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Chapter

Field Ion Microscopy of Radiation 
Effects in Metallic Materials
Vladimir Alexandrovich Ivchenko

Abstract

Radiation effects in metallic materials were investigated using the field ion 
microscopy technique. Modes of radiation exposure for development of amorphized 
states in subsurface regions of platinum are determined. It is found that the phe-
nomenon of metal amorphization in the subsurface regions occurs up to a sample 
depth of 12 nm under an increase in the fluence to 1018 ions/cm2 and the above 
irradiation energies. The method of field ion microscopy was used to determine 
the threshold of nanopore formation in ion-implanted platinum. Experimental 
results on atomic-spatial investigation of radiative defect formation in surface 
layers of materials, initiated by neutron bombardment (of Pt, E > 0.1 MeV) and 
ion implantation (in Cu3Au: E = 40 keV, F = 1016 ion/m2, j = 10−3 A/cm2), are 
considered. Mechanisms of the radiation-induced development of nanostructures 
in subsurface metal regions have been analyzed based on field ion microscopy data. 
It is concluded that the modification of near-surface metal regions on a nano-
meter scale as a result of the interaction with Ar+ ion beams proceeds by several 
mechanisms.

Keywords: field ion microscopy, nanostructure states, metals, alloys, 
a radiating irradiation, interaction of ions with matter, structure modification

1. Introduction

One high-priority area in condensed matter physics is related to work in the field 
of production of new materials via severe exposure. Such types of exposure include 
irradiation techniques.

Experimental studies of changes in the metal and alloy structure after radiation 
exposure [1–6] showed that interaction between accelerated charged ions and the 
substance initiates formation of amorphous, nanomicrocrystalline, and submicro-
crystalline states in the subsurface regions.

One important problem in radiation material science is the determination of the 
structural state and phase composition of subsurface layers of materials subjected to 
irradiation. One topical problem consists in studies of interaction between charged 
particle beams and the material surface in the subsurface regions (at a distance of 
~1–100 nm from the irradiated surface). Therefore, in this work, precision studies 
of changes in the actual structure surface of atomic layers of metals were carried 
out using the field ion microscopy (FIM) technique. The options of FIM allow 
studying the subsurface regions of irradiated materials using controlled removal 
of atoms from the surface and thus analyzing the sample structure in the course of 
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layer-by-layer field evaporation of atoms. Visualization of an atomically pure and 
atomically smooth surface of the research object at cryogenic temperatures allows 
obtaining quantitative results of changes in atom positions in the crystal lattice due 
to ion implantation doping of positive argon atoms.

Intensely developing studies of changes in the structure of metals and alloys 
after interaction between particle beams and the surface show that ionic treat-
ment results in the formation of specific condensed states as well as unique 
strength and physical properties in materials that cannot be obtained using 
conventional methods [1, 3–5, 7, 8]. It is known that pore swelling in materials 
under irradiation causes shortening of the operational life of products and drastic 
deterioration of physical and mechanic properties of materials. Therefore, studies 
of the appearance of nanopores on the surface and in the subsurface layer of the 
studied objects under exposure to radiation on an atomic scale appear to be of 
current interest.

In this work, the results of modification of the surface and subsurface region 
of pure metals (Pt) after irradiation by medium energy-charged particles (up to 
30 keV) within a nanometer deep surface region are shown. The method of field 
ion microscopy (FIM) allows studying experimentally structural states appearing 
under such exposure.

Investigating interaction mechanisms of accelerated particles with matter and 
studying the atomic rearrangement and, as a consequence, formation of crystal 
lattice defects and changing the phase state of the material are important tasks in 
radiation physics of solids.

This work is devoted to studying the spatial distribution of radiation damages, 
particularly vacancies and their complexes in the bulk fcc metals exposed to differ-
ent irradiation (by neutron and ion beams).

Imitation of the neutron irradiation of high fluence with the help of positively 
charged ion beams allows one to solve the problem of analog simulation of radiation 
generated on one setup when replacing it by the radiation generated on another 
setup.

The results of our previous investigations [9, 10] of the surface structure of 
metals, carried out using the field ion microscopy (FIM) method, showed that 
the irradiation of metal targets by charged particles (argon ions) with moderate 
energies (up to 40 keV) led to nanostructurization of a near-surface region of pure 
metals. Using the FIM technique, it is possible to study the subsurface layers of 
irradiated materials by controlled removal of atoms from the sample surface and 
analyze its structure in the course of layer-by-layer field evaporation of atoms. 
Sequential imaging of the atomically clean surface of a sample at cryogenic temper-
atures provides quantitative information on the positions of individual atoms and 
atomic groups and their changes as a result of the implantation of positive argon 
ions. Thus, it is possible to study the atomic structure of radiation-induced defects 
in the crystalline lattice, determine their distribution in the volume, estimate the 
thickness of a modified subsurface layer, etc.

This work presents an attempt to analyze the effect of ion implantation on the 
atomic structure of platinum depending on the variable parameters (including the 
ion energy, ion current density, and dose) of irradiation with beams of accelerated 
argon ions. The aim was to elucidate the mechanisms of formation of nanostruc-
tural states in the ion-modified subsurface region of a target. Investigation of 
the laws of these phenomena is necessary for developing methods of controlled 
modification of the physical properties of materials, which is an important area in 
advanced nanotechnologies. In addition, the interaction of ions with substances 
provides a basis for methods of diagnostics of the initial materials and changes to 
them caused by ion irradiation.
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2. Experimental part

2.1 FIM technique

The most powerful and modern methods of investigation of conducting and 
semiconductor materials, which can be used to directly study the crystal lattice of 
solids with atomic-spatial resolution, include field ion microscopy (FIM) and vari-
ous modifications of the atomic probes of the field ion microscope.

