magnitude greater than the thermal energy of the atoms in the crystal lattice (kaT). 
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Therefore, the temperature of the solid can easily be neglected. On the other hand, 
the thermal vibration of the crystal lattice plays a cruical role in the radiation effects 
processes - temperature dependence is very important. 

The first atom, which is struck and displaced by the incident particle, is called the 
Primary Knock-on Atom and is denoted as PKA. PKA has usually quite high kinetic 
energy and begins by itself to displace other lattice atoms, which are called higher order 
knock-ons or recoil atoms. Finally, the displaced atom becomes an interstitial atom, 
and the empty space left in the crystal lattice is completely identical with the usual, 
thermally excited vacancy. These pairs of point defects (vacancy - interstitial atom) are 
called Frenkel pairs. The ensemble of Frenkel pairs, produced by a single PKA, Is called 
displacement cascade. 

The first and also the simplest radiation damage theory by Kinchin and Pease [1] 
has considered the displacement cascade as an ensemble of vacancy - interstitial pairs, 
and it did not account for their space distribution. Their idea, that cascade consists 
of isolated point defects, is the basis of the linear displacement theory. In the crudest 
approximation the interaction between ion and atoms is treated as collisions between 
hard spheres, and the number of displaced atoms is calculated accordingly; this number 
is denoted by u(E) and is defined as the number of displaced atoms created by a PKA 
with energy E. The original result of Kinchin and Pease, v(E) = \ E/Ej (where 
Ed is the displacement treshold energy), was later improved by considering realistic 
interatomic potentials and electronic stopping mechanisms, and the final result is now 
known as the modified Kinchin-Pease formula [2]: 

u(E) = 0.42 j ^ . 

Despite its several deficiences the linear displacement theory involves a number of gen
eral concepts which are necessary for the understanding of the radiation damage mech
anisms, and is the only analytical tool for a quantitative prediction of the number of 
defects created. 

There are two phenomena in the displacement cascade, which deserve special at
tention: focussing and channeling. Focussing refers to the energy transfer over nearly 
completely head-on collisions between the atoms in the same row. A complementary 
process to focussing is channeling, where atoms migrate for relatively long distances, 
along open directions in the crystal structure. The direction of the channeling atom is 
maintained by glancing collisions with atoms in the neighbouring rows, which are acting 
as channel walls. 

In both phenomena, the energy is consumed by a number of collisions with a small 
(below the displacement treshold) energy transfer. Consequently, the number of dis
placed atoms decreases. In addition, the focussed or channeled atom stops quite far 
from the displacement cascade center, actually much farther than the typical displaced 
atoms, and arc usually not available for the recombination with vacancies. These two 
phenomena therefore contribute, on one hand, to a decrease of the number of displaced 
atoms and generated point defects, and on the other hand, more stable interstitials are 
formed. 

First Meeting of the Nuclear Society of Slovenia, Bovec 11.-12.6.1992 41 



°/-PrPrP\°79 O O 

o°cS&°o0o°o8o o/o o o o d ^ 
Interelitlal ^ g ' 

Figure 1: A schematic model of the displacement spike [7]. 

2 Displacement and thermal spikes 

When the energy of the projectile falls under a certain value (order of magnitude of 
10 keV), the distance between subsequent collisions approaches the interatomic distance 
in the lattice. This causes a large number of displacements in a relatively small volume, 
*»d the produced defects can not be treated as a collection of isolated Frenkel pairs. 
This phenomenon is called the displacement spike and consists of a depleted core region, 
surrounded by a shell of interstitials. The effects of focusing and channeling are also 
very important in the displacement spike formation (figure 1). Analyticaly it is possible 
to describe displacement spikes only qualitatively; any quantitative calculations are, 
however, possible only with the use of powerful computers. 

Almost simultaneously with the displacement spike model, another, so called thermal 
spike model was proposed. This model is based on the fact that the energy, transfered to 
the lattice by the incident ion, is consumed in a very small volume, causing a strong rise 
of the local temperature and ultimately melting of the material. In the melted region, 
the atomic migration and recombination fe very intensive, followed by a fast cool-down 
and 'freezing* of the atoms in a disordered structure. 

