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Preface

The ion beam, a charged particle beam of various energies, is a standard research tool 
in many areas of science, from basic nuclear physics to diverse areas in atomic phys-
ics, materials science, and medical sciences. It is an advanced and versatile tool that 
frequently discovers applications across a broad range of disciplines and fields. In this 
book, we compile the latest research and development on recent progress in ion beam 
techniques and their applications. 

The first part of the book covers the latest research on energetic ion beam irradiation/
implantation-induced materials modifications. Detailed recent experimental research 
on the effect of low- and high-energy ion irradiation in nanomaterials is presented in 
this section. Ion beam irradiation-induced phase transformation and nanowelding of 
nanowires and nanotubes are discussed in this section. Crystal defects play a pivotal role 
in the physical properties of nanomaterials. The study of ion beam irradiation-induced 
defects is also presented in this section. The effects of neutrons on the structural materi-
als of future fusion nuclear reactors are very severe and they will have to withstand a 
very harsh environment. The ion beam experiments approach is effective in emulating 
a nuclear fusion environment on structural materials. This section also addresses ion 
irradiation-induced damage of structural materials of future fusion nuclear reactors. 
The final segment of this section addresses the most important applications of ion 
implanters. The ion implantation technique is discussed as a novel approach to the 
modification and optimization of the physical–chemical properties of titanium dioxide 
for dye-sensitized solar cells with metallic and non-metallic ion implantation.

The second part of the book defines recent achievements in focused ion beam applica-
tions. Focused ion beam tomography is one of a number of unique techniques that are 
continuously improving. This technique contributes to the acquaintance of qualitative 
and quantitative analysis, 3D volume creations, and image processing. In this book, 
recent advancements in focused ion beam instrumentation and its use as a 3D imaging 
tool for different samples ranging from nanometer-sized materials to micrometer-sized 
biological samples are discussed.

The final segment of the book addresses the most important applications of ion 
beam analysis. In this section, ion beam analysis techniques are thoroughly dis-
cussed to create interest among researchers in the engineering of ion beam tech-
niques. The investigation of toxic metals in the tobacco of Pakistani cigarettes using 
the proton-induced X-ray emission technique is presented in detail. 

Finally, we would like to thank the Authors for their remarkable efforts and Mr. Josip 
Knapic, the Author Service Manager for his support.

Ishaq Ahmad
NPU-NCP Joint International Research Center on Advanced Nanomaterials  

and Defects Engineering,
National Centre for Physics,

Islamabad, Pakistan

Tingkai Zhao
School of Materials Science and Engineering,

Northwestern Polytechnical University,
Xi’an, China
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Chapter 1

Ion Implantation in Metal 
Nanowires
Shehla Honey, Asim Jamil, Samson O. Aisida, Ishaq Ahmad, 
Tingkai Zhao and Maaza Malek

Abstract

Ion implantation-induced materials modifications are the recent scope of 
research. A detailed recent experimental research on the effect of low- and high-
energy ions implantation-induced morphological and structural changes in metal 
nanowires (MNWs) is being presented in this chapter. These morphological and 
structural changes in metal nanowires are discussed on the basis of collision cascade 
effects and ion beam-induced heats produced along the ion tracks. Various techni-
cal aspects of implantation of low energy ions in MNWs, their advantages, and 
drawbacks are also discussed in this chapter. Furthermore, detailed overview of 
implantations of ions in MNWs is also discussed.

Keywords: metal nanowires, ions implantation, morphology, structural defects, 
collisions of nanowires

1. Introduction

Metal nanowires (MNWs) such as silver, copper, nickel, and gold nanowires 
have a large value of conductivity and transparency. It could be replaced by ITO, 
but yet these MNWs networks or grids or meshes need more research and devel-
opment (R&D) consideration from the scientific community in order to make 
them proficient for successful applications in recent transparent electrodes (TEs) 
industry. This can be realized by synthesizing MNWs using simple and economic 
solution-phase techniques and then transferring these MNWs into coating source. 
That coating source will be used to coat a transparent substrate with a film of 
MNWs. Even though silver (Ag) (approximately $766/kg) is costly than indium 
(In) (approximately $601/kg) [1–3], but these silver nanowires (Ag-NWs) can be 
synthesized using roll-to-roll inexpensive solution coating methods. Because of 
their economic processing expenditure, the stipulation of Ag-NWs is rising for their 
appliance in touch sensors as TEs.

Some researchers have reported the scalable synthesis of Cu-NWs via solution 
coating techniques to make TEs with performance equivalent to ITO [4]. This is 
inspired by the insight of combining the low cost and simple deposition techniques 
of Cu-NWs; since Cu is more copious (~1000 times) and less expensive (100 times) 
than Ag or In.
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Recently, Cu-NWs have presented the transmittance of ~96% and sheet resis-
tance of ~100 Ω/sq. However, a major challenge for the successful application of 
Cu-NWs as TEs is to protect it from oxidation while maintaining its performance 
equivalent to ITO. As discussed above, here are various substitutes available for 
ITO, but the successful candidate is MNWs networks or meshes which are capable 
of showing performance equivalent to ITO due to ease of synthesis via solution 
coating techniques. Moreover, MNWs networks or meshes are more flexible and 
stretchable as compared to ITO [5]. These nanowires based transparent conducting 
electrodes based devices or individual metal nanowires based nanodevices will be 
used under the harsh environment such as the upper space radiation environment. 
Therefore, radiation effects study on these metal nanowires is important.

Damage to the structure of nanomaterials on contact to high energy ion beams 
has been the general perceptive, but recent research has made known it to be as 
a tool to tailor electronic, optical and field emission properties and to change the 
structure of nanomaterials in an excellent controllable way [6–10].

Ion beam radiation effects on MNWs have been recently studied [11–16]. In 
literature, protons ions irradiated bismuth nanowires (Bi-NWs) were reported 
and found that electrical conductivity decreased with an increase in protons beam 
fluence due to crystal structural damage, while see-back coefficient remained un-
affected. It was concluded that the crystal structure of Bi-NWs destroyed under 
protons irradiation, which consequently decreased mobility, whereas carrier 
concentration was unchanged [17]. Molecular dynamics simulations study was 
reported to examine a damage profile in Cu-NWs that occurred during exposure 
to ions beam having low energies [18]. A similar study has been done employ-
ing molecular dynamics simulations and found that mechanical properties of 
Cu-NWs are devastated due to ion beam irradiation [19]. Moreover, enhancement 
in conductivity of Cu-NWs is reported after their irradiation with gamma rays 
[20]. In addition, Co-NWs were irradiated with gallium (Ga+) Ions and found that 
the propagation field of domain walls is modified within the magnetic channels 
[21]. Moreover, interconnections through welding of various nanomaterials have 
also been built using different ion beams, which lead to enhance electrical con-
ductivity [22–24].

To understand ion implantation effects on nanomaterials clearly, one must be 
aware of radiations and basics of ion solid interaction mechanisms. However, the 
unfavorable outcomes of radiations are termed as radiation-induced damage. In the 
next section, the general effects of irradiation on materials are discussed briefly.

2. Effects of ion implantation on materials

In ion beam implantation process principle is based on the extraction of beams 
of ions from the source and accelerate at a specific voltage often lies between 50 and 
250 keV with a desired energy up to 10 MeV before transportation and impinge-
ment on the target or substrate [25]. The impingement causes the ions to interact 
with the specimen surface in which some are embedded in the specimen while some 
are scattered. Ion implantation is ingenious in surface modification of materials 
while retaining their bulk properties [25–27]. The beam implantation process, 
which can be static, broad and unidirectional, can either improve or cause a defect 
in the properties of materials like toughness, fatigue, wear, hardness, friction, 
dielectric, magnetic, electronic, resistive and superconductivity [25]. These effects 
are subjected to the applications of the prepared materials. This implantation can 
be done in materials like ceramics, insulators, semiconductors, metals, alloys and 
polymers. The magnitude of the defect caused in the materials depends majorly on 
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the mass of the incoming ion to the specimen, the accelerating voltage used for the 
beam, the thermal properties of the point defects confining the cascade region and 
the crystal structure of the specimen [25–28].

The most characteristic feature in ion implantation of materials is the generation 
of lattice disordered, which can be enhanced using low dose energy of heavy ions. 
In optical materials, ion implantation often stimulates luminescence to analyze the 
purity and point defects in the materials. Also, electro-optic, birefringence, refrac-
tive index, optical waveguide, reflectivity absorption band, thermoluminescence, 
electrical conductivity, piezoelectric, an optoelectric, and acoustic wave can be 
controlled with the effect of ion implantation [26–28].

The ion implantation effect also creates luminescence in some crystal materials. 
The luminesces observed during ion beam implantation in materials give informa-
tion on the dynamic defect states owing to the transient features by the passage 
of ions that are difficult to excite. The defects observed can then be sensed by ion 
beam-induced luminescence and give information about the decay, impurities, or 
growth of the inherent defect state of the sample [24, 29].

2.1 Ion beam-induced morphological changes in silver nanowires

The morphological image of un-implanted Ag-NWs is presented in Figure 1(a). 
The morphology shows long-shaped Ag-NWs. After 5 MeV, carbon ions 

Figure 1. 
(a) Un-implanted Ag-NWs, (b) 5 MeV carbon ions at the dose of 5 × 1014 ions/cm2, and (c, d) 1 × 1016 ions/cm2 
(reuse after copyrights permission) [30].



Ion Beam Techniques and Applications

4

Recently, Cu-NWs have presented the transmittance of ~96% and sheet resis-
tance of ~100 Ω/sq. However, a major challenge for the successful application of 
Cu-NWs as TEs is to protect it from oxidation while maintaining its performance 
equivalent to ITO. As discussed above, here are various substitutes available for 
ITO, but the successful candidate is MNWs networks or meshes which are capable 
of showing performance equivalent to ITO due to ease of synthesis via solution 
coating techniques. Moreover, MNWs networks or meshes are more flexible and 
stretchable as compared to ITO [5]. These nanowires based transparent conducting 
electrodes based devices or individual metal nanowires based nanodevices will be 
used under the harsh environment such as the upper space radiation environment. 
Therefore, radiation effects study on these metal nanowires is important.

Damage to the structure of nanomaterials on contact to high energy ion beams 
has been the general perceptive, but recent research has made known it to be as 
a tool to tailor electronic, optical and field emission properties and to change the 
structure of nanomaterials in an excellent controllable way [6–10].

Ion beam radiation effects on MNWs have been recently studied [11–16]. In 
literature, protons ions irradiated bismuth nanowires (Bi-NWs) were reported 
and found that electrical conductivity decreased with an increase in protons beam 
fluence due to crystal structural damage, while see-back coefficient remained un-
affected. It was concluded that the crystal structure of Bi-NWs destroyed under 
protons irradiation, which consequently decreased mobility, whereas carrier 
concentration was unchanged [17]. Molecular dynamics simulations study was 
reported to examine a damage profile in Cu-NWs that occurred during exposure 
to ions beam having low energies [18]. A similar study has been done employ-
ing molecular dynamics simulations and found that mechanical properties of 
Cu-NWs are devastated due to ion beam irradiation [19]. Moreover, enhancement 
in conductivity of Cu-NWs is reported after their irradiation with gamma rays 
[20]. In addition, Co-NWs were irradiated with gallium (Ga+) Ions and found that 
the propagation field of domain walls is modified within the magnetic channels 
[21]. Moreover, interconnections through welding of various nanomaterials have 
also been built using different ion beams, which lead to enhance electrical con-
ductivity [22–24].

To understand ion implantation effects on nanomaterials clearly, one must be 
aware of radiations and basics of ion solid interaction mechanisms. However, the 
unfavorable outcomes of radiations are termed as radiation-induced damage. In the 
next section, the general effects of irradiation on materials are discussed briefly.

2. Effects of ion implantation on materials

In ion beam implantation process principle is based on the extraction of beams 
of ions from the source and accelerate at a specific voltage often lies between 50 and 
250 keV with a desired energy up to 10 MeV before transportation and impinge-
ment on the target or substrate [25]. The impingement causes the ions to interact 
with the specimen surface in which some are embedded in the specimen while some 
are scattered. Ion implantation is ingenious in surface modification of materials 
while retaining their bulk properties [25–27]. The beam implantation process, 
which can be static, broad and unidirectional, can either improve or cause a defect 
in the properties of materials like toughness, fatigue, wear, hardness, friction, 
dielectric, magnetic, electronic, resistive and superconductivity [25]. These effects 
are subjected to the applications of the prepared materials. This implantation can 
be done in materials like ceramics, insulators, semiconductors, metals, alloys and 
polymers. The magnitude of the defect caused in the materials depends majorly on 

5

Ion Implantation in Metal Nanowires
DOI: http://dx.doi.org/10.5772/intechopen.92328

the mass of the incoming ion to the specimen, the accelerating voltage used for the 
beam, the thermal properties of the point defects confining the cascade region and 
the crystal structure of the specimen [25–28].

The most characteristic feature in ion implantation of materials is the generation 
of lattice disordered, which can be enhanced using low dose energy of heavy ions. 
In optical materials, ion implantation often stimulates luminescence to analyze the 
purity and point defects in the materials. Also, electro-optic, birefringence, refrac-
tive index, optical waveguide, reflectivity absorption band, thermoluminescence, 
electrical conductivity, piezoelectric, an optoelectric, and acoustic wave can be 
controlled with the effect of ion implantation [26–28].

The ion implantation effect also creates luminescence in some crystal materials. 
The luminesces observed during ion beam implantation in materials give informa-
tion on the dynamic defect states owing to the transient features by the passage 
of ions that are difficult to excite. The defects observed can then be sensed by ion 
beam-induced luminescence and give information about the decay, impurities, or 
growth of the inherent defect state of the sample [24, 29].

2.1 Ion beam-induced morphological changes in silver nanowires

The morphological image of un-implanted Ag-NWs is presented in Figure 1(a). 
The morphology shows long-shaped Ag-NWs. After 5 MeV, carbon ions 

Figure 1. 
(a) Un-implanted Ag-NWs, (b) 5 MeV carbon ions at the dose of 5 × 1014 ions/cm2, and (c, d) 1 × 1016 ions/cm2 
(reuse after copyrights permission) [30].



Ion Beam Techniques and Applications

6

implantation at the dose of 5 × 1014 ions/cm2, Ag-NWs diffused at the junction 
points, as shown in Figure 1(b) [30]. At high ion dose of 1 × 1016 ions/cm2, Ag-NWs 
start to be sliced, i.e., reduce the diameter and finally cut the nanowires as shown in 
Figure 1(c, d), respectively [30].

2.2 Ion beam-induced morphological changes in copper nanowires

The un-implanted Cu-NWs image is presented in Figure 2(a), shows a long-
shaped Cu-NWs. The diameters of un-irradiated Cu-NWs ranged from 100 to 
150 nm. After 10 MeV Cu ions implantation at the dose of 5 × 1015 ions/cm2, 
Cu-NWs diffused at the junction points, as shown in Figure 2(b). At high ion dose 
of 1 × 1016 ions/cm2, Cu-NWs start to be sliced, i.e., reduce the diameter and finally 
NWs are cut, as shown in Figure 2(c).

2.3 Ion beam-induced morphological changes in Ni nanowires

The TEM micrograph before H+ ions implantation of Ni-NWs is presented in 
Figure 3(a). The Ni-NWs showed minor melting on the surface of the nanowires. 
After implantation with 2.75 MeV H+ ions at fluence of 1 × 1016 ions/cm2, Ni-NWs 
diffused to each other at junction points and seen in Figure 3(b). The intercon-
nections of Ni-NWs after H+ ions beam irradiation are clearly shown by the TEM 
analysis. The reason for the interconnections between Ni-NWs might be heat 
induced due to H+ ions beam irradiation, which leads to melt and fusing of Ni-NWs 
into each other at intersecting positions [13, 14].

Figure 2. 
(a) Un-implanted Cu-NWs, (b) 10 MeV Cu ions at 5 × 1015 ions/cm2, and (c) 1 × 1016 ions/cm2 fluence.
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3. Discussion

The morphological changes of MNWs such as the reduction in the diameter 
of nanowires after ion beam implantation, slicing and cutting metal nanowires 
might be heat induced owing to the ions beam implantation along the track of 
ions which leads to the melt and fuse of MNWs into each other at intersecting 
positions [13, 14]. As mentioned above, the connection of metal nanowires might 
be because of localize heat induced due to interaction of ions with MNWs or due 
to accumulation of atoms sputtered from MNWs lattices due to collision cascade 
effect induced by ions beam irradiation.

In our previous reports, a similar mechanism of the interconnection of MNWs 
was also observed after the interaction of H+ ions with Ag-NWs [13, 14]. In general, 
the interaction of ions with MNWs may be of two types: I-Columbic interaction in 
which energetic ions interact with electrons in the atoms of material or II-elastic 
interaction in which energetic ion strikes with nuclei of atoms in the material. If 
the collision between incident energetic ion and atom in the material would be of 
the elastic type, then an atom would be sputtered out from the lattice and lead to 
a secondary collision with another atom in the lattice. In this manner, the collision 
cascade effect would result in the ejection of atoms from NWs lattices. Usually, in 
case of low energy ions, the dominancy of the sputtering phenomenon would result 
in the accumulation of sputtered atoms on intersecting positions and lead to the 
interconnection between them. In the case of Columbic interaction, the generation 

Figure 3. 
(a) TEM image of Ni-NWs before H+ irradiation, and (b) TEM images of interconnected Ni-NWs after 
irradiation at a dose 1 × 1016 ions/cm2.
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of localized heat leads to the diffusion of atoms on the intersecting positions, which 
would result in the welding or joining of the intersecting positions.

In the case of metals, the produced heat due to the ionization and increase in the 
temperature of the metal are all absorbed. This increment in temperature would 
result in the melting of MNWs and eventually interconnection is obtained between 
the melted NWs on intersecting positions in a better way. If the beam energy inci-
dent ion is high in MeV range, then more chances of production of localized heat 
rather than collision cascade effect will be observed and if the beam energy is low in 
keV range then the sputtering phenomenon would be dominant [14].

3.1 Ion beam-induced structural changes in silver nanowires

XRD measurements taken at room temperature were used to study the structural 
changes in pristine and Ag-NWs as shown in Figure 4.

The diffraction pattern of the pristine sample shows peaks at 2θ angles of 38.6° 
and 44.11o, which corresponds to (111) and (200) planes of face-centered cubic 
Ag-NW. However, when XRD patterns of C ion irradiated Ag-NWs were compared 
with the pristine XRD pattern, it revealed a slight shifting of 2θ positions of dif-
fraction peaks. This shifting in the 2θ position might be due to strain, which is often 
produced from surface defects, grain boundaries, dislocations, etc. Moreover, it can 
be observed from Figure 4 that XRD peak intensities decrease with an increase in 
ion beam fluence. This decrease in XRD peak intensities might be due to the pro-
duction of irradiation-induced defects such as point defects, dislocations, and grain 
boundaries, which accumulated to form defect clusters and led to the formation of a 
few pockets of amorphous zones. The crystal quality of material degrades due to the 
presence of these amorphous zones [30].

3.2 Ion beam-induced structural changes in Cu nanowires

Structural changes by ion implantation in Cu-NWs were studied using the 
XRD technique. In this study, Cu-NWs were irradiated with 100 keV H+ beam at 

Figure 4. 
XRD spectra of (a) un-implanted Ag-NWs, (b) 5 MeV C ions at the dose of (c) 2 × 1015 ions/cm2.
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different fluence from 1 × 1015ions/cm2 to 5 × 1016 ions/cm2, Cu-NWs was done by 
XRD technique and compared with the un-irradiated spectrum. Figure 5 shows 
the XRD spectra of samples irradiated at different fluences. Figure 5(a) shows 
the XRD spectrum of un-irradiated Cu-NWs. The XRD spectrum comprised of 
one (111) peak at 2θ = 44.2°, which is the preferred crystal plan of Cu-NWs. The 
other two low intensities peaks at 2θ = 52.4° and 73.9° are corresponding to the 

Figure 5. 
XRD spectra of Cu-NWs (a) Un-implanted; (b-d) implanted with 100 keV H+ ions at different doses.

Figure 6. 
XRD patterns of Ni-NWs (a) before irradiation and (b) irradiated with H+ ions at fluence 1 × 1016 ions/cm2.
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crystal planes (200) and (220), respectively. These peaks and intensities showed 
that Cu-NWs had a polycrystalline structure. XRD results are confirmed with the 
HRTEM images as shown in Figure 5(a). While if we observe XRD patterns of 
proton irradiated Cu-NWs, some new peaks appeared at low angle positions (see 
Figure 5(b–d)). These new peaks are of Cu2O, showing that Cu nanowires might 
be oxidized due to oxygen atoms trapped into proton irradiation-induced defect 
sites in nanowire lattices.

These defects sites were observed by HRTEM study of ion irradiated in Cu-NWs. 
It was observed that at low ion irradiation, few point defects were created as the ion 
fluence increases, these point defects agglomerate to form large amorphous zones. 
These defects and amorphous zones give a path to O atom to form the Cu2O phase 
in Cu-NWs.

3.3 Ion beam-induced structural changes in Ni nanowires

The XRD measurements taken at room temperature before and after exposure 
to the beam of H+ ions on Ni-NWs are seen in Figure 6. The XRD patterns exhibit 
peaks of face-centered cubic planes (111) and (200) of Ni-NWs [20]. Changes in 
angle positions are not observed after proton irradiation; whereas, the intensities 
of the peaks were seen to increase after exposure to H+ ions beam. The increase in 
peaks intensities might be associated with improvement in the crystalline structure 
of NWs. The crystalline structure might be improved due to the localized heating 
effect of Ni-NWs induced by H+ ions beam irradiation.
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Ion Beam Experiments to Emulate 
Nuclear Fusion Environment on 
Structural Materials at CMAM
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Isabel García-Cortés, David Jiménez-Rey and Pilar Fernández

Abstract

One of the major problems not only in nuclear fusion but in all the fields that 
have to face irradiation damage is to predict the microstructural evolution of all the 
features that are involved in the good response of the material. In the case of nuclear 
fusion, it is well known that structural materials that will be a fundamental piece in 
the future reactor must withstand severe neutron irradiation damage, high tem-
peratures, and cyclic stresses which will result in a reduction of the lifetime of the 
component. For that reason, a big effort is being done for the scientific community 
in order to understand the complex mechanisms that lie in the relationship between 
irradiation damage, microstructure, temperature, stresses, etc. However, neutron 
irradiation brings inherently transmutation and nuclear activation, which makes 
extremely hard to study those samples. Therefore, the scientific community is using 
since long time ago ion beam facilities to emulate the neutron damage, without 
the worst inconvenience. In this chapter, the authors described briefly the facility 
located at Centro de MicroAnálisis de Materiales (CMAM), Madrid, and presented 
afterward some examples of experiments that Spanish Nuclear Fusion Laboratory 
at CIEMAT has been carrying out related to this matter.

Keywords: structural materials, nuclear fusion, ion beam irradiation,  
irradiation damage, modeling

1. Introduction

Structural materials for nuclear fusion applications will have to withstand a very 
hard environment in the future reactor. Very energetic neutrons which will produce 
displacement cascades, transmutation into light atoms, nuclear activation and 
nuclear heating will be produced during operation. These neutron reactions, along 
with stresses produced by the reactor weight itself, and cyclic loads due to thermal 
and electromagnetic stresses draw a very harsh panorama for these materials [1–4].

Neutrons from nuclear fusion reaction induce elastic and inelastic nuclear reac-
tions. The very first atoms from the matrix displaced by the incident neutron are 
denominated Primary Knock-on Atoms (PKA) spectrum, and this PKA spectrum 
is generated by both elastic and inelastic reactions. Generally speaking, depending 
on the isotope considered, the larger contribution to the total displacement is due to 
the elastic reactions (90%). However, atoms initially displaced for their lattice site 
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by neutrons (PKA spectrum) will induce elastic reactions, which produce addi-
tional displacement damage (displacement cascades) because they eventually will 
produce large collision cascades, since the secondary atom impacted by the PKA has 
enough energy to move a third one and so on.