Despite the fact that field ion microscopy (FIM) has entered its sixth decade, it 
is still the only technique in microscopy capable of providing direct observation of 
individual atoms as elements that make up the structure of the sample during a con-
ventional experiment. Using FIM it is possible to select a single atom in the image 
for mass spectrometric identification (atomic probe FIM methods) to carry out in 
situ experiments with individual atoms deposited on the surface and to reconstruct 
in volume the structural and chemical composition of the sample by means of 
controlled layer-by-layer removal of surface atoms by an electric field at cryogenic 
temperatures. It is the latter circumstance that distinguishes direct methods of 
PIM from other structurally sensitive, atomic-resolution, but indirect, methods of 
microscopic study of materials.

The operating principle of a field ion microscope is based on projective ion 
imaging of the sample surface and is controlled by the device design [11]. The ion 
image of the sample vertex surface [r ~ (3–5) × 106 cm] (Figure 1) is formed on the 
microscope screen by positive ions of an imaging gas (usually He, Ne) by inducing 
a strong electric field over the emitter surface (~5 × 108 V/cm) at a corresponding 

Figure 1. 
Schematic representation of ion imaging of the metal surface (r = 3 × 10−6 cm, R = 6 cm, sample T = 78 K).
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potential difference between the sample and shield. The magnification reaches 
several million diameters, and the resolution is 0.2–0.3 nm. The residual gas pres-
sure in the microscope chamber can be in the range of 10−4 to 10−8 Pa, depending on 
the problems of study.

As an imaging gas, an inert gas is used, whose operating pressure is usually 
10−3–10−4 Pa and is determined by the distance between the tip and fluorescent 
screen, which is comparable to the mean range of imaging gas ions. Ionization 
of imaging gas atoms occurs at a certain electric field strength and is observed at 
a distance no closer than the critical one from the tip end surface, ~0.5 nm. The 
ionization probability of atoms of the imaging gas is much higher above protrud-
ing surface atoms which are arranged at step knee points and are approximately 
estimated by the Wentzel–Kramers–Brillouin (WKB) relation [12]. Such an event 
becomes probable owing to electron tunneling through the potential barrier due to 
the tunneling effect.

Therefore, on the screen of the microscope, an image is observed (Figure 2), 
on the one hand, representing the contrast of the surface of the tip of the sample 
from the atoms in the fracture steps, and on the other—the stereographic projec-
tion of the crystal under study. The circular contour lines on the ion image are the 
edges of the corresponding families of crystallographic planes of certain directions. 
Neighboring rings (from any family of concentric rings) are images of parallel 
atomic layers. The distance between the rings corresponds to the interplanar for a 
given crystallographic direction. In the terminology of ion micropattern, this dis-
tance is called the height of a step of the crystal lattice. The rings themselves on the 
ion micropattern, as a rule, consist of separate bright points, which represent images 
of surface atoms located in the positions of atoms in the fractures of the steps.

Imaging of the ion microscopic picture of the sample surface by radial projec-
tion is directly associated with the possibility of preparing the emitter tip shaped 
as an almost hemispherical atomically smooth surface. This is achieved using field 
evaporation, which occurs only at a sufficiently high electric field strength over the 
emitter surface. In such a field, atoms protruding from the surface will “evaporate” 
in the form of positive ions. Field evaporation is a self-controlled process of tip apex 
“polishing,” since local electric field enhancement near sharp edges and over bumps 
results in their preferential “evaporation” (removal) by the field. As a result, a tip 
apex surface ideally smooth on the atomic scale is formed. Furthermore, this surface 

Figure 2. 
Neon image of Pt single crystal, U = 10 kV.
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permanently visualized during field evaporation is atomically clean. Continuous 
recording of such a surface using photo, video, or movie cameras during controlled 
layer-by-layer removal of surface atoms makes it possible to analyze the crystal 
structure of the object of study in the material volume.

2.2 Production of sharp samples

We used platinum with a purity of 99.99% as an object of irradiation. Using 
electrochemical polishing of wire fragments, needle-like emitters with a curvature 
radius of 30–50 nm near the apex point were manufactured. The field emitters certi-
fied for ion implantation have an atomically smooth surface of the vertex prepared 
by field evaporating surface atoms in situ. Irradiation of the needle-like samples 
certified by FIM was performed by Ar+ beams with an energy of 30 keV, fluence 
F = 1016 ion/cm2, and ion density current j = 150 μA/cm2 (T = 70°) or j = 200 μA/cm2 
(T = 200°C). The bombardment was carried out in the direction parallel to the axis 
of the emitter. Being certified in advance, the implanted samples were placed in FIM 
once again for studying the subsurface volume of the alloy.