The volume of a thermal spike has, naturally, an irregular shape; depending on 
the mass ratio between the ions and atoms of the lattice, one can approximate the 
thermal spike with one of the two idealized shapes: spherical or cylindrical. Using one 
of these approximations, one can calculate the temperature in the medium, solving the 
appropriate heat transfer equation. 

In the literature, the analytical results for the temperature and other parameters of 
the thermal spike were often combined with the kinetic equations of the defect diffusion 
during the solidification of the melted region. This approach is, however, quite limited in 
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practice. Although the thermal spike model seemed very attractive due to the simplicity 
of its analytical solution, doubts about its applicability have arisen rather soon. Namely, 
the spatial and time dimensions of a thermal spike are very small, i.e., comparable with 
the atomic scale. Strictly speaking, such a system can not be treated as a continuum, 
thus implying that the diffusion equation is not applicable rigorously. 

As it will be shown in the following section, the existence of a melted region was 
indicated by computer simulations of displacement spikes. These results have reevalu
ated the significance of the thermal spike model, and indicated that the displacement 
spike can be divided into two phases: the first, ballistic phase corresponds to the orig
inal displacement spike conception and lasts until the last recoil atom comes to rest 
(~ 10~13 s); the second phase is the thermal spike, which lasts 10~12 do 10"11 s. 

3 Computer simulations of displacement spikes 

A qualitative treatment of displacement spikes was made possible only with the help of 
a (super)computer, using the molecular dynamics method. In such computer simulation 
an array of some thousand atoms, arranged in a static crystal lattice, is considered. At 
the moment i = 0 one of the atoms (PKA) is given the initial impulse into the chosen 
direction, and subsequently the coupled equations of motion for all the atoms are solved 
with the use of an appropriate interatomic potential. 

Since the first simulations, which have considered displacement spikes with energy of 
several 100 eV, the progress in computer technology has enabled nowadays simulations 
with energy in the order of 10 keV. Averback and coworkers [3, 4, 5] have simulated 
displacement spikes with energies ranging from 5 to 25 keV (the highest energies, used 
in the molecular dynamics method so far) in Cu and Ni. They have shown that the 
majority of atom migrations is not only a consequence of collisions between displaced 
atoms, but that a process, similar to melting, also takes place, and that this process is 
responsible for the intensive mixing of atoms. 

The existence of a liquid phase was proven with the matching of the pair probability 
density of the spike core'and the pair probability density of liquid Cu (figure 2). The 
comparison between the Cu.and Ni simulation shows, that in the first part of the dis
placement spike, the atomic mixing is equal in both elements; later, however, there is 
evidently stronger diffusion in Cu. This difference was explained with the lower melting 
point of Cu and therefore with a longer duration of the molten core - this explanation 
again proves the analogy with the macroscopic characteristics of a melted metal (i.e., 
with the melting point). It was also calculated, that the number of stable point de
fects equals approximately | of the value, predicted by the modified Kinchin - Pease 
formula.. This was explained with the assumption, that inside the melted region all inter-
stitials,recombine with vacancies; only the interstitials which (because of focussing and 
channeling) escape from the melted region, and the corresponding number of vacancies 
remaining inside the molten region, are preserved. 

4 Evolution of displacement spikes in metals 

When the displacement cascade takes place in a solid with a non-zero absolute tem
perature, the point defects, remaining after the displacement cascade came to rest, are 
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Figure 2: The pair probability density of Cu atoms within 5 keV displacement cascade 
and comparison with the pair probability density of liquid Cu [3]. 

subject to thermal migration, recombination and clustering. Typical thermal migra
tion dependence is given by the Boltzmann factor e~c/kBT, where e is the defect jump 
potential barrier, kB is the Boltzmann constant and T the temperature of solid. Con
trary to radiation damage processes, which are generally independent of the specific 
properties of solid, the evolution of created defects, i.e., the radiation effects processes, 
dras'tlcally differs from solid to solid, because the activation energy1 t depends strongly 
on the material type, crystal structure and the type of defect. 

