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1.1  IntroductIon

A grand variety of old and modern techniques is used nowadays for processing materials and com-
posites, including classic methods of wet chemistry, high-temperature sinterization, arc discharge 
and other electrochemical processes, microwaves and ultrasound, chemical vapor deposition, and 
flame synthesis among many others (Hinklin and Lu, 2009; Yi et al., 2010). During the last 20 years, 
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2 Radiation Synthesis of Materials and Compounds

a considerable attention has been paid to the fabrication of nanomaterials and nanocomposites 
(Schodek et al., 2009). At the same time, among the techniques based on various types of irradiation, 
only laser ablation and UV radiation are relatively common methods in comparison with the 
application of classic ionizing radiation. However, the ionizing radiation is also a high-efficiency 
tool, which can be successfully applied for obtaining novel materials and for the modification of 
those already known. Various aspects of the interaction of ionizing radiation with matter have been 
recently discussed in a series of books and chapters (Lilley, 2001; L’Annunziata, 2003; Mozumder 
and Hatano, 2003; Leroy and Rancoita, 2009; Kharisov et al., 2012; Nikjoo et al., 2012), reviews 
(Ehlermann, 2002; Bertoni, 2003; Turner, 2004, 2005; Drobny, 2005; Koprda, 2005; Inokuti, 2006; 
Park, 2006; Chmielewski, 2007; Banhart, 2008; Trapp and Johnston, 2008; Savchenko and Dmitriev, 
2010; Shpak and Molodkin, 2010), and educational sites (Larson, 2012; Nave, 2012; Piccard, 2012; 
Sprawls, 2012).

In this introductory chapter, we present the types and main properties of the ionizing radiation 
and general description of its interaction with matter. In addition, taking into account that some 
other chapters of the present book are dedicated, in particular, to the synthesis of materials using 
β-particles and γ-irradiation, here in the present chapter we will carry out the analysis of examples 
of more rare application of α-particles, x-rays, neutrons, protons, and ion beams for obtaining vari-
ous materials, composites, and chemical compounds.

1.2  BrIef classIc descrIptIon of IonIzIng radIatIon

1.2.1  Types of IonIzIng RadIaTIon

According to the classic definition, ionizing radiation (Figure 1.1) is a flux of subatomic particles 
(e.g., photons, electrons, positrons, protons, and nuclei) that cause ionization of atoms of the 
medium through which the particles pass. The radiation is isotropic: leaving the atom, it cannot go 
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fIgure 1.1  Ionizing and nonionizing radiations. (From http://www.epa.gov/rpdweb00/understand/ionize-
nonionize.html)
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3Main Ionizing Radiation Types and Their Interaction with Matter

in one direction. Ionization means the removal of electrons from atoms of the medium. In order 
to remove an electron from an atom, a certain amount of energy must be transferred to the atom. 
According to the law of conservation of energy, this amount of energy is equal to the decrease in 
kinetic energy of the particle that causes ionization. Therefore, ionization becomes possible only 
when the energy of incident particles (or of the secondary particles that may appear as a result of 
interactions of incident particles with matter) exceeds a certain threshold value—the ionization 
energy of the atom. The ionization energy for gas molecules is usually of the order of 34 eV 
(1 eV = 1.6022 × 10−19 J).

Ionizing radiation (Table 1.1) may be of distinct nature. The directly ionizing radiation is 
composed of high-energy charged particles, which ionize atoms of the material due to Coulomb 
interaction with their electrons. Such particles are, e.g., high-energy electrons and positrons 
(β-radiation), high-energy 4He nuclei (α-radiation), and various other nuclei, e.g., accelerated 
metal ions (ion beams). Indirectly ionizing radiation is composed of neutral particles that do not 
directly ionize atoms or do that very infrequently, but due to interactions of those particles with 
matter, high-energy free charged particles are occasionally emitted. The latter particles directly 
ionize atoms of the medium. Examples of indirectly ionizing radiation are high-energy photons 
(ultraviolet, x-ray, and gamma radiation) and neutrons of any energy (neutrons are special and 
interact only with nuclei).

Main types of radioactive decay are as follows: (1) α-decay (e.g., 226
88Ra → 222

86Rn + α), which is 
typical for radioactive elements with high atomic number Z; (2) β-decay (e.g., 140

56Ba → 140
57La + β−), 

which is typical for many radioactive isotopes having relative excess of neutrons in the nucleus; 

taBle 1.1
Main radiation types and their sources

Irradiation type/description sources/equipment used for the synthesis of composites

Ionizing Radiation

Alpha (α, helium nuclei), 4–9 MeV α-emitting isotopes and accelerators of elemental particles

β−/e− beam (β− particles or accelerated electrons), 
velocity less than the velocity of light, energy 
10 keV–10 MeV (positrons β+ belong to the 
same range)

Electronic accelerator

Gamma (γ)-rays (velocity 3 × 108 m/s in free space), 
wavelength < 0.1 nm, energy > 10 keV

60Co

X-rays, wavelength 10–0.001 nm, energy 
100 eV–1 MeV

Synchrotron radiation source

Neutrons (n)
Thermal neutrons <0.4 eV
Intermediate neutrons 0.4 eV–200 keV
Fast neutrons >200 keV

Nuclear reactor and laboratory sources: 252Cf, 241Am/Be {(α;n) 
reaction on the beryllium: 9Be(α;n)12C}.

Neutron generators (neutron source devices that contain 
compact linear accelerators and that produce neutrons by 
fusing isotopes of hydrogen together): 
D + D → 3He + n (2.5 MeV) D + T → 4He + n (14.1 MeV)

Protons (p) Cyclotron

Ion beam {swift heavy ions: positively charged ions of a 
series of metals (Ni, Ag, Li, Ge, Co), C, Si, O, inert 
gases, etc.}

Cyclotron resonance ion source

Nuclear fragments and recoil nuclei, energy 1–100 MeV

Ultraviolet (UV) light (whole range 400–15 cm−1): UV 
radiation with wavelengths shorter than 124 nm 
(mid-vacuum UV) is ionizing radiation

High-power UV lamps
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4 Radiation Synthesis of Materials and Compounds

(3) β+-decay (e.g., 13
7N → 12

6C + β+), which is observed mostly in case of artificial radioactive iso-
topes having excess of protons; (4) K-capture (e.g., 64

29Cu → 64
28Ni), which is also observed mostly 

in case of artificial radioactive isotopes having excess of protons (this type of decay depends 
very slightly on the chemical state of the transforming atoms; characteristic x-ray irradiation or 
Auger electrons could also accompany this process); (5) isomer transition (e.g., 80*

35Br → 80
35Br + γ) 

(strictly, this is not a type of radioactive decay); (6) emission of proton or neutron (strictly, this 
is not a type of radioactive decay), or spontaneous fission. Emission of neutron can take place in 
the decay chain, when the energy of excitation of daughter nucleus exceeds the bond energy of 
the neutron (reaction 1.1). Spontaneous fission is the classic case for uranium, whose nucleus can 
be divided into two light nuclei, e.g., 56Ba–36Kr, 54Xe–38Sr, and two to three neutrons. In addition 
to these neutrons (prompt neutron is a neutron immediately emitted by a nuclear fission event), a 
delayed neutron decay can occur within the same context, emitted by one of the fission products 
anytime from a few milliseconds to a few minutes later. Similarly, after β+-decay, a delayed proton 
can be emitted.

 
137

53
137

54
136

54I - Xe - Xe( ) ( )β− → →n  (1.1)

γ-Irradiation is a special type of decay only by isomer transition. Very frequently, other types of 
decay are accompanied by γ-irradiation. γ-Rays, emitted by excited nucleus, could interact with 
orbital electron and eliminate it from the atom. This process is known as internal conversion of 
γ-irradiation. This process can be easily discovered, since the conversion electrons (e−) possess 
lineal spectrum, which is different from the continuous spectrum of β–particles. The internal con-
version is always accompanied by characteristic x-ray irradiation, appearing as a result of the sec-
ondary filling of the electronic shell.