In the study of fast neutron irradiated samples, the tip was made from irradiated 
billets. Billets of Pt consisted of wire segments with a diameter of 0.2 mm and a 
length of 20 mm. Billets were irradiated in the IBB-2 M reactor at T = 310 K for 1 h 
to fast neutron fluences (with E > 0.1 MeV) F = 6.7 × 1021 m−2 and F = 3.5 × 1022 m−2. 
In the field ion microscope, we studied tip samples with a radius of curvature at 
the top of 10–30 nm. Ion images of the surface were recorded by a photo or video 
camera with controlled removal of atomic layers. Then the structural state of the 
alloy in the volume was analyzed.

A field ion microscope was equipped with a micro channel ion–electron converter 
enhancing the brightness of surface microimages by 104 times. The refrigerant agent 
was generally liquid nitrogen (T = 78 K); the imaging gas was spectrally pure neon.

3. Results

3.1 Creation of an amorphized state on the surface of metal materials

The aim of this work is to determine the modes of radiation exposure of Ar+ 
beams accelerated to 30 keV for development of amorphized states in subsurface 
metal regions (Pt). Earlier, the FIM technique was used in [5] to establish the effect 
of partial amorphization in subsurface regions of the Cu3Au alloy.

An atomically smooth surface of the emitter tip for the further irradiation was 
obtained in situ in the course of field evaporation of surface atoms. Ion images 
of evaluated field emitters registered a practically perfect ring pattern of the 
pure metal single crystals pointing to the virtual absence of structural defects 
(Figure 3a). Which was shown by analysis of the ion pattern of terns manifested 
irregularities in the ring patterns of the crystal face images. It is such irregularities 
in the ring ion pattern that allow registering defects in the perfect crystal structure 
and determining the patterns of any defects appearing in the material as a result of 
exposure. In this case, changes in the ion pattern of irradiated platinum observed in 
the layer at a depth of 1.5 nm from the irradiated surface as compared to the pattern 
of the initial evaluated Pt indicate the presence of a block nano-size structure in the 
subsurface regions of the material [9] (Figure 3b).

Analysis of the ion pattern of atom positions in nanoblocks (Figure 3b) clearly 
indicates that atoms actually occupy their sites in the crystal lattice of the material, 
although the blocks themselves are nonoriented.
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The effect of the formation of a block nanocrystalline structure (with block 
size 1–5 nm) is observed in the near-surface volume with a depth of at least 20 nm 
from the irradiated surface as a result of irradiation to a higher fluence (F = 1017 
ions/cm2, Figure 4).

Studies of the corresponding experimental data allowed determining the lateral 
and longitudinal dimensions of nanocrystalline blocks and the width of the bound-
ary region between nanoblocks. The estimated width of the boundary region varied 
from 0.4 to 0.8 nm at different parts of the nanoblock boundaries in ion irradiated 
platinum [13].

The ion pattern of the irradiated platinum surface manifests an image typical 
for grain boundaries and packing defects [14] for practically all micropattern faces 
(Figure 4). This means that at F = 1017 ions/cm2, the mechanism of formation of the 
nanoblock structure in the body of the material changes.

Figure 3. 
Neon images of Pt: (a) ion pattern of the evaluated crystal; (b) ion pattern of the surface after irradiation by 
Ar+ with F = 1016 ions/cm2 (T = 70°C).
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Radiation exposure of pure metals with E = 30 keV under variation of the flu-
ence of charged argon ion beams by two orders of magnitude (1016–1018 ions/cm2) 
produces a significant effect on the kinetics of defect formation in the subsurface 
regions of irradiated materials. The ion image of the irradiated surface of platinum 
with a fluence of 1018 ion/cm2 is given (Figure 5).

Based on the contrast of the micro images of the atomic-pure surface of 
platinum in the analysis of the near-surface volume of the material in the process 
of controlled removal of atomic layers, it is obvious that with an increase in the 
fluence to 1018 ion/cm2, the phase state of the metal practically becomes amor-
phous. The proof is the structureless arrangement of atoms in the near-surface 
layers. The analog of the observed ionic contrast corresponds to the ionic contrast 
of amorphous materials obtained by ultrafast cooling. According to our estimates 
amorphization of pure metal (Pt) occurs in the subsurface volume with a depth of 
12 nm from the irradiated surface.

Figure 4. 
Neon image of Pt after irradiation by Ar+ with F = 1017 ions/cm2 (T = 200°C). Typical ion pattern of 
nanoblock boundaries and defects is shown by arrows.

Figure 5. 
Ion pattern of Pt surface after irradiation by Ar+ with F = 1018 ions/cm2 (T = 300°C) (the arrow denotes the 
region of the crystalline state of the metal).
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Thus, the modes of radiation exposure in the creation of amorphized states in 
the near-surface volume of platinum are determined.

It is shown that the radiation effect on pure metals with E = 30 keV when the 
fluence of charged argon ion beams changes by two orders of magnitude (from 1016 
to 1018 ion/cm2) significantly affects the kinetics of defect formation in the near-
surface volume of irradiated materials.

It is found that the phenomenon of metal amorphization in the subsurface 
regions of Pt occurs up to the sample depth of 12 nm under an increase in the 
fluence to 1018 ions/cm2 and the above irradiation energies. The amorphized phase 
regions are retained in the metal at a depth of at least 60 nm.

3.2 The threshold of nanopore formation in ion-implanted platinum

The formation of nanopores in metals after their interaction with charged beams 
of Ar+ ions was experimentally studied. The task was to analyze the distribution of 
nanopores in the near-surface volume by size depending on the distance from the 
irradiated surface and the irradiation fluence. Set the threshold for the formation 
of nanopores; determine the optimal modes of radiation exposure to obtain nano-
structured near-surface volumes in irradiated metals and alloys.