It has been found experimentally that the vacancies are grouping together into 
clusters. There are several mechanisms, which contribute to this phenomenon. 

The first mechanism is due to supersaturated concentration of vacancies in the dis
placement cascade core. The stress field, caused by such a precipitate, atracts other 
vacancies ar\d the cluster grows. The second mechanism is thermal transport: large 
temperature gradients inside the displacement cascade region cause vacancy migration 
in the'direction of higher terhperature, i.e. towards center of fhe displacement cascade. 

The thirčV,'and the most recently proposed mechanism of vacancy grouping originates 
from the molecular dynamics simulation [4], and includes the local melting effects in 
the displacement cascade core. Solidification starts at the edge of molten 'tegjon and, in 
the beginning, the growing crystal lattice is perfect. If the solidification is sufficiently 
slow, that the atoms can migrate to the solidification front and arrange themselves in 
the matrix, the growing crystal will have a small number of vacancies. In this case, 
the front, while approaching to the cascade center, 'pushes' more and more vacancies 
inward until there are no atoms left to build the lattice. This process is quite similar to 
zone refining proces« in the production of semiconductors. 

Thus, according to what ha.s been said above, after the displacement cascade comes 
to rest, there remains a cluster of vacancies in the cascade core, and a surplus of inter-
Stitials at the edge. These defects eventually rearrange themselves in an energetically 
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favourable position, what usually results in forming dislocation loops (either vacancy 
loops or interstitial loops). 

Detailed mechanisms of the influence of microstructure on macroscopic radiation ef
fects in technological metals are not known - due to the complexity and intercorrelation 
of various phenomena. Qualitatively, however, it is well known, that, independently of 
their origin, dislocations create areas of significant irregularities and stresses in crystal 
lattice, and that these irregularities are mainly responsible for the macroscopic me
chanical and elastic properties of solids. Itt an irradiated material dislocation loops are 
therefore much more important than individual point defects. Consequently, the dis
placement spikes, as the main origin of dislocation loop formation, are still the subject 
of numerous experimental and theoretical studies. 

5 Experimental observation of radiation damage 

Sine« the radiation damage phase is over in ~ 10"n s, it is, strictly speaking, impossible 
to experimentally observe this phase, but only the radiation effects phase. Performing 
the experiments at very low temperature, near absolute zero, one can 'freeze in' the 
defects, produced by the incident particle. 

There are several experimental techniques which can be used to study the micro
scopic processes of radiation damage and/or radiation effects. The most useful are 
Rutherford backscattering/channeling (RBS), field ion microscopy (FIM), and trans
mission electron microscopy (TEM). The latter enables to observe the radiation dam
age directly, i.e., one can study defects, produced by a single displacement spike. These 
defects can be dislocation loops, disordered zones, amorphous zones etc. (point defects 
cannot be observed with the conventional TEM technique). 

Instead of neutrons, ions (with their mass comparable to the mass of atoms in 
the target) are often used for irradiations. This has two main advantages: with ion 
irradiation one can achieve the same damage density in few minutes while neutron 
irradiation would take years; secondly, with ion irradiation the sample does not become 
radioactive. Also, instead of technologically important materials (e.g., steel), a pure 
metal with well known microscopic properties (e.g., copper) is often used as a target. 

Using TEM, Vetrano and coworkers [6, 7] have studied the yield of dislocation loops 
versus the number of PK As (i.e., the number of displacement cascades) in various metals. 
According to the solidification mechanism, it has been suggested [4], that the proba
bility of a dislocation loop formation depends on the solidification rate in the metal. 
Vetrano has irradiated Cu and Ni samples, and comparing the results, confirmed these 
assumptions to a large extent. 

6 Displacement spikes in semiconductors 

Ion implantation is a widely used technique for modifying the properties of materials 
and/or surfaces. In semiconductor technology it is often used for doping, because it has 
several advantages over conventional doping methods. Its major drawback is, however, 
the radiation damage produced along the path of the ion. 