Therefore, this PKA spectrum will be responsible to deposit the displacement 
damage in the material. On the other hand, if the neutron produced an inelastic 
reaction, an induced transmutation by neutron collision will be produced, 
generating light atoms as helium and hydrogen until hundreds of atomic parts 
per million (appm) in the whole life service of the reactor along with PKAs 
depending on the energy deposited [5].

Regarding helium atoms, one of the main issues in terms of structural mate-
rial degradation is the nucleation and growth of He bubbles at grain boundaries 
which would produce a reduction of service lifetime. This degradation comes 
due to helium atoms produced by transmutation reaction of Fe; around 4 MeV of 
neutron energy may produce the following reaction generating alpha particles 56Fe 
(n.a) 53Cr [6]. It is well known that the combination between helium atoms and 
vacancies is very energetically favorable, so it will form eventually He bubbles. For 
that reason a deeper understanding of the effect of those bubbles in the evolution 
of microstructure and further degradation of mechanical properties are criti-
cal. However, several parameters have to be controlled and studied to determine 
properly the evolution of He bubbles during irradiation such as temperature, He 
production rate, displacement rate, and dose (accumulation of He).

Candidate materials for being used as structural materials are reduced activation 
ferritic martensitic (RAFM) steels, since they show a high resistance to irradiation 
damage, higher thermal conductivity, good corrosion resistance, and good liquid 
metal compatibility than austenitic steels. Several studies have shown that grain 
boundaries or phase boundaries may also act as sinks for radiation-induced point 
defects and the cluster formed during irradiation [7].

On the other hand, collision cascades known as accumulation of atoms displaced 
will form a complex form of Frenkel pair defects such as interstitial clusters which 
may turn into large dislocation loops or vacancy-type voids. Those irradiation-
induced defects act as barriers to the dislocation movement, so they produce a 
significant hardening and hence a ductility reduction.

Neutron irradiation is not the most used technique to irradiate materials since 
the nuclear activation of the specimens makes necessary to have available hot cells 
to characterize the samples. On the other hand, nowadays there is no facility to 
emulate neutron fusion environment; for that reason ion beam irradiations are used 
to emulate neutron irradiation, of course, having into consideration the main differ-
ences such as shallow depth of irradiated material, elevated dose rate, and, clearly, 
not transmutation.

Current neutron sources with an energy spectrum typical of fusion reactions 
(14 MeV neutrons) are far from the fluence expected in a fusion reactor, and they 
are only useful for a few cases involving functional materials not exposed to high 
radiation doses [8, 9]. Therefore, a common approximation to test fusion materi-
als consists of using ion irradiation to emulate the effects of neutron irradiation 
[10]. Ion irradiation can yield higher damage rates generating negligible activation 
levels in the irradiated samples at a reduced cost than other approximations to 
the problem like fission reactor irradiations. These elevated dose rates are very 
interesting to obtain samples submitted to an accelerated damage aging that would 
take several years to be achieved by fission irradiation. It is necessary to consider, 
however, that these accelerated tests may be driven by aging mechanisms very 
different from the real processes taking place under the low damage rate produced 
by real fusion conditions.
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Another important difference that must be considered is the low ion penetration in 
the material (typically several microns for heavy ion energy in the range of 1–20 MeV) 
compared to the tenths of centimeters that a neutron can travel before interacting 
with a material nucleus. Since the particle accelerators have a fixed energy, a selective 
filter or energy degrader system is required to obtain an almost uniform spectrum of 
beam energies to allow a particle implantation in the most controlled possible way. The 
thickness of the filter determines the final energy of the beam, so to obtain a certain 
energy spectrum, it has been thought of a multifilter revolver-type system, consisting 
of a design in the form of a rotating daisy, with peripheral aluminum foils of different 
thicknesses in order to achieve different mitigations of the beam energy [11].

As stated before, to date, most of the studies on these structural materials have 
been focused on material behavior as a function of different parameters as irradiation 
dose, particle energy, and irradiation temperature, among others [12]. However, next-
step fusion devices, such as the International Thermonuclear Experimental Reactor 
(ITER) [13] and demonstration power plant (DEMO) [2, 14, 15], are magnetically 
confined devices, and the performance of the materials under reactor conditions when 
high magnetic fields are present is still unexplored. Besides, theoretical predictions 
suggest that magnetism can be a non-negligible factor in defining the defect proper-
ties induced by He irradiation or in determining the atomic distribution in FeCr alloys 
[16, 17]. Material microstructural properties can be modified by defect propagation 
due to irradiation. It is considered that such propagation may be affected by external 
magnetic fields, as recently pointed in Ref. [18]. For this reason, more detailed experi-
mental knowledge of structural materials is sought, in particular with regard to mobil-
ity and clustering, as well as helium and hydrogen accumulation in reactor conditions. 
Thus, expanded experimental knowledge of structural material response to irradiation 
under magnetic fields has become critical.

In this chapter, the development of a new sample holder located at a vacuum 
chamber of standard (STD) irradiation line at CMAM is presented. Preliminary 
results have been obtained in this system for a series of FeCr alloy (10–15% Cr), 
alloy specimens irradiated with 1 MeV Fe+ ions under the effect of the magnetic 
field produced by a permanent magnet (0.5 T) at STD irradiation line at CMAM.

As sometimes, experiments are costly even with ion beams and are not always 
available; modeling is one of the key tools to predict long-term defect evolution. 
However, irradiation damage predictive simulation is still under development 
and needs many experimental results as inputs to validate their simula tions. So, 
sometimes, irradiation experiments are headed not only to study the degradation of 
complex microstructure materials such as RAFM candidates but to obtain results of 
irradiating very simple and pure such as very high pure iron, iron chromium model 
alloys in order to study the effect of certain alloying elements on irradiation defects 
evolution.

Electrostatic accelerators over the world present a variety of shapes and sizes 
and can be classified attending to different factors. The fundamental features that 
characterize a DC accelerator are mainly three: the type of particle that can acceler-
ate, the beam current and the maximum kinetic energy achievable. These defining 
parameters determine the subsequent research field of application.

2. Accelerator description

In this section, we describe the fundamentals of a 5 MV Tandetron delivered by 
high-voltage engineering (HVE) for ion beam analysis (IBA) and ion beam modi-
fication of materials (IBMM) at operation in CMAM in the Universidad Autónoma 
de Madrid (Spain) [19]. In Figure 1 it is possible to observe (a) plan view of the 
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mentioned accelerator and (b) all the lines which are nowadays working. This kind 
of facility is also of great interest to investigate fusion-induced material damages by 
creating a controlled environment to simulate these effects.

The Tandetron ion accelerator is a tandem type that counts with a Cockroft-
Walton high-voltage generator system that will be presented briefly in the following 
paragraphs, describing sources for ion beam generation, beam acceleration, and 
two of the beamlines available used for experiments for nuclear fusion.

2.1 Ion beam production

The first step for IBA or IBMM experiments is to generate the beam, i.e., to 
produce ions from neutral matter, extract them, and focus the beam. Since the 
selected ion and the current are a function of the experimental needs, the source 
constraints are of critical importance. CMAM facility is provided with two sources: 
a plasma source for gaseous substances and a sputtering source to obtain practically 
any element of the periodic table from a solid target.

Figure 1. 
(a) Plan view of the tank and the lines of CMAM accelerator and (b) detail of the accelerator lines (courtesy 
of Jorge Álvarez Echenique, CMAM).
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The range of current that can be obtained from the source varies from a few nA 
to tens of μA, depending on the source and the ion. As will be presented later, the 
tandem configuration requires the production of negative ions, which are more dif-
ficult to obtain than positive ones. It is much easier to rip off electrons from an atom 
than to add them on. It is not even possible to obtain negative ions from all elements, 
as is the case of nitrogen, so unstable that in practice cannot be produced [23].

This section addresses basic ideas of two specific kinds of ion sources, duoplas-
matron and negative sputtering source.

2.1.1 Negative sputtering source (model HVE-860C)

In this configuration, negative ions are effectively produced from a solid target 
which contains the desired beam material inside a cylindrical refrigerated copper 
cathode, the sputter target holder. A cesium reservoir is heated providing vapor 
to the main cavity of the source. The neutral flux of Cs has two functions: on the 
one hand, the cesium condensates over the target surface, and, on the other hand, 
a fraction of the Cs atoms in the gas becomes positively ionized by contact with a 
heated ionizer surface. The ionizer is kept at positive voltage with respect to the 
cathode so that positive Cs ions bombard the target producing the ejection of sput-
tered atoms that pass through the optimally cesiated surface with a low work func-
tion [20, 21]. By this surface effect method that involves cesium as a great electron 
donor, sputtered atoms from the target become negative (secondary negative ions). 
Those ions are repelled from the cathode to the extraction section of the source 
and focus into a negative beam. Beam currents of 2–40 μA are achieved, depending 
on the species. Elements with negative electronic affinity, such as nitrogen, can be 
extracted from the source in the form of a molecular beam (e.g. NH-) and broken 
into its components at a later stage. Any element of the periodic table from hydro-
gen to uranium can be delivered, with the important exception of helium.

2.1.2 Duoplasmatron source (model HVE-358)

The duoplasmatron source permits two modes of operation, positive and 
negative ion beam extraction from a gas (typically H2 or He). Positive operation is 
required for helium atoms because being a noble gas is not possible to efficiently 
obtain negative helium ions directly from the source. After positive extraction, He+ 
ions pass through a charge-exchange cell filled with lithium vapor where the final 
negative beam emerges for further acceleration. Only about 1% of the He+ ions 
coming from the source turn negative, a fact that limits the maximum achievable 
current to a few μA versus tens of μA obtained when working in negative operation.

The working principle of ion generation consists of a two-stage discharge where 
the gas is leaked into the source and the molecules are ionized. The first discharge 
is produced by means of thermo-ionic emission from a hot filament, between the 
filament (cathode) and the intermediate electrode (IE). A strong confining mag-
netic field guides the electrons through an aperture to the second discharge region 
between the intermediate electrode and the anode [22]. The magnetic field and the 
geometry of the IE are specially configured to enhance plasma density and high 
ionization degree. Finally, regarding the extraction direction, just comment that the 
ions are axially extracted from the plasma.

2.1.3 Injector system

The ions in the beam exiting the source are shaped, focused, and led to the 
entrance of the accelerator, passing through a 90° analyzing magnet that bends the 
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The range of current that can be obtained from the source varies from a few nA 
to tens of μA, depending on the source and the ion. As will be presented later, the 
tandem configuration requires the production of negative ions, which are more dif-
ficult to obtain than positive ones. It is much easier to rip off electrons from an atom 
than to add them on. It is not even possible to obtain negative ions from all elements, 
as is the case of nitrogen, so unstable that in practice cannot be produced [23].

This section addresses basic ideas of two specific kinds of ion sources, duoplas-
matron and negative sputtering source.

2.1.1 Negative sputtering source (model HVE-860C)

In this configuration, negative ions are effectively produced from a solid target 
which contains the desired beam material inside a cylindrical refrigerated copper 
cathode, the sputter target holder. A cesium reservoir is heated providing vapor 
to the main cavity of the source. The neutral flux of Cs has two functions: on the 
one hand, the cesium condensates over the target surface, and, on the other hand, 
a fraction of the Cs atoms in the gas becomes positively ionized by contact with a 
heated ionizer surface. The ionizer is kept at positive voltage with respect to the 
cathode so that positive Cs ions bombard the target producing the ejection of sput-
tered atoms that pass through the optimally cesiated surface with a low work func-
tion [20, 21]. By this surface effect method that involves cesium as a great electron 
donor, sputtered atoms from the target become negative (secondary negative ions). 
Those ions are repelled from the cathode to the extraction section of the source 
and focus into a negative beam. Beam currents of 2–40 μA are achieved, depending 
on the species. Elements with negative electronic affinity, such as nitrogen, can be 
extracted from the source in the form of a molecular beam (e.g. NH-) and broken 
into its components at a later stage. Any element of the periodic table from hydro-
gen to uranium can be delivered, with the important exception of helium.

2.1.2 Duoplasmatron source (model HVE-358)

The duoplasmatron source permits two modes of operation, positive and 
negative ion beam extraction from a gas (typically H2 or He). Positive operation is 
required for helium atoms because being a noble gas is not possible to efficiently 
obtain negative helium ions directly from the source. After positive extraction, He+ 
ions pass through a charge-exchange cell filled with lithium vapor where the final 
negative beam emerges for further acceleration. Only about 1% of the He+ ions 
coming from the source turn negative, a fact that limits the maximum achievable 
current to a few μA versus tens of μA obtained when working in negative operation.

The working principle of ion generation consists of a two-stage discharge where 
the gas is leaked into the source and the molecules are ionized. The first discharge 
is produced by means of thermo-ionic emission from a hot filament, between the 
filament (cathode) and the intermediate electrode (IE). A strong confining mag-
netic field guides the electrons through an aperture to the second discharge region 
between the intermediate electrode and the anode [22]. The magnetic field and the 
geometry of the IE are specially configured to enhance plasma density and high 
ionization degree. Finally, regarding the extraction direction, just comment that the 
ions are axially extracted from the plasma.

2.1.3 Injector system

The ions in the beam exiting the source are shaped, focused, and led to the 
entrance of the accelerator, passing through a 90° analyzing magnet that bends the 
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beam and selects the proper mass of the single negative-charged ions. Mass separa-
tion is done by tuning the magnetic induction so that only a given q/√m ratio is 
transmitted through the entrance and exit collimators. This is necessary because 
the beam exiting the source contains several species along with the desired one due 
to imperfect vacuum or impurities in the target. The electromagnet is water-cooled 
and capable of inflecting all ions in the periodic table, selecting them by momen-
tum per unit charge, i.e., by magnetic rigidity [Eq. (1)] [23]:
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  )    
 1 ⁄ 2 
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where B is the tunable magnetic induction, m the desired mass of the particle, 
E its energy, q its charge, and r the radius of curvature of its trajectory, which is 
determined by the entrance and exit of the magnet.

The guidance and focusing of the beam during its trajectory are achieved by 
electrostatic and magnetic devices called lenses for the analogy that can be drawn 
with the effect of thick optical lenses on light. Moreover, electrostatic or magnetic 
deflectors properly steer the beam into the optical axes of the lenses so that adjust-
ing the lens will alter the focus but not the position of the beam.

2.2 Tandem accelerator system

Following the injector system, the beam containing negative ions at a certain 
kinetic energy defined by the extraction voltages of the sources (tens of kV) goes 
through the next stage, the accelerator.

A tandem-type accelerator system consists of a two-step acceleration process. 
The high-voltage terminal electrode is enclosed in the center of a pressure vessel 
midway between the entrance and the exit of the acceleration tube, both at ground 
potential. Once injected into the low-energy part of the tube, the ions get attracted 
toward the positive terminal, increasing their energy in nVT electronvolts, where VT 
is the terminal voltage and n is the charge state, equal to 1. At this point, the beam 
passes through a region where N2 gas circulates, getting stripped off from one or 
more electrons, thus inverting their polarity and getting accelerated again to ground 
along the high-energy tube. The beam is composed now of a distribution of positive 
charge states n that vary from 1 to Z, Z being the atomic number of the atom. This 
second step leads to an energy gain of nVT electronvolts that depends on the specific 
charge state of each ion [24].

The extra energy obtained by inverting the polarity is the primary benefit of 
tandem-type accelerators over single-ended ones and the reason why negative ion 
sources are required. Additionally, this system allows the sources to be outside the 
tank, a fact that implies easier maintenance and simpler operation of the sources. 
On the contrary, the charge-exchange process results in a reduction of beam inten-
sity, especially for heavy ions, being the transmission up to 50%. However, for IBA 
analysis and many material experiments, these currents are adequate.

The total kinetic energy achieved at the end of the accelerator tube is given in 
electronvolts [Eq. (2)]:

  E =  E  ext   +  (1 + n)   V  T     (2)

where Eext is the extraction energy and VT is the positive terminal voltage, with a 
maximum nominal value of 5 MV.

Effective focusing of the beam waist at stripper canal is achieved by optically match-
ing the injector part to the accelerator with a pre-acceleration electrode called Q-snout.
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2.2.1 High-voltage power generator: Cockroft-Walton

The engineering challenge of electrostatic accelerators relies on how to produce 
high voltages, which main limitation is the breakdown due to insulation problems.

As was previously described, the positive high-voltage terminal is located at the 
center of the tube. But in electrostatic accelerators, the high voltage is gradually 
distributed among multiple equipotential tubes with a slightly increased value, so 
that the ions feel a stepwise acceleration in the insulated gaps between each seg-
ment. That keeps a reduced value of the local electric field.

The accelerator at CMAM produces the terminal voltage by means of a Cockroft-
Walton (C-W) generator system, a design based on a cascade-type voltage mul-
tiplier circuit that was implemented for the first time in a DC accelerator in 1932 
by J. D. Cockcroft and E. T. Walton [23] at the Cavendish Laboratory in England. 
It consists of a circuit feed by radio-frequency (RF) voltage power that supplies a 
higher DC voltage level. It is constituted by an assembly of repeated units of capaci-
tors and rectifier diodes that double the voltage amplitude with each additional 
block. A final voltage of 2 nV is obtained, where n is the number of repeated blocks, 
50 in the case of CMAM Tandetron [24], and Vo is the amplitude of the AC voltage. 
A simplified scheme of the multiplier circuit invented by Greinacher [25, 26] in 1921 
is shown in Figure 2.

The hole voltage multiplier structure is placed around the evacuated accelera-
tion tube in a coaxial configuration. High vacuum is required inside the tube 
to minimize unwanted secondary electron production by collisions of the ions 
with atoms of the residual gas. Furthermore, small magnets are placed to sup-
press these backstreaming electrons before they get accelerated generating hard 
X-rays. The electrodes are parallel fed with the increasing potential by resistive 
grading, and thus the voltage is smoothly distributed from terminal to ground. 
All the assembly is enclosed inside a pressurized tank filled with insulating 
sulfur hexafluoride gas (SF6) to prevent electrical breakdown, and every com-
ponent is specifically designed to reduce local electric stress to avoid corona and 
sparking [22].

The advantage of C-W generator system relies on being entirely based on a 
solid-state circuit. The absence of moving parts, the high RF driving frequency 
(~38 kHz), a special RC filtering, and the feedback circuits that monitor the termi-
nal voltage through a generating voltmeter (GMV) provide a remarkable terminal 
voltage stability and low terminal voltage ripple (less than 50 V at 5 MV). As a 
result, a superior beam energy resolution is achieved.

Figure 2. 
Simplified scheme of the Cockroft-Walton generator. The voltage across each stage of the cascade is equal to 
twice the peak input voltage in a half-wave rectifier.
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  E =  E  ext   +  (1 + n)   V  T     (2)
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ing the injector part to the accelerator with a pre-acceleration electrode called Q-snout.
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2.2.1 High-voltage power generator: Cockroft-Walton

The engineering challenge of electrostatic accelerators relies on how to produce 
high voltages, which main limitation is the breakdown due to insulation problems.

As was previously described, the positive high-voltage terminal is located at the 
center of the tube. But in electrostatic accelerators, the high voltage is gradually 
distributed among multiple equipotential tubes with a slightly increased value, so 
that the ions feel a stepwise acceleration in the insulated gaps between each seg-
ment. That keeps a reduced value of the local electric field.

The accelerator at CMAM produces the terminal voltage by means of a Cockroft-
Walton (C-W) generator system, a design based on a cascade-type voltage mul-
tiplier circuit that was implemented for the first time in a DC accelerator in 1932 
by J. D. Cockcroft and E. T. Walton [23] at the Cavendish Laboratory in England. 
It consists of a circuit feed by radio-frequency (RF) voltage power that supplies a 
higher DC voltage level. It is constituted by an assembly of repeated units of capaci-
tors and rectifier diodes that double the voltage amplitude with each additional 
block. A final voltage of 2 nV is obtained, where n is the number of repeated blocks, 
50 in the case of CMAM Tandetron [24], and Vo is the amplitude of the AC voltage. 
A simplified scheme of the multiplier circuit invented by Greinacher [25, 26] in 1921 
is shown in Figure 2.

The hole voltage multiplier structure is placed around the evacuated accelera-
tion tube in a coaxial configuration. High vacuum is required inside the tube 
to minimize unwanted secondary electron production by collisions of the ions 
with atoms of the residual gas. Furthermore, small magnets are placed to sup-
press these backstreaming electrons before they get accelerated generating hard 
X-rays. The electrodes are parallel fed with the increasing potential by resistive 
grading, and thus the voltage is smoothly distributed from terminal to ground. 
All the assembly is enclosed inside a pressurized tank filled with insulating 
sulfur hexafluoride gas (SF6) to prevent electrical breakdown, and every com-
ponent is specifically designed to reduce local electric stress to avoid corona and 
sparking [22].

The advantage of C-W generator system relies on being entirely based on a 
solid-state circuit. The absence of moving parts, the high RF driving frequency 
(~38 kHz), a special RC filtering, and the feedback circuits that monitor the termi-
nal voltage through a generating voltmeter (GMV) provide a remarkable terminal 
voltage stability and low terminal voltage ripple (less than 50 V at 5 MV). As a 
result, a superior beam energy resolution is achieved.

Figure 2. 
Simplified scheme of the Cockroft-Walton generator. The voltage across each stage of the cascade is equal to 
twice the peak input voltage in a half-wave rectifier.
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2.3 Beamlines

After acceleration, the beam is finally focused by an electrostatic quadru-
pole triplet lens. The first and third quadrupoles focus in the vertical direction 
(Y-axis) and defocus horizontally (X-axis), while the quadrupole in the middle 
makes the opposite.

A second magnet with seven exit ports at different angles steers the beam to 
direct it through an evacuated pipe to the selected experimental station. Since the 
beam is composed of a distribution of charge states n, the switching magnet has 
the additional important role of discriminating a certain charge state in order to 
establish well-defined beam energy.

CMAM counts with six operative beamlines devoted to different research fields: 
standard multipurpose beamline, internal μ-beam line, ERDA-ToF line, implanta-
tion beamline, external μ-beam line, and nuclear physics beamline.

The essential features of two of the routinely used beamlines for experiments 
for structural materials for nuclear fusion applications at CMAM accelerator are 
outlined below.

2.3.1 Multipurpose or standard beamline

This line is attached to the 30° port of the switching magnet and is the one that 
was initially installed and tested by HVE. The experimental chamber is placed 3.5 
meters away from the magnet, not needing additional focusing. A set of two slits 
separated 2 m from each other are used to control the size and divergence of the 
beam, and the current can be measured with a Faraday cup located immediately 
before reaching the chamber [27].

The standard line is mainly devoted to Rutherford backscattering spectrometry 
(RBS) and elastic recoil detection, but several ports are available to position addi-
tional setup. The entire structure is kept under high-vacuum conditions by means 
of a turbomolecular pump assisted by a rotary pump.

A fixed Si barrier particle detector is located at 170° with respect to the incident 
beam, while another movable detector can be positioned at any angle, counting 
with a carousel with different foils and slits that can be positioned in front of the 
movable detector. Also, an SDD detector for simultaneous particle-induced X-ray 
emission (PIXE) performance is implemented.

The sample holder is mounted on a three-axis goniometer and a vertical platform 
that permits to position the samples and to orient them with respect to the incident 
beam, so random and channeling experiments can be performed. The sample holder 
is electrically isolated; it can be biased at +180 V to suppress the effect of secondary 
electron emission, and the total dose or fluence can be monitored during irradiation 
by means of a current meter and integrator from HVE [28].

2.3.2 Implantation beamline

The implantation CMAM beamline is at −20° with respect to the accelerator 
axis, 6 meters after a second switching magnet located at 0° line.

Ion beam modification of materials (IBMM) is the main research field carried 
out in this line, given that high electronic stopping powers and penetrations of 
several microns are achievable. Irradiation with ions from H to Pb at maximum 
terminal voltage can be performed selecting their more prolific charge state, i.e., 
irradiating with the highest current beam attainable. That allows heavy ion irradia-
tions within the range of 2–50 MeV and currents up to a few μA, depending on the 
ion. The experimentation chamber is electrically isolated and designed for ultrahigh 
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vacuum (UHV). Samples’ temperature can be modified with a cryostat/furnace 
designed at CMAM within a range of −180–600°C and precisely controlled during 
irradiations with a system of thermocouples located at the sample holder and a 
thermographic camera.