Ionic images of evaluated field emitters registered a regular ring pattern of the 
pure metal single crystal surface pointing to the virtual absence of structural defects 
(Figure 6). In the microphotograph, faces {111}, {110}, and {113} are also registered, 
which are characteristic for crystals with an fcc lattice, in addition to the {001} face.

The ring contour lines in ionic images are edges of the corresponding families of 
crystallographic planes of certain directions. Neighboring rings (from any family 
of concentric rings) are images of parallel atomic layers. The rings themselves in 
an ionic microimage generally consist of separate bright points corresponding to 
images of surface atoms located at the sites of atoms in the step kinks.

During the study of the crystal structure of platinum irradiated to F = 1016–1018 
ion/cm2 with an energy of 30 keV and j = 200 μA/cm2, ion contrast of nanopores was 
found in the near-surface volume. Such contrast was registered at fluence 1017 ion/cm2.

The contrast of nanopores in Pt was recorded after removal of several atomic 
layers from the surface of the irradiated metal (Figure 7a). This ionic contrast of 
nanopores was recorded as the contrast of “craters” at the time of removal of the 
last atomic layer before the appearance of nanopores. During the field evaporation 

Figure 6. 
Neon image of validated Pt single crystal prepared for ionic irradiation.



9

Field Ion Microscopy of Radiation Effects in Metallic Materials
DOI: http://dx.doi.org/10.5772/intechopen.86214

of atomic layers, the cross section of the vacancy cluster was fixed. The “exit” of 
nanopores from a material at the removal of atomic layers, as a rule, came to an end 
with contrast of a dislocation loop (Figure 7b).

The sizes of nanopores were estimated from the ion contrast both using the 
cross-sectional area of the sample surface defect and the depth of its occurrence and 
by counting the evaporated atomic layers from the beginning of the nanopore contrast 
to the complete disappearance of such a contrast. The measurements showed that the 
nanopores had both spherical and cylindrical shape. According to the authors, the sizes 
of nanopores in diameter ranged from 1 to 5 nm, in depth—from 1 to 9 nm. Analysis of 
the structure in the volume up to a depth of 60 nm from the irradiated surface revealed 
the features of the formation of nanopores. The concentration of nanopores and their 
distribution in the near-surface volume of irradiated material were established. It 
was determined that up to 40% of the nanopores are in the near-surface layer with 
a thickness of 10 nm; in the future the volume fraction of micropores decreased by 
logarithmic dependence (Figure 8). It is known from [15] that argon ions at the used 
beam energies have a projective range in platinum of no more than 10 nm.

Since nanopores were observed in the metal to a depth of 60 nm, it is obvious 
that the pore swelling in the material was not due to the presence of implanted 
argon ions in the defects.Detailed analysis of experimental data allowed assum-
ing that ion implantation resulted in continuous appearance and migration of 
implanted atoms and vacancies to drains and coalescence of individual vacancies 
into vacancy nanoclusters (nanopores).

As a result, the formation of nanopores both on the surface and in the near-
surface volume of metals in the nanometer range from the irradiated surface was 
experimentally studied.

The conditions of the threshold exposure at which begins the formation of the 
nanopore for pure metals are the following: at fluences of 1017–1018 ion/cm2 in the 
energy range of 20–30 keV, starting from j = 200 μA/cm2. The distribution and bulk 
fraction of nanopores in the subsurface material bulk were studied. As a result, it 
was found that up to 40% of the pores were concentrated in the subsurface layer 
with a thickness of 10 nm. Later, the bulk fraction of micropores decreased loga-
rithmically. The obtained results can be used for prediction of radiation stability of 
materials based on fcc metals.

Figure 7. 
Ion images of Pt surface after Ar+ irradiation (E = 30 keV, F = 1017 ion/cm2): (a) typical neon contrast of 
nanopores (shown by arrow); (b) contrast of dislocation loop after field evaporation of 8 atomic face layers 
(001) (∼1.6 mm) (shown by arrow).
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3.3 Experimental modeling of fast neutron beam impact on Pt using Ar+ beams

Objective: to establish the adequacy of the influence of different types of radia-
tion on the same material (Pt). The comparison of the formed radiation damages 
of the same type is carried out. The structure of radiation defects on the atomic-
pure platinum surface, initiated by neutron (E > 0.1 MeV) and ion interaction 
(E = 30 keV), was studied by field ion microscopy (FIM).

A large number of radiation defects of the crystal lattice [16] were found in 
irradiated to fluence 6.7 × 1021 m−2 (E > 0.1 MeV) Pt. Among them are single point 
defects, individual vacancies, displaced interstitial atoms, and vacancy clusters.

Figure 9 shows the ionic contrast of the typical real spatial distribution of radiation 
damages of the crystal lattice Pt after interaction with neutron radiation in the process 
of controlled removal of surface atoms is given. Violations of the ring pattern of ion 
contrast were recorded on the surface of the irradiated platinum. It is for violations in an 
annular pattern of ionic contrast that is fixed by the defectiveness of the crystal struc-
ture. According to the known ion contrast of defects [14], one or another type of radia-
tion defects arising in the material is identified. The change in the ion contrast of the 
irradiated platinum surface compared to the contrast of the non-irradiated Pt surface is 
due to radiation damage. This is the result of the interaction of neutrons with the atoms 
of the crystal lattice. In the process of controlled removal of platinum surface atoms, the 
structure of defects in the volume was analyzed. The radiation damages detected from 
the ion contrast were either single point defects (vacancies, interstitial atoms) or small 
vacancy complexes with dimensions commensurate with the interatomic distances.