In addition, Goldanskii in 1960 predicted ground-state two-proton (2p) emission (Goldanskii, 
1960). Modern theories predicted 45Fe, 48Ni, and 54Zn to be the best candidates (Brown, 1991; Cole, 
1996; Ormand, 1996). Also it is necessary to mention cluster decay (also named heavy-particle 
radioactivity or heavy-ion radioactivity), which is a type of nuclear decay in which a parent atomic 
nucleus with A nucleons and Z protons emits a cluster of Ne neutrons and Ze protons heavier than an 
alpha particle but lighter than a typical binary fission fragment (although ternary fission into three 
fragments produces products that overlap cluster decay). A chemical transformation of the parent 
nucleus leads to a different element, the daughter, with a mass number Ad = A − Ae and atomic 
number Zd = Z − Ze, where Ae = Ne + Ze. For example, 223

88Ra → 14
6C + 209

82Pb (Poenaru and Greiner, 
2011). This type of rare decay mode was observed in radioisotopes that decay predominantly by 
alpha emission, and it occurs only in a small percentage of decays for all such isotopes. The cluster 
decay is one of the most important discoveries of the twentieth century.

The mechanism of interaction of particles with matter depends on the nature of the particles 
(especially on their mass and electric charge). Depending on the manner in which particles interact 
with matter, four distinct groups of particles can be defined:

 1. Heavy charged particles (such as α-particles and nuclei)
 2. Light charged particles (such as electrons and positrons)
 3. Photons (neutral particles with zero rest mass)
 4. Neutrons (neutral heavy particles)

1.3  InteractIon of IonIzIng radIatIon wIth Matter

1.3.1  nucleaR ReacTIons upon passIng IRRadIaTIon ThRough The MaTTeR

Nuclear reactions (which are not the same as radioactive decay), according to current ideas, take 
place in two steps: (1) fusion of the bombarding particle with the nucleus (∼10−21 s) and formation 
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5Main Ionizing Radiation Types and Their Interaction with Matter

of a compound-nucleus; and (2) decay of the excited compound-nucleus forming reaction products 
(Lukiyanov et al., 1985). The compound-nucleus exists, before its decay, ∼10−12 s. The decompo-
sition of the compound-nucleus rarely takes place in a single reaction course; in general, several 
reaction paths are possible. For example, the interaction of 27

13Al with neutrons under bombardment 
leads, through formation of the 28

13Al compound-nucleus, to five types of reactions: (n,2n), (n,n), 
(n,γ), (n,p), and (n,α).

It is well known that nuclear reactions are divided into several types depending on the type of 
bombarding particles. The following reactions are possible: by action of neutrons n, protons p, 
deuterons d, tritons t, α-particles and more heavy nuclei, as well as γ-rays. The energy of bombard-
ing particles has a considerable role. If the reaction takes place using charged particles (or charged 
particles or neutrons are formed as a result of reaction), the bombarding particle must have a definite 
minimum energy to overcome the potential barrier (threshold of the reaction). Such reactions are 
called threshold reactions. Those reactions that take place at any (even very low) energies of bom-
barding particles are nonthreshold (for instance, the reaction (n,γ)).

The type and energy of bombarding particles determine directions of nuclear reactions. The 
reactions (n,n), (p,p), (α,α) are particular cases of inelastic dispersion of the bombarding particle. 
As a result of such reactions, only nuclear isomers can be formed. If the bombarding and emitted 
particles have the same charge, the isotopes of the irradiated element are formed. This is resulted by 
the reactions (n,γ), (n,2n), (d,p), (t,p), (γ,n). The majority of nuclear reactions lead to the formation of 
nuclei, different from the initial nuclei by their atomic number. The nuclear mass can be conserved, 
as, e.g., in the reactions (n,p), (p,n), (d,2n), or be changed, decreasing or increasing, for instance, for 
the reactions (n,α), (n,np), (n,f), (p,α), (p,γ), (d,n), (t,n), (α,n), (α,p) (Zaborenko et al., 1964).

In order to obtain flows of charged particles of a definite energy, the accelerators (for instance, 
cyclotron) are used. The irradiation with neutrons is carried out in reactors, where powerful flows 
of neutrons are formed due to the reaction (n,f). At laboratory scale, small sources of neutrons are 
used, e.g., Ra–Be (reaction 9Be(α,n)12C, ∼107 neutrons/s, but under a considerable γ-“background”) 
or Po–Be (not only less danger of γ-radiation, but also less neutron yield and low half-life of 210Po 
[140 days]). Neutron energies for these sources are in the range of 1–8 MeV. To get thermal neutrons, 
these sources are put inside a moderator, for instance, water or paraffin hydrocarbon.

1.3.2  InTeRacTIon of chaRged paRTIcles wITh MaTTeR

1.3.2.1  Interaction of α-particles with Matter
The penetrative capacity of the irradiation is determined by the character of interaction irradia-
tion with matter; this is important both for selection of its registration technique and for solution 
of problems of radiation safety. When the irradiation passes through the matter, its energy is spent 
mainly for ionization and excitation of atoms and molecules of the substance. α-Particles possess 
low penetrative capacity and strong ionizing action. Their penetration is described by the magnitude 
of path: the length of trajectory in a given substance. The routes of α-particles are usually direct. 
The distribution of α-particles in the thickness of the layer of absorbing gas is shown in Figure 1.2. 
Due to the nonhomogeneity of absorbing substance, not all α-particles, having equal initial energy, 
result in equal path. So, more exact determination of path magnitude is carried out by differentiation 
of curve 1, showing the distribution of the number of α-particles in the route length. The abscissa 
of the maximum of the differentiation curve 2 gives the magnitude of medium path of α-particles 
in substance.

1.3.2.2  Interaction of β-particles with Matter
In the case of β-particles, their ionizing action in a unit of route length (specific ionization) is less, 
and their penetrative capacity is accordingly more in comparison with α-particles. Passing through 
the matter, the β-particles easily disperse. As a result, the trajectories of β-particles in substances 
exceed 1.5–4 times the thickness of the passed layer. So, the path of β-particles in a substance 
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6 Radiation Synthesis of Materials and Compounds

corresponds to the minimal thickness of the absorbent, when almost all electrons of the initial fluent 
are retained. Since the β-irradiation has continuous energetic spectrum, the penetrative capacity of 
β-particles is characterized by the magnitude of their maximum path Rmax. This magnitude corre-
sponds to the path of β-particles with maximum energy in a substance.

The summary process of absorption and dispersion of β-particles is called weakening. The curve 
of dependence of the number of particles (N), passing through the absorbent with a given thickness, 
on the thickness of weakening layer d is shown in Figure 1.3. In order to determine the magni-
tude of maximum energy of β-spectrum, it is possible to measure the layer of half-weakening of 
β-irradiation (d1/2). This magnitude corresponds to the thickness of the absorbent, decreasing the 
initial number of particles to one half. For rough evaluation of d1/2, the formula Rmax = 7.2d1/2 can 
be used.

When an electron flow arrives at the surface of a material, a part of particles can be reflected on 
the angle major 90°. This effect is named as reverse dispersion of electrons and used to resolve a 
series of applied problems, e.g., to determine the width of films. The same effect could be a source 
of methodical errors, in particular working with electron flows, leading to an increase in the number 
of particles, and moving to the counter due to their dissipation in the material.

N

dN
dl

1

R
I(cm)

2
– ——

fIgure 1.2  Dependence of the number of α-particles on the distance from the source. N is the number 
of α-particles on the distance l; −dN/dl is the number of α-particles with the path l; R is the medium path of 
α-particles.