An important feature of this beamline is the capability of performing irradia-
tions over large areas, up to 10 × 10 cm2 on target. An electrostatic beam sweeper 
of HVE is installed, which deflects the beam a maximum of 9 mm both in vertical 
and horizontal directions. The beam sweeper permits to scan the irradiation area at 
2 and 31 kHz rates in X and Y directions, controlling the beam offset position and 
scan amplitude. In that way, homogeneous quasi-static beam areas are delivered, as 
observed in several images below (Figures 8, 9, 11, and 13).

The irradiation fluence is calculated by measuring the beam current with a 
Faraday cup in the line and the irradiation area with the aid of a scintillator.

2.3.2.1  Beam energy degrader prototype for H, He, and Fe irradiation with a 
broad profile

As it was described above, many applications of particle accelerators require 
varying the beam energy in an experimental beamline without changing accel-
erator settings. A multifoil (variable thickness) beam energy degrader provides 
a fast, reliable, and reproducible way of setting the beam energy, obtaining a 
uniform damage and implantation profile for both, heavy and light ions. The 
prototype installed at the implantation line of the CMAM has a disc with a diam-
eter of 120 mm (Figure 3), which rotates at a thousand revolutions per minute 
to avoid foil melting under high-current beam irradiation [27]. On the outside 
the disc has nine aluminum foils of different thicknesses to achieve an energy 
sweep from maximum energy absorption (thicker foils) and minimum energy of 
ions to minimum energy absorption of the primary ion beam (thinner foils). The 
tenth window is free to let the ion beam pass without any energy mitigation. The 
aluminum foil thicknesses chosen for this prototype were 6–50 microns for H 
and He ions and 0.8–4 microns for heavier ions like Fe.

Figure 3. 
Umbrella shaped wheel of the beam energy degrader prototype.
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An important feature of this beamline is the capability of performing irradia-
tions over large areas, up to 10 × 10 cm2 on target. An electrostatic beam sweeper 
of HVE is installed, which deflects the beam a maximum of 9 mm both in vertical 
and horizontal directions. The beam sweeper permits to scan the irradiation area at 
2 and 31 kHz rates in X and Y directions, controlling the beam offset position and 
scan amplitude. In that way, homogeneous quasi-static beam areas are delivered, as 
observed in several images below (Figures 8, 9, 11, and 13).

The irradiation fluence is calculated by measuring the beam current with a 
Faraday cup in the line and the irradiation area with the aid of a scintillator.
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varying the beam energy in an experimental beamline without changing accel-
erator settings. A multifoil (variable thickness) beam energy degrader provides 
a fast, reliable, and reproducible way of setting the beam energy, obtaining a 
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prototype installed at the implantation line of the CMAM has a disc with a diam-
eter of 120 mm (Figure 3), which rotates at a thousand revolutions per minute 
to avoid foil melting under high-current beam irradiation [27]. On the outside 
the disc has nine aluminum foils of different thicknesses to achieve an energy 
sweep from maximum energy absorption (thicker foils) and minimum energy of 
ions to minimum energy absorption of the primary ion beam (thinner foils). The 
tenth window is free to let the ion beam pass without any energy mitigation. The 
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and He ions and 0.8–4 microns for heavier ions like Fe.
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Umbrella shaped wheel of the beam energy degrader prototype.
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2.3.2.2 Motorized sample holder for operation at high temperatures

A water-cooled motorized ferrofluid feedthrough has been chosen with its 
rotation controller for installation in the specific irradiation chamber of the beam 
degrader. The controller is able to maintain constant rotation at 1000 rpm and to 
stop the wheel in the open-blade position to avoid foil damage. The steel vacuum 
chamber has been designed and manufactured to house properly the degrader 
wheel, the sample holder itself, and its diagnostics (Figure 4a). The necessary set of 
vacuum pumps and gauges for the degrader chamber has been also installed in the 
line. Proper butterfly and venting valves were also installed in the vacuum chamber 
to avoid foil damage during the first stages of chamber air evacuation and venting. 

Figure 4. 
(a) Vacuum chamber, (b) sample holder oven operating in vacuum at 450°C and (c) vacuum chamber inner 
view with the degrader wheel and powered sample holder.
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The vacuum chamber includes a sample holder with an oven specially designed to 
operate at controlled temperature in the range between room temperature (RT) and 
600°C (Figure 4b) and also it is equipped with an XYZ motorized sample holder 
for multi-sample experiments (Figure 4c).

Several irradiation experiments have been performed using the beam energy 
degrader. Cu, Fe, and steel samples have been irradiated with H and He ions (cur-
rent ~ 1 μA) with an energy of 2.25 and 9 MeV, respectively, obtaining implantation 
profiles with good uniformity from the surface up to 22 μm depth for both ions. This is 
especially interesting as it is therefore possible to implant both chemical species in the 
same sample volume. Figure 5a shows a SEM cross section of EUROFER97 steel sample 
implanted with 9 MeV He through a beam degrader with aluminum foils with a thick-
ness from 6 to 50 μm. The implanted sample was etched with Marble’s reagent (CuSO4 
hydrochloric acid and water) to exhibit the fringes of implanted He. The simulated 
profile calculated by stopping and range of ions in matter (SRIM) showed great simi-
larities with the real one. Some other experiments have been developed with thinner 
aluminum foils (0.8–3 μm) and Fe ions with different energies on Fe samples. Figure 5b 
presents the SRIM calculation of the implantation profile of 6 MeV Fe ions on a Fe 
sample with an average current of 200 nA of Fe2+ ions using the degrader device.

Consecutive triple irradiation (Fe, He, H) at temperatures of interest for fusion 
research (350–550°C) is also available with the experimental setup described in 
this section, which may be a way to get the nuclear fusion condition with only 
one accelerator instead of having three of them [29, 30]. To emulate the effects of 
neutron irradiation, it is therefore possible to irradiate an Fe or steel sample with 
20 MeV Fe4+ ions with the degrader wheel stopped at the open window (no energy 
reduction) to obtain a region damaged by Fe ions from the surface up to 2 μm (most 
Fe ions will stop in the 2–3 μm range generating too many interstitials for a realistic 
analysis). After that an irradiation with H+ or He+ ions can take place with the 
degrader wheel spinning with the thinnest foils mounted (0.8–6 μm) and an energy 
of 1 MeV (H+) and 2 MeV (He+). This procedure would allow to obtain a damaged 
region uniformly implanted with H and/or He.

2.3.2.3 Mini-tensile machine for straining samples under irradiation

The new vacuum chamber and the beam energy degrader mounted on the 
implantation line of CMAM irradiation facility also allow the implementation 

Figure 5. 
(a) SEM cross section view of the 9 MeV He irradiation profile on EUROFER97 steel with SRIM simulation and 
(b) SRIM implantation profile of 6 MeV Fe ions on Fe sample using the thin foil (0.8–3 μm) energy degrader.
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of innovative techniques for material research. In this case we have installed a 
microtensile test module (Figure 6) inside the vacuum chamber in order to carry 
out mechanical strain/stress tests of materials under irradiation or irradiate struc-
tural materials (Fe, Cu, steel), while the sample is submitted to a constant stress. 
The chamber base shown above and holding the XYZ sample holder can be easily 
changed by a new one with the microtensile module installed and connected with 
the proper Fischer feedthrough. Especial connectors are also incorporated for 
temperature measurements (thermocouple and oven) during the tests.

2.3.2.4  Sample holder dedicated to the irradiation under magnetic field (STD line 
of CMAM)

In order to investigate the influence of an external magnetic field on ion-
induced damage, a new experimental system has been developed at the STD line 
of CMAM. It consists on a dedicated custom sample holder with a permanent 
magnet embedded behind one of the samples (see Figure 7a). Here the samples are 
irradiated in pairs with and without external magnetic field (B = 0.4 T) with field 
lines oriented normal to the sample surface in order to avoid ion beam spreading. 
Commissioning of the system was performed by the irradiation of a luminescent 
material deposited on a metal support plate. In this way, it was observed that the 
ions impacting on the luminescent material showed good magnetic field uniformity. 
In addition, the complete system, i.e., the holder, the permanent magnet, and a 
UHP-Fe test sample, was also tested during 4 h of irradiation by a 2 MeV, 200 nA 

Figure 6. 
Microtensile test module mounted in the vacuum chamber base (a) and detail of the test section with a probe (b).
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current H+ beam at a sample temperature of −100°C, with and without magnetic 
field, getting a good temperature control during irradiation and a same ion beam 
footprint in sample without B and with B. Although irradiations can generally be 
performed at low temperature, the analysis is always carried out at RT.

In parallel, prior to starting the experiments, ANSYS simulations were done for 
Fe90Cr10 slice (1 mm thick) embedded in the center of a long solenoid (giving 1 T in 
the central column) in order to emulate the effect of B on the surface of the sample. 
Figure 7b shows that although a high concentration of magnetic field lines is observed 
at the edge, there is good magnetic flux uniformity about the irradiated zone (sample 
central region), thus validating the experimental setup for use with these samples.

3. Experimental results

3.1 First results of FeCr alloy damage by ions under magnetic field

A series of experiments have carried out with this sample holder to study the 
damage in FeCr alloy (14% Cr content) when irradiated at low temperature by heavy 
(Fe+) and light (He+) ions, single and sequentially, and additionally, the influence 
of an external magnetic field (B = 0.4 T) was also analyzed [31]. In this context, the 
influence of B on defects shows small but significant differences in the magnitudes 
studied here by conversion electron Mössbauer spectroscopy (CEMS) and slow posi-
tron annihilation spectroscopy (SPAS). Mössbauer spectra point to less clustering 
for a sample damaged by He+ (being closer to the as-received sample) than irradia-
tion without B. SPAS points to slightly lower values of vacancy-type defects over a 
large region when a sample is damaged by self-ions (Fe+, high dose) or by sequential 
irradiation: Fe+ and He+ (again compared to irradiation without B). SPAS results 
further support the conclusion that the size or concentration of the vacancy clusters 
created during the Fe + ion irradiation diminishes in the presence of B.

Also, FeCr alloy (10% Cr) damaged by Fe+ up to 15 dpa (displacement per atom) 
was analyzed by CEMS and found differences when the magnetic field is present 
during irradiation [18]. The results indicate that the Cr distribution in the neighbor-
hood of the iron atoms could be changed by the application of an external field.

The detailed studies carried out up to date [18, 31] indicate that an external 
magnetic field may be an important parameter to take into account in predictive 
models for Cr behavior in FeCr alloys and especially in fusion conditions where 

Figure 7. 
(a) New sample holder for the irradiation of samples in pairs. It has a permanent magnet behind the right 
sample. The setup is connected to a LN cooled finger (by a Cu mesh) to achieve low temperature if required. 
A thermocouple is touching one of the samples for temperature measurements; (b) ANSYS simulation of the 
magnetic field in the sample near the permanent magnet.
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hood of the iron atoms could be changed by the application of an external field.

The detailed studies carried out up to date [18, 31] indicate that an external 
magnetic field may be an important parameter to take into account in predictive 
models for Cr behavior in FeCr alloys and especially in fusion conditions where 

Figure 7. 
(a) New sample holder for the irradiation of samples in pairs. It has a permanent magnet behind the right 
sample. The setup is connected to a LN cooled finger (by a Cu mesh) to achieve low temperature if required. 
A thermocouple is touching one of the samples for temperature measurements; (b) ANSYS simulation of the 
magnetic field in the sample near the permanent magnet.
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intense magnetic fields are required for plasma confinement. Experiments with 
higher B and higher sample temperature are currently in progress in order to 
elucidate if external magnetic fields are a key parameter in the structural materi-
als damage.

3.2 He implantation

Acquiring knowledge concerning fusion transmutation product (He and H) 
effects on structural materials is difficult to study because of the lack of proper facili-
ties. Using an ion beam accelerator, nuclear fusion-related amount of He was incor-
porated into the structural material, EUROFER97, using two different ways in terms 
of beam configuration—defocused beam and raster beam. This is a critical matter to 
consider because different defect evolution has been detected depending on which 
method has been taken into consideration to perform the irradiations [32, 33].

3.2.1 Defocused beam

For this research, a defocused beam was used to implant He into the RAFM steel. 
This kind of beam configuration has a Gaussian-like profile in terms of ion current 
with its consequent reduction in density. To establish a valid methodology which 
allow repetitive and successful experiments, it is necessary to fix some experimental 
parameters such as ion current, the size of the beam and integration time of the 
camera that acquires the images from the sample camera because the higher the 
integration time is, the brighter the image is and the beam size measurements can be 
wrongly calculated and hence the implanted dose. In order to diminish the numbers 
of variables to study, irradiation temperature was fixed as room temperature. Hence, 
the relationship between ion energy, implanted dose, and steel microstructure was 
studied in terms of radiation defects observed afterward in transmission electron 
microscopy (TEM).

Regarding the sample holder, as observed in Figure 8a, STD line offers a very 
high flexibility in terms of geometry and size of the samples. Two different squared 
specimens of steel were attached to the holder along with a wire that was placed 
underneath to measure the ion current properly and with a current integrator, the 
implanted dose was calculated accurately. The characteristics of the He ion beam were 
evaluated by means of ionoluminescence on fused silica, which was used to set up the 
beam properly: size and stability of the beam prior to irradiation (Figure 8b).

Figure 8. 
(a) Irradiation sample holder for implantation beamline. (b) Helium beam irradiating quartz used to measure 
the quality and size of the beam.
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Before irradiation, simulation code MARLOWE [34, 35] was used to deter-
mine the maximum irradiation depth (obtained with 15 MeV in this experiment) 
and the resultant concentration of He for each energy. It is well known that 
although the fluence is the same (1.65 × 1015 He ions/cm2) when increasing the 
ion energy, the peak experiences a broadening, therefore the concentration is the 
same (integrating the area under the peaks) but the maximum value decreased.

As ion implantation depth is quite shallow in comparison to nuclear irradiation, 
a stair-like profile of He concentration was used, starting for 15 He MeV and ending 
with 2 MeV, decreasing the energy in steps of 1 MeV. After implantation, samples 
were cut and polished through its cross section and were etched in diluted Marble 
as described before. The etching revealed some lines which represented each and 
one of the He implantation peaks. Afterwards, the microstructure was observed 
with a scanning electron microscope (SEM) in order to measure the depth and 
eventually compare with the simulated position of the stopping peaks for all the 
implanted energies. The result was that the simulation (Figure 9a) and the experi-
ment (Figure 9b) matched completely [36]. In addition, it is possible to observe a 
clear difference with Figure 5, where the lines are more diffuse because of the use 
of a degrader; however, in this experiment, the irradiation peaks are very clear to 
identify.

3.2.2 Raster beam

The other possibility to perform He irradiation by means of ion beams is using a 
raster beam. In this case, the beam swept a certain area with a very high frequency. 
Figure 10 showed a fused silica emitting light because of the He beam. On the 
image on the left, the beam swept only the x-axis, the image of the center swept 
only the y-axis, and on the image on the right, the beam scanned both axes covering 
the whole area.

Regarding beam heating, as the beam is more focused than the over-focused 
beam, it is possible that the material experiences a heating which is critical to be 
measured since the irradiation defects are very temperature sensitive.

A thermographic camera was used to control the aforementioned heating, using 
as reference a small sample of fused silica because its emissivity and its dependence 
with temperature are very well known. In Figure 11, images taken from the camera 
are shown after some minutes of irradiation. No important heating was measured, 
only 15–20°C maximum.

Figure 9. 
(a) Depth and helium ion concentration profiles as obtained using MARLOWE code. b) SEM micrograph 
of EUROFER97 steel implanted with He ions from 15 to 2 MeV, showing the ion stopping region matches with 
simulation. Published in [36].
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intense magnetic fields are required for plasma confinement. Experiments with 
higher B and higher sample temperature are currently in progress in order to 
elucidate if external magnetic fields are a key parameter in the structural materi-
als damage.

3.2 He implantation

Acquiring knowledge concerning fusion transmutation product (He and H) 
effects on structural materials is difficult to study because of the lack of proper facili-
ties. Using an ion beam accelerator, nuclear fusion-related amount of He was incor-
porated into the structural material, EUROFER97, using two different ways in terms 
of beam configuration—defocused beam and raster beam. This is a critical matter to 
consider because different defect evolution has been detected depending on which 
method has been taken into consideration to perform the irradiations [32, 33].

3.2.1 Defocused beam

For this research, a defocused beam was used to implant He into the RAFM steel. 
This kind of beam configuration has a Gaussian-like profile in terms of ion current 
with its consequent reduction in density. To establish a valid methodology which 
allow repetitive and successful experiments, it is necessary to fix some experimental 
parameters such as ion current, the size of the beam and integration time of the 
camera that acquires the images from the sample camera because the higher the 
integration time is, the brighter the image is and the beam size measurements can be 
wrongly calculated and hence the implanted dose. In order to diminish the numbers 
of variables to study, irradiation temperature was fixed as room temperature. Hence, 
the relationship between ion energy, implanted dose, and steel microstructure was 
studied in terms of radiation defects observed afterward in transmission electron 
microscopy (TEM).

Regarding the sample holder, as observed in Figure 8a, STD line offers a very 
high flexibility in terms of geometry and size of the samples. Two different squared 
specimens of steel were attached to the holder along with a wire that was placed 
underneath to measure the ion current properly and with a current integrator, the 
implanted dose was calculated accurately. The characteristics of the He ion beam were 
evaluated by means of ionoluminescence on fused silica, which was used to set up the 
beam properly: size and stability of the beam prior to irradiation (Figure 8b).

Figure 8. 
(a) Irradiation sample holder for implantation beamline. (b) Helium beam irradiating quartz used to measure 
the quality and size of the beam.

29

Ion Beam Experiments to Emulate Nuclear Fusion Environment on Structural Materials…
DOI: http://dx.doi.org/10.5772/intechopen.87054
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The sample holder belonging to this line is very flexible, so several specimens 
can be mounted as observed in Figure 12a On the other hand, Figure 12b was 
taken during irradiation. For raster beams, there is no need to measure the beam 
size before irradiation, since it was determined with the sweeping parameters. 
However, a way to observe if the beam experienced any kind of sparkling (or any 
other phenomena which can indicate malfunction) a piece of fused silica was 
placed along with the specimens in order to observe the beam during irradiation 
(Figure 12b) by means of ionoluminescence as it was done with the defocused 
beam experiment.

Once the experiment is ended, TEM studies were performed to characterize the 
defects produced on the steel because of He irradiation. In this case, some TEM 
discs were prepared by electropolishing, keeping the transparent area within the 
irradiated area. As mentioned in the introduction, He irradiation may produce 

Figure 12. 
(a) Sample holder in STD line for raster experiments. (b) Sample holder during irradiation with a circle-
shape beam.

Figure 11. 
Thermographic camera images during x-axis (a), y-axis (b), and both axes simultaneously (c) sweeping.

Figure 10. 
Ionoluminescence produced by raster beam in different sweeping axes during beam setup. The following images 
were taken when beam was moving along a) x axis, b) y axis and c) x and y axes together.
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bubbles, and it is well known that a typical way to detect them is through focus 
serial method, changing the objective length focus distance. When the specimen 
is found under-focused, the bubbles are observed with white contrast, and on the 
other hand, when it is over-focused, the bubbles are dark. However, if there are 
any other microstructural characteristic as secondary phases, grain boundaries, 
or similar, their contrast remained grayscale-like. In Figure 13, three micrographs 
are presented showing EUROFER97 microstructure with large bubbles within the 
microstructure (Figure 13 (a) over-focused, (b) in-focus, and (c) under-focused).

It has been demonstrated that both beam configurations are valid to carry out  
He implantations. However, more experiments have to be conducted to determine 
which one is closer to nuclear fusion environment.

3.3 Fe implantation

Neutron irradiation produces atomic cascades, as described above, in which the 
atoms from the matrix moved from their equilibrium positions, generating certain 
atomic disorder. This disorder stays reflected in dislocation defects as an accumulation 
of Frenkel pairs. In addition, neutrons also produced transmutation reactions not only 
generating He and H but radioactive isotopes, thus it would be necessary to keep and 
test the samples in hot cells. For that reason, a safer and more afforadable way to emu-
late defects produced by neutrons is to irradiate iron-based alloys such as steels, with Fe 
ions. Those ions, although they alter a very shallow layer of materials, do not produce 
transmutation nor modify the chemical composition of the samples so they are called 
self-ions. There are some examples of irradiations with larger atoms as Xe [37, 38] or Kr 
[39], although the objective is not the emulation of nuclear fusion environment, since 
they produce a significant chemical change in the material composition.

Unlike He irradiation, the effect of self-ion irradiation in the microstructure is 
hard to characterize since the dislocation loops are a very complex features to observe 
properly and it needs long time and effort, along with a great knowledge of TEM 
(microscope operation, exquisite sample preparation, and insight of on the theory 
on irradiation defect generation [40, 41]). In addition, in this field there is a huge 
gap between simulation models and experiments headed to validate such simulations 
within the frame of nuclear fusion, so it is an opportunity of irradiating simple alloys 
which are the base of the complex alloys (i. e. EUROFER97, F82H, ODS steels...). 
Regarding He bubbles, there is relatively large literature about modeling bubbles in 
actual steels [42–48], and due to this, the irradiations headed to the understanding of 
He bubble nucleation and growth carried in this matter are subjected to steels instead 
of more simple alloys. As in the case of Fe implantation that pure iron is used.

Figure 13. 
TEM micrographs showing He bubbles within steel matrix in (a) over-focused (bubbles in black), (b) in-focus 
(poor contrast), and (c) under-focused (white bubbles).
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bubbles, and it is well known that a typical way to detect them is through focus 
serial method, changing the objective length focus distance. When the specimen 
is found under-focused, the bubbles are observed with white contrast, and on the 
other hand, when it is over-focused, the bubbles are dark. However, if there are 
any other microstructural characteristic as secondary phases, grain boundaries, 
or similar, their contrast remained grayscale-like. In Figure 13, three micrographs 
are presented showing EUROFER97 microstructure with large bubbles within the 
microstructure (Figure 13 (a) over-focused, (b) in-focus, and (c) under-focused).

It has been demonstrated that both beam configurations are valid to carry out  
He implantations. However, more experiments have to be conducted to determine 
which one is closer to nuclear fusion environment.

3.3 Fe implantation

Neutron irradiation produces atomic cascades, as described above, in which the 
atoms from the matrix moved from their equilibrium positions, generating certain 
atomic disorder. This disorder stays reflected in dislocation defects as an accumulation 
of Frenkel pairs. In addition, neutrons also produced transmutation reactions not only 
generating He and H but radioactive isotopes, thus it would be necessary to keep and 
test the samples in hot cells. For that reason, a safer and more afforadable way to emu-
late defects produced by neutrons is to irradiate iron-based alloys such as steels, with Fe 
ions. Those ions, although they alter a very shallow layer of materials, do not produce 
transmutation nor modify the chemical composition of the samples so they are called 
self-ions. There are some examples of irradiations with larger atoms as Xe [37, 38] or Kr 
[39], although the objective is not the emulation of nuclear fusion environment, since 
they produce a significant chemical change in the material composition.

Unlike He irradiation, the effect of self-ion irradiation in the microstructure is 
hard to characterize since the dislocation loops are a very complex features to observe 
properly and it needs long time and effort, along with a great knowledge of TEM 
(microscope operation, exquisite sample preparation, and insight of on the theory 
on irradiation defect generation [40, 41]). In addition, in this field there is a huge 
gap between simulation models and experiments headed to validate such simulations 
within the frame of nuclear fusion, so it is an opportunity of irradiating simple alloys 
which are the base of the complex alloys (i. e. EUROFER97, F82H, ODS steels...). 
Regarding He bubbles, there is relatively large literature about modeling bubbles in 
actual steels [42–48], and due to this, the irradiations headed to the understanding of 
He bubble nucleation and growth carried in this matter are subjected to steels instead 
of more simple alloys. As in the case of Fe implantation that pure iron is used.
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TEM micrographs showing He bubbles within steel matrix in (a) over-focused (bubbles in black), (b) in-focus 
(poor contrast), and (c) under-focused (white bubbles).
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For these experiments, the sample holder used was the motorized one which allows 
high temperature heating as shown in Figure 14, This study required a wide range of 
irradiation temperatures because dislocation loops are very temperature sensitive. The 
type of beam used was defocused, since the specimens were small (TEM discs), and it 
was not required to move the beam to cover all the area of interest.