Depleted zones (a region with a locally increased concentration of vacancies) 
with a belt of “interstitial atoms” were found at F = 3.5 × 1022 m−2 [16]. This result 
confirms the hypothesis [17]. According to this hypothesis, the cascade in the metal 
develops so that a large number of atoms are carried out from its сentral part (the 
most perturbed region) by means of chains of substitutions. According to the 
authors, the concentration of interstitial atoms was 1.5%, and the average concen-
tration of vacancies in the depleted zones was 9%.

The spatial geometry of depleted zones in F = 3.5 × 1022 m−2 platinum irradi-
ated to the fluence of intermediate and fast (E > 0.1 MeV) neutrons is analyzed 

Figure 8. 
Concentration of nanopores in platinum irradiated by Ar+ ions (F = 1018 ion/cm2).
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in [16]. The shape of the depleted zones was determined in the regime of controlled 
removal of atomic layers to determine the characteristic anisotropy. As a result of 
the analysis of the ion contrast, no defects of the anisotropy of the depleted zone 
shape were found. The authors believe that the configuration of the zones does not 
correspond to any simple geometric figure.

Statistics of a large number of ion images of the surface of irradiated platinum 
allowed to determine the size of individual depletion zones. From these data, the 
average diameter of the radiation cluster is 3.2 nm.

As a result of neutron irradiation of Pt up to 6.7 × 1021 m−2 (E > 0.1 MeV), the 
structural state of a pure metal somewhat changed. This is evidenced by the microim-
ages corresponding to an atomically clean platinum surface after irradiation. Defective 
surface regions were observed on the micrographs where the interaction with neutrons 
led to the displacement of atoms from regular crystal lattice sites. As a rule, radiation 
damages represented individual vacancies, small vacancy clusters displaced from equi-
librium positions (crystal lattice sites), and individual atoms and regions of displaced 
atoms. Therefore, we can conclude that the effect of the aforementioned neutron 
fluence in platinum creates separate, nonoverlapping atomic collision cascades.

The preliminary ion images of the field emitters obtained before the ion irradia-
tion showed an almost perfect annular contrast for single crystals of pure metal, 
indicating the absence of structural defects [4].

Figure 9. 
Contrast of the same surface area irradiated with F = 6.7 × 1021 m−2 Pt. the defects registered in the volume are 
shown by arrows: (a) single vacancies, (b) tetrahedral vacancy cluster, (c) interstitial atoms, (d) the same 
surface area without defects. In the upper right corner of the microimages are diagrams of these defects: ○, the 
image of the atom; ●, the image of the vacancy; , the image of the interstitial atom.
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The ion image of the surface of platinum irradiated with Ar+ ions with E = 30 keV; 
F = 1016 ion/cm2 is shown in Figure 10. Ion contrast showed disturbances in the ring 
pattern of the crystal planes. Such disturbances in the ring pattern of ion contrast are 
defined as defects in the crystal structure occurring in the material after radiation 
exposure. Changes in the ion contrast of the irradiated platinum compared to the 
contrast of the certified Pt were recorded in a layer 1.5-nm thick from the irradiated 
surface. The ion contrast shows the appearance of a block nanoscale structure in the 
near-surface volume of the material [4].

Ion contrast of surface radiation damage after ion irradiation (Figure 10) differs 
from the contrast of radiation damage after the interaction of fast neutrons with the 
material (Figure 9). In the analysis of the structure of the near-surface volume Pt 
after ion irradiation by successive removal of atomic layers at a depth of 2 nm from 
the surface was identical to the radiation damage in Figure 9. Figure 11 shows the 
ion contrast of the detected radiation damage.Hence, irradiation by fast neutrons 
(E > 0.1 MeV, F = 6.7 × 1021 m−2) leads to the formation of the same amount of 
radiation damages which is observed at a depth of 2 nm after the Ar+ irradiation 
(E = 30 keV, F = 1016 ions/cm2).

It follows that all radiation damages in the volume of the material caused by 
neutron irradiation are lattice defects that are determined by the neutron flu-
ence and energy. These defects do not depend on the depth of irradiation. The 
type of radiation damage caused by the interaction of charged ion beams with 
the substance is determined in addition to the irradiation parameters by the 
distance from the irradiated surface. It follows from the results that the process 
of transition of one type of radiation damage to another depends on the depth of 
irradiation of the material. To simulate the analog effects of fast neutrons with 
ion irradiation by comparing the number of defective structures is possible only 
at a certain depth which is irradiated with beams of charged particles of mat-
ter. Therefore, to achieve this task, it was necessary to detect the identity of the 
defective structure in different types of radiation as well as for ion irradiation at 
the appropriate depth of the near-surface volume of the material. Thus, we have 
established that the impact of fast neutrons interacting with matter corresponds 
to the interaction of positively charged Ar+ ions at a certain depth from the 
irradiated surface. Therefore we can simulate the effect of neutron irradiation 
by using ion beams based on the arising particular radiation damage structure in 
the material.