Consequently, radiation effects are also important in semiconducting materials, where 
the phenomena are slightly different from metals, because the different nature of chem-
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Figure 3: Dark field micrographs of an Alo.gsGao.tsAs/GaAs interface after an irradia
tion at 30 K with 50 keV Xe+ ions to cumulative ion doses of: (a) 2 x 10 u , (b) 1 x 10 u , 
(c) 5 x 1012, (d) 1.5 x 1013 cm"2.' The Alo.85Gao.15As is on top. The diffraction patterns 
(e) were taken at the highest ion dose and the presence of amorphous rings on the lower 
picture indicates formation of an amorphous layer in GaAs. 

ical bonding in coyalent semiconducting materials. In these materials radiation damage 
produces amorphization, either in the form of small (~ 3 nm) amorphous zones, cre
ated by individual displacement spikes, or in the bulk of irradiated material. Under 
certain conditions the damage associated with tlie implantation process can l>o removed 
at elevated temperature by annealing. The knowledge about amorphizatiori processes 
is, however, still important for a successful use of ion implantation. 

In this section the results of irradiations of AlxGai_xAs/GaAs samples [8, 0] will 
be briefly presented. These materials are used in heterostructures, semiconducting ma
terials which are used in new optoelectronic devices. The samples were irradiated with 
50 keV Kr+, 50 keV Xe+ aftd 1.5 MeV Xe+ ions at 300 K and at 30 K. Under all 
circumstances, the AlxGai_rAs was more resistant to amorphization than GaAs. Fig
ure 3 shows the development of the amorphous layer around the Alo.g5Gao.15As/GaAs 
interface with, the increasing ion dose during irradiation with 50 keV Xe+ ions at 30 
K. Clearly, the density of amorphous zones in GaAs increases with increasing ion dose, 
until a network-like amorphous layer forms at an ion dose of approximately 1.5 X 1013 

cm"2. In contrast no amorphous zones were visible in Alo.g5Gao.15As even at the highest 
ion dose, and the diffraction pattern shows no evidence of amorphous material. The 
increased resistivity of AlGaAs to amorphization has not been explained yet. 

7 Summary 

Radiation damage as the origin of radiation effects greatly infl ucnecs the safety of nuclear 
reactors. Despite of its importance in this context there are still many unsolved questions 
regarding the exact correlations between these microscopic and macroscopic processes. 
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The role of displacement spikes is undoubtedly very important in this regard. 
In the investigation of displacement spikes, modern experimental and simulation 

methods, as well as state-of-the-art analytical and computer equipment, are used. Also, 
to simplify the physical picture, pure metals with well known microscopic properties 
are used, and ions instead of neutrons are used for irradiation. The experiments and 
computer simulations are complementary, and together point out the role of the local 
melting process which takes place in the core of the displacement spike. 

Besides nuclear engineering, the processes of radiation damage become increasingly 
important also in other fields, especially in material processing and in thin film depo
sition. The mechanisms of radiation damage in "non-nuclear" materials are practically 
identical to radiation damage in metals, and the knowledge, obtained from nuclear tech
nology, can be fruitfully used. Of course, the results of radiation damage studies in other 
fields can contribute to the understanding of radiation damage in reactor environment. 
As an illustration, the results of the irradiation of AlxGai_rAs/GaAs samples, were 
presented briefly. 
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Answers to questions from the audience 

1. Are the processes reversible or can you make them reversible and recover 
the damage? 

Radiation damage and radiation effects can be recovered, to some extent, with an
nealing at elevated temperatures. Though a complete recovery is practically impossible, 
the success of the recovery may vary, depending on the irradiation conditions (dose 
rate, total dose) and on the annealing procedure (time - temperature). Knowledge of 
radiation damage processes is therefore very useful also to predict the effect of various 
annealing procedures. 

2. Have you done any experimental investigations on Krško N P P specimens? 

Such investigations have not been done, since the materials and the irradiation 
conditions in a NPP reactor are too complex to obtain any unambigous results. Besides, 
the author's experimental work was done on semiconductors, only. 

3. New fscility will be built for 40 MeV neutron irradiation. Is the theory 
appropriate for such cases as well? 

Yes. 
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