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Preface to ”The Modifications of Metallic and
Inorganic Materials by Using Energetic Ion/Electron
Beams”

It is with great pleasure that I served as a Guest Editor for this Special Issue entitled “The

Modifications of Metallic and Inorganic Materials by Using Energetic Ion/Electron Beams”. This book

consists of 14 original articles, 5 review papers, and 1 editorial, which show the experimental and

computer simulation results for the modifications of several physical properties and lattice structures

of pure metals, metallic alloys, oxides, and ceramics by using energetic ion/electron beams. In the

book, the developments of ion accelerators and transmission electron microscopes used for the study

of material modifications are also described.

I thank all of the authors, the reviewers, and the QuBS Editorial Board Members for their

valuable contributions. I believe that many researchers will enjoy this book.

Akihiro Iwase

Editor
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Editorial

Modifications of Metallic and Inorganic Materials by Using
Ion/Electron Beams
Akihiro Iwase

The Wakasa Wan Energy Research Center (WERC), 64-52-1 Nagatani, Tsuruga 914-0192, Fukui, Japan;
aiwase@werc.or.jp

Welcome to the Special Issue of Quantum Beam Science entitled “Modifications of
Metallic and Inorganic Materials by Using Ion/Electron Beams”. This Special Issue has
collected original and review papers using energetic ion/electron beams in basic and
applied research for new and novel metallic and inorganic materials’ modifications. When
materials are irradiated with energetic particles (ions or electrons), their energies are
transferred to electrons and atoms in materials, and the lattice structures of the materials
are largely changed to metastable or non-thermal-equilibrium states, causing modifications
of several physical properties. Such phenomena will engage the interest of researchers
as a basic science and can also be used as promising tools for adding new functionalities
to existing materials and developing novel materials. Compared with organic materials
such as polymers, however, not many studies on the modifications of metallic or inorganic
materials by electron or ion irradiations have been performed so far.

The present Special issue of Quantum Beam Science, therefore, focuses on experimental
investigations and computer simulations related to the modification of lattice structures
and various physical properties (mechanical, electronic, magnetic, optical, and so on) of
metallic and inorganic materials. The developments of accelerators and ion or electron
beam equipment for the materials’ modification are also included in the scope of this
Special Issue.

The original and review articles of this Special issue cover the electron/ion beam
induced modifications of optical properties of oxides, such as colors [1] and refractive
indices [2]; the electronic properties of solar cells [3] and superconductors [4,5]; the me-
chanical property (hardness) of metallic alloys [6]; and chemical properties, such as the
catalyst function of a metal surface [7], the corrosion of a metallic alloy [8], and the hy-
drogen desorption and retention of a metallic alloy [9]. In addition, several articles show
ion/electron-beam-induced modifications of crystal structures, such as the lattice disorder-
ing of non-metallic materials [10], the phase transformation of an oxide [11], the hillock
and ion-track formation in ceramics [12], the formation of nanostructured materials in
oxides [13] and the generation of self-organized nanostructures on the surfaces of pure
metals [14]. One of the review papers reports the details of the swift heavy-ion irradiation
effects in CeO2 with many references [15]. Moreover, the ion-beam-induced modifications
of lattice structures and/or magnetic properties in oxides are discussed by using computer
simulations (Monte Carlo method [16] and molecular dynamics [17]). As for the facility
and the equipment used for the study of electron or ion beam irradiation effects, the ion ac-
celerators at the Wakasa Wan Energy Research Center for the study of irradiation effects on
space electronics [18] and the pulsed transmission microscope for high-speed observation
and material nanofabrication [19] are introduced.

The original and review articles reported here include a lot of interesting results. I
hope many readers will enjoy this Special Issue.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The color of a thin copper oxide layer formed on a copper plate was transformed from
reddish-brown into dark blue-purple by irradiation with 5 keV Ar+ ions to a fluence as low as
1 × 1015 Ar+ cm−2. In the unirradiated copper oxide layer, the copper valence state of Cu2+ and Cu+

and/or Cu0 was included as indicated by the presence of a shake-up satellite line in a photoemission
spectrum. While for the irradiated one, the satellite line decreased in intensity, indicating that
irradiation resulted in the reduction from Cu2+ to Cu+ and/or Cu0. Furthermore, nuclear reaction
analysis using a 16O(d, p)17O reaction with 0.85 MeV deuterons revealed a significant loss of oxygen
(5 × 1015 O atoms cm−2) in the irradiated layer. Thus, the chromatic change observed in the present
work originated in the irradiation-induced reduction of a copper oxide.

Keywords: ion beam; copper oxide; chromatic change; photoemission spectrum; beam viewer

1. Introduction

On ion beam experiments including materials analysis and modification with ion
beams, a beam monitoring system is installed in the sample chamber to monitor the
beam position and uniformity in the beam spot. Most of the beam monitor consists of
a fluorescent plate, enabling real time visualization of a beam spot on the plate. A SiO2
plate, for example, has been used for beam monitoring because of strong emission [1–5] in
the visible range when irradiated with MeV-ion beams. A Cr-doped Al2O3 (e.g., AF995R,
Desmarquest) is also suitable for beam profiling [6,7] for ion beams with energies larger
than several hundred keV. The aforementioned materials are insulators and therefore
electric charging takes places on the fluorescent plate irradiated with ion beams, resulting
in deflection of ion beams in the vicinity of the fluorescent plate if their acceleration voltage
is comparable to the charged potential of a few tens kilovolts [8]. This means that the
fluorescent point would be different from the real position, and further the fluorescent
point would not appear at all in the case of low energy ion beams with <10 keV. In addition
to the fluorescent materials, phosphors such as ZnS based materials [9–11], which have
been widely used for screens of a cathode-ray tube, are applicable to beam monitoring.
Other candidates of inorganic luminescent materials can be found in the literature [12].
Powders of such materials, mixed with a conducting paste and deposited onto a conducting
plate, are a candidate for ion beam monitoring materials. However, such powders cost
very high, but their lifetimes are very short because radiation damage causes degradation
of light-emitting efficiency. It is, therefore, not easy to view a beam spot of a low energy
ion beam with energy of several keV on real-time.

On the other hand, non-real time beam monitoring can be conducted by the color
change of materials irradiated with ion beams. A polyimide film is, for example, widely
used to check both the position and uniformity of an ion beam, because blackening due
to graphitization [13–15] occurs when the film is irradiated with ion beams. A polyimide
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film is, however, non-conducting and is inapplicable to the beam viewer for low energy
ion beams with energies of several keV. The favorable beam viewer for low energy ion
beams should be composed of electrically conducting materials. A metallic copper plate,
even if a thin upper layer of copper oxide is present, is a good conducting material. The
color of the copper plate covered with thin oxide is reddish-brown, largely different from
polished metallic copper. The present authors made an attempt to fabricate a beam viewer
in which the appearance of a beam spot turns