Figure 10. 
Micrographs of the Pt surface region after irradiation by Ar+ ions with F = 1016 ions/cm2 (T = 70°C) obtained 
using neon as the imaging gas. Nanoblocks are indicated.
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3.4  Cascades of atomic displacements in metals and alloys after various types of 
irradiation

The atomic structure of defects in an atomically ordered Cu3Au alloy was studied 
after irradiation with beams of charged particles. The tip samples were irradiated 
perpendicular to the needle axis with E = 40 keV: at ion current density j = 10−3 A/cm2 
and pulse duration τ = 10−3 s. The radiation dose was taken D ~ 6 × 1016 ion/m2 to pro-
vide (on average) one ion per element with an area of 4 × 4 nm. Thus, the formation 
of separate single stages of displacement in the volume of the material was achieved. 
The analysis of ion micrographs of the surface showed the formation of such radia-
tion defects as disordered zones and segregation of copper atoms [18]. The average 
size of the disordered zones was estimated from the analysis of the structure in the 
amount of between four samples which is 4 × 4 × 1.5 nm. Disordered zones were 
found in the form of a violation of the ion contrast of the ring pattern of the image 
of the surface of an atomically ordered alloy. The ionic contrast of Cu3Au alloy in the 
ordered state is similar to the ionic contrast of the pure metal surface, because this 
contrast is formed only by gold atoms. The contrast of radiation defects was observed 
in the process of controlled removal of surface atoms to the depth of disordered 
zones. The experimentally measured average size of the zones coincided with the 
calculated one in order of magnitude. The calculated diameter of the displacement 
cascade was 5–11 nm. The latter was calculated as the mean free run of PVA in the 
approximation of the spherical shape of the cascade region. It can be assumed that 
the real size of the cascade regions (taking into account the mean free path of atoms 
knocked out of the cascade nucleus and occupying intervals that cannot always be 
reliably identified by FIM), apparently, is slightly larger than the experimentally 
measured size.

During the analysis of the ion contrast of the defective regions, only segregation 
of copper atoms was found. The contrast from the segregation of copper atoms is 
observed as a dark region due to the absence of images from copper atoms in the 
ionic images of ordered Cu3Au. It was found that the segregation of copper atoms 
is three-dimensional and usually contains 200–500 atoms. The analysis of the ionic 
contrast of the dark area boundaries shows that the possible number of vacancies 
in the segregation is insignificant.As a result of neutron bombardment of platinum 
to a fluence of 6.7 × 1021 m−2 (E > 0.1 MeV), the structural state of pure metal has 
changed; this follows from Figure 12, where the atomically pure surface of irradi-
ated platinum is recorded. Defective regions of the surface marked by ovals on 

Figure 11. 
Same as in Figure 10: (a) at a depth of 2 nm from the irradiated surface (arrows indicate isolated vacancies 
and interstitial atoms); (b) at a depth of 1.5 nm from the surface (the depleted zone is shown).
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microphotographs are the result of the interaction of neutrons with atoms in the 
crystal lattice. As a rule, the defects detected in the course of piecewise removal of 
surface platinum atoms by an electric field have the form of individual vacancies, 
small vacancies complexes, and individual atoms displaced from equilibrium posi-
tions (crystal lattice sites) [16].

Analysis of the structural state of pure Pt after neutron bombardment with a 
fluence increasing to 6.7 × 1022 m−2 (E > 0.1 MeV) revealed the presence of a large 
number of crystal lattice defects, which is visually demonstrated in Figure 12. As 
a result of controllable removal of surface atoms of platinum by an electric field, 
radiative clusters in the form of 3D “loose” regions containing a large number 
of point defects (individual vacancies, interstitial atoms, and small vacancies 
complexes) were detected apart from single point defects and their aggregates. 
Figure 12-I shows the ion contrast of a typical actual spatial distribution of distor-
tions in the Pt crystal lattice after the interaction with fast neutron beams in the 
course of controllable removal of surface atoms. The corresponding schematic 
chart is shown in Figure 12-II. Analysis of the ion contrast of the defective region 
under investigation showed that the latter is a depleted zone (region with a locally 
elevated concentration of vacancies) with the “belt” of interstitial atoms. This 
observation confirms the hypothesis [17] according to which a cascade in the metal 
evolves so that a large number of atoms are carried away from its central part (the 
most perturbed region) by chains of substitutions. According to our estimates, 
the average concentration of vacancies in depleted zones amounts to 9%, while the 
concentration of interstitial atoms is 1.5%.

We have made an attempt at clarifying the spatial geometry of depleted 
zones in platinum bombarded by fast neutrons to a fluence of 6.7 × 1022 m−2 
(E > 0.1 MeV). The shape of depleted zones was analyzed in the standard regime 
by controllable evaporation of atomic layers by an electric field for determining 
the characteristic anisotropy. As a result of quantitative analysis of the geometry of 
defective regions, no anisotropy in the shape of depleted zones has been revealed. 
Experimental data show that the configuration of these zones does not correspond 
to any simple geometrical figure because vacancies constituting these zones are 
arranged extremely irregularly.

Figure 12. 
Regions of sequential field ion images of the platinum surface bombarded by neutrons (I) and corresponding 
scheme of spatial distribution of defects (II). The depleted zone formed as a result of sequential controllable 
removal of atomic layers (a–c): (a) initial distribution; (b) differs from (a) by 1 ac; (c) differs from (b) by 
2 ac; (d) differs from (c) by 2 ac: ●, vacancy; ○, interstitial atom.
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Analysis of a large number of microphotographs of the irradiated platinum 
surface has made it possible to measure the sizes of distorted regions (determined 
either by calculating the radii of curvature or the tip of the emitter and correspond-
ing linear distances or by calculating the number of atomic layers evaporated by 
the field), to construct the histogram of their size distribution (Figure 13), and to 
determine the average diameter of a radiation cluster, which amounted to 3.8 nm.

Apart from dimensional characteristics of clusters, we estimated their concen-
tration. The experimentally determined number density of such radiation-induced 
distortions in the bulk was 4 × 1024 m−3.

After the bombardment of platinum to a fast neutron fluence of 6.7 × 1021 m−2 
(E > 0.1 MeV), a defective structure formed, which was characterized by an 
elevated concentration of single point defects and their complexes with sizes com-
parable to the atomic spacing. As the fluence increased to 6.7 × 1022 m−2, radiation 
clusters (depleted zones with a belt of interstitial atoms) appeared in the irradiated 
platinum; the average size of these clusters was 3.8 nm.

As a result of a direct study of the atomic structure of radiation defects in the 
near-surface volumes of metal materials, quantitative estimates of the size, shape 
and volume fraction of individual cascades of atomic displacements are obtained. 
At the atomic-spatial level, the analysis of radiation defects of various types after 
neutron and ion irradiation was carried out. The formation of such defects is due 
to the development of single cascades of atomic displacements and the ongoing 
relaxation processes of radiation-stimulated diffusion and segregation.

3.5 Analysis of the mechanisms of radiation-induced effect of nanostructuring

Prior to irradiation of pure platinum with beams of charged Ar+ particles, 
the tip samples were certified in FIM, that is, they had an atomically smooth 
surface. Ionic contrast from these samples had virtually no violations of ring 
patterns (Figure 14a).

Figure 13. 
Size distribution of radiation clusters in platinum bombarded by neutrons (6.7 × 1022 m−2).
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Figure 14. 
Neon FIM mages of Pt points (a) in the initial (attested) state, (b) upon irradiation with 30 keV Ar+ ions to 
F = 1016 ion/cm2 (T = 70°C), and (c) upon irradiation with 30 keV Ar+ ions to F = 1017 ion/cm2 (T = 200°C). 
Arrows indicate the typical ion contrast of nanoparticle boundaries and stacking faults.

After Pt irradiation with E = 30 keV, F = 1016 ion/cm2, the ring contrast pattern 
changed significantly (Figure 14b). On the image of the surface, there were viola-
tions of the ring pattern of ion contrast, which are proof of defects in the volume 
of the material. Changes in ionic contrast (Figure 14a and b) metal in the initial 
(certified) and irradiated state register a block nanoscale structure in the near-
surface volume of the material. This block structure was observed in a layer 1.5 nm 
thick from the irradiated surface.

In [4], a quantitative analysis of the nanoblock size distribution in the irradi-
ated to fluence F = 1016 ion/cm2 near-surface volume (V ≈ 250 nm3) of platinum 
was performed. The linear method of Rosival, based on the Cavalier-Acker 
principle, was chosen for the determination of nanoblock volume fractions of 
different sizes.
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Analysis of ionic contrast image of atoms in nanobiotech (Figure 14b) showed 
that atoms are located almost at the nodes of the crystal lattice. The blocks them-
selves were disoriented relative to each other. It is obvious that the target is a single 
crystal of platinum (the object of study in the microscope, having a radius of curva-
ture of 30–50 nm, is almost always a single crystal). Therefore, the authors suggest 
that the main mechanism of formation of the nanostructured state at 1016 ion/cm2 
fluence is associated with the phenomenon of channeling [19].

The effect of the formation of a block nanocrystalline structure varies in the 
size range with increasing fluence to F = 1017 ions/cm2 (Figure 14c). The size of the 
blocks increases to 1–5 nm and is observed in the near-surface layer with a thickness 
of at least 20 nm from the irradiated surface.

From the experimental data obtained, the transverse and longitudinal dimen-
sions of nanocrystalline blocks (Figure 15) and the width of the boundary area 
between the nanoblocks were determined. The width of the boundary region, 
according to our estimates, varied from 0.4 to 0.8 nm at various sites of nanoblock 
boundaries in irradiated platinum.

Ionic contrast observed on the irradiated platinum surface shows typical con-
trast for grain boundaries and stacking faults [14]. This contrast is characteristic 
and is observed in the images of almost all faces of nanocrystals (Figure 15).

Based on this, it follows that at F = 1017 ions/cm2, the mechanism of formation of 
the nanoblock structure in the body of the material changes.

It was previously shown [20, 21] that similar nanocrystalline block structures 
can also be formed as a result of intense plastic deformation. Based on these data, 
it can be assumed that the nanoblock structure found in this work is (with an 
increase in the fluence to F = 1017 ion/cm2) the result of deformation processes 
occurring in the material during ion irradiation and in the subsequent period of 
time after irradiation.

Experimental results obtained in [22] can serve as confirmation of such inter-
pretation of the phenomenon of formation of the nanostructured near-surface 
layer. The authors [22] claim that point defects, dislocation loops, and dislocations 

Figure 15. 
Variation of the average block size in depth of the transverse cross section of a sample irradiation with 30 keV 
Ar+ ions to F = 1017 ion/cm2.
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are generated in the surface layer doped during ion implantation. Dislocation 
substructures (DSS) can also be formed in the near-surface zone. According to the 
classification of DSS [23], nanostructural states may also occur as a result of irradia-
tion during complex dislocation evolutions.

Therefore, one of the proposed mechanisms of the nanostructural states in 
the near-surface volume of pure metals irradiated to F = 1017 ion/cm2 can be the 
deformation model.

As a result, the effect of ion implantation on the crystal structure of platinum 
was studied experimentally, on the atomic-spatial scale, when the irradiation 
parameters (energy, ion current density, and radiation dose) were changed by 
accelerated beams of charged argon ions. The mechanism of occurrence of nano-
structured states in the near-surface volume of metals in the nanometer range from 
the irradiated surface is analyzed from the data obtained in FIM.

It is shown that the modification of the crystal lattice in the near-surface volume 
of irradiated platinum depends on the modes of irradiation by charged, accelerated to 
30 keV, Ar+ ions. At fluence F = 1016 ion/cm2, the phenomenon of nanostructurization 
of the near-surface volume can most likely be explained by the channeling effect.

An increase in the fluence by an order of magnitude leads to a change in the 
mechanisms of nanostructures in the irradiated volume. The observed deforma-
tion character of the ion contrast of the metal surface, registered in the process 
of controlled sequential removal of atomic layers, and the subsequent analysis 
of the state of the near-surface volume from the experimental data, allows us 
to judge the prevalence of the deformation model explaining the mechanism of 
nanostructurization.

Thus, modification in the nanometer range of the near-surface volume of irradi-
ated metals occurs due to several mechanisms. In particular, for fluence F = 1016 
ion/cm2 (E = 30 keV), the main contribution is made by the channeling effect. 
Increasing the fluence by an order of magnitude leads to the predominance of the 
deformation mechanism in the formation of nanostructured States in the near-
surface volume of the metal.

It can be assumed that the formation of nanostructured states in the near-
surface volume of the material as a result of implantation will lead to a significant 
increase in the physical and mechanical properties of the irradiated substances.

4. Summary

Diagnostics of the irradiated crystal structure of metal materials was carried out 
by field ion microscopy.

Determine the modes of radiation exposure for creating amorphized states in 
subsurface volume of platinum. It is shown that the radiation effect on pure met-
als with E = 30 keV when the fluence of charged argon ion beams changes by two 
orders of magnitude (from 1016 to 1018 ion/cm2) significantly affects the kinetics of 
defect formation in the near-surface volume of irradiated materials. It was found 
that the phenomenon of metal amorphization in the near-surface volume occurs up 
to 12 nm in the depth of the sample with an increase in the fluence to 1018 ion/cm2, 
at the above irradiation energies.

The threshold of formation of nanopores in the irradiated platinum was 
 established. The threshold in the irradiated platinum corresponds to the fluence 
F = 1017 ion/cm2. The size of the nanopores was determined: in the transverse, from 
1 to 5 nm, and longitudinal (in the depth of the target), from 1 to 9 nm. It was found 
that up to 40% of the nanopores are concentrated in the near-surface layer with a 
thickness of 10 nm.
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It is shown that the interaction of fast neutrons (E > 0.1 MeV) F = 6.7 × 1021 m−2, 
F = 3.5 × 1022 m−2 with the substance leads to the formation in the platinum volume 
of the same radiation damage that occurs after ion irradiation with charged ion 
beams Ar+ C E = 30 keV, F = 1016 ion/cm2, and is observed in Pt at a depth of about 
1.5–2 nm (respectively, F = 6.7 × 1021 m−2 and F = 3.5 × 1022 m−2) from the irradiated 
surface. As a result, the effect of neutron irradiation by charged ion beams on the 
basis of the appearance of a certain structure of radiation damage in the material is 
experimentally simulated.

The results of atomic-spatial study of radiation defect formation in near-surface 
volumes of materials initiated by neutron irradiation, Pt: E > 0.1 MeV, and ion 
implantation, Cu3Au: E = 40 keV, F = 1016 ion/m2, j = 10−3 A/cm2, are presented. 
Quantitative estimates of the size, shape, and volume fraction of atomic displace-
ment cascades formed under different types of irradiation in the near-surface 
layers of materials are presented. It is shown that the average size of radiation 
clusters after irradiation of platinum to the fast neutron fluence of 6.7 × 1022 m−2 
(E > 0.1 MeV) was about 3.8 nm. Experimentally established average size of radia-
tion clusters (disordered zones) of the alloy after ion irradiation amounted to the 
value of 4 × 4 × 1.5 nm3.

The mechanisms of radiation-induced effect of nanostructurization of near-
surface volumes of metals are analyzed. It is assumed that the modification of the 
surface volume of metals in the nanometer range when interacting with charged 
particle beams Ar+ occurs due to several mechanisms. In particular, for fluence 
F = 1016 ion/cm2 (E = 30 keV), the main contribution is made by the channeling 
effect. Increasing the fluence by an order of magnitude leads to the predominance 
of the deformation mechanism in the formation of nanostructured states in the 
near-surface volume of the metal.
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