The main goal of this research was to determine if there is a difference in the 
developing of microstructural irradiation defects because of the temperature 
and the specimen thickness. The energy used was 20 MeV, and the temperature 
was 300 and 450°C up to a dose of 5 dpa at the irradiation peak. Several irradia-
tions took place, in order to study two thin foils and two discs (bulk samples) 
at the two aforementioned temperatures. In Figure 15, the damage profile 
obtained with SRIM is shown. The red curve represented the whole damage peak 
produced in the bulk samples whose thickness was around 100 μm. On the other 
hand, the damage generated in the thin foils with a thickness approximately of 
100–150 nm fabricated by electropolishing, as the regular TEM disc prepara-
tion, is showed with the blue curve, because the ions pass through the thin films. 
For that reason in bulk specimens, the damage reached the maximum, 5 dpa. 
However, in thin films the damage is much lower (0.1 dpa), although the ion 
energy was the same.

Once the irradiations were finished, the samples were studied by 
TEM. Dislocation loops were found in all the specimens (both bulk and thin 
foils), but size and distribution were completely different between bulk and 
thin-film experiments. In the first one, although the damage was much higher, 
the maximum loop observed was 22 nm, and the distribution was quite het-
erogeneous, being maximum at the damage peak depth (Figure 16a and b). 
Nevertheless, in thin films, in spite of the small amount of thickness and the 
small amount of damage deposited by self-ions, very large loops were detected, 
even larger than 500–600 nm distributed homogeneously within the material 
(Figure 16c and d). In addition, differences between Burger vectors and popula-
tion density have been found. Deep characterization is being carried out, but 
those preliminary results proved that the configuration (accelerator device, 
irradiation parameters, and sample holder) used in CMAM facility provides the 
tools required to perform high quality experiments whose results will be of a great 
support for modeling scientists.

Figure 14. 
(a) Motorized sample holder for Fe ion irradiations. (b) Light produced by ionoluminescence because of the 
irradiation of Fe ions onto MACOR piece.
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4. Conclusions

The importance of ion beam accelerators to perform experiments which gain 
insight with about the possible synergies between radiation damage, microstruc-
ture, strain, and magnetic fields regarding degradation of structural materials 
for nuclear fusion applications has been presented in this chapter. It is well 
known that there is a gap between neutron irradiation and ion irradiation, but it 
is still a very important source of knowledge until the scientific community has 
the possibility of using a facility which emulates the nuclear fusion environment 
as DONES [5].

CIEMAT has been carrying out for several years numerous experiments in this 
field generating vast knowledge about irradiation effects on structural materials, 
with the help of CMAM facility and its researchers and staff.

Figure 15. 
SRIM profile of bulk irradiation (red curve) and thin-film irradiation (blue curve).

Figure 16. 
Dislocation loops found in pure Fe in different experiments in bulk experiments at 5 dpa and (a) 350°C and 
(b) 450°C and in thin foils at 0.1 dpa at (c) 350°C and (d) 450°C.
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Nevertheless, in thin films, in spite of the small amount of thickness and the 
small amount of damage deposited by self-ions, very large loops were detected, 
even larger than 500–600 nm distributed homogeneously within the material 
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those preliminary results proved that the configuration (accelerator device, 
irradiation parameters, and sample holder) used in CMAM facility provides the 
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Therefore, it has been demonstrated that ion beam accelerators are a fundamen-
tal tool to the developing of the future nuclear fusion reactors.
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Therefore, it has been demonstrated that ion beam accelerators are a fundamen-
tal tool to the developing of the future nuclear fusion reactors.
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Chapter 3

Modification of Physical and
Chemical Properties of Titanium
Dioxide (TiO2) by Ion
Implantation for Dye Sensitized
Solar Cells
Hafsa Siddiqui

Abstract

Nowadays, ion implantation is used as a leading technique for doping. Inspite
of generating lattice distortions it is preferred over other techniques due to its large
range of doses, extremely accurate dose control and low temperature process. This
chapter deals with the modification of physical-chemical properties of titanium
dioxide (TiO2) through ion implantation method. The TiO2 material is tested in
many fields, e.g., nano-catalysts, light harvesting, magnetic data storage and
Optics. Various synthesis routes have been reported for the preparation of TiO2

nano-micro structures (particulate solids). Further, implanting these particulate
solids revealed anisotropic ferromagnetism at room temperature. On the other
hand, noble ion implantation opens up the horizon for fabrication of plasmonic
and optical composites. Here in this chapter, TiO2 based photoanodes have been
extensively examined for dye sensitized solar cells (DSSC) with metallic and
non-metallic ion implantation to realize TiO2 with specific properties.

Keywords: ion implantation, doping, TiO2, dye sensitized solar cells, photoanode

1. Introduction

The growing energy demand of the society has engaged scientific community
over the last decade in a search to enhance the light harvesting applications by
utilizing nanostructured materials [1, 2]. The situation is quite obvious that the
enlargement of solar cell efficiency through nanostructured materials is very
important in the future. After the year 1991, a major breakthrough has come in the
area of photovoltaics as dye sensitized solar cells (DSSCs) which possess modest
functioning along with their advantageous features such as flexibility in device
handling, low toxicity and respectable performance in diverse light conditions
[3–7]. So far, TiO2 is a well-known material as photoelectrode having tremendous
performance in DSSC device application [6–10]. However, despite of the outstand-
ing performance, TiO2 tends to suffer from high recombination center of electrons
and holes coupled with wide band gap (i.e., 3.2 eV) [11]. Thus, lot of research is
being carried out with the aim to enhance device performance by reducing the
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charge carrier recombination and improving electrical/optical performance of TiO2

photoelectrode [4–13]. In this regard, elemental doping is the most advantageous
approach to modify its properties. Much work has been reported on synthesis
processes adopted for preparation of TiO2. The chemical synthesis methods involve
the complexity of chemical reactions and reproducibility is often problematic [14].
Physical doping, e.g., high-energy beam modifications have an adept of post-
treatment produced titania films for further precisions, were essentially ignored
and less effort was conducted in this direction for doping in photoanodes of DSSC
[15–20]. The author have gone through the literature carefully and after keenly
analyzing the reported results, proposed the better applicability of the ion implan-
tation system and extensively examined the ion implanted TiO2 as photoanode in
DSSC application.

The present piece of work is mainly focused on the ion implantation technique
for the modification of photo-physical properties of titanium dioxide (TiO2) thin
films for application as efficient photoelectrode material in dye sensitized solar cell
application (Figure 1). The work focuses the finding towards the power conversion
efficiency enhancement in DSSCs through ion implanted TiO2 and also discusses
in detail the reported results and extensively examines the effects of ion implemen-
tation on the performance of dye sensitized solar cell. This chapter imparts knowl-
edge in the field of ion implantation and its application in dye-sensitized solar
cells. The fabrication technique adopted here is compatible with currently utilized
fabrication techniques for the same and is of great interest to the readers working
in the area of ion implantation for optoelectronic device application.

2. Crystal structure of TiO2

TiO2 is an n-type wide bandgap semiconductor and has four polymorphs as
tetragonal (anatase and rutile), orthorhombic (brookite) and monoclinic TiO2 (B)
phases (Figure 2), apart from these polymorphs the PbO2 structure (TiO2 (II))
and hollandite structure TiO2 (H) are also synthesized from the rutile phase under
high-pressure [21]. In DSSC application, both anatase and rutile phases are highly
appreciated as they are stable and possesses good photoreactive properties. Brookite
TiO2 has complicated phase with high unite cell volume with minimum density that
makes it not suitable for device application [21]. The anatase TiO2 is most stable
phase at nanoscale, however the energy difference between anatase and rutile is
very small (2–10 kJ.mol�1). The crystal structure, lattice parameters, optical band
gap values and related parameters of different phase TiO2 are tabulated in Table 1.

Figure 1.
Ion-implanted TiO2 photoanode for dye-sensitized solar cells.
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TiO2 is more stable as compared to other metal oxides in DSSC, because it has
suitable Fermi level to accept electrons from photoexcited dye, and its internal
network structure (mesoporous structure) plays an important role in achieving high
charge collection efficiency and more electron transportation.

Figure 2.
Crystal structures of TiO2 (a) anatase (tetragonal), (b) rutile (tetragonal), and (c) brookite (orthorhombic)
polymorphs [21].

Crystal structure Anatase TiO2 Rutile TiO2 Brookite TiO2

Form. Wt. 79.890 79.890 79.890

Crystal system Tetragonal Tetragonal Orthorhombic

Point group 4/mmm 4/mmm mmm

Space group I41/amd P42/mnm Pbca

Unit cell

a (Å) 3.7842 4.5845 9.184

b (Å) 5.447

c (Å) 9.5146 2.9533 5.145

Volume (Å3) 136.25 62.07 257.38

Molar volume 20.156 18.693 19.377

Density 3.895 4.2743 4.123

Thermal expansion (volumetric)

Alpha 28.9

a0 0.2890

Density 3.2 eV 3.0 eV 4.123

Table 1.
Structural properties of crystalline structures of TiO2 Ref. [21].
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3. Dye-sensitized solar cells

The basic idea of dye-sensitization technique was given by Vogel and Berlin in
1873 [7] and the well understood sensitization was perfect in early 1960s and 1970s,
with the pervasive photoelectrochemical examination of dye-sensitized single-
crystal electrodes. However, as compared to silicon based photovoltaic devices, the
performance of these early DSSCs was poor (efficiency <1%). The major obstacle
was the low light harvesting efficiencies of these single-crystal cells by a dye mono-
layer adsorbed onto a planar TiO2 surface. Some improvements in efficiency were
achieved by coating a thick layer of dye onto the planar TiO2 surface; the efficiency
was still limited to <2% due to less proficiency in charge-collection from the
faraway dye molecules [14]. A breakthrough in DSSC performance was achieved in
early 1990s by the research group of Grätzel who creatively demonstrated that a
practical DSSC which consists of ruthenium sensitizer dye-adsorbed mesoporous
titanium dioxide (thin �10 μm) layer on fluorine doped tin oxide glass substrate
serving as a photoanode (PA), a platinum-coated counter electrode (CE) and a
redox couple liquid electrolyte introduced in between the two electrodes [3]. The
main parts of DSSC are shown in Figure 3 [22–25]. Considerable developments in
DSSC efficiency have been reached since then, and the record A.M. 1.5 conversion
efficiency for a DSSC presently touched at 14.3%, making it comparable to the
conventional p-n junction silicon solar cells in terms of efficiency and cost-
effectiveness [7]. Despite intense study of DSSCs over the past two decades, the

Figure 3.
(a) Semiconductor (photoanode, PA), (b) sensitizer dye, (c) redox couple/electrolyte, and (d) counter electrode
[22–25].
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increase in conversion efficiency has been insignificant and several aspects of the
physics and chemistry of the DSSC stay uncertain or debated. If further progress is
to be made in device optimization of DSSCs for use in the photovoltaic market,
scientists should understand the full mechanism of electron transport in the
photoanodes, dye sensitization kinetics and electron recombination at the
substrate/TiO2/electrolyte interface. The ion implantation method lays emphasis on
the modification of photoanode, e.g., [16–18]:

• The ion implanted TiO2 have high surface area for dye adsorption and avoid
absorbing visible light to cover high amount of light harvesting.

• The energy level of the ion implanted TiO2 is matched with that of the excited
dye molecules for smooth electron (e�) injection.

• The ion implanted TiO2 has large charge carrier mobility, for collecting the
photoelectrons competently.

• The ion implanted TiO2 is easy to synthesize, stable, cheap and
environmentally friendly.

3.1 Basic principles of DSSCs

Figure 4 depicts typical structure of a DSSC and its operational principle
[22–25]. In DSSC the photo-excitation of electrons from lowest unoccupied molec-
ular orbital (LUMO) of dye molecules takes place with the external light irradiance,
by choosing sufficient energy, electron reaches highest occupied molecular orbital

Figure 4.
(a) Schematic of a typical DSSC. (b) The basic sequence of events in a DSSC. (c) Electron transfer in dye
sensitized solar cell. (d) Electrical losses in DSSCs [22–25].
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(HOMO) of dye molecule, which is further injected into the conduction band (CB)
of the TiO2 and fast transferred to the external circuit through the CE, generating an
electrical current. The inserted electrolyte here plays a vital role in donating an
electron back to the unusual state of dye molecule and serves as a redox couple. The
CE proceeds charge from the external circuit back to the cycling circuit in the cell
[6–8]. Nevertheless, the device performance depends on the photoelectrode mate-
rial as well. The voltage produced under irradiance shows resemblance to the
potential difference between the electrolyte redox couple (I�/I3�) and the quasi-
Fermi level of the electron in TiO2. The net outcome is the conversion from light to
electricity without any permanent chemical transformation. DSSC is thus a regen-
erative type photo-electrochemical cell [9, 10]. The sequence of the charge transfer
processes responsible for the operation of a dye sensitized solar cell is given in the
following Eqs. (1)–(7) [26]: The charge transfer processes and the unwanted loss
mechanisms presented below are well discussed in details in Ref. [8].

Sþ hυ ! S ∗ (1)

S ∗ ! Sþ þ e�CB (2)

Sþ þ 3
2
I� ! 1

2
I�3 þ S (3)

I�3 þ 2e�CE ! 3I� (4)

In addition to the forward electron transfer and ionic transport processes, sev-
eral electron loss pathways could be analysed as shown in Figure 4(d), which gives
the electron transfer losses occurred at the dye-sensitized heterojunction. The ear-
lier studies clearly indicate that the main losses in DSSC were due to the potential
drop in the dye regeneration and recombination losses between electrons in the
TiO2 and acceptor species in the electrolyte [26].

• Fall off the electron from dye excited state to the ground state

S ∗ ! S (5)

• Recombination of the vaccinated electron with the dye cations

Sþ þ e�CB ! S (6)

• Recombination of the vaccinated electron with the (3I�) redox mediator

I�3 þ 2e�CB ! 3I� (7)

• At CE, the electron decreases the redox mediator situated in the electrolyte of
the DSSC.

• Redox mediator diffuses to meet and regenerate oxidized dye molecules.

Hence, the challenge is to effectively regenerate the oxidized dye molecules with
efficient charge transport through the ion implanted TiO2 matrix followed by the
decrease in recombination which can happen at the TiO2/dye/electrolyte
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boundaries. The morphology and structure of the ion implanted TiO2 photoanode
depends on the absorption of dye, electron injection, transportation and the
recombination.

4. Ion implantation

The basic information of nucleation and growth mechanisms of TiO2 thin film is
essential to understand microstructure and properties for DSSC [4, 16]. The TiO2

nanoparticle with anatase and rutile phases has been synthesized by ion implanta-
tion technique, where the degree of surface modification is significantly influenced
by various implantation parameters, e.g., current density of ion beam, substrate
temperature, and energy of an implant ions [17], etc. In ion implantation technique,
ion dose (denoted by F0) is the key factor to determine the total implant ions. TiO2

implantation can be categorized as low-dose and high-dose under conditional sur-
face modification. Low-dose irradiation, e.g., �F0 ≤ 5.0 � 1014 ion/cm2 (energy of
the implant is transported to the matrix by electron shell excitation and nuclear
collisions [27]), causes the radiation-induced defects, which may in turn become
reversible or irreversible modification of the material structure. Several types of
defects are present in TiO2 crystal such as point defects, line defects, staking faults
defects, local crystallization, etc. The range of high-dose implantation can be clas-
sified into two sub-ranges, e.g., 1015 ≤ �F0 ≤ 1017 ion/cm2.

Figure 5 depicts the cross-section view of nucleation and growth of
nanoparticles. Once the concentration of doped ions over does the solubility limit
of TiO2 atoms in matrices and the system relaxes [19]. The threshold dose values
which nucleate the TiO2 nanoparticles are dependent on the sort of the implant
and dielectric matrix. Therefore, the ion implantation method delivers a suitable
way to alter physical and chemical properties of materials. Still there is rare
information or literature available on improvement of photovoltaic properties for
DSSCs with ion implantation [15–18].

Figure 5.
Basic physical stages of TiO2 nanoparticle synthesis by ion implantation in dependence on ion dose [27].
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5. Recent progress in DSSCs

Till date, the record efficiency of DSSCs is exclusively achieved on TiO2

nanoparticles. Optimized photoelectrode films usually contain two layers: the bot-
tom layer is a 12-μm thick transparent layer made of 10–20 nm TiO2 nanoparticles
which has efficiently high surface area for dye adsorption; the top layer is a 4-μm
thick film made of much larger TiO2 particles (�400 nm in diameter) to scatter
light back into the bottom layer and enhance near-IR light harvesting [3]. The
highest efficiency achieved based on the different architecture of DSSCs is summa-
rized in Table 2. Despite the excellent performance of TiO2 nanoparticle films in
conventional DSSCs, they are still incapable to contribute suitable efficiency as
compared to silicon based solar cells. Thus there is a need to realize a higher access
rate of the photogenerated electrons from dye to the photoanode, to extend the
efficiency at suitable level.

5.1 Important results

The TiO2 photoanode prepared via the ion implantation method has active paths
to expand the DSSC performance [19]. Ion implantation permits the incorporation
of Ti4+ ion species at accelerated high-energy into the raw surface under high
applied power for short time duration. On the other hand, it can improve the
properties of TiO2 like enhanced resistance to oxidization, little interfacial fault and
respectable optical properties [17]. But till date the reported work on ion implanted
TiO2 served as photoanode in DSSC are very limited (available reports are summa-
rized in Table 3). The implanted ions may act as intermediaries for charge transfer
and centers for electron-hole recombination, and this dual characters affect the
performance of the DSSC. The true impact should be conceded by both the effects,
and also depend on the doses of the implanted ions. It has been found that the
annealing state also play a key to explaining the charge transfer dynamics on ion
implantation, because annealing state regulates the activation and the diffusion
profile of the dopant. The beginning part of the annealing is more precarious since
the in-activated dopants act as recombination sites, which reduces the minority
carrier lifetime and decreases the performance of DSSCs. Luo et al. and Low et al.
has found that minimum temperature annealing of ion implantation TiO2

Author Year Dye η (%) Ref.

Kenji et al. 2015 ADEKA-1 and LEG4 14.3 [28]

Simon et al. 2014 SM315 with cobalt (II/III) redox 13.0 [29]

Liyuan et.al. 2012 N3 11.4 [5]

Yella et al. 2011 YD2-o-C8 12.3 [11]

Kim et al. 2010 Black dye 11.2 [30]

Qingjiang et al. 2010 Ruthenium 12.1 [31]

Chen et al. 2009 CYC-B11 dye 11.5 [32]

Feifei et al. 2008 C101 and C102 11.3 [33]

Yasuo et al. 2006 Black dye with YD2-o-C8 11.1 [34]

Table 2.
Photovoltaic parameters of the DSSCs under an illumination of 100 mW/cm2 (AM 1.5G).
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photoanode was due to shallow emitter which can enhance the quantum efficiency
at short wavelengths [15, 16].

6. Conclusions

In the future, dye-sensitized solar cells will be used in many fields, such as
mobile commerce, building-integrated photovoltaics (BIPVs), and vehicles. More-
over, DSSCs are essential in the Smart Grid, which are utilized in our daily lives. To
apply solar energy in the Smart Grid, DSSCs are required to have transparency,
flexibility, lightweight, low cost, and high power conversion efficiency. In terms of
low cost and lightweight, organics, inorganics, and hybrid materials have brighter
prospects than the semiconductors. In hybrid materials, photovoltaic cells have
been prepared with the advantages of organics or inorganics selectively. However,
it is not easy to increase the power conversion efficiency. One potential solution
presented in this study is to use ion implanted TiO2 nanostructures in DSSCs. The
slow progress of ion-implanted TiO2-based DSSCs in the past 7 years has demanded
to realize the reliable and practical commercialization of DSSCs. It is expected that
ion-implanted TiO2 can efficiently separate photoexcited charge carriers and gen-
erate higher photocurrent in DSSCs. In comparison to untreated cell, the implant
ion can act as mediators for electron transport that reduces charge transfer resis-
tance and enhance the dye loading resulting in boost of PCE [15]. One way of
achieving the better light-harvesting ability is to grow the various low dimensional
nanoparticles on the ion-implanted TiO2 thin film, which is presently the active
field of study [17]. Thus, the future prospects of material and ideas revealed in the
present chapter can be better applied to efficient visible light-activated material to
boost the performance of DSSCs.
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Dopant/Modifier Strategies η (%) Ref.

Ag-ion Tri-layer titania films has been doped with Ag ions using metal
vapor vacuum arc ion-implantation.

5.85 [15]

Ti Ti ion implantation has been used to modify the reduced graphene
oxide nanosheet by incorporating the Ti4+ ion at various applied
powers ranging from 50 to 250 W

8.51 [16]

Ruthenium-iron The anatase TiO2 electrode has been prepared via a sol-gel process
and deposited onto ITO. The deposited TiO2 films have been
subjected to MPII at 20 keV in order to incorporate ruthenium Ru
and Fe atoms into the TiO2 surface layer.

8.0 [17]

Carbon The optimal concentration of ions implantation for C-implanted
cells is 1 � 1015 atom*cm2

5.32 [18]

Nitrogen TiO2 layer has been uniformly implanted with 100 keV nitrogen (N)
ions of fluence 1 � 1016 ions cm2.

1.64 [19]

Iron Fe-doped TiO2 electrodes with the illumination of
6 � 1015 atom∕cm2

4.86 [20]

Table 3.
Doped/surface modified through ion implanted TiO2 based DSSCs.
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been prepared with the advantages of organics or inorganics selectively. However,
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Chapter 4

Reaction between Energy Particle 
Ion Beam with Carbon Nanotube
Qintao Li, Zhichun Ni and Shehla Honey

Abstract

Carbon nanotubes (CNTs) have attracted considerable attention due to their 
high aspect ratio, whisker-like form for best possible geometrical field enhance-
ment, high electrical conductivity, and extraordinary thermal stability. Ion beam 
technology is a potential technique for controlled construction of CNTs. During 
collision with energetic ions, carbon atom of CNTs can get an adequate amount of 
energy to escape from the graphite lattice and produce a large number of defects. 
These defects are advantageous for adding some new functional groups and 
nanoparticles to modify CNTs. Meanwhile, the structure and atoms in the region of 
the defects can be rearranged and changed into amorphous structure, onion struc-
ture, and so on. These defects also can be used to form the junctions of CNTs and 
realize welding of CNTs and network formation of amorphous carbon nanowires.

Keywords: carbon nanotubes, ion beam, modification, welding, structural change

1. Introduction

Ion beam technology has some advantages for controlled construction and 
modification of nanostructures; i.e., (1) nonequilibrium phase transition of nano-
structures can also be realized using ion beam technology, and the nucleation in 
phase transition process will not be confined due to thermodynamics of growth 
of material. (2) The lattice orientation of nanostructures can be controlled using a 
channeling effect of ion beam. In fact, when a beam of energetic ions interacts with 
crystal, it can destroy the nanoparticles while keeping maintained the crystal nuclei 
and nanoparticles with orientation consistent with channel direction of ion beam. 
(3) Ion implantation is an effective means for nucleation, nanophase formation, 
nanocrystal orientation, and precise doping. (4) Ion beam deposition technology is 
also an effective way to achieve high-quality thin films.

In the past three decades, ion beam technology has played an important role 
in the formation of nanostructures, such as alloying, amorphization, and phase 
transformation; nanocrystalline phase formation by ion implantation; nucleation 
induced by ion implantation; oriented nanocrystals in solid-state network; and 
nanocrystal size control [1–4].

CNTs can be employed as conducting wires and building blocks of many 
electronic and optoelectronic nanodevices due to their excellent mechanical and 
electronic properties [5–8].

In recent years, some important research topics in the interaction between the 
ion beams and CNTs have attracted widespread attention. The energy, doses, and 
the substrate temperature of ion beams should affect the interaction results.  
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In general, if the energy is very low (such as 100 eV), the cascade collision effect 
does not occur. The interaction between ion beam and CNTs is producing the defect 
in the graphite lattice, and the structure of CNTs is still graphite shell. In this range 
of ion beam energy, the number of defect on the CNT surface can be controlled 
precisely by adjusting the ion energy and ion doses, and the corresponding proper-
ties of CNTs can be tuned. These defects can be used as the source to add some new 
functional group, functional material, and nanoparticles. Even, the C atoms around 
the defects can be transferred into the carbon onion structure or diamond by the 
H ion beam. When the energy is high (such as 30 keV), the cascade collision effect 
occurs, and it can produce a large number of defects by the implantation of ion 
beam. In this ion beam energy range, the graphite layer structure of CNTs should 
be damaged under the irradiation of ion beam. The rearrangement of carbon atoms 
should happen. The amorphous carbon nanostructure, carbon onion structure, or 
diamond structure can be formed. The defects can also be used to link the CNTs, and 
the welding of CNTs can be realized. Therefore, the modification of CNTs, transfor-
mation of CNTs, welding of CNTs, fabrication of carbon nanowire networks, etc. 
have been interesting under the interaction between the ion beam and CNTs.

2. The interaction between CNTs and ion beams

2.1 The modification of CNTs by ion beams

When the energy of ions is very low, the penetration depth of ion beam is only 
several nanometers, and the damage produced by ion beam occurs on the surface 
of CNTs. The achieved energy of carbon atom in the CNTs by the collision is small. 
Therefore, the interaction between ion beam and the CNTs in this energy range 
should produce the lattice defects. These defects can be used to adjust the mechani-
cal, electronic, and optoelectronic properties. The defects can also be used as the 
sources to add some new functional group, functional structure, and nanoparticles. 
The CNTs can be modified by non-covalently attached or covalently attached 
means through some chemical technology, chemical vapor deposition (CVD), etc. 
[9–12]. The structure by the noncovalently modification is unsteady. The hybrid 
material by the covalently attached means has a very strong force between the CNTs 
and the functional group, function structure, or nanoparticles. In general, the CNTs 
can be modified by covalently attached means under the irradiation of ion beams. 
The connection between CNTs and the functional group, function structure, or 
nanoparticles depends on the formation of the new covalent bond around the 
defects induced by the ion beams. The hybrid material is very steady. The modifica-
tion of CNTs should be some new complex properties by the introduction of some 
new structure and can be used as new composite material.

In our previous work [13, 14], the interaction between CNTs and hydrocarbon 
ion beams having energy in the range 80–200 eV with substrate temperature from 
room temperature to 700°C has been studied. The ion beams are produced by 
Kaufman ion source. The CNTs are dispersed on the silicon wafer as the sample. 
Figure 1 represents SEM images of CNTs being irradiated by hydrocarbon ions with 
80 eV and different percentages of hydrogen in gas phase.

After CNTs are being irradiated by hydrocarbon ions, surface of CNTs becomes 
rough, and diameter is increased. As the ratio of H2:CH4 will be increased in gas phase, 
diameters of CNTs will decrease such as 60–70, 40–50, 8–40 nm to forming fragments 
and clusters. In the process hydrocarbon ion irradiation, there are two competing effects.

The first effect is deposition of carbon and carbon-based ions, and the second is 
etching of hydrogen ions.
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The deposition rate is high due to dominance of deposition effect in case if 
hydrogen content is less in gas phase. If the hydrogen content is intermediate in the 
gas phase, then deposition rate will be time-consuming which results in depositing 
a thin layer. At high content of hydrogen ions, the deposition rate of carbon-based 
ions is entirely suppressed due to dominance of etching effect. The bare exposure of 
CNTs to hydrogen ions initiated the etching of CNTs which leads to etch these CNTs 
in parts and finally results in formation of pieces of carbon clusters. Figure 2 repre-
sents TEM images of CNTs being exposed to 80 eV hydrocarbon ions (T = 700°C).

The surface of CNTs is rough and inner hollow structure is undamaged. The 
selected area electron diffraction pattern (SAED) displays reflections (002 and 
004) which correspond to intergraphene. Figure 2b, c represents the high- 
resolution transmission electron microscope (HRTEM) images of CNTs after treat-
ing with hydrocarbon ions having ratio H2: CH2 = 5:1 at 700°C for 30 and 90 min, 
respectively. Carbon nanoparticles of graphene stacks in size of ~5 nm are formed 
on the surface of CNTs after the treatment of 30 min, and the whole surface is 
covered with a coating of graphene stack carbon nanoparticles (size ~15–20 nm). 
HRTEM image of CNTs after being treated with hydrocarbon ions having ratio 
H2:CH4 = 10:1 for 90 min at 700°C is shown in Figure 2d.

The whole surface of CNT is covered with a coating of carbon nanoparticles of 
graphene stacks (size ~5 nm) and highlighted in the region encircled as “D.” The 
existence of a large number of defects can obviously be seen in the regions that are 
encircled as “E” and “F.”

High temperature is believed to be the most important factor in order to form 
the carbon nanoparticles of graphene stacks. Usually, carbon nanomaterials that 
grow on low temperature have amorphous structures. Besides, at high temperature 
carbon clusters are oriented in the film due to SP2 carbon because of a sharp drop 

Figure 1. 
SEM images of CNTs being irradiated by hydrocarbon ions of energy 80 eV and varying ratios of H2:CH4, i.e., 
(a) 0; (b) 10:1; (c) 20:1; and (d) 30:1 [13].
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In general, if the energy is very low (such as 100 eV), the cascade collision effect 
does not occur. The interaction between ion beam and CNTs is producing the defect 
in the graphite lattice, and the structure of CNTs is still graphite shell. In this range 
of ion beam energy, the number of defect on the CNT surface can be controlled 
precisely by adjusting the ion energy and ion doses, and the corresponding proper-
ties of CNTs can be tuned. These defects can be used as the source to add some new 
functional group, functional material, and nanoparticles. Even, the C atoms around 
the defects can be transferred into the carbon onion structure or diamond by the 
H ion beam. When the energy is high (such as 30 keV), the cascade collision effect 
occurs, and it can produce a large number of defects by the implantation of ion 
beam. In this ion beam energy range, the graphite layer structure of CNTs should 
be damaged under the irradiation of ion beam. The rearrangement of carbon atoms 
should happen. The amorphous carbon nanostructure, carbon onion structure, or 
diamond structure can be formed. The defects can also be used to link the CNTs, and 
the welding of CNTs can be realized. Therefore, the modification of CNTs, transfor-
mation of CNTs, welding of CNTs, fabrication of carbon nanowire networks, etc. 
have been interesting under the interaction between the ion beam and CNTs.

2. The interaction between CNTs and ion beams

2.1 The modification of CNTs by ion beams

When the energy of ions is very low, the penetration depth of ion beam is only 
several nanometers, and the damage produced by ion beam occurs on the surface 
of CNTs. The achieved energy of carbon atom in the CNTs by the collision is small. 
Therefore, the interaction between ion beam and the CNTs in this energy range 
should produce the lattice defects. These defects can be used to adjust the mechani-
cal, electronic, and optoelectronic properties. The defects can also be used as the 
sources to add some new functional group, functional structure, and nanoparticles. 
The CNTs can be modified by non-covalently attached or covalently attached 
means through some chemical technology, chemical vapor deposition (CVD), etc. 
[9–12]. The structure by the noncovalently modification is unsteady. The hybrid 
material by the covalently attached means has a very strong force between the CNTs 
and the functional group, function structure, or nanoparticles. In general, the CNTs 
can be modified by covalently attached means under the irradiation of ion beams. 
The connection between CNTs and the functional group, function structure, or 
nanoparticles depends on the formation of the new covalent bond around the 
defects induced by the ion beams. The hybrid material is very steady. The modifica-
tion of CNTs should be some new complex properties by the introduction of some 
new structure and can be used as new composite material.

In our previous work [13, 14], the interaction between CNTs and hydrocarbon 
ion beams having energy in the range 80–200 eV with substrate temperature from 
room temperature to 700°C has been studied. The ion beams are produced by 
Kaufman ion source. The CNTs are dispersed on the silicon wafer as the sample. 
Figure 1 represents SEM images of CNTs being irradiated by hydrocarbon ions with 
80 eV and different percentages of hydrogen in gas phase.

After CNTs are being irradiated by hydrocarbon ions, surface of CNTs becomes 
rough, and diameter is increased. As the ratio of H2:CH4 will be increased in gas phase, 
diameters of CNTs will decrease such as 60–70, 40–50, 8–40 nm to forming fragments 
and clusters. In the process hydrocarbon ion irradiation, there are two competing effects.

The first effect is deposition of carbon and carbon-based ions, and the second is 
etching of hydrogen ions.
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The deposition rate is high due to dominance of deposition effect in case if 
hydrogen content is less in gas phase. If the hydrogen content is intermediate in the 
gas phase, then deposition rate will be time-consuming which results in depositing 
a thin layer. At high content of hydrogen ions, the deposition rate of carbon-based 
ions is entirely suppressed due to dominance of etching effect. The bare exposure of 
CNTs to hydrogen ions initiated the etching of CNTs which leads to etch these CNTs 
in parts and finally results in formation of pieces of carbon clusters. Figure 2 repre-
sents TEM images of CNTs being exposed to 80 eV hydrocarbon ions (T = 700°C).

The surface of CNTs is rough and inner hollow structure is undamaged. The 
selected area electron diffraction pattern (SAED) displays reflections (002 and 
004) which correspond to intergraphene. Figure 2b, c represents the high- 
resolution transmission electron microscope (HRTEM) images of CNTs after treat-
ing with hydrocarbon ions having ratio H2: CH2 = 5:1 at 700°C for 30 and 90 min, 
respectively. Carbon nanoparticles of graphene stacks in size of ~5 nm are formed 
on the surface of CNTs after the treatment of 30 min, and the whole surface is 
covered with a coating of graphene stack carbon nanoparticles (size ~15–20 nm). 
HRTEM image of CNTs after being treated with hydrocarbon ions having ratio 
H2:CH4 = 10:1 for 90 min at 700°C is shown in Figure 2d.

The whole surface of CNT is covered with a coating of carbon nanoparticles of 
graphene stacks (size ~5 nm) and highlighted in the region encircled as “D.” The 
existence of a large number of defects can obviously be seen in the regions that are 
encircled as “E” and “F.”

High temperature is believed to be the most important factor in order to form 
the carbon nanoparticles of graphene stacks. Usually, carbon nanomaterials that 
grow on low temperature have amorphous structures. Besides, at high temperature 
carbon clusters are oriented in the film due to SP2 carbon because of a sharp drop 

Figure 1. 
SEM images of CNTs being irradiated by hydrocarbon ions of energy 80 eV and varying ratios of H2:CH4, i.e., 
(a) 0; (b) 10:1; (c) 20:1; and (d) 30:1 [13].
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in SP3 fraction of carbon with increasing substrate temperature. Usually, all carbon 
materials that grow at low temperature have a common characteristic of amorphous 
structure. Turbostratic stacked graphenes are formed due to structural modifica-
tions which occurred at high annealing temperature.

Structural defects such as vacancies and interstitials may be generated due to 
collision cascade effect on walls of tubes due to the bombardment of hydrocarbon 
ions. The dominant defects are single vacancies. Thereafter, a pentagon ring is 
formed by these single vacancies which are escorted by movement of dangling bond 
atoms away from the shell by the distance 0.5–0.7 Å. Saturation in defects by hydro-
carbon bonds will occur due to the effect of active hydrogen ions. Subsequently, 
protruding atoms induce a stress in the crystal lattice which will put neighboring 
bonds at risk of additional hydrogenation. In the meantime, active hydrocarbon 
atoms replace hydrogen atoms by process of abstraction and adsorption of hydrogen 
and lead to deposit the carbon. The deposited carbon will make carbon nanopar-
ticles of graphene stacks extended from the surface under the influence of high-
temperature annealing.

Penetration depth for 80 eV hydrocarbon ion CNTs is ~1 nm; therefore, ion 
irradiation induces the damage in the topmost shell, and graphene will be formed 
up to a depth of few “nanometers” which will protect CNTs from further damage.

Initially, the distribution of nanoparticles over the surface of CNTs is ran-
dom. Later, the surface of CNTs will be entirely covered by a coating of carbon 

Figure 2. 
TEM images of CNTs being irradiated by hydrocarbon ions [13].
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nanoparticles of turbostratic stacked graphenes with increase in deposition time. As 
the hydrogen content in gas phase will be increased, the deposition effect is subdued, 
and carbon atoms of C–H bonds are supposed to be etched by hydrogen ions prior to 
assembly with active hydrocarbon ions which lead to appear as the amorphous carbon.

Hence, structural quality and size of carbon nanoparticles of turbostratic 
stacked graphenes are lessened.

When the CNTs are dispersed on Cu network as the sample and substrate tempera-
ture is about 900°C, a new complex material of CNTs decorated by graphitic shell-
encapsulated Cu nanoparticles is achieved [15]. After treating with hydrocarbon ions, 
internal vacant CNT structure remains safe, whereas surface becomes extremely rough.

HRTEM image of Figure 3 shows the products that are composed of Cu-C 
core-shell structure nanoparticles with core size 1–2 nm (size of shell = 5–10 nm). 
The core nanoparticles are firmly encased in carbon shells without having any space 
in between shell and core. The shells are composed of 8–10 layers and have equal 
thicknesses.

When the hold substrate of CNTs is copper, the substrate is heated to 
900°C. Comparing with the hold substrate of silicon, some new process is produced: 
initially, several Cu atoms can gain adequate energy and fled from surface of sub-
strate at elevated temperature and turned into Cu species. Thereafter, carbon and 
Cu alloys were formed due to the interaction of Cu and carbon species introduced by 
means of low-energy hydrocarbon ions. Afterward, with the period of hydrocarbon 
ions, dissolution of carbon in Cu nanoparticles approaches saturation, and a precipi-
tation of pure carbon around the nanoparticles would commence in shape of graph-
ite; consequently, the graphitic shell-encapsulated Cu nanoparticles are formed.

To sum up, only defects can be created on the surface of the CNTs, and the cas-
cade collision effect does not happen during the irradiation of low-energy ion beam. 
The new functional groups or new nanostructures are connected on the carbon 
atoms by covalent bond through utilizing the activity of the defects and form new 
complexes. The CNTs after modification have some new properties. These new 
composite materials can be used as new chemical materials, electrical materials, 
mechanical materials, etc. and can be applied in the fields of medicine, functional 
chemistry, catalysis, field emission, composite mechanical materials, etc.

2.2 The phase transformation occurred by ion beam irradiation

When the energy of ions is high, the carbon atom can gain enough energy to 
escape from the graphite lattice of CNTs in the collision process and can be a free 
atom. The free carbon atoms should collide with the other carbon atoms in the 

Figure 3. 
The TEM image of CNTs decorated by graphitic shell-encapsulated Cu nanoparticles [15].
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nanoparticles of turbostratic stacked graphenes with increase in deposition time. As 
the hydrogen content in gas phase will be increased, the deposition effect is subdued, 
and carbon atoms of C–H bonds are supposed to be etched by hydrogen ions prior to 
assembly with active hydrocarbon ions which lead to appear as the amorphous carbon.

Hence, structural quality and size of carbon nanoparticles of turbostratic 
stacked graphenes are lessened.

When the CNTs are dispersed on Cu network as the sample and substrate tempera-
ture is about 900°C, a new complex material of CNTs decorated by graphitic shell-
encapsulated Cu nanoparticles is achieved [15]. After treating with hydrocarbon ions, 
internal vacant CNT structure remains safe, whereas surface becomes extremely rough.

HRTEM image of Figure 3 shows the products that are composed of Cu-C 
core-shell structure nanoparticles with core size 1–2 nm (size of shell = 5–10 nm). 
The core nanoparticles are firmly encased in carbon shells without having any space 
in between shell and core. The shells are composed of 8–10 layers and have equal 
thicknesses.

When the hold substrate of CNTs is copper, the substrate is heated to 
900°C. Comparing with the hold substrate of silicon, some new process is produced: 
initially, several Cu atoms can gain adequate energy and fled from surface of sub-
strate at elevated temperature and turned into Cu species. Thereafter, carbon and 
Cu alloys were formed due to the interaction of Cu and carbon species introduced by 
means of low-energy hydrocarbon ions. Afterward, with the period of hydrocarbon 
ions, dissolution of carbon in Cu nanoparticles approaches saturation, and a precipi-
tation of pure carbon around the nanoparticles would commence in shape of graph-
ite; consequently, the graphitic shell-encapsulated Cu nanoparticles are formed.

To sum up, only defects can be created on the surface of the CNTs, and the cas-
cade collision effect does not happen during the irradiation of low-energy ion beam. 
The new functional groups or new nanostructures are connected on the carbon 
atoms by covalent bond through utilizing the activity of the defects and form new 
complexes. The CNTs after modification have some new properties. These new 
composite materials can be used as new chemical materials, electrical materials, 
mechanical materials, etc. and can be applied in the fields of medicine, functional 
chemistry, catalysis, field emission, composite mechanical materials, etc.

2.2 The phase transformation occurred by ion beam irradiation

When the energy of ions is high, the carbon atom can gain enough energy to 
escape from the graphite lattice of CNTs in the collision process and can be a free 
atom. The free carbon atoms should collide with the other carbon atoms in the 

Figure 3. 
The TEM image of CNTs decorated by graphitic shell-encapsulated Cu nanoparticles [15].
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lattice to decrease its energy and stop inside the CNTs until its energy is zero. The 
cascade collision effect happens, and a large number of lattice defects should be 
produced. In the cascade collision process, the order of the crystal lattice will be 
destroyed, and even the hollow tube structure may be destroyed [16]. The CNTs 
can transform into the other structure, such as amorphous structure. In the disap-
pearance process of the tube structure, the carbon nanowire with some special 
morphology structure may be formed such as case, pillbox-like, etc. If the substrate 
temperature is high, the disordered carbon atom should be rearranged and can 
transform into the carbon onions or diamond-like carbon structure or even dia-
mond structure. Structural evolution of CNTs irradiated by in situ electron beam 
carried out by Banhart et al. designated that basal planes of CNTs were found to be 
cracked, crooked, and tilted after irradiation [17, 18]. In another report, structure 
of CNTs had been modified to carbon onion or diamonds [19]. Wei et al. irradiated 
CNTs by beam of 30 or 50 keV Ga ions at a range of fluencies [20]. In their report, 
at the low beam fluence ~1013 ions/cm2, they found alteration of CNTs from well-
ordered pillbox-like nano-compartments of unfixed lengths to amorphous rods 
without changing the tubelike shapes of CNTs. At high beam fluence ~1015 ions/cm2,  
CNTs were modified in form of homogenous amorphous rods.

Kim et al. found alterations in morphologies of CNTs after exposure to beams 
of 4 MeV Cl ions [21]. In their report, morphologies of CNTs had been altered 
from CNTs to nano-compartments having bamboo-like structures inside the tubes 
at a fluence ~3 × 1016 ions/cm2. They reported the reason for formation of nano-
compartments with bamboo-like structure by folding the inner walls.

In our previous work [22], the interaction of CNTs and a 40 keV beam of Si 
ions at fluencies ~1 × 1015 and ~1 × 1017 ions/cm2 in a 100 keV electromagnetic 
isotope separator is investigated. HRTEM representations of CNTs exposed to 
a beam of Si ions having fluencies ranging from 5 × 1015 to 1 × 1017 ions/cm2 are 
shown in Figure 4.

Figure 4. 
TEM images of CNTs by irradiation of 40 keV Si ion beam at fluence of 1 × 1015–1 × 1017 ions/cm2 [22].
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With beam fluencies of ions ranging from ~5 × 1015 to ~1 × 1017 ions/cm2, CNTs 
transformed into CNTs with some disorder in graphite structures and integral 
hollow tubular shape, semisolid carbon nanowire having amorphous structure and 
unfilled tubular shape, semisolid amorphous carbon nanowire with intermittent 
unfilled case to solid structure amorphous carbon nanowire.

The procedure for structural modifications of CNTs and fabrication of amor-
phous carbon nanowires is shown in the model diagram of Figure 5. During the 
ion beam bombardment of CNTs by Si ions, an energetic ion transfers its energy 
to the atoms of the topmost shell, and several recoils of primary carbon atom and 
vacancies will be formed in this way. These recoil atoms will produce more recoils 
by colliding with carbon atoms in other shells of CNTs. Structure of nanotubes 
becomes highly unstable due to the presence of large number of defects, i.e., vacan-
cies and interstitials, and carbon atoms in graphitic structures around vacancies will 
reorganize to lessen the surface free energy.

Consequently, well-ordered graphite sheets of CNTs are divided into local 
ordered graphite. Production of defects is gradually increased with increasing beam 
fluence. The tube walls of CNTs with local ordered graphite will then be trans-
formed into completely disordered phase having hollow structure due to continuous 
production and collection of defects.

Amorphous carbon nanowires are formed in the first period. Secondly, at higher 
irradiation doses, the semisolid amorphous carbon nanowires converted entirely 
into solid amorphous carbon nanowire. The nanotubes alter into multishelled  
pillbox-like nanocompartments prior to breakup in form of homogenous amor-
phous rods in later case. The procedure for makeup of solid amorphous carbon 
nanowire at an intermedial stage is displayed in the structure. In addition, CNTs 
used in this experiment were dispersed randomly on substrate and overlapped.

Low beam fluence is received by a shielded part of the tube in comparison with 
unshielded part as beam of energetic ions assails tubes. Consequently, disordered 
graphite, semisolid structure, and solid structure are found concurrently on nano-
tubes irradiated by the almost the same beam fluence.

In our previous work [23], the interaction of CNTs and 1.2 keV Ar ion has been 
investigated. Figure 6 shows the SEM images of CNTs irradiated by 1.2 keV Ar ions 
for 15–60 min. After 15 min sputtering, the tube shapes of CNTs are almost intact, 
and the diameters of CNTs are 4–35 nm, and only a few CNTs are broken into 
several parts along the tube axis; the inset TEM images of typical CNTs shows that 
the CNTs are transformed into amorphous carbon nanowires, consistent with the 
results of 40 keV Si ion irradiation. After 30 min irradiation, the CNTs are sepa-
rated into some particles with the size from 20–30 to 300–400 nm along the tube 
axis, and the surfaces of particles are smooth with no conical protrusion.  

Figure 5. 
The process of amorphous carbon nanowire formation by 40 keV Si ion beam irradiation [22].
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unshielded part as beam of energetic ions assails tubes. Consequently, disordered 
graphite, semisolid structure, and solid structure are found concurrently on nano-
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investigated. Figure 6 shows the SEM images of CNTs irradiated by 1.2 keV Ar ions 
for 15–60 min. After 15 min sputtering, the tube shapes of CNTs are almost intact, 
and the diameters of CNTs are 4–35 nm, and only a few CNTs are broken into 
several parts along the tube axis; the inset TEM images of typical CNTs shows that 
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After 45 min sputtering, the all-tube morphology of CNTs on the top layer of CNTs 
stacks is broken, and the tube morphology of CNTs at the bottom of CNTs stacks is 
almost intact; some protrusions can be observed on the coarse aggregated nanopar-
ticle surface. With 60-min sputtering, all CNTs are broken, and some nanofibers 
can be observed; the lengths of nanofibers are ranged from several ten nanometers 
to several micrometers. The high-resolution SEM images of typical nanofiber show 
that the nanofibers grow on the tip of protrusion. The formation of carbon nanofi-
bers by Ar+ sputtering CNTs is speculated.

Initially, structures of CNTs are modified due to the presence of large number 
of defects, i.e., vacancies and interstitials between and on tube walls due to collision 
cascade effect that gives rise to degree of disorder in the structure, and conse-
quently, CNTs might be scrunched up in form of amorphous nanowires.

Carbon atoms are sputtered quickly on some regions because of difference in 
sputtering yields which depends on curvature of the amorphous nanowire surface 
and lead to break CNTs, and some particles will be deposited along the axis of 
tubes. Afterward, flanges are formed due to competition between smoothening 
process and roughening process. At last, the migration of mass redeposition atom 
toward the tip leads to the growth of carbon nanofibers on the protrusion.

2.3 The welding and the carbon nanowire network fabrication

The fabrication of components on nanoscale is required for the construction of 
modern electronic and optical electronic nanodevices. The nanoscale interconnec-
tions are also required between building blocks and in interior of building blocks 
in order to obtain further miniaturized nanoscale devices. CNTs or metallic or 
semiconductor nanowire can be used as interconnection in electronic devices. Until 
now, various nanometer-scale optical electronic and electronic devices have been 
constructed successfully via uncomplicated interconnections, but still a lot of dif-
ficulties are arising in constructing complicated devices. Major technical obstacle is 

Figure 6. 
SEM images of CNTs irradiated by 1.2 keV Ar ions for 15–60 min [23].
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the production of a variety of junctions and complicated networks for interconnec-
tions of building blocks. A variety of multiple-way junctions and networks of nano-
tubes and junctions in different shapes of amorphous carbon nanowires have been 
manufactured successfully by arc discharge method and chemical vapor deposition 
(CVD) method [24–28]. The center of the junctions prepared by these methods is 
the location of the metal catalyst. Hydrocarbon-reactive groups are continuously 
subjected to a process of melting precipitation on the surface of the catalyst and 
can form these junctions under specific experimental conditions. Therefore, the 
eradication of metal catalyst nanoparticles may destroy carbon nanotube networks. 
Furthermore, the effect of the interaction between the nanoparticles with the 
nanotubes on the properties of devices is not under consideration. Comparing with 
the arc discharge and CVD, the interconnections of CNTs or carbon nanowires 
fabricated by ion beam irradiation are by means of the formation of C–C bonds 
on the surface through the structural reorganization around the defect induced by 
ions. The various multiple-way junctions and networks of nanotubes or nanowires 
by ion beam irradiation are interaction of itself, not by means of the metal crystal 
nanoparticle, which is very important for the development of the miniaturization 
of electronic and optical electronic devices.

In our previous work [16, 29, 30], the interaction of CNTs and the kilo-electron-
volt ion beam has been investigation. The amorphous carbon nanowire network has 
been fabricated, and the welding of CNTs can also be achieved. Figure 7 displays 
the typical SEM and TEM images of CNTs being irradiated by a beam of Si ions. 
Networks of amorphous carbon nanowires are formed after being irradiated by Si 
ions. Alterations in the structures of CNTs are found to be initiated after exposure 
to energetic Si ions which might be due to collision cascade effect that leads to ejec-
tion of carbon atoms, and the structure of CNTs is transformed into solid amor-
phous carbon nanowires at higher beam fluencies. Diameters of amorphous carbon 
nanowires are uniform, and surfaces are smooth laterally.

The junctions of amorphous carbon nanowire have Y and X type. The amor-
phous carbon nanowires can form the network by the connection effect of junc-
tion. The inset image shows that the thickness of the amorphous carbon nanowire 
network layer is 0.6 μm and the amorphous carbon nanowire network layer can be 
detached from CNTs by introducing empty space below it. An empty space between 
amorphous carbon nanowire networks and CNTs was set up by reducing the space 
between amorphous carbon nanowires beside the route of ion beam owing to their 
interconnections.

Figure 8 demonstrates the procedure for fabrication of amorphous carbon 
nanowire networks in three steps which are based on experimental observation. At 
first, the atomic network of nanotubes is formed by steady process of amorphiza-
tion introduced by ion beam irradiation. The energy of an ion is shifted to atoms of 
the uppermost shell of MWCNTs and leads to produce recoils of several primary 
carbon atoms and vacancies.

Recoils of energetic carbon atoms will then generate more recoil upon collision 
with carbon atoms of other shells because of collision cascade effect and hence will 
add on to the process of damage creation collectively with the ion which further 
leads to the formation of an amorphous region. When the two nanotubes in overlap-
ping positions are being irradiated by certain fluencies of ion beams, the bond will 
be formed due to reforming near the irradiation-induced vacancies which may be 
served as conduit between nanowires and lead to fuse and connect carbon nanowires 
in form of networks. The carbon atoms in nanotubes are lighter than silicon ions; 
therefore, a lot of forward carbon recoils will be produced due to collision between 
the silicon ion and the carbon atoms. In this way, more carbon atoms should be 
shifted to carbon nanotube films on its inner side where it is distributed loosely.
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ficulties are arising in constructing complicated devices. Major technical obstacle is 

Figure 6. 
SEM images of CNTs irradiated by 1.2 keV Ar ions for 15–60 min [23].
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the production of a variety of junctions and complicated networks for interconnec-
tions of building blocks. A variety of multiple-way junctions and networks of nano-
tubes and junctions in different shapes of amorphous carbon nanowires have been 
manufactured successfully by arc discharge method and chemical vapor deposition 
(CVD) method [24–28]. The center of the junctions prepared by these methods is 
the location of the metal catalyst. Hydrocarbon-reactive groups are continuously 
subjected to a process of melting precipitation on the surface of the catalyst and 
can form these junctions under specific experimental conditions. Therefore, the 
eradication of metal catalyst nanoparticles may destroy carbon nanotube networks. 
Furthermore, the effect of the interaction between the nanoparticles with the 
nanotubes on the properties of devices is not under consideration. Comparing with 
the arc discharge and CVD, the interconnections of CNTs or carbon nanowires 
fabricated by ion beam irradiation are by means of the formation of C–C bonds 
on the surface through the structural reorganization around the defect induced by 
ions. The various multiple-way junctions and networks of nanotubes or nanowires 
by ion beam irradiation are interaction of itself, not by means of the metal crystal 
nanoparticle, which is very important for the development of the miniaturization 
of electronic and optical electronic devices.

In our previous work [16, 29, 30], the interaction of CNTs and the kilo-electron-
volt ion beam has been investigation. The amorphous carbon nanowire network has 
been fabricated, and the welding of CNTs can also be achieved. Figure 7 displays 
the typical SEM and TEM images of CNTs being irradiated by a beam of Si ions. 
Networks of amorphous carbon nanowires are formed after being irradiated by Si 
ions. Alterations in the structures of CNTs are found to be initiated after exposure 
to energetic Si ions which might be due to collision cascade effect that leads to ejec-
tion of carbon atoms, and the structure of CNTs is transformed into solid amor-
phous carbon nanowires at higher beam fluencies. Diameters of amorphous carbon 
nanowires are uniform, and surfaces are smooth laterally.

The junctions of amorphous carbon nanowire have Y and X type. The amor-
phous carbon nanowires can form the network by the connection effect of junc-
tion. The inset image shows that the thickness of the amorphous carbon nanowire 
network layer is 0.6 μm and the amorphous carbon nanowire network layer can be 
detached from CNTs by introducing empty space below it. An empty space between 
amorphous carbon nanowire networks and CNTs was set up by reducing the space 
between amorphous carbon nanowires beside the route of ion beam owing to their 
interconnections.

Figure 8 demonstrates the procedure for fabrication of amorphous carbon 
nanowire networks in three steps which are based on experimental observation. At 
first, the atomic network of nanotubes is formed by steady process of amorphiza-
tion introduced by ion beam irradiation. The energy of an ion is shifted to atoms of 
the uppermost shell of MWCNTs and leads to produce recoils of several primary 
carbon atoms and vacancies.

Recoils of energetic carbon atoms will then generate more recoil upon collision 
with carbon atoms of other shells because of collision cascade effect and hence will 
add on to the process of damage creation collectively with the ion which further 
leads to the formation of an amorphous region. When the two nanotubes in overlap-
ping positions are being irradiated by certain fluencies of ion beams, the bond will 
be formed due to reforming near the irradiation-induced vacancies which may be 
served as conduit between nanowires and lead to fuse and connect carbon nanowires 
in form of networks. The carbon atoms in nanotubes are lighter than silicon ions; 
therefore, a lot of forward carbon recoils will be produced due to collision between 
the silicon ion and the carbon atoms. In this way, more carbon atoms should be 
shifted to carbon nanotube films on its inner side where it is distributed loosely.
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These carbon recoils will make a bond with vacancies on the surface of CNTs or 
amorphous carbon nanowires that leads to join or interconnect adjacent overlapped 
CNTs or amorphous carbon nanowires.

Figure 7. 
Images of CNTs (TEM and SEM) irradiated by 40 keV Si ions [29].

Figure 8. 
The process of amorphous carbon nanowire network formation [29].
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Under the influence of channel effect, a beam of Si ions pushes nanowires or 
nanotubes near to the ion source to the dense region of carbon material. Due to this 
process, stacks of carbon nanotubes will become dense, and space will decrease 
which will be beneficial to fuse the nanotubes. On the other hand, amorphous car-
bon nanowire networks will unlock the deepest layer of carbon nanotubes which is 
unapproachable by the beam of ions because of fusion or coalescence of nanowire-
induced strains; hence, an empty space is left behind just below the networks of 
amorphous carbon nanowire.

Eventually, with the increase in fluence of ions to be implanted, a large amount 
of junctions will be produced that leads to connect the adjacent amorphous car-
bon nanowires and form the network. With further increase in fluence of ions, 
sputtering will occur in the thick amorphous carbon nanowire networks, and 
sputter-induced carbon atoms will be deposited on the surface of network; hence, 
continuous film will be formed.

Carbon, nitrogen lighter ions, silicon, and argon heavier ions with the same incident 
energy also have been used to interact with CNTs in order to achieve carbon nanowire 
network [16]. The morphology change of CNTs shows similar tangency under the 
irradiation of ion beam of different species with the energy of 40 keV. Carbon nanow-
ire network fabrication occurred in the following steps: (a) local amorphization of 
nanotubes, (b) fabrication of some simple junctions, and (c) formation of networks.

The irradiation fluencies are differing for forming the nanowire networks of 
carbon and having different species of ions.

The threshold beam fluence of C, N, Si, and Ar ion for the formation of carbon 
nanowire networks is 1 × 1017, 1 × 1017, 5 × 1016, and 5 × 1016 ions/cm2, respectively. 
And the corresponding SEM images of carbon nanowire network by the irradiation 
of C, N, Si, and Ar ion with the threshold dose are shown in Figure 9. The carbon 
nanowire network can be fabricated by the irradiation of different ion beams. 
Therefore, it is concluded that the formation of carbon nanowire networks induced 
by ion beam irradiation is a universal technique.

Figure 9. 
SEM images of carbon nanowire networks by the irradiation of C, N, Si, and Ar ion with the threshold dose [16].
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So far, CNTs are transformed into amorphous carbon nanowire networks after 
exposure to radiations and not the CNT networks.

The theoretical simulation demonstrated that CNT junctions might perhaps 
be fabricated only when CNTs are irradiated under the heating conditions [31]. 
Therefore, the substrate was heated during the irradiation of ion beams in order to 
achieve multi-walled CNT (MWCNT) junctions [30]. TEM and HRTEM images of 
MWCNTs after exposure to a beam of Si ions at temperatures ~550 and ~600 K are 
represented in Figure 10.

At T~550 K, irradiated MWCNTs and formed MWCNT junctions are found to 
have hollow structure, and the carbon nanowires are amorphous carbon structures, 
but few graphitic layer structures still exist in MWCNTs and formed junctions.

The existence of well-ordered graphitic layer structures is apparent in the 
irradiated MWCNTs and formed MWCNT junctions, but there is no evidence of 
existence of hollow structure at T = ~600 K.

The investigations indicate that the temperature is the main factor in fabrication 
of well-ordered graphite structure of CNT junctions. The heating temperature is 
the key factor that improves the rate of defect recombination and easily forms the 
well-ordered graphite structure, not the amorphous carbon nanowires. Figure 10 
shows the structure of formed MWCNT junctions in detail.

Common graphitic sheets are shared adjacent parts of two MWCNTs and 
form the MWCNT junction. Moreover, the sum of the thicknesses of the wall “A” 

Figure 10. 
TEM and HRTEM images of MWCNTs being irradiated by Si ions at temperatures ~550 and ~600 K [30].
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(5.5 ± 0.1 nm) and wall “B” (4.5 ± 0.1 nm) is less as compared to the thickness of the 
junction (11.0 ± 0.1 nm) in the conjoint area of the both MWCNTs as shown in the 
lines I, II, and III. It is indicated that exposure of MWCNT to radiations at high tem-
perature will form junctions due to self-assembling of sputtered carbon atoms and 
initiate the process of alteration of disordered graphite lattice to the ordered lattice 
on outer walls of MWCNTs. Si ion beam irradiation-induced structural transfor-
mations in MWCNTs system will make interconnection between MWCNTs, and 
this process is the same as electron beam irradiation-induced transformations of 
structure of amorphous carbon to ordered structure of carbon.

It is observed from experimental results that joining of MWCNTs with well-
ordered graphitic layer structures is possible at temperature in the range  
600–850 K. Except for the effect of heating temperature, the ion dose should affect 
the welding of CNTs; TEM images of MWCNTs irradiated by Si ion beam with dif-
ferent doses at temperature ~600 K are shown in Figure 11. There are no junctions 
at the dose of 1 × 1016 ions/cm2. The hollow structure of MWCNTs has vanished 
with the dose of 5 × 1017 ions/cm2, and related HRTEM image shows that both the 
irradiated MWCNTs and the formed junctions only have amorphous structure.

At low beam fluence, disordered graphite lattices and sputtered carbon 
atoms might not be sufficient to connect two nearby MWCNTs, and structure 
of MWCNTs might be spoiled to that extent which would not be cured at high 
temperature of high radiation dose. Based on the investigation of the experiment, 

Figure 11. 
TEM images of MWCNTs irradiated by beam of Si ions with different doses at temperature ~600 K [30].
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it is stated combination of ion beam irradiation and heating technology can be 
employed as technique to construct junctions of MWCNTs.

3. Conclusions

In conclusion, “defect engineer” by implantation of ion beam is the main mecha-
nism involved in interaction of CNTs and ion beam. The defect is used to modify 
CNTs by adding some functional group, functional material, and nanoparticle, 
and the CNTs should have some complex new properties. The atom and structure 
near the defect should be reconstructed which leads to the transformation of CNTs; 
some new carbon nanostructure can be formed such as carbon onion, amorphous 
carbon nanowire with different hollow structure, carbon nanoparticles, and carbon 
nanofiber. The reconstruction also can be used to fabricate the junctions of CNTs, 
form the carbon nanowire networks, and realize the welding of the CNTs.
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Abstract

To study the fundamental effect of shape and morphology of any material on its 
properties, it is very essential to know and study its morphology. Focused ion beam 
(FIB) tomography is a 3D chemical and structural relationship studying technique. 
The instrumentation of FIB looks like that of the scanning electron microscopy 
(SEM), but there is a major difference in the beam used for scanning. For SEM, a 
beam of electrons is used with scanning medium whereas in FIB, a much focused 
beam of ions is used for scanning. FIB can be used for lithography and ablation 
purposes, but due to advancements and high-energy focused beam, it is nowadays 
being used as a tomographic technique. Tomography is defined as imaging by sec-
toring or cross-sectioning any desired area. The hyphenation of FIB with energy-
dispersive spectrometry or secondary ion mass spectrometry can give us elemental 
analysis with very high-resolution 3D images for a sample. This technique contrib-
utes to acquaintance of qualitative and quantitative analyses, 3D volume creations, 
and image processing. In this chapter, we will discuss the advancements in FIB 
instrumentation and its use as 3D imaging tool for different samples ranging from 
nanometer (nm)-sized materials to micrometer (μm)-sized biological samples.

Keywords: focused ion beam, scanning electron microscopy, FIB-SEM,  
FIB biological sample, FIB characterization

1. Introduction

With the evolution in science and technology, the need for latest equipment 
is getting powered up with every passing day. At first, the light microscopes were 
employed to watch micro objects which naked human eye cannot see. Later, with 
the need for higher resolution imaging instruments, electron microscopes were 
introduced, which gave much clearer and highly resolved 2D images [1–3]. Usually, 
stereological rules were used to produce 3D characteristics in micrographs of 2D 
sections [4–8]. This method of production, however, was not able to produce 3D 
images for objects with complex structures [9]. To be able to see the 3D models of 
even complex structures, many new techniques were introduced [10]. In the early 
stage, synchrotron and X-ray based tomographic techniques were introduced for 
3D analysis of sample [11, 12]. Both of these are transmission techniques whereas 
the X-ray transmission technique uses the absorption difference between different 
phases of the samples and reconstructs a 3D image of the object [13]. Focused ion 
beam (FIB) is one of the 3D imaging techniques going head-to-head with confocal 
laser scanning microscopy (CLSM). The major difference between these two is 
that the CLSM uses LASER for scanning purposes whereas the FIB uses extremely 
focused [14–17].
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The pioneering industry for FIB was mainly the semiconductor fabrication 
industry even till late 1980s [18–20]. But later, their applications for the charac-
terizations of materials Introduced FIB’s to materials and biological studies [21]. 
In material science studies, FIB helps in studying the material interfaces and their 
defects leading to failure and in biological sciences, it has mainly been used to study 
the interface between cells and tissues [22]. In start FIB’s were single column and 
beam based instruments using energetic ion beam, of Gallium ion, for cross-section 
production into materials [19] followed by beam of secondary ions for producing 
images [23]. FIB uses a highly accelerated Ga3+ ion beam produced through liquid 
metal ion source (LIMS) with the energy ranging between 30 and 50 keV with 
beam diameter of around 5 nm [24].

FIB is basically a lithographic technique, offering very controlled and precise 
writing at micro and nanoscales [25] but when hyphenated with scanning electron 
microscopy (SEM) [26, 27], electron diffraction X-ray spectroscopy [28, 29], and 
transmission electron microscopy [30], it produces highly resolved 3D images. The 
FIB when hyphenated with EDS provides very accurate elemental analysis as well as 
very high-resolution images, but when hyphenated with the SEM, it produces very 
high-resolution and clean 3D images.

FIB-SEM hyphenation has been developed to produce 3D images by contrast 
means of SEM [20]. SEM-FIB uses dual beam mechanism to select the respective 
surface area of sample and images of the cross-sections of the selected area by 
milling [31]. Surface images are captured by SEM and scripting routine is followed 
for automatic performance [12]. The resolution of the produced 3D images depends 
totally upon the SEM resolution and the cutting precision of focused ion beam [12]. 
Highly resolved images in tens of nanometers resolution were produced by this 
technique, while to resolve further back scattered electrons is a good alternative [31]. 
Whereas, FIB-SEM connected with Energy Dispersive X-Ray Spectroscopy (EDS), 
gives very high resolution tomography with elemental analysis [28, 29]. Electron 
backscatter diffraction (EBSD) hyphenated with FIB-SEM gives information about 
grain size, defects, and gain boundary thickness [32], making it a very powerful tool.

The analysis of biological samples has always been a major issue due to its handling, 
stability, and the interaction of electron beam with the biological compounds present in 
the sample [33]. Since the biological samples are non-conductive, it is really hard to get 
high-resolution and accurate images [34]. Researchers in one of the methods have used 
sample drying at room temperature or mild heating. But in this method, changes in 
sample structure as well as the variation of chemical composition of the sample remain 
uncertain [35, 36]. The biggest improvement FIB-SEM has brought is the presence of 
primary and secondary columns sending an ion and electron beam simultaneously, 
resulting in coinciding milling and scanning [37]. This property adds majorly to the 
use of this technique for biological sample study at different resolutions and magnifica-
tions. It has also interested many researchers to look into cells and tissues ranging from 
single cell (prokaryotic and eukaryotic) to tissues and their interaction [1].

In this chapter, we will discuss the brief history and instrumentation of and 
developments in FIB. The application of hyphenated techniques like FIB-SEM, 
FIB-TEM, and FIB-SEM-EDS will be discussed from their analysis of material 
(at nanoscale) to biological samples (at microscale).

2. History and instrumentation

The first ever field emission-based FIB was developed by Swanson and 
Orloff [38] and Levi-Setti [39] in 1975, which was based on gas field ionization 
sources (GFISs). The initial purpose of FIB was to repair and edit the circuits in 
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semiconductor industry [40, 41]. But nowadays, various ionization sources are avail-
able either commercially or as a prototype in research phase [42], advancing to the 
area of FIB for circuit modification in semiconductor industry to a characterization 
tool for materials as well as biological samples when connected with SEM [43]. The 
currently available FIBs are usually equipped with liquid metal ion sources, terming 
it to be LMIS-FIB tomography. These LIM sources have an edge over the previous ion 
sources for being more stable and capable of producing beams with long life time 
and low melting point, giving rise to high-energy ion sources with energy at much 
lower temperature [42]. Gas field ionization sources (GFISs), which use H+ ions 
which can reach lines lower than 10 nm, are also being used [44]. The tomographical 
aspects of FIB are enhanced when hyphenated with SEM. FEI was the first company 
to launch FIB/SEM Dual beam setup in 1993 [45]. The angle between ion and elec-
tron beams with reference to sample stage was in the range of 10–820. The working 
principle of FIB and SEM is about the same with the only difference of beam source. 
In the case of SEM, a very well-focused electron beam is used whereas in the case of 
FIB, a highly accelerated ion beam is used to do the work. The ion beam is used to 
slice the selected area whereas the SEM scans the sliced sample simultaneously [46]. 
Figure 1 (H1 and H2) (Adopted from Wierzbicki et al. [47]) shows the sliced 3 T3 
fibroblast cell. 3 T3 is a living cell that produces collagen and extra cellular matrix 
[47]. Figure 1 shows the unprocessed image of 3 T3 cell, Figure 1 (H1) shows cor-
rected top view on XZ-axis, and Figure 1. (H2) shows corrected top view on XY-axis.

The electron beam in SEM is generated from an electron source which is 
usually W-wire or a lanthanum hexabromide tip. When the highly focused beam 
of electrons strikes the sample, it knocks out a low-energy electron from atomic 
orbital, called secondary electron (SE1), giving rise to a vacancy which is filled by 
a higher energy electron of the same atom. This results in release of an X-ray; the 
energy released in the form of X-ray is fingerprint energy of the element whose 
electron is knocked out. This X-ray helps to study the chemistry of the sample. An 
X-ray detector, usually EDS (energy dispersive X-ray spectrometer), is used for 
this purpose. Some primary electrons get in contact with the nuclei of the atom, 
which are then reflected back into the environment, called backscattered electron, 
whereas some of these electrons while being reflected back into the environment 
knock out an electron, giving out a secondary electron called secondary electron 
2 (SE2). All these electrons being emitted contain specific information about the 
sample depending upon their origination site; for instance, SE1 contains high-res-
olution topographical information and originates at closer distance from the point 
of impact of electron beam, whereas SE2 originates from deep within the sample 
and is reflected at higher angle than SE1 and contains low-resolution topographi-
cal information about the sample. The SE1 generated from the sample surface is 
attracted by the electron detector which has a positively charged window on it, to 
gather the emitted electrons from all directions; these collected electrons are then 
amplified and their result is recorded. The electron beam raster scans the sample 
surface, giving rise to raster image. In SEM, the electrons generated in vacuum are 
attracted by a cathode, from where they get focused from a condenser lens. From 
the CL, this beam passes through magnetic lens which accelerates the electron 
which then passes through a deflection coil. The duty of this coil is to deflect the 
beam at any selected angle onto the sample. Then there is the last lens that focuses 
the beam onto the sample surface. There is a backscattered electron detector at the 
vent, which catches the backscattered electrons; these electrons give information 
about the chemical composition and crystal structure of the sample [46].

In the case of FIB, the previously used source for ions was the thermionic electron 
ion gun (TEIG) which released ions when heated at high temperature, whereas 
recently, FIBs use the field emission ion guns (FEIGs), in which electric field is 
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currently available FIBs are usually equipped with liquid metal ion sources, terming 
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a higher energy electron of the same atom. This results in release of an X-ray; the 
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recently, FIBs use the field emission ion guns (FEIGs), in which electric field is 
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applied to get the ions from the source. The electrons are then focused by the help of 
a lens and pass through the scan coil, known as deflection coil, which focuses them 
onto the surface. This interaction of ion beam results in emission of ions (−ve or + ve 
charged species) and neutral atoms, by sputtering minute sections of the sample. 
The ion detector catches the ions and makes up the image of the sample. Besides the 
ejection of ions and neutral atoms, the ionic beam also knocks out some secondary 
electrons. The main reason of using the ion beam is the energy difference and impact 
diameter difference of the beam. For instance, the He+ beam is almost 7600× ener-
getic than that of an electron beam and its wavelength is around 100× than electron 
beam used in SEM [48]; so this beam can easily reach sub 10-nm spot size [49].

Now when these two techniques are combined, they give very high-resolution 
images. If we compare SEM with FIB, the number of SE2’s distort the resolution of 
SEM image, whereas in case of FIB, the backscattering is minimal, resulting in ejection 
of secondary electrons from the monolayer of sample, in turn resulting in very high-
resolution image with versatile contrast in between deep and high points of the sample.

3. Materials characterization

3.1 Materials

FIB/SEM is one of the latest tools for characterizing materials ranging from 
micro to nanometer scale. Due to the dual beam setup, FIB/SEM is one of the most 

Figure 1. 
Unprocessed image of 3 T3 cell, (H1) shows corrected top view on XZ-axis, and (H2) shows corrected top view 
on XY-axis.
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modern setups that use ion beam for slicing the sample and SEM for scanning pur-
poses. Same goes for FIB-TEM and FIB-EDS characterization techniques, where FIB 
is a slicing/milling source whereas the TEM or EDS is a tool for respective character-
ization. In this section, we will explore the sample preparation and characterization 
method for various materials.

3.1.1 Sample preparation

Multiple elemental reinforced alloys of composite material Al-Si were run 
through the FIB-SEM and FIB-EDS. The morphological arrangement of these 
samples depends upon the percentage of Si content present in the composite, 
the concentration of reinforcements as well as molding procedure [12, 50]. 
Reinforcements include Ni, Fe, and Mg. All the materials were grinded with the 
help of SiC paper at rotational speed of 300 rpm whereas SiC sizes were 320, 500, 
1000, and 2400. Furthermore, the sample surfaces were worked with 1, 3 and 6 μm 
particle sized DP-diamond paste at the rotator speed of 150 rpm, to get as shiny 
and smooth surface as possible, and the final touches were done using MgO. Nickel 
material for this purpose was produced following sintering [51].

3.1.2 Methodology

FEI strata DB235 Dual Beam Workstation was used to analyze the sample 
which used Gallium ion source (Ion Beam) for milling and electron beam (SEM) 
for scanning purposes, with the adjusted angle between IB and EB of 520. The area 
of interest of the sample was selected using SEM and was coated with the protec-
tive layer of Pt with the incorporation of FIB-induced decomposition of precursor 
gas. This protective layer helps in getting better cuts during milling [52]. The 
trench (by milling process) was dug into the sample in such a way that the there 
is no shadow of sample edges over the trench during the scanning of the sample. 
Figure 2 shows the image of a cell (Adopted from Wierzbicki et al. [47]) with the 
shadow of trench onto cell and its corrected version [47]. Sub image A shows the 
shadow of trench onto cell in XY-axis whereas sub image B shows its corrected 
version. It is better to mill at the edge area, but it is only possible for samples with 
evenly balanced composition and structure; for other samples, it is suggested to 
impute the area of interest from the sample and bring it to the edge with the help 
of micromanipulator. Whereas, two additional trenches may be dug around the 
area of interest to avoid the deposition of sputtered sample [52, 53]. The milling 
is done using current beam of order 20 nA. The milling criteria depend upon the 
milling of number of cross-sections needed to get a clear 3D surface of the small-
est possible particle [12].

The area should essentially be polished with the implication of low currents in 
pA range to polish the surfaces before analyzing the sample and once polished, the 
samples analyzed using SEM at various ranges of resolution to get the best mor-
phological structures needed. For instance the sample of AlSi12 was analyzed using 
increments of 300 nm and for AlSi7Sr, increments of SEM used were 83 nm [29].

3.2 Applications

3.2.1 FIB/SEM tomography of squeeze cast AlSi7Sr

Examples show the AlSi7 alloy sample reinforced with Sr. and studied with 
the help of SEM at 5 keV. This method helps in production of about 250 scanning 
images, with the intersliced distance of 60 nm obtaining 15 μm of samples in 
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milling direction. The Si in sample showed fibers and branches ~3–5 μm long with a 
diameter of 200–500 nm. These fibers are intermingled and represented by dif-
ference of colors. The interconnection junction sizes were 50–100 nm2. The finally 
calculated volume fraction of Si in choral structure in reconstructed region was ~5%.

3.2.2 FIB/SEM tomography of porous Ni

SEM high-voxel resolution helped in architecting the 3D structure of porous 
nickel, refer to paper [12] for assistance. 3D imaging revealed that around 2/3% 
volume of selected area was porous with totally interconnected structure. The canal 
internal caliber ranged from 500 to 2000 nm.

3.2.3 FIB/EDS tomography of squeeze cast AlSi12

FIB uses ion beam as working source, which is a result of interaction with sample 
producing the secondary electrons, but when equipped with energy dispersive 
spectrometer, this can help in determining the elemental composition of each 
milled slice [29, 31]. The use of EDS with FIB resulted in finding the elemental 
composition of AlSi12 sample with each slice’s elemental data. When dealing with 
complex chemical structures, this new hyphenation technique proved to be worthy 
to produce data with each slicing and give exact chemistry of the compound of 
interest. As far as sample is concerned, the EDS used 8-keV acceleration to analyze 
each slice with the EDX (EDS) detector.

Results can be seen in [12].

4. Biological sample characterization

FIB-SEM is the most advanced technique to be used for the analysis of biological 
samples; to do so, several protective measures need to be taken, since biological 
samples are always sensitive to heat, moisture, and pressure. For this reason, the 
biological samples must be fixated, stained, and embedded in resin. Since biologi-
cal samples are large, that is, microscale, they need a lot of time to get processed. 
Image processing time is the biggest limiting factor during biological sample 
running through the FIB-SEM, since the machine has to scan each block one by one 
to reconstruct a full 3D image. Therefore, there should a balance between sample 
scanning time and good resolution and suitable contrast. To reduce the time factor 
and enhance the resolution and contrast, new methods like chemical fixation, 

Figure 2. 
Image of a cell (Adopted from Wierzbicki et al. [47]). Sub image A shows the shadow of trench onto cell in 
XY-axis while sub image B shows its corrected version.
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high-pressure freezing, and freeze-substitution are being followed for sample 
preparation. Figure 3 (Adopted from Wierzbicki et al. [47]) shows the interaction 
of Si nanowires with 3 T3 cell line. Figure 3A shows the nanowires taken up by the 
cell whereas Figure 3B shows the bending of nanowires under another cell [47].

4.1 Chemical fixation treatment

Chemical fixation protocols use aldehyde fixation in the presence of uranyl 
acetate and osmium tetroxide by including thiocarbohydrazide osmium tetroxide 
[54] and tannic acid [34] (Table 1, adopted from [33]).

Currently, chemical fixation is the most widely used fixation technique among 
the researchers for FIB-SEM analysis of biological samples and high-resolution 
images can be recorded at a very small distance. At present, the large majority of 
FIB-SEM investigations are based on chemical fixation. For instance, animal liver 
tissue cell was examined under FIB-SEM and was fixated chemically with a chemi-
cal mixture of 2% OsO4 modified with 1.5% K3Fe3 + (CN)6 and 20% glutaralde-
hyde for 120 min at room temperature in phosphate buffer. Extra staining was done 
with 2% uranyl acetate (aqueous) at room temperature.

4.2 High-pressure freezing and freeze-substitution

Cryoimmobilization of samples for cryomicroscopy offers unique opportunities 
to inspect the sub-cellular structure in the absence of chemical fixation and metal-
lic stains. Even though biological samples can be investigated under FIB-SEM for 
very clear images at room temperature [55], freeze substitution (FS) not only adds 
to the high conductivity of samples and high contrasting of images but also helps 
in preserving ultra-small structures when embedded with resin—because, during 
the FS processing, various desired chemicals and metallic agents can be put into the 
organic solvent to decrease the signal-to-noise ratio, resulting in the decline in the 
charging effect in FIB-SEM inspection of the samples.

Up until now, very few high-pressure freezing (HPF) and FS studies have been 
done for FIB-SEM sample preparation (Table 2, adopted from [33]). In one study 
[56], 24 different preparation protocols embracing HPF and FS techniques were 
used and no substantial difference was found in the contrast and structure of the 
cells. Another study did a comparative survey between the chemically and FS/HPF-
fixated mouse liver cell samples, whereas, for TEM, a mixture of glutaraldehyde and 

Figure 3. 
(Adopted from Wierzbicki et al. [47]) shows the interaction of Si nanowires with 3 T3 cell line. Figure 3A 
shows the nanowires taken up by the cell whereas Figure 3B shows the bending of nanowires under another cell.
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of Si nanowires with 3 T3 cell line. Figure 3A shows the nanowires taken up by the 
cell whereas Figure 3B shows the bending of nanowires under another cell [47].
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to inspect the sub-cellular structure in the absence of chemical fixation and metal-
lic stains. Even though biological samples can be investigated under FIB-SEM for 
very clear images at room temperature [55], freeze substitution (FS) not only adds 
to the high conductivity of samples and high contrasting of images but also helps 
in preserving ultra-small structures when embedded with resin—because, during 
the FS processing, various desired chemicals and metallic agents can be put into the 
organic solvent to decrease the signal-to-noise ratio, resulting in the decline in the 
charging effect in FIB-SEM inspection of the samples.

Up until now, very few high-pressure freezing (HPF) and FS studies have been 
done for FIB-SEM sample preparation (Table 2, adopted from [33]). In one study 
[56], 24 different preparation protocols embracing HPF and FS techniques were 
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fixated mouse liver cell samples, whereas, for TEM, a mixture of glutaraldehyde and 

Figure 3. 
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Ion Beam Techniques and Applications

78

methyl alcohol or acetone having hydrous or anhydrous uranyl acetate and OsO4 
was used.

A study [57] has suggested that the difference in contrast between SEM and 
TEM images may be because of the fixatives, additive metals, and staining agents.

5. Conclusion

It is concluded that FIB-SEM, FIB-TEM, and FIB-EDS are the latest techniques 
currently being used for the characterization as well as the tomographic studies of 
materials and biological samples.
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1. Reduced osmium with
potassium ferro- or ferri-cyanide

2. Extended osmification with
osmium-thiocarbohydrazide

3. Osmium tetroxide

Murphy et al. [56]
Hekking et al. [58]
Heymann et al. [59]
Cretoiu et al. [60]
Paredes-Santos et al. [61]

Murphy et al. [56]
Leser et al. [62]
Leser et al. [27]
Felts et al. [63]

Heymann et al. [64]
Murphy et al. [65]
+ tannic acid
Bushby et al. [66]
Armer et al. [67]
Jimenez et al. [34]
+ uranyl acetate
Murphy et al. [56]
Leser et al. [62]
Leser et al. [27]
Merchán-Pérez et al. [55]

Table 1. 
Variation in chemical fixation protocols described in the literature to perform FIB-SEM tomography of 
biological samples.

1. OsO4 + uranyl acetate + glutaraldehyde Murphy et al. [56]

2. OsO4 + uranyl acetate + H2O Wei et al. [57]
Villinger et al. [68]

3. Chemical pre-fixation following by HPF/FS in OsO4 + uranyl acetate Remis et al. [69]

Table 2. 
Variation in freeze-substitution protocols described in the literature for FIB-SEM tomography on biological 
samples cryofixed by HPF.
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Abstract

A particle-induced X-ray emission (PIXE) study has been carried out to 
find out whether available local and imported cigarette brands in Pakistan have 
elevated concentration of metals or not. The results are compared within the 
brands examined in this study and with the results of related studies in literature. 
A sum of 19 different cigarette brands was purchased randomly from different 
Pakistani markets which included local and imported brands. The concentra-
tion of elements like Cd, Pb, Zn, Fe, Mn, Ni, Cu, and Co was investigated. 
Results showed that different cigarette brands have different metal contents. 
The mean concentration of the heavy metals is Cd—4.92 μg/g, Co—0.12 μg/g, 
Cu—0.97 μg/g, Ni—0.13 μg/g, Pb—1.02 μg/g, and Zn—12.91 μg/g per dry weight. 
Compared with the reported results of other international studies, Pakistani 
cigarettes are observed to have lower heavy metal contents except for cadmium 
which was higher. This study will provide adequate data for all concerned depart-
ments. This study will also create awareness among people about the toxicity of 
metals present in tobacco of cigarettes.

Keywords: toxic metals, PIXE, tobacco, human health, Pakistan

1. Introduction

Smoking of different tobacco products is increasing rapidly throughout the 
world. Smoking causes many health problems. Cigarette consumption is one of the 
major reasons for mortality in the world. During the tobacco plantation, various 
kinds of pesticides, fungicides and herbicide are used to cope with the different 
diseases and parasites [1]. Galazyn-Sidorczuk et al. [2] also stated that tobacco 
plant has a high tendency to uptake metals from soils and accumulate them in 
leaves. Tobacco plants can normally accumulate metals like Pb, Cd, Ni, Zn, and Cu 
that comes in cigarettes which are variable in the concentration of metals in soil 
and applied chemicals; tobacco plant have different levels of metals in different 
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countries. Due to these reasons, tobacco is contaminated with different toxic metals 
and chemical compounds. Many studies reported that tobacco smoke is toxic, car-
cinogenic, and genotoxic. Cigarette smoke contains 4000 identified toxic chemical 
compounds that are potentially harmful to human health [1].

Various metallic and nonmetallic elements and heavy metals like lead, cadmium, 
mercury, antimony, etc. are present in tobacco. Biological samples from the bodies 
of people who use cigarette have been identified with a higher concentration of 
these elements than nonsmokers [2–4]. Lead is carcinogenic to humans and proba-
bly a major reason for cancer in human belonging to group 1 or group 2 [5]. Tobacco 
is a key source of lead present in the body of the indirect smokers (children and 
adolescents) in the United State. Children who live with one or more smokers con-
tain 14–24% higher level of lead in blood than those who live with nonsmokers [6]. 
Beside it, in addition to other toxic elements, 87 organic carcinogens are produced 
by tobacco smoke is being inhaled into the lungs [7]. Some of the toxic metals like 
cadmium, nickel, and lead frequently move along with inhaled smoke to the blood 
that is usually deposited in various organs like the liver and kidney [8]. Excessive 
intake of toxic elements or essential element deficiency disturbs the homeostatic 
control which causes chronic physiological disorders such as hypertension, rheu-
matoid arthritis, and heart diseases [9]. Lead potentially harms the nervous system, 
brain, and red blood cells in human. In an estimate, a person inhales 1–5 μg lead per 
day by the smoking 20 cigarettes [10–13].

Including Pakistan, tobacco smoking is a general practice all over the world, 
especially in young or adult men and women. Due to the high health risk of tobacco 
smoking, it is necessary to monitor the elevated level of metals in cigarettes. 
Thereby, in the current study, we investigate 19 different brands of cigarettes (local 
and imported) to make fresh data and measure the heavy metals (e.g., lead, nickel, 
cobalt, copper, zinc, and cadmium). The results are compared to the cigarette 
brands used in the current study and also with the results of other studies that 
addressed the elevated level of metals in cigarettes worldwide.

2. Ion beam for material analysis techniques

Recently, analysis using ion beam became an order of modern analytical tech-
niques by the use of MeV ion beams to study the elemental compositions. During 
bombardment, interactions of the ion with matter results in elastic and inelastic 
scattering, nuclear reaction, and excitation of the electromagnetic waves. Below is a 
demonstration of the typical techniques (Figure 1).

Figure 1. 
Ion beam analysis techniques.
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2.1 Rutherford backscattering spectrometry (RBS)

Rutherford backscattering spectrometry (RBS) is one of most frequently used 
ion beam analysis. It is used to examine the elemental composition with depth pro-
filing of samples by measuring the energy of an elastically backscattered ion beam, 
which depends on the mass of the targeted sample and on the penetrating distance, 
which the back scattering occurred (Figure 2).

2.2 Elastic recoil detection analysis (ERDA)

Elastic recoil detection analysis (ERDA), known as forward recoil scattering can 
be used to examine the light elemental concentration with depth profile in a thin 
film. In this technique, light element such as hydrogen could be recoiled by heavy 
element in the forward direction and detect (Figure 3).

2.3 Particle-induced X-ray emission (PIXE)

Particle-induced X-ray emission or proton-induced X-ray emission (PIXE) is a 
technique used in determining the elemental content of a sample from Na to heavier 

Figure 2. 
Schematic of RBS setup.

Figure 3. 
Typical ERDA setup.
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elements. These incident beam particles (usually protons) expel internal shell electrons 
from the target atoms, which results in the emission of characteristic X-rays (Figure 4).

2.4 Nuclear reaction analysis (NRA)

Nuclear reaction analysis (NRA) involves the study of sample by irradiating 
them with select projectile nuclei with very-high-energy ions to induce nuclear 
reactions in the target nuclei. Targeted samples undergo a nuclear reaction under 
resonance conditions for a sharply defined resonance energy. The reaction product 
is usually a nucleus in an excited state, which immediately decays, emitting ionizing 
radiation that can be analyzed and interpreted (Figure 5).

3. Experiment detail

3.1 Sample preparation of tobacco

A sum of 19 different commonly sold cigarette brands (locally manufactured (8) 
and imported (11)) were randomly purchased from the market of Islamabad (Table 3). 

Figure 5. 
Typical NRA setup.

Figure 4. 
Schematic of PIXE setup.
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Two cigarettes were taken from a pack of each brand, and then tobacco was separated 
from paper and filter. The samples of tobacco were air dried for the removal of mois-
ture in the covered container. Each sample was placed in polyethylene vials to prevent 
the contamination. A fine homogeneous powder of dried samples was obtained by 
grinding in mortar and pestle. Pellets of 7 mm diameter and 2 mm thickness of this fine 
powder were produced by using a tabletop hydraulic press (pressure 120 kg/cm2). The 
pellets were placed in desiccators. Then samples were put into 5 MV Pelletron Tandem 
Accelerator for analysis. The particle-induced X-ray emission (PIXE) was used for this 
investigation of toxic metals. The PIXE is a very effective and reliable technique for 
multi-elemental analysis of materials. The GUPIXWIN and Excel software were used 
for results and calculations. The standard reference material of 1515 apple leaves from 
NIST of the USA was used for calibration and analytical quality control.

3.2 PIXE analysis

With the approach of atomic-based analytical strategies in the previous 40 
years, proton-induced X-ray emission (PIXE) has set up a part of the advanced 
elemental investigation of various materials [14]. PIXE is a technique with a diverse 
array of applications in biology, geology, materials science, and others.

The pelletized samples were irradiated with a 3 MeV proton beam from the 
5 MV Pelletron Tandem accelerator installed at Experimental Physics Lab, National 
Centre for Physics, Islamabad. A standard reference material, NIST 1515 (apple 
leaves, National Institute of Standards and Technology, USA), was taken as the ana-
lytical quality control. The analytical outcomes concurred well with the standard 
qualities (Table 1), confirming the steady quality of the analytical outcomes in this 
work. The collimated proton beam was of 2 mm diameter. Mylar, “funny” filter hav-
ing 100 μm thick, was used during the measurements, and this reduced the count 

Elements Determined values Certified values

S 1557.8 ± 194 1800

Cl 545.9 ± 62 579 ± 23

K 13468.6 ± 2254 16,100 ± 1200

Ca 12,013.1 ± 1689 15,260 ± 1150

Cr 0.32 ± 0.057 0.3

Mn 52.9 ± 6.6 54 ± 3

Fe 78.5 ± 16.4 83 ± 5

Co 0.07 ± 0.053 0.09

Ni 0.76 ± 0.23 0.91 ± 0.12

Cu 6.2 ± 2.02 5.6 ± 0.24

Zn 15 ± 2.3 12.5 ± 0.3

Sr 22 ± 5.1 25 ± 2

Cd 0.04 ± 0.007 0.013 ± 0.002

Sb 0.019 ± 0.008 0.013

Hg 0.14 ± 0.15 0.044 ± 0.004

Pb 0.61 ± 0.19 0.57 ± 0.024

Table 1. 
Analytical results for NIST 1515 (μg/g).
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Figure 5. 
Typical NRA setup.

Figure 4. 
Schematic of PIXE setup.
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Two cigarettes were taken from a pack of each brand, and then tobacco was separated 
from paper and filter. The samples of tobacco were air dried for the removal of mois-
ture in the covered container. Each sample was placed in polyethylene vials to prevent 
the contamination. A fine homogeneous powder of dried samples was obtained by 
grinding in mortar and pestle. Pellets of 7 mm diameter and 2 mm thickness of this fine 
powder were produced by using a tabletop hydraulic press (pressure 120 kg/cm2). The 
pellets were placed in desiccators. Then samples were put into 5 MV Pelletron Tandem 
Accelerator for analysis. The particle-induced X-ray emission (PIXE) was used for this 
investigation of toxic metals. The PIXE is a very effective and reliable technique for 
multi-elemental analysis of materials. The GUPIXWIN and Excel software were used 
for results and calculations. The standard reference material of 1515 apple leaves from 
NIST of the USA was used for calibration and analytical quality control.

3.2 PIXE analysis

With the approach of atomic-based analytical strategies in the previous 40 
years, proton-induced X-ray emission (PIXE) has set up a part of the advanced 
elemental investigation of various materials [14]. PIXE is a technique with a diverse 
array of applications in biology, geology, materials science, and others.

The pelletized samples were irradiated with a 3 MeV proton beam from the 
5 MV Pelletron Tandem accelerator installed at Experimental Physics Lab, National 
Centre for Physics, Islamabad. A standard reference material, NIST 1515 (apple 
leaves, National Institute of Standards and Technology, USA), was taken as the ana-
lytical quality control. The analytical outcomes concurred well with the standard 
qualities (Table 1), confirming the steady quality of the analytical outcomes in this 
work. The collimated proton beam was of 2 mm diameter. Mylar, “funny” filter hav-
ing 100 μm thick, was used during the measurements, and this reduced the count 

Elements Determined values Certified values

S 1557.8 ± 194 1800

Cl 545.9 ± 62 579 ± 23

K 13468.6 ± 2254 16,100 ± 1200

Ca 12,013.1 ± 1689 15,260 ± 1150

Cr 0.32 ± 0.057 0.3

Mn 52.9 ± 6.6 54 ± 3

Fe 78.5 ± 16.4 83 ± 5

Co 0.07 ± 0.053 0.09

Ni 0.76 ± 0.23 0.91 ± 0.12

Cu 6.2 ± 2.02 5.6 ± 0.24

Zn 15 ± 2.3 12.5 ± 0.3

Sr 22 ± 5.1 25 ± 2

Cd 0.04 ± 0.007 0.013 ± 0.002

Sb 0.019 ± 0.008 0.013

Hg 0.14 ± 0.15 0.044 ± 0.004

Pb 0.61 ± 0.19 0.57 ± 0.024

Table 1. 
Analytical results for NIST 1515 (μg/g).
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rate ensuring a less than 10% dead time at beam currents of 2–5 nA. No apparent 
damage in samples was observed after irradiation. A 30 mm2 Si(Li) detector with 
an energy resolution of 138 eV (FWHM) at 5:9 keV of Mn was used to detect the 
emitted X-rays. The PIXE data was analyzed using the computer code GUPIXWIN.

4. Results and discussion

The quantitative analysis of tobacco of various imported and local cigarettes, 
purchased in Pakistan, was performed with the help of PIXE. The consequences of 
standard reference material for tobacco were in great concurrence with the certi-
fied values for compound components given in Table 1. In this study concentration 
of chemical elements including copper, lead, cadmium, ferric, manganese, zinc, 
nickel, sulfur, etc. was analyzed. Figures 6–8 show the typical PIXE spectrum 
of NIST 1515 apple leaf and different tobacco samples obtained by using 5 MV 
Pelletron Tandem accelerator of the National Centre for Physics, Islamabad.

The toxic elements obtained from tobacco of different brands exhibited a large 
elemental concentration fluctuation. The order of the concentration of metals 
in local brands is Fe>Mn >Zn >Cd >Pb >Cu >Ni >Co. And the order of concentra-
tion of metals in imported brands is as Fe >Mn>Zn>Cd>Co>Cu >Pb>Ni. The 
outcomes of toxic elements in the tobacco of cigarettes were denoted as mean ± 
standard deviation as shown in Tables 2 and 3.

Lead is a very toxic metal even in very small concentration. Smoking is a key 
source of lead inhaled by human; thereby, it is more important to eradicate its contri-
bution to overall lead load in humans. The past implementation of various policies has 
a successfully reduced lead level in the environment especially in the case of reduc-
tion of lead emissions origination from petrol, which has been reduced currently 
by utilization of unleaded petrol. It was estimated a sum of 50% total lead taken 
up by humans comes from petrol-originated emissions besides its ingestion of lead 
through the food chain is also important to be investigated [15]. It is widely admit-
ted that cigarette contains about 1.2 μg lead, and approximately 6% passes over to 
mainstream smoke [7]. The current study showed the average concentration of lead 
in the tobacco of local cigarettes was 1.02 μg/g. The minimum mean concentration of 
lead was observed in the tobacco of Thrill which was 0.6 μg/g, and maximum concen-
tration was 1.55 μg/g in the tobacco of Gold Leaf Special (Table 2). In the imported 

Figure 6. 
PIXE spectrum of (A) NIST 1515 apple leaf and (B) Benson & hedges tobacco samples obtained by using 5 MV 
Pelletron Tandem accelerator of the National Centre for Physics, Islamabad.
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cigarettes, the average concentration of lead present in the tobacco was 1.08 μg/g. The 
minimum concentration of lead that was observed in tobacco of imported brands 
was 0.67 μg/g, and maximum concentration was 1.3 μg/g (Table 3). Regarding the 
health issues, Mortada et al. [16] reported 101.6 + 30.9 μg/l and 143.7 + 33.8 blood 
lead levels in non-smoker and smokers, respectively. On the other hand, lead serum 
levels reported by Satarug et al. [17] in nonsmokers and smokers are 4.2 + 5.4 μg/l and 
9.0 + 12, respectively. The variation of lead concentration between serum and blood 
is due to the fact that lead in the circulation is chiefly associated with erythrocytes 
[15]. The elimination of lead is a slow process carried out by urine resultantly; it 
accumulates in the skeleton. Lead is considered to be impermeable for blood and 
brain barriers, but the children are highly affected by neurotoxicity of lead as it 
accumulates in the brain and central nervous system that cause neurological disorder 
and mental retardation [18]. Besides it, lead accumulates in the blood of children 
by passive smoking due to the smoking habit of their parents. Hence protection of 
children from both type of smoking (i.e., active and passive) is a matter of great 
concern. Furthermore, peripheral arterial diseases, hypertension [19], and cataract 

Figure 7. 
PIXE spectrum of (C) Dunhill and (D) Marlboro tobacco samples obtained by using 5 MV Pelletron Tandem 
accelerator.

Figure 8. 
PIXE spectrum of (E) gold leaf and (F) Capstan tobacco samples obtained by using 5 MV Pelletron Tandem 
accelerator.
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rate ensuring a less than 10% dead time at beam currents of 2–5 nA. No apparent 
damage in samples was observed after irradiation. A 30 mm2 Si(Li) detector with 
an energy resolution of 138 eV (FWHM) at 5:9 keV of Mn was used to detect the 
emitted X-rays. The PIXE data was analyzed using the computer code GUPIXWIN.

4. Results and discussion

The quantitative analysis of tobacco of various imported and local cigarettes, 
purchased in Pakistan, was performed with the help of PIXE. The consequences of 
standard reference material for tobacco were in great concurrence with the certi-
fied values for compound components given in Table 1. In this study concentration 
of chemical elements including copper, lead, cadmium, ferric, manganese, zinc, 
nickel, sulfur, etc. was analyzed. Figures 6–8 show the typical PIXE spectrum 
of NIST 1515 apple leaf and different tobacco samples obtained by using 5 MV 
Pelletron Tandem accelerator of the National Centre for Physics, Islamabad.

The toxic elements obtained from tobacco of different brands exhibited a large 
elemental concentration fluctuation. The order of the concentration of metals 
in local brands is Fe>Mn >Zn >Cd >Pb >Cu >Ni >Co. And the order of concentra-
tion of metals in imported brands is as Fe >Mn>Zn>Cd>Co>Cu >Pb>Ni. The 
outcomes of toxic elements in the tobacco of cigarettes were denoted as mean ± 
standard deviation as shown in Tables 2 and 3.

Lead is a very toxic metal even in very small concentration. Smoking is a key 
source of lead inhaled by human; thereby, it is more important to eradicate its contri-
bution to overall lead load in humans. The past implementation of various policies has 
a successfully reduced lead level in the environment especially in the case of reduc-
tion of lead emissions origination from petrol, which has been reduced currently 
by utilization of unleaded petrol. It was estimated a sum of 50% total lead taken 
up by humans comes from petrol-originated emissions besides its ingestion of lead 
through the food chain is also important to be investigated [15]. It is widely admit-
ted that cigarette contains about 1.2 μg lead, and approximately 6% passes over to 
mainstream smoke [7]. The current study showed the average concentration of lead 
in the tobacco of local cigarettes was 1.02 μg/g. The minimum mean concentration of 
lead was observed in the tobacco of Thrill which was 0.6 μg/g, and maximum concen-
tration was 1.55 μg/g in the tobacco of Gold Leaf Special (Table 2). In the imported 

Figure 6. 
PIXE spectrum of (A) NIST 1515 apple leaf and (B) Benson & hedges tobacco samples obtained by using 5 MV 
Pelletron Tandem accelerator of the National Centre for Physics, Islamabad.
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cigarettes, the average concentration of lead present in the tobacco was 1.08 μg/g. The 
minimum concentration of lead that was observed in tobacco of imported brands 
was 0.67 μg/g, and maximum concentration was 1.3 μg/g (Table 3). Regarding the 
health issues, Mortada et al. [16] reported 101.6 + 30.9 μg/l and 143.7 + 33.8 blood 
lead levels in non-smoker and smokers, respectively. On the other hand, lead serum 
levels reported by Satarug et al. [17] in nonsmokers and smokers are 4.2 + 5.4 μg/l and 
9.0 + 12, respectively. The variation of lead concentration between serum and blood 
is due to the fact that lead in the circulation is chiefly associated with erythrocytes 
[15]. The elimination of lead is a slow process carried out by urine resultantly; it 
accumulates in the skeleton. Lead is considered to be impermeable for blood and 
brain barriers, but the children are highly affected by neurotoxicity of lead as it 
accumulates in the brain and central nervous system that cause neurological disorder 
and mental retardation [18]. Besides it, lead accumulates in the blood of children 
by passive smoking due to the smoking habit of their parents. Hence protection of 
children from both type of smoking (i.e., active and passive) is a matter of great 
concern. Furthermore, peripheral arterial diseases, hypertension [19], and cataract 

Figure 7. 
PIXE spectrum of (C) Dunhill and (D) Marlboro tobacco samples obtained by using 5 MV Pelletron Tandem 
accelerator.

Figure 8. 
PIXE spectrum of (E) gold leaf and (F) Capstan tobacco samples obtained by using 5 MV Pelletron Tandem 
accelerator.
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are including in expected consequences of lead accumulation [20]. The concentration 
of lead in tobacco of cigarette measured at various places around the world is shown 
in Table 4. Among the 12 places shown in Table 4, there are nine places where the 
concentration of lead in tobacco of cigarette is higher as compared to this study.

Cigarette smoke has been widely studied for cadmium which is claimed as a key 
source of cadmium inhaled by a human. Many studies addressed the elevated level 
of cadmium in cigarette and cigarette smoke with the mean cadmium concentra-
tion lies 0.5–1.5 mg per cigarette [15, 7]. In earth’s crust, cadmium can be found in 
higher concentration usually combined with zinc. Usually cadmium is found as a 
by-product in copper, zinc, and lead extraction industries. Cadmium is also present 

Brand names Benson & Hedges Dunhill Marlboro More Mean values

S 2522.05±17.18 1700.6±108.97 1931.6±44.26 1948.7±10.82 2025.76

Cl 6413.2±837.07 3434.9±171.05 2429.5±188.44 2145±53.74 3605.67

K 12301.5±474.68 10217.6±71.56 14042.1±553.88 14911.05±979.84 12868.09

Ca 12167±666.8 11179.05±299.32 10629.05±556.14 14197.2±1339.97 12043.08

Mn 39.8±2.62 57.1±1.27 79.9±7.85 77.3±1.77 63.56

Fe 67.1±7.78 68.4±1.77 95.8±1.48 91±4.67 80.6

Ni 0.33±0.07 0.45±0.04 0.45±0.01 0.5±0.08 0.4325

Cu 2.3±0.57 1.1±0.0 0.75±0.13 0.41±0.04 1.14

Zn 15±0.14 14.4±0.99 15.8±0.57 18.8±2.12 16

Sr 13.3±0.64 10.9±0.71 12.35±1.77 8.8±12.52 11.36

Ru 0.33±0.05 0.13±0.03 0.05±0.08 0.18±0.0 0.17

Cd 5.8±0.64 4.8±0.28 4.65±0.78 4.2±1.27 4.87

Sb 0.19±0.0 0.12±0.05 0.15±0.02 0.1±0.14 0.14

Pb 1.3±0.07 1.1±0.14 0.67±0.17 1.3±0.0 1.08

Table 3. 
Metal contents (μg/g) in the tobacco samples of imported cigarette brands.

Copper Pb Cu Co Ni Zn

4.92 1.02 0.97 0.12 0.13 12.91 Present study

2.71 2.07 9.7 4.42 17.93 27.02 Iran [28]

0.9 0.74 13 – – 31.9 UK [29]

1.02 1.35 7.73 – – 38.5 Korea [29]

0.4 1.6 18 0.91 3.6 29 India [30]

0.18 0.64 4.13 – 2.23 – China [31]

1.7 1.02 2.45 – 0.22 – Turkey [32]

1.95 1.2 9.7 – 2.4 49.8 Germany [33]

2.64 2.67 12.9 – – 55.62 Jordan [34]

0.5 14.53 7.89 – – 8.57 Pakistan [27]

0.9 4.3 39 – 3 39.5 India [35]

0.45 1.94 14 – 8.79 27 India [36]

2.48 6.07 12.70 – – 36.22 Ethiopia [37]

Table 4. 
Comparison of metal content (μg/g) in cigarettes of present study with international studies.
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are including in expected consequences of lead accumulation [20]. The concentration 
of lead in tobacco of cigarette measured at various places around the world is shown 
in Table 4. Among the 12 places shown in Table 4, there are nine places where the 
concentration of lead in tobacco of cigarette is higher as compared to this study.

Cigarette smoke has been widely studied for cadmium which is claimed as a key 
source of cadmium inhaled by a human. Many studies addressed the elevated level 
of cadmium in cigarette and cigarette smoke with the mean cadmium concentra-
tion lies 0.5–1.5 mg per cigarette [15, 7]. In earth’s crust, cadmium can be found in 
higher concentration usually combined with zinc. Usually cadmium is found as a 
by-product in copper, zinc, and lead extraction industries. Cadmium is also present 

Brand names Benson & Hedges Dunhill Marlboro More Mean values

S 2522.05±17.18 1700.6±108.97 1931.6±44.26 1948.7±10.82 2025.76

Cl 6413.2±837.07 3434.9±171.05 2429.5±188.44 2145±53.74 3605.67

K 12301.5±474.68 10217.6±71.56 14042.1±553.88 14911.05±979.84 12868.09

Ca 12167±666.8 11179.05±299.32 10629.05±556.14 14197.2±1339.97 12043.08

Mn 39.8±2.62 57.1±1.27 79.9±7.85 77.3±1.77 63.56

Fe 67.1±7.78 68.4±1.77 95.8±1.48 91±4.67 80.6

Ni 0.33±0.07 0.45±0.04 0.45±0.01 0.5±0.08 0.4325

Cu 2.3±0.57 1.1±0.0 0.75±0.13 0.41±0.04 1.14

Zn 15±0.14 14.4±0.99 15.8±0.57 18.8±2.12 16

Sr 13.3±0.64 10.9±0.71 12.35±1.77 8.8±12.52 11.36

Ru 0.33±0.05 0.13±0.03 0.05±0.08 0.18±0.0 0.17

Cd 5.8±0.64 4.8±0.28 4.65±0.78 4.2±1.27 4.87

Sb 0.19±0.0 0.12±0.05 0.15±0.02 0.1±0.14 0.14

Pb 1.3±0.07 1.1±0.14 0.67±0.17 1.3±0.0 1.08

Table 3. 
Metal contents (μg/g) in the tobacco samples of imported cigarette brands.

Copper Pb Cu Co Ni Zn

4.92 1.02 0.97 0.12 0.13 12.91 Present study

2.71 2.07 9.7 4.42 17.93 27.02 Iran [28]

0.9 0.74 13 – – 31.9 UK [29]

1.02 1.35 7.73 – – 38.5 Korea [29]

0.4 1.6 18 0.91 3.6 29 India [30]

0.18 0.64 4.13 – 2.23 – China [31]

1.7 1.02 2.45 – 0.22 – Turkey [32]

1.95 1.2 9.7 – 2.4 49.8 Germany [33]

2.64 2.67 12.9 – – 55.62 Jordan [34]

0.5 14.53 7.89 – – 8.57 Pakistan [27]

0.9 4.3 39 – 3 39.5 India [35]

0.45 1.94 14 – 8.79 27 India [36]

2.48 6.07 12.70 – – 36.22 Ethiopia [37]

Table 4. 
Comparison of metal content (μg/g) in cigarettes of present study with international studies.
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in manures and many pesticides, so it becomes easily a part of the environment 
after their application [21].

The local cigarettes had an average concentration of cadmium in tobacco which 
was 4.92 μg/g with standard deviation of 1.2. The minimum mean concentration of 
cadmium in a sample was 1.86 μg/g, and maximum concentration in a sample was 
9.4 μg/g. In the imported cigarettes, the mean concentration of cadmium present in 
the tobacco was 4.88 μg/g with standard deviation of 0.74 (Table 2). The minimum 
concentration of cadmium observed in tobacco of imported brands was 4.2 μg/g, 
and maximum concentration was 5.85 μg/g (Table 3). The concentration of cad-
mium in this study is at the highest level as compared to other studies around the 
world (Table 4). The lowest cadmium concentration was observed in tobacco of 
Indian cigarettes which was 0.4 μg/g (Table 4).

Cadmium inhaled in its oxidized form as cadmium oxide while smoking. It 
is roughly estimated that 10% of cadmium deposit in lungs, and about 20–50% 
become a part of circulation [15, 7]. Cadmium accumulates in the circulation as 
well as deposits in kidney mainly in the cortex of the kidney by the late reaction 
of cadmium and metallothioneins. Although smoking generates small amount of 
copper which is unable to cause kidney failure, many studies stated that copper 
accumulates in kidney and is the main cause of renal end-stage failure and tubular 
dysfunction [17, 15, 18]. Many of other health disorders included emphysema, 
cataract, hypertension, as well as cardiovascular disease are also under investigation 
to know possible consequences of copper accumulation in these diseases [19, 20].

Copper mainly comes in air from fossil fuel burning and remains in the air 
for a long time. Usually, copper settles down in soil due to rain where it becomes 
bioavailable to plants. Naturally, copper comes from the soil through weathering of 
parent material, decaying of natural vegetation, forest fire, dust, windblown, and 
sea spray. Copper is also released into the environment by anthropogenic activities 
mainly by mining, metal production, wood production, and phosphate fertilizer. 
Human health is potentially affected by the soluble copper compounds which enter 
into the food chain through agricultural practices [21].

The concentration of copper in the tobacco of local and imported brands was 
observed, ranging from 0.17 to 5.71 μg/g with an average of 0.97 μg/g (Table 2) and 
from 0.41 to 2.3 μg/g with an average of 1.14 μg/g (Table 3), respectively. In this 
study, copper is at the lowest level with respect to other studies was done in differ-
ent places of the world (given in Table 4). Long-term exposure to a higher level 
of copper causes decline in intelligence in young adolescents. Industrial exposure 
to copper fumes, dust, or mists generated by industries cause metal fumes fever 
and atopic retardation in nasal mucous membranes. Copper deposit in cornea and 
chronic copper toxicity causes various diseases like Wilson’s disease, characterized 
by hepatic cirrhosis, renal disease, brain damage, and demyelination [22].

Nickel is present in low concentration in the environment and use in many 
things made by a human. Commonly nickel is used in steel and metal products 
as well as in jewelry [21]. The concentration of nickel in the tobacco of local and 
imported brands was observed, ranging from 0.08 to 1.03 μg/g with an average of 
0.31 μg/g and from 0.33 to 0.5 μg/g with an average of 0.43 μg/g, respectively.

Nickel is a mutagen and carcinogen that causes many types of cancer in human 
especially related to the respiratory track. It induces sister chromatid exchanges by 
mutation [23]. Experiments showed the affected heart development in the unborn 
mice due to Nickel toxicity [24]. Although nickel is essential, but in excessive 
amount it is dangerous to health which causes sickness and enhance chances of vari-
ous types of cancer like lung cancer, larynx cancer, prostate cancer, and nose cancer. 
Human exposure to nickel is usually through drinking water, breathing air, the food 
chain, and smoking of cigarettes [25]. The concentration of nickel measured in this 

97

Investigation of Toxic Metals in the Tobacco of Pakistani Cigarettes Using Proton-Induced X-Ray…
DOI: http://dx.doi.org/10.5772/intechopen.84723

study was at the second lowest position after concentration measured in tobacco of 
Turkey (0.22 μg/g), given in Table 4.

Zinc is present ubiquitously in nature with a variable concentration that mostly 
adds up to human activities. There are many anthropogenic sources of zinc are 
present in our surrounding especially in steel production, smelting, mining, and 
coal and waste combustion. In many countries, zinc present in soil with very high 
concentration is due to mining and refining of metals and use of sewage sludge 
as fertilizer [21]. The mean, minimum, and maximum concentrations of zinc 
in tobacco of local cigarette were 12.91, 7.3, and 28.55 μg/g, respectively. In the 
imported cigarettes, the average concentration of zinc present in the tobacco was 
16.0 μg/g, the minimum concentration of zinc observed in the tobacco of imported 
brands was 14.4 μg/g and maximum concentration was 18.8 μg/g.

Too much zinc can cause a number of health problems, such as vomiting, nau-
sea, anemia, skin irritations, and stomach cramps. A large quantity of zinc disturb 
the protein metabolism and cause arteriosclerosis or respiratory disorders that can 
damage the pancreas [26].

The concentration of zinc measured in this study was lower as compare to 
measure in other studies, referred in Table 4 except the previous study on tobacco 
of Pakistani cigarettes (8.57 μg/g).

5. Conclusion

The available data on toxic metals in tobacco of Pakistani cigarettes was insuf-
ficient; this study will provide adequate data to all concerned departments. This 
study will also create awareness among people about the toxicity of metals present 
in tobacco of cigarettes.
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in manures and many pesticides, so it becomes easily a part of the environment 
after their application [21].

The local cigarettes had an average concentration of cadmium in tobacco which 
was 4.92 μg/g with standard deviation of 1.2. The minimum mean concentration of 
cadmium in a sample was 1.86 μg/g, and maximum concentration in a sample was 
9.4 μg/g. In the imported cigarettes, the mean concentration of cadmium present in 
the tobacco was 4.88 μg/g with standard deviation of 0.74 (Table 2). The minimum 
concentration of cadmium observed in tobacco of imported brands was 4.2 μg/g, 
and maximum concentration was 5.85 μg/g (Table 3). The concentration of cad-
mium in this study is at the highest level as compared to other studies around the 
world (Table 4). The lowest cadmium concentration was observed in tobacco of 
Indian cigarettes which was 0.4 μg/g (Table 4).

Cadmium inhaled in its oxidized form as cadmium oxide while smoking. It 
is roughly estimated that 10% of cadmium deposit in lungs, and about 20–50% 
become a part of circulation [15, 7]. Cadmium accumulates in the circulation as 
well as deposits in kidney mainly in the cortex of the kidney by the late reaction 
of cadmium and metallothioneins. Although smoking generates small amount of 
copper which is unable to cause kidney failure, many studies stated that copper 
accumulates in kidney and is the main cause of renal end-stage failure and tubular 
dysfunction [17, 15, 18]. Many of other health disorders included emphysema, 
cataract, hypertension, as well as cardiovascular disease are also under investigation 
to know possible consequences of copper accumulation in these diseases [19, 20].

Copper mainly comes in air from fossil fuel burning and remains in the air 
for a long time. Usually, copper settles down in soil due to rain where it becomes 
bioavailable to plants. Naturally, copper comes from the soil through weathering of 
parent material, decaying of natural vegetation, forest fire, dust, windblown, and 
sea spray. Copper is also released into the environment by anthropogenic activities 
mainly by mining, metal production, wood production, and phosphate fertilizer. 
Human health is potentially affected by the soluble copper compounds which enter 
into the food chain through agricultural practices [21].

The concentration of copper in the tobacco of local and imported brands was 
observed, ranging from 0.17 to 5.71 μg/g with an average of 0.97 μg/g (Table 2) and 
from 0.41 to 2.3 μg/g with an average of 1.14 μg/g (Table 3), respectively. In this 
study, copper is at the lowest level with respect to other studies was done in differ-
ent places of the world (given in Table 4). Long-term exposure to a higher level 
of copper causes decline in intelligence in young adolescents. Industrial exposure 
to copper fumes, dust, or mists generated by industries cause metal fumes fever 
and atopic retardation in nasal mucous membranes. Copper deposit in cornea and 
chronic copper toxicity causes various diseases like Wilson’s disease, characterized 
by hepatic cirrhosis, renal disease, brain damage, and demyelination [22].

Nickel is present in low concentration in the environment and use in many 
things made by a human. Commonly nickel is used in steel and metal products 
as well as in jewelry [21]. The concentration of nickel in the tobacco of local and 
imported brands was observed, ranging from 0.08 to 1.03 μg/g with an average of 
0.31 μg/g and from 0.33 to 0.5 μg/g with an average of 0.43 μg/g, respectively.

Nickel is a mutagen and carcinogen that causes many types of cancer in human 
especially related to the respiratory track. It induces sister chromatid exchanges by 
mutation [23]. Experiments showed the affected heart development in the unborn 
mice due to Nickel toxicity [24]. Although nickel is essential, but in excessive 
amount it is dangerous to health which causes sickness and enhance chances of vari-
ous types of cancer like lung cancer, larynx cancer, prostate cancer, and nose cancer. 
Human exposure to nickel is usually through drinking water, breathing air, the food 
chain, and smoking of cigarettes [25]. The concentration of nickel measured in this 
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study was at the second lowest position after concentration measured in tobacco of 
Turkey (0.22 μg/g), given in Table 4.

Zinc is present ubiquitously in nature with a variable concentration that mostly 
adds up to human activities. There are many anthropogenic sources of zinc are 
present in our surrounding especially in steel production, smelting, mining, and 
coal and waste combustion. In many countries, zinc present in soil with very high 
concentration is due to mining and refining of metals and use of sewage sludge 
as fertilizer [21]. The mean, minimum, and maximum concentrations of zinc 
in tobacco of local cigarette were 12.91, 7.3, and 28.55 μg/g, respectively. In the 
imported cigarettes, the average concentration of zinc present in the tobacco was 
16.0 μg/g, the minimum concentration of zinc observed in the tobacco of imported 
brands was 14.4 μg/g and maximum concentration was 18.8 μg/g.

Too much zinc can cause a number of health problems, such as vomiting, nau-
sea, anemia, skin irritations, and stomach cramps. A large quantity of zinc disturb 
the protein metabolism and cause arteriosclerosis or respiratory disorders that can 
damage the pancreas [26].

The concentration of zinc measured in this study was lower as compare to 
measure in other studies, referred in Table 4 except the previous study on tobacco 
of Pakistani cigarettes (8.57 μg/g).

5. Conclusion

The available data on toxic metals in tobacco of Pakistani cigarettes was insuf-
ficient; this study will provide adequate data to all concerned departments. This 
study will also create awareness among people about the toxicity of metals present 
in tobacco of cigarettes.
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