N

Rmax d

fIgure 1.3  Curve of attenuation of β-irradiation.
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7Main Ionizing Radiation Types and Their Interaction with Matter

1.3.2.3  Interactions of protons with Matter
Within the energy range of importance in proton therapy (from stopping protons to ≈250 MeV), it is 
convenient to consider two energy intervals separately (Sjirk Niels Boon, 1998):

 1. Low energy: below ≈0.5 MeV, protons can pick up orbital electrons and form hydrogen. 
Also energy can be lost to atomic nuclei due to electromagnetic interactions (nuclear stop-
ping power). These are complicated processes, but fortunately they play a role only at the 
very last micrometers of a proton track. It is important for the subject of microdosimetry, 
which deals with the energy loss process on a microscopic scale (e.g., the study of the effect 
of ionizing radiation on DNA) (Gottschalk, 2011).

 2. High energy: for proton energies between ≈0.5 and 250 MeV, the atoms in the stopping 
medium can be excited or ionized. The collision process is well understood, and in prin-
ciple the stopping power can be calculated theoretically.

1.3.2.4  cherenkov radiation
There is another mechanism by which charged particles can produce electromagnetic radiation. 
When the particle moves faster than the speed of light in the material, it generates a shock wave of 
electromagnetic radiation similar to the bow wave produced by a boat traveling faster than the speed 
of water waves. Cherenkov radiation (Figure 1.4) does not occur at all if the particle’s speed is less 
than the speed of light in the material. Even at high energies, the energy lost by Cherenkov radiation 
is much less than that by the other two mechanisms, but it is used in radiation detectors where the 
ionization along the track cannot be conveniently measured, e.g., in large volumes of transparent 
materials. Flashes of Cherenkov light are produced when cosmic rays enter the Earth’s atmosphere.

1.3.2.5  Bremsstrahlung
Bremsstrahlung is an electromagnetic radiation produced by the deceleration of a charged particle 
when deflected by another charged particle, typically an electron by an atomic nucleus. The moving 
particle loses kinetic energy, which is converted into a photon because energy is conserved. The 
term is also used to refer to the process of producing the radiation. Bremsstrahlung has a continuous 
spectrum, which becomes more intense and shifts toward higher frequencies when the energy of 

Speed ν> speed of light in material
Charged particle

Cherenkov radiation

cos θ = –—

θ

c
νn

fIgure 1.4  The speed v of the charged particle is greater than the speed c/n of light in the material; n is 
the refractive index.
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8 Radiation Synthesis of Materials and Compounds

the accelerated particles is increased. Strictly speaking, bremsstrahlung refers to any radiation due 
to the acceleration of a charged particle, which includes synchrotron radiation and cyclotron radia-
tion; however, it is frequently used in the more narrow sense of radiation from electrons stopping 
in matter.

1.3.2.6  overview of the electromagnetic Interactions of charged particles
The electromagnetic interactions of charged particles with a kinetic energy in the range 100 keV to 
a few 10 MeV are summarized in the following (Tavernier, 2010).*

Electrons: Electrons lose energy by exciting and ionizing atoms along their trajectory. Per centi-
meter, electrons will lose about 2 MeV multiplied by the density. Electrons typically travel several 
centimeters before losing all their energy. The trajectories of electrons are erratically twisted due 
to multiple scattering. They will also lose a significant fraction of their energy by bremsstrahlung, 
particularly at higher energies. If the energy exceeds 264 keV, electrons show Cherenkov radiation 
in water.

Positrons: Positrons behave in exactly the same way as electrons except that, after coming to rest, a 
positron will annihilate with electrons that are always present. This annihilation gives rise to a pair 
of back-to-back gamma rays of 511 keV.

Alpha particles: The energy loss of alpha particles is much larger than that of electrons. It is of 
the order of 1000 MeV/cm times the density of the medium. As a result, alpha particles travel only 
tens of micrometers in solids and a few centimeters in gases. The trajectory of alpha particles is 
approximately straight.

Protons: Protons ionize much more than electrons but less than alpha particles. The range in solids 
is of the order of 1 mm. The trajectory of protons is approximately straight.
Nuclear fragments: Nuclear fragments show extremely high ionization, and therefore the range of 
such nuclear fragments is typically only a few micrometers long.

1.3.3  InTeRacTIon of gaMMa RadIaTIon wITh MaTTeR

As in the case of charged particles (e.g., electrons, protons, α-particles), interaction of photons of 
γ-radiation with matter is of electromagnetic nature. However, the exact physical mechanism of that 
interaction is quite different than that in the case of charged particles because of the following:

 1. Photons do not have electric charge; therefore, they do not participate in Coulomb interac-
tion. Photon interaction cross section is much smaller than interaction cross sections of 
charged particles.

 2. The photon rest mass is zero; therefore, their velocity is always equal to the velocity of 
light. That is, photons cannot be slowed down in matter (unlike charged particles). Photons 
can be only scattered or absorbed.

Photon absorption is an interaction process when the photon disappears, and all its energy is trans-
ferred to atoms of the material or to secondary particles. Photon scattering is an interaction process 
when the photon does not disappear, but changes the direction of its propagation. In addition, the 
scattered photon may transfer a part of its energy to an atom or an electron of the material. There 
are two interaction processes whereby a photon is absorbed and several types of scattering (of which 
one type is much more important than the others).

Photoelectric effect (Figure 1.5) is a type of interaction of a photon with an atom when the atom 
absorbs all energy of the photon (i.e., the photon disappears) and one of atomic electrons (called 

* The same reference describes the interactions of neutrino with matter (p. 49).
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9Main Ionizing Radiation Types and Their Interaction with Matter

photoelectron) is removed from the atom. The atomic cross section of the photoelectric effect is 
characterized by an especially strong dependence on the atomic number Z of the material and on 
photon energy. When photon energy is of the order of 100 keV, the just-mentioned cross section is 
approximately equal to σf ≈ 10−37 Z5/(hν)7/2, where the cross section σf is expressed in square meter 
and hν is the photon energy in megaelectron volt. It follows that photoelectric effect cross section 
rapidly increases with increasing atomic number Z and decreasing photon energy hν.

Compton scattering (Figure 1.6). From the quantum mechanical point of view, a scattering event 
is a collision of two particles—a photon and an electron or a photon and an atom. From the laws of 
conservation of energy and momentum, it follows that due to scattering by electrons of the material, 
photon energy must decrease (because a part of that energy must be transferred to the electrons). 
This effect, which was first described in 1922 by American physicist A. Compton, became one of 
the cornerstones of quantum mechanics, because it proved that electromagnetic radiation under cer-
tain circumstances behaves like particles. Such type of scattering, when photon energy decreases, is 
called Compton scattering. When photon energy is large (of the order of 10 keV or more), Compton 
scattering is the dominant scattering mechanism. Since a single Compton scattering event is a result 
of photon’s interaction with a single electron, the atomic Compton scattering cross section σC is 
equal to the electronic Compton scattering cross section σ times the number of electrons in an atom 
(the latter number is equal to the atomic number Z): σC = Zσ. By definition, σ does not depend on Z. 
Thus, the atomic Compton scattering cross section is directly proportional to the atomic number 
of the material. When the photon energy is sufficiently large (of the order of 100 keV or larger), 
σ decreases with increasing photon energy.

Electron–positron pair production (Figure 1.7). In the electric field of an atomic nucleus, a pho-
ton may stop existing by transforming all its energy into relativistic energy of two new particles—
a free electron and a positron (electron’s antiparticle). Since the recoil energy of the nucleus is 
relatively small, the law of conservation of energy during such an event can be written as follows: 

γ
(Low energy)

–

Photoelectron

fIgure 1.5  Photoelectric effect.

Atom

Incident
photon

Before

Weakly bound
electron

Ion

Scattered
photon

Electron
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fIgure 1.6  Compton scattering by a weakly bound electron.
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hν = m+c2 + m−c2, where m+c2 and m−c2 are the total relativistic energies of the positron and the 
electron, respectively (m+ and m− are the total relativistic masses of the positron and the electron). 
Since m+ and m− are always larger than the electron’s rest mass m0, it follows that pair production 
is possible only when photon energy is larger than two rest energies of an electron: 2m0c2 ≈ 1.02 
MeV. This is the so-called threshold energy of pair production. Although pair production becomes 
possible when photon energy exceeds the mentioned threshold value, the pair production cross sec-
tion σp exceeds the Compton scattering cross section σC only when the photon energy approaches 
and exceeds 10 MeV. At smaller photon energies, the frequency of pair production events is much 
smaller than the frequency of Compton scattering events.

It is necessary to mention that the positron, entering into the solid matter, forms a pair with the 
electron (positronium Ps), which itself (Ps) migrates to the solid phase (about 10−6–10−5 s). Meeting 
with defects of crystal structure, the electron and positron annihilate. This method can be used for 
the determination of defect and size distribution in solids. The diffusion coefficient of Ps is 0.1 cm2/s.

Electron–photon cascades (Figure 1.8). Bremsstrahlung by a high-energy electron results in 
a high-energy photon as well as a high-energy electron. Pair production by high-energy photons 
results in a high-energy electron and a high-energy positron. In both cases, two high-energy par-
ticles are produced from a single incident particle. Furthermore, the products of one of these pro-
cesses can be the incident particles for the other. The result can be a cascade of particles that 
increases in number while decreasing in energy per particle, until the average kinetic energy of the 
electrons falls below the critical energy. The cascade is then absorbed by ionization losses. Such 
cascades, or showers, can penetrate large depths of material.

The attenuation coefficient. The total cross section of interaction of a gamma radiation photon 
with an atom is equal to the sum of all three mentioned partial cross sections: σ = σC + σf + σp. 
Depending on the photon energy and the absorber material, one of the three partial cross sections 

γ
(E> 1.02 MeV)

γ

γ

Positron
(annihilated)

Electron–
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11Main Ionizing Radiation Types and Their Interaction with Matter

may become much larger than the other two. Then the corresponding interaction process is the dom-
inant one. Figure 1.9 shows the intervals of photon energy hν and atomic number Z corresponding to 
the case when one of the three interaction processes dominates. Obviously, the photoelectric effect 
dominates at small values of photon energy (1–100 keV), Compton scattering dominates at inter-
mediate energies (100 keV–1 MeV), and pair production dominates at high energies (above 1 MeV). 
The width of the energy interval corresponding to the Compton effect increases with decreasing 
atomic number of the material.

1.3.4  InTeRacTIon of neuTRons wITh MaTTeR

Neutrons, being uncharged, do not interact electromagnetically with electrons or nuclei in matter. 
Instead, the nuclear interaction with nuclei is the most common interaction, but this can occur only 
if the neutron comes within 1 fm of the nucleus. Hence, the attenuation coefficient for neutrons is 
small and neutrons can penetrate large amounts of matter. The main interaction processes are elas-
tic scattering {A(n,n)A}, inelastic scattering {A(n,n′)A*}, radioactive capture {A(n,γ)A + 1}, and other 
nuclear captures {A(n,2n)A − 1, A(n,p)A(Z − 1), A(n,np)A − 1(Z − 1), A(n,α), A(n,f)}.

Elastic scattering. In an elastic scattering process, kinetic energy and momentum are both con-
served. When a neutron scatters elastically from a nucleus, it gives some of its kinetic energy to the 
nucleus, but the nucleus does not go into an excited state: X + n → X + n. Since the neutron is small 
compared with most nuclei, it does not lose much energy in each collision and it can take many col-
lisions to lose its kinetic energy.

Inelastic and capture processes. This covers a number of different mechanisms. In all of them, 
some of the neutron’s kinetic energy is transferred to internal energy of the target nucleus, which 
is left in an excited state and later decays by emitting neutrons or gamma radiation: X + n → X* + n; 
X* → X + γ; A

ZX* → A−1
ZY + n, etc. For heavy target, nuclei fission may be the preferred break-up 

mechanism, e.g., AZX + n → Aa
ZaXa + Ab

ZbXb, where Z = Za + Zb and A = Aa + Ab + 1. The fission frag-
ments Xa and Xb are usually unstable and decay often producing more neutrons. The kind of reaction 
that occurs depends strongly on the energy of the neutron. The capture reactions occur much more 
readily for slow neutrons, the attenuation coefficient depending on the velocity as v−1. Thus capture 
processes are the most important for slow neutrons with kinetic energy less than 0.1 eV. On the other 
hand, scattering processes are the most important energy loss mechanism for fast neutrons with 
kinetic energies greater than about 100 keV.

Measurement of ionizing radiation. Standard survey meters are of two types: Geiger counters 
and ionization chambers. To accurately measure radiation, they must be calibrated by a known 
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radioactive source, ideally with a wavelength similar to that to be measured. To evaluate a rela-
tion between absolute and registered radioactivity, many factors should be taken into account 
(Lukiyanov et al., 1977): effectiveness of counters to β- and γ-irradiation, weakening of irradiation 
in the detector walls and in a layer between the substance and the detector, auto-weakening of irra-
diation, inverse dispersion of irradiation, correction according to the decay scheme of an isotope, 
geometric conditions of measurements, etc.

Dose units. Dosimetry and biological effects of radiation were recently discussed by Oliveira and 
Pedroso de Lima (2011). According to the classic data, all organisms are being exposed to ionizing 
radiation from natural sources all the time. The roentgen (R) is a unit of radiation exposure in air. 
It is defined as the amount of x-ray or gamma radiation that will generate 2.58 × 10−4 C (a measure 
of electric charge) per kilogram of air at standard temperature and pressure. The absorption of 
radiation depends on the nature of the absorbing material; thus, the actual energy transferred (i.e., 
ionization produced in the material) can differ considerably for different materials. Dosages are 
commonly expressed as R/h (roentgen per hour) or mR/h (milliroentgen per hour). We use two 
other units to measure this deposited energy. Radiation doses are typically given in units of rem—
an acronym for Roentgen equivalent man—or millirem (mrem), which is one one-thousandth of a 
rem (a sievert is equal to 100 rem). This unit was developed to allow for the consistent reporting of 
hazards associated with the various types and energies of radiation on the human body. The rem 
is the product of the absorbed dose in rads (i.e., the amount of energy imparted to tissue by the 
radiation, where 1 rad equals 0.01 J/kg) and factors for the relative biological effectiveness (RBE) 
of the radiation. The RBE is directly related to the linear energy transfer or distance over which 
the radiation energy is imparted to the absorbing medium and is accounted for by a quality fac-
tor. For example, α-particles are 20 times more hazardous than beta particles for the same energy 
deposition and hence have a quality factor of 20, whereas the quality factor for β-particles is 1. The 
International Commission on Radiological Protection has developed a methodology for reporting 
the effective dose equivalent. This is the product of the dose (in rem or mrem) to individual tissues 
and the tissue-specific weighting factors (fractional values less than 1) that indicate the relative risk 
of cancer induction or hereditary defects from irradiation of that tissue, summed over all relevant 
tissues. By use of the effective dose equivalent, it is possible to compare the relative radiation haz-
ards from various types of radiation that impact different organs of the body.

1.3.5  RecenT sTudIes on The InTeRacTIon of RadIaTIon wITh MaTTeR

Among the important classic contributions in the last years, we note a series of areas of interest, 
related to distinct elementary particles and dedicated, e.g., to basic energy transfer mechanisms 
and the consequences of ion impact on solids, such as scattering, sputtering, and radiation damage 
(Fink and Chadderton, 2005). Interaction of heavy charged particles with matter (Turner, 2007) 
and electromagnetic fields formed upon the interaction of ionizing radiation with matter (Valiev, 
2011) are also intensively studied. Sometimes, unexpected analogies are found. Thus, although the 
physics describing the interactions of neutrons with matter is quite different from that appropriate 
for hard x-rays and γ-rays, there are a number of similarities that allow analogous instruments to 
be developed for both types of ionizing radiation (Vanier, 2006). A pinhole camera, e.g., requires 
that the radiation obeys some form of geometrical optics, that a material can be found to absorb 
some of the radiation, and that a suitable position-sensitive detector can be built to record the spa-
tial distribution of the incident radiation. Such conditions are met for photons and neutrons, even 
though the materials used are quite different. Even though the Compton effect applies only to pho-
tons, neutrons undergo proton-recoil scattering that can provide similar directional information. 
Electron ejection from target atoms is one of the basic processes when ionizing radiation interacts 
with matter. The role of the primary ionization (binary encounter and soft electron emission), which 
is common to single atoms (gas targets) and condensed matter, was discussed (Rothard, 2004), 
with special emphasis to effects, which are seen only in condensed matter (electron transport and 
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13Main Ionizing Radiation Types and Their Interaction with Matter

multiple scattering effects, jet-like structures, wake effects due to collective excitation of plasmons), 
but not in gaseous targets (single collisions). A teaching module dealing with the thermal effects of 
interaction between radiation and matter, the IR emission of bodies, and the greenhouse effect has 
been provided (Besson et al., 2010). The module stresses the dependence of the optical properties of 
materials (transparency, absorptivity, and emissivity) on radiation frequency, as a result of interac-
tion between matter and radiation.

Space ionizing radiation is also an object of permanent studies. It is known that ionizing radia-
tion is an energy source capable of generating and altering complex organic matter. The effects 
of ionizing radiation on a set of 10 naturally occurring, terrestrial organic assemblages (bitumens) 
were revealed (Court et al., 2006). Progressive radiolytic alteration of biogenic complex–hydro-
carbon mixtures induces a decrease in the average size and extent of alkylation of polyaromatic 
hydrocarbons (PAHs) and an increase in the abundance of oxygen-containing compounds. These 
changes were attributed to reactions with free radicals, produced by ionizing radiation. Radiolytic 
alteration is also associated with increase in the mean combustion temperature of organic matter. 
Results supported proposals that extraterrestrial PAH may be formed by the cosmic irradiation 
of simple hydrocarbons in interstellar ices. In addition, processes with the use of carbon particles 
were studied. It is known that in the interstellar medium, dust grains evolve through exposure to 
UV photons, cosmic rays, gas, heat, and shocks. The results of laboratory studies on the interaction 
of atomic hydrogen with nanosized carbon particles under simulated interstellar conditions were 
discussed (Mennella, 2009). This interaction is one of the basic processes for the evolution of the 
interstellar organic matter during cycling of materials between dense and diffuse regions of the 
interstellar medium. Other carbon nanomaterials are also objects of intensive investigations. Thus, 
use of radiation techniques for synthesizing carbon nanomaterials based on fullerenes (Figures 1.10 
and 1.11), carbon nanotubes, and graphene sheets and their derivatives, which are promising for 
practical application due to their unique properties, was reviewed (Gerasimov, 2010). The radiation 
action of a high-energy electron beam on the carbon surface (soot, graphite, carbon films, etc.) gives 
rise to different single- and multilayer hollow structures corresponding to fullerenes or onions in 
shape and size. This process can be represented as the scaling of graphene fragments off the surface 
of a carbon sample due to the breaking of bonds between carbon atoms and to the formation, by 
radiation, of defects in the carbon structure followed by the turning of these fragments into small 
spherical shells, as shown in Figure 1.11. The intensity of the process increases with electron energy 
in the beam. The threshold energy below which no structural changes are observed in the sample 
lies in the interval of 40–80 keV.

Electron-beam irradiation

fIgure 1.10  Formation of fullerene-like shells above the graphite surface under electron-beam irradiation.
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1.4  synthesIs of MaterIals applyIng dIstInct types of radIatIon

1.4.1  IRRadIaTIon wITh α-paRTIcles

Alpha particles (helium nuclei 4
2He2+) possess classically a total energy of 3–7 MeV. They are a 

highly ionizing form of particle radiation and have low penetration depth (they are able to be stopped 
by a few centimeters of air). Currently, their damaging nature is used inside the body by directing 
small amounts toward a tumor. The alphas damage the tumor and stop its growth while their small 
penetration depth prevents radiation damage of the surrounding healthy tissue.

There are few examples of their application for synthesis and study of irradiated composites, 
mainly those of polymers. Sometimes, various irradiation types were used for comparison of pro-
duced effects. Thus, the effects of various types of ionizing radiation (γ-rays, electrons, protons, 
α-particles) on the gas evolution from carbon fiber-reinforced epoxy resin freshly prepared and after 
storage were studied long ago (Kulikov et al., 1993), resulting that the type of radiation had no effect 
on the evolution and composition of gases. The composites exhibited high radiation stability. CR-39 
and LR-115 plastics were exposed to alpha particles before being irradiated to gamma dose up to the 
dose of 1.25 MGy (Amin et al., 2000). The plastics were etched and the alpha track diameters were 
measured after each dose. The diameter of the tracks increased from 3.07 μm with no gamma dose 
to 85.66 μm when exposed to ∼250 kGy for CR-39. In LR-115, the diameter increased from 7.15 μm 
with no gamma dose to 24.30 μm after dose of ∼1.25 MGy. Chemical structure and morphological 
peculiarities of mesoporous film materials were obtained by the in situ synthesis of cross-linked 
polycyanurates via polycyclotrimerization of dicyanate ester of bisphenol E or A in the presence 
of linear reactive poly(ε-caprolactone) or poly(tetramethylene glycol), followed by their α-particle 
irradiation and a track-etching procedure (Fainleib et al., 2009). In comparison with other methods 
(e.g., using high-boiling phthalate porogens), this technique gave narrower pore size distributions 
(Grande et al., 2009). An example of inorganic system was reported (Ashurov et al., 1999), describ-
ing the analysis of experimental results on photo- and γ-luminescence of zircon crystals, exposed to 
γ-, α-, and neutron irradiations, as well as annealed natural and synthetic pure ZrSiO4 crystals was 
performed. An effect of different impurities was examined. A presence of defects was found to be 
responsible for the yellow luminescence in zircon with a maximum at 580–590 nm.

1.4.2  IRRadIaTIon wITh X-Rays

X-Rays, very common in medicine and in materials characterization, are not so frequently used 
for production or improvement of properties of materials and composites as the γ-rays or e-beam, 
described earlier. The products are elemental metals in the form of nanostructures, several 
oxides, and salts. Thus, reductant, stabilizer-free colloidal gold solutions were fabricated by a new 
room-temperature synchrotron x-ray irradiation method (Yang et al., 2006; Wang et al., 2007). 

fIgure 1.11  Zipper variant of the coagulation mechanism of formation of fullerenes from two aromatic 
fragments.
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The characterization included a study of the possible cytotoxicity for the EMT-6 tumor cell line: the 
negative results indicated that the gold clusters produced with this approach are biocompatible. The 
polyethylene glycol (PEG)-modified gold nanoparticle complex was prepared by synchrotron x-ray 
irradiation method (Wang et al., 2008). The size of PEG-modified gold particles was found to 
decrease with increasing PEG addition and x-ray dosage. The x-ray-prepared PEG–gold nanopar-
ticles could find interesting applications in nanoparticle-enhanced x-ray tumor imaging and therapy. 
By irradiating a solution in electroless Ni deposition using synchrotron x-rays, Ni composite was 
found to nucleate homogeneously and eventually precipitate in the form of nanoparticles (100–300 
nm) (Lee et al., 2003). By the addition of an organic acid, well-dispersed nanoparticles could be 
effectively deposited on glass substrate. The authors’ results suggested that synchrotron x-ray can 
be used to induce solution precipitation of nanoparticles and therefore lead to a method of produc-
ing nanostructured particles and coating. Ni–Au composite nanoparticles were prepared (Kim and 
Song, 2006) using synchrotron radiation, exposing a mixed electroless solution of Ni and Au to 
x-rays at two different temperatures, trying to nucleate Ni nanoparticles homogeneously at room 
temperature and to deposit Au subsequently on them at the higher temperature of 70°C. The forma-
tion of Ni–Au composite nanoparticles was confirmed by the observed ferromagnetic behavior and 
by the evolution of the Au-surface plasmon resonance band. An electroless deposition method for 
Ni–P thin films, based on the irradiation by an x-ray beam emitted by a synchrotron source, was 
described (Hsu et al., 2007). This synthesis is an example of a unique combination of photochemical 
and electrochemical processes.

Hf-based dielectric films with HfON and HfO2 gate dielectrics were irradiated by 10 keV x-rays 
with the dose from 0 to 1 × 106 rad (Si) (Song et al., 2008). Electric measurement results showed that 
trap charge density and interface trap charge density of HfON dielectric films were much smaller 
than HfO2 dielectric films, and the flatband and midgap voltage shifts in HfON films were also 
smaller than that in HfO2 film. Additionally, HfON films were smooth and thermally stable even 
under 800°C high-temperature annealing. In a related investigation, the HfO2/SiO2 gel films (the 
atomic ratio of Si to Hf was about 5:1) were prepared by means of sol–gel technique and exposed to 
x-ray irradiation (Zhao et al., 2006). After the film was exposed through the mask by x-ray irradia-
tion, a grating, with a highness of 0.8 μm and a period of 1 μm, was fabricated in the HfO2/SiO2 sol–
gel glass, which showed that the film has a good property of radiation polymerization. Additionally, 
different thin fluorocarbon (FC) films were deposited on Si(111) using plasma polymerization and 
then exposed to x-ray radiation (Himmerlich et al., 2008), resulting a high defluorination under 
x-ray irradiation. With ongoing exposure, the surface charging decreased continuously and the FC 
surfaces became more conductive due to changes in the polymer structure.

1.4.3  IRRadIaTIon wITh neuTRons

Neutron irradiation, applied mainly for the synthesis of isotopes, e.g., according to (n;γ) nuclear 
reaction, practically is not used for material synthesis or improvement of properties due to possible 
formation of radioactive isotopes. A few examples are known. Thus, SnO2 films elaborated by sol–
gel method were irradiated (Izerrouken et al., 2009) with reactor neutron at 40°C, with fast neutron 
fluences (En > 1.2 MeV) ≤9.6 × 1017 n/cm2. It was shown that the resistivity rapidly increased with 
increasing fluences ≤3.2 × 1017 n/cm2 and remained constant for higher fluence (>6.4 × 1017 n/cm2); the 
crystallinity and grain size were reduced. Also high-quality sapphire crystal grown by an improved 
Kyropoulos-like method was irradiated (Wang et al., 2009) by low-energy neutron (i.e., high pro-
portion of thermal neutron) with various flux (low: 7.5 × 1015 n/cm2, medium: 7.0 × 1016 n/cm2, and 
high: 3.8 × 1017 n/cm2). It was found that sapphire crystal exhibited high radiation resistance to low-
energy neutron with low fluence. With the increase in irradiation fluence, it was still sensitive to 
neutron irradiation mostly in the UV–visible spectral range, as irradiation-induced color centers 
appear, including F-type and their aggregate centers. Sintered α-SiC ceramics containing B4C with 
various 10B concentrations were neutron-irradiated (Pramoto et al., 2003, 2004). The helium release 
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was observed at various temperatures according to the reaction (1.2). It was supposed that helium 
will induce some lattice defects into SiC during irradiation, which expanded c-axis length of SiC. 
These defects retained up to 1100°C with support of helium migration, before forming grain bound-
ary bubbles at higher temperature

 
1 1 7 4B Li( 84 MeV) He(1 47 MeV)0 0+ → +n . .  (1.2)

Sc2@C84 or Sc2O3 was found to be “kicked” into the cavities of single-wall carbon nanotubes 
(SWNTs) by reactor neutrons (Cao et al., 2007). Experimentally, the open-ended SWNTs were 
ultrasonically mixed with Sc2@C84 and Sc2O3 powders, respectively, in toluene solution, evaporated 
to dryness, wrapped by high-purity aluminum foils, and then irradiated for 2 h by reactor neutrons. 
Neutron irradiation also efficiently induced coalescing reactions between two fullerene cages with 
an atom-spacer, forming a C2m = C = C2n type of carbon nanomaterials (C60 powders and [C60 + C70] 
mixture were separately wrapped by high-purity aluminum foils and irradiated for 2 h by neutron 
beams): C141 (formed from two C70 molecules), C131 (formed from [C60 + C70] mixture), and C121 
(formed from two C60 molecules).

1.4.4  IRRadIaTIon wITh pRoTons

As well as the irradiation with neutrons, the proton irradiation is represented by a few examples, in a 
difference with heavier ions. Thus, preparation of size- and shape-selective gold nanocrystals (NCs) 
was achieved through proton beam irradiation from HAuCl4 and AgNO3 solutions (Kim et  al., 
2010). The shape of the resulting gold NCs was simply controlled by the concentration of the silver 
ions in the Au growth solution. It was established that Au and Ag ions were co-reduced to form 
homogeneous Au–Ag composite nanorods under proton beam irradiation. Before introducing radia-
tion damage, the spatial variation of a synthetic single-crystal diamond radiation detector response 
was investigated (Lohstroh et al., 2008) using a highly focused 2.6 MeV proton beam, showing that 
a very uniform response close to 100% charge collection efficiency over the whole contact area was 
found at applied electric field strengths as low as 0.4 V/μm. The darkening of two high OH− content 
quartz fibers irradiated with 24 GeV protons was investigated (Cankocak et al., 2007). The fibers 
became opaque below 380 nm and in the range of 580–650 nm. The darkening under irradiation 
and damage recovery after irradiation as a function of dose and time are similar to what the authors 
observed with electrons. The effect of nano-titanium dioxide on mechanical performance of sili-
cone rubber reinforced with MQ resin under the proton radiation with the energy of 100 and 150 
keV by space combined radiation system was studied (Di et al., 2006). It was shown that the color 
of surface of silicon rubber without adding nanoparticle was deepened, the aging crackle was pro-
duced on the surface of rubber after irradiation, and the quantity and size of the crackle increased 
with the increase in irradiation energy and dosage; the hardness and tensile strength increased 
first and then reduced with the increase in irradiation energy and dosage. Space UV radiation and 
proton bombardment, which are two of the most important factors that affect the properties of 
some BaO–TiO2 series microwave dielectric materials in space environment, were simulated in 
the laboratory (Song et al., 2003), testing dielectric properties of materials. It was shown that the 
dielectric loss increased after exposing the composite to UV radiation or proton bombardment. 
However, for BaTi4O9 + 5 mol.% Pr samples, the dielectric properties were improved both upon 
UV irradiation and proton bombardment. MeV proton beams were applied as ionizing radiation to 
induce graft polymerization of acrylonitrile to prepare amidoxime-type adsorbents on polyethylene 
film substrates (Kitamura et al., 2004). The degree of grafting (DG) was observed to be propor-
tional to the deposited energy; graft polymerization could be possible deep into a substrate with 
thickness of hundreds of micrometer, indicating a possibility to control distribution of functional 
groups with a spatial variation of the order of a micrometer.
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1.4.5  IRRadIaTIon wITh Ion BeaMs

The principles of ion beam synthesis are reviewed elsewhere (Giannuzzi and Stevie, 2004; Kirkby 
and Webb, 2004; Beyer and von Borany, 2005), in particular its applications for the synthesis and 
modification of materials (Avasthi, 2009) and nanostructures (Avasthi and Pivin, 2010). A series of 
charged elemental species (ions of O, C, Si, inert gases, metals, etc.) have been used for ion bom-
bardment of inorganic compounds, polymers, or their composites to obtain advanced materials pos-
sessing novel properties. In particular, metallic beams are applied very frequently; the low-energy 
metallic ion beams find wide applications in various research fields of the materials science. Thus, 
several metallic ion beams have been developed successfully using the electron cyclotron resonance 
ion source-based low-energy ion beam facility (Kumar et al., 2006b). These metallic ion beams, in 
particular those of Ni (frequently reported) and Fe, were developed by different techniques and uti-
lized for the synthesis of the metal nanoparticles inside various host matrices. Thus, modifications 
in the structural and optical properties of 100 MeV Ni7+-ion-irradiated cobalt-doped ZnO thin films 
(Zn1−xCoxO, x = 0.05) prepared by sol–gel route were studied (Kumar et al., 2009). The resulted 
films irradiated with a fluence of 1 × 1013 ions/cm2 were single phase and show improved crystalline 
structure with preferred C-axis orientation. No change was observed in the bonding structure of 
ZnO after irradiation. Polymer composites with different concentrations of ferric oxalate dispersed 
in poly(Me methacrylate) (PMMA) were prepared (Singh et al., 2008) and irradiated with 120 MeV 
Ni10+ ions with fluence of 1011–1012 ions/cm2. It was revealed that the electric conductivity and hard-
ness of the films increased with ferric oxalate concentration and fluence. Commercially available 
biaxially oriented polypropylene (BOPP) films were irradiated with 90 MeV Ni8+ ions and 120 MeV 
Ag11+ ions at different fluencies varying from 1010 to 3 × 1011 ions/cm2 and then grafted with glycidyl 
methacrylate (GMA) using benzoyl peroxide (BPO) as chemical initiator (Chawla et al., 2009). A 
comparative study for the GMA grafting using BPO initiator in virgin as well as in the swift heavy 
ions (SHIs) irradiated BOPP indicated that the heterogeneity of the grafted GMA domains on the 
BOPP surface was higher in SHI irradiated system. Another example of irradiation with tandem of 
two different ion beams is obtaining of thin films of CeO2, prepared on sapphire substrates by sput-
tering to investigate irradiation-induced degradation of the crystal structure (Ishikawa et al., 2008) 
of the high-energy heavy ions (200 MeV Au ions and 230 MeV Xe ions from the tandem accelera-
tor). The results revealed that even if ion tracks cover the whole sample, they did not completely 
destroy the crystal structure, and the lattice order was maintained. The degree of damage in the 
high-fluence region was higher for 200 MeV Au than for 230 MeV Xe.

Nanocomposite thin films of silver nanoparticles embedded in fullerene C60 matrix, prepared 
by co-deposition of silver and fullerene C60 by thermal evaporation, were irradiated (Singhal et al., 
2009) by 120 MeV Ag ions at different fluences ranging from 1 × 1012 to 3 × 1013 ions/cm2. It was 
revealed that the surface plasmon resonance of Ag nanoparticles showed a blue shift of ∼49 nm with 
increasing ion fluence up to 3 × 1013 ions/cm2 explained by the transformation of fullerene C60 matrix 
into amorphous carbon. Additionally, growth of Ag nanoparticles was observed with increasing ion 
fluence. Composite films insulating PMMA, matrix, and Cu powder, prepared by the solution cost-
ing method, were irradiated (Singh et al., 2010) with 140 MeV silver ions at the fluences of 1 × 1011 
ions/cm2 and 1 × 1012 ions/cm2, inducing changes in dielectric, structural, and surface properties 
of PMMA/Cu composites. It was revealed that ion beam irradiation created free radicals due to 
emission of hydrogen and/or other volatile gases, which made the polymer more conductive. Al–Sb 
bilayer thin films having various thicknesses, deposited by thermal evaporation on ITO-coated con-
ducting glass substrates at a pressure of 10−5 Torr, were irradiated by Ag12+ heavy ions of energy 160 
MeV, with a fluence of 2.2 × 1013 ions/cm2, resulted aluminum antimonide semiconductor (Mangal 
et al., 2006). It was shown that SHI irradiation process provided approximately same band gap of 
samples that also indicated different phase formations with thickness due to large diffusion at inter-
face. Gold ions have been also frequently applied (Agarwal et al., 2006); thus, using ion beam co-
sputtering technique, transparent, light brownish, uniform SiO2 films embedded with spherical Au 
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particles were fabricated on quartz substrates at room temperature and heated in an open furnace at 
different temperature from 500°C to 900°C with 100°C step for 5 min (Gq et al., 2005).

A series of other metal ions have been used for ion beam treatment of composites. Thus, potas-
sium dihydrogen phosphate, which has wide applications as a nonlinear optical material in opto-
electronics technology, containing organic dyes (amaranth, rhodamine, and methyl orange), was 
irradiated (Kumaresan et al., 2007) using 50 MeV Li+ ions up to a maximum dose of 2.4 × 1015 
ions/cm2. The studies on pure and doped KDP crystals clearly indicated the effect of dopants on 
the crystal structure. The synthesis of Co nanoparticles by ion implantation was carried out and the 
effects of postimplantation annealing were discussed (Jacobsohn et al., 2004). Silica was implanted 
with 35 keV Co+ ion beams to doses ranging from 8 × 1015 to 1 × 1017 atoms/cm2. Study of nanopar-
ticle size, distribution, and structure via TEM measurements revealed the presence of spherical 
nanoparticles in both as-implanted and annealed samples. Metallic nanoparticles can be deformed 
by high-energy ion beams, e.g., metallic cobalt nanoparticles in silica by 200 MeV iodine bombard-
ment (Klaumunzer, 2006). Buried hexagonal AlB2-type YSi2 layers were formed by metal vapor 
vacuum arc implantation of 100 keV Y ions to a dose of 1 × 1018 Y+ cm−2 into p-type Si(111) wafers 
(Wang et al., 2002). It was shown that YSi2 was formed directly during the implantation, and the 
implanted region from the surface to the interior of the Si substrate could be divided into four lay-
ers based on the concentration profile. The as-implanted sample was metastable, and the stable 
structure can be formed after irradiation at 530°C. The Group IV NCs were synthesized by 100 keV 
Ge+ implantation at 700°C using ion fluences of 1 × 1016 cm−2 and subsequent thermal annealing at 
1600°C for 120 s (Hedler et al., 2004). Postirradiation was performed by a KrF excimer laser using 
1,000–10,000 pulses, laser fluences of 200–500 mJ/cm2, and pulse durations of 30 ns. It revealed 
both a reduction of the amount of large NCs and an increase in the amount of small NCs with 
increasing laser pulses resulting in a reduced mean size and indicating the occurrence of inverse NC 
ripening processes under laser irradiation.

Various nonmetallic ions were found to be able to change properties of materials and compos-
ites, in particular silicon ions. Thus, polyaniline thin films prepared by RF plasma polymerization 
were irradiated with 92 MeV Si ions of fluence of 1 × 1011, 1 × 1012, and 1 × 1013 ions/cm2 (Saravanan 
et al., 2007). It was shown that the structure of the irradiated sample was altered and the band gap 
of irradiated thin film was considerably modified. This was attributed to the rearrangement in the 
ring structure and formation of C≡C terminal groups. The effect of tin impurity and SHI (60 MeV 
Si5+ ion with influence of 5 × 1012 ions/cm2) irradiation on the optical properties of the chalcogenide 
thin films was studied (Kumar et al., 2006a). The SHI induced structural and optical changes in 
the thin films due to which optical band gap decrease. The CdCuS semiconductor nanocrystals 
were synthesized (Agrawal et al., 2009) by chemical route method, dispersed in PMMA matrix, 
and then these formed nanocomposite polymer films were irradiated by SHI (100 MeV, Si+7 ions 
beam) at different fluences of 1 × 1010 and 1 × 1012 ions/cm2. As a result, significant modifications in 
the structural and optical properties of nanocomposite polymer films were observed. The stability 
of embedded CdCuS nanocrystals was found to be more than that of its powder form. The surface 
roughness increased after irradiation. Reduction of the optical band gap may be due to an increase 
in the defect states near the band tails in the band gap on irradiation. Spherical sub-micrometer-
sized silica particles, prepared by the Stoeber process and deposited onto silicon wafers, were then 
irradiated (Cheang-Wong et al., 2008) at room temperature with Si ions at 8 MeV and fluences up to 
5 × 1015 Si/cm2 (under different angles θ, ranging from 15° to 75° with respect to the sample normal). 
After the Si irradiation, the as-prepared spherical silica particles turned into ellipsoidal particles, 
as a result of the increase in the particle dimension perpendicular to the ion beam and a decrease 
in the direction parallel to the ion beam. This effect increased with the ion fluence. Samples of SiC 
fiber-reinforced SiC matrix composites were irradiated (Hasegawa et al., 2002) by a simultaneous 
triple beam of Si2+, He+, and H+ at 1000°C and 1300°C. In the SiC composite, no change in the hard-
ness was observed after irradiation at 1000°C, while the hardness of the monolithic β-SiC increased 
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under these conditions. At 1300°C, the hardness of both SiC fiber composite and monolithic β-SiC 
decreased after irradiation.

CdS quantum dots were irradiated by 100 MeV C+6 SHIs (Gope et al., 2008). Luminescence 
studies of CaS:Bi nanocrystalline phosphors synthesized by wet chemical co-precipitation method 
and irradiated with SHIs (i.e., O7+-ion with 100 MeV and Ag15+-ion with 200 MeV) were carried 
out (Kumar et al., 2007), suggesting a good structural stability of CaS:Bi against SHI irradiation. 
It was concluded that ion irradiation enhanced the luminescence of the samples. The irradiation of 
hydroxyapatite (HAp) ceramic was conducted (Parthiban et al., 2008) using oxygen ions at energy 
of 100 MeV with three different fluences of 1012, 1013, 1014 ions/cm2. It was confirmed an incomplete 
amorphization of HAp with an increase in fluence; additionally, there was considerable reduction in 
particle size on irradiation leading to nanosized HAp (up to 53 nm). The irradiated samples exhibited 
better bioactivity than the pristine HAp. Another example of oxygen ion beam application describes 
nanostructured polypyrrole films doped with p-toluene sulfonic acid, which were prepared by an 
electrochemical process, and a comparative study of the effects of SHIs and γ-irradiation (oxygen-
ion (energy = 100 MeV, charge state = +7) fluence varied from 1 × 1010 to 3 × 1012 ions/cm2, and the 
γ-dose varied from 6.8 to 67 Gy) on the structural and optical properties of the polypyrrole was car-
ried out (Chandra et al., 2010). It was shown that after irradiation, the crystallinity improved with 
increasing fluence because of an increase in the crystalline regions dispersed in an amorphous phase.

As an example of multiple ion beam irradiations, we note heavy ion beam-induced epitaxial 
crystallization of a buried silicon nitride layer (Som et al., 2009). Single crystalline Si(100) samples 
were first implanted at 300°C with 100 keV N+ ions to the fluence of 8 × 1017 ions/cm2 to form the 
buried nitride layer; the formed samples were further irradiated by 100 MeV O8+ ions, 70 MeV Si5+, 
and 100 MeV Ag8+ ions at normal incidence to the constant fluence of 1 × 1014 ions/cm2 at different 
temperatures (from room temperature to 250°C). The complete recrystallization of a buried amor-
phous silicon nitride layer due to Ag and O ions was observed. Oxygen ions led to the recrystalliza-
tion at 100°C, while the same was achieved at 200°C for the silver ions.

Major part of inert gases was also applied. Thus, a polycrystalline zirconolite sample was irra-
diated (Stennett et al., 2008) with 2 MeV Kr+ ions at a fluence of 5 × 1015 ions/cm2. An amorphous 
character of the irradiated surface was confirmed. To investigate the effect of radiation damage 
on the stability and the compressive stress of cubic BN (c-BN) thin films, c-BN films with various 
crystalline qualities, prepared (Zhang et al., 2005) by dual beam ion assisted deposition, were irra-
diated at room temperature with 300 keV Ar+ ions over a large fluence <2 × 1016 cm−2. It was shown 
that the c-BN films with high crystallinity were significantly more resistant against medium-energy 
bombardment than those of lower crystalline quality. However, even for pure c-BN films without 
any sp2-bonded BN, there is a mechanism, which causes the transformation from pure c-BN to 
h-BN or to an amorphous BN phase. Al nitride films were deposited by varying the voltages of Ar 
ion beams from 400 to 1200 V in dual ion beam sputtering (Han et al., 2004). The Al nitride films 
exhibited the <002> preferred orientation at an optimal ion beam voltage of 800 V, changing to a 
mixture of {100} and {002} planes >800 V, accounting for radiation damage. The thickness of the 
film increased with increasing ion beam voltage, reaching a steady state value of 210 nm at an ion 
beam voltage of 1200 V. Poly(ethylene-co-tetrafluoroethylene) (ETFE) films were irradiated by SHI 
beams of 129Xe23+ with fluences of 0, 3 × 106, 3 × 107, 3 × 108, and 3 × 109 ions/cm2, followed by γ-ray 
pre-irradiation for radiation grafting of styrene onto the ETFE films and sulfonation of the grafted 
ETFE films to prepare highly anisotropic proton-conducting membranes (Kimura et al., 2007). It 
was found that the polymer electrolyte membrane prepared by grafting the styrene monomer in a 
mixture of 67% isopropanol and 33% water to the ETFE film with an ion beam irradiation fluence 
of 3.0 × 106 ions/cm2 was a highly anisotropic proton-conducting material.

Among many other important applications of ion beams, we emphasize their use as a strategic 
way for the preparation of fuel-cell electrolyte membranes (Kobayashi et al., 2008), involving (a) 
the irradiation of heavy ions with different masses and energies, (b) the grafting of styrene into 
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electronically excited region along the ion trajectory called the latent track, and (c) sulfonation of the 
graft chains. It was established that the property balance of ion-irradiated grafted membrane was 
found to be better than γ-ray-irradiated grafted membrane. Additionally, 2-D thin films composed 
of B, C, and nitrogen (B–C–N hybrid), grown (Uddin et al., 2006) from ion beam plasma of bora-
zine on highly oriented pyrolytic graphite at various temperatures, were noted. It was suggested that 
B, N, and C atoms in the deposited films were in a wide variety of chemical bonds, e.g., B–C, B–N, 
N–C, and B–C–N. B–C–N hybrid formation was enhanced at high temperature, and the B–C–N 
component was dominantly synthesized at low B content.

1.5  conclusIons

Radiation processes in materials, although being a part of classic nuclear physics and chemistry, 
continue to be objects of permanent research. Together with conventional radiochemical and radi-
ation-chemistry experiments on application of different irradiations for materials synthesis and 
modifications, some attention is paid to study the influence of cosmic rays on carbon substances, 
reactions in accelerators and colliders, use of different irradiations at the same time, etc. As a result, 
various materials and composites can be successfully fabricated or modified by different irradiation 
techniques with the use of ionizing radiation. The products belong to distinct types of compounds, 
from inorganic substances (elemental metals, oxides, salts) to a host of polymers, as well as their 
combinations with the use of oxide or polymer supports. A considerable part of formed compos-
ites consists of nanostructures, such as nanoparticles, nanotubes, nanowires, nanofibrils, etc. The 
obtained products generally possess special properties (e.g., conducting polymers), which can be 
difficultly or impossibly achieved by conventional methods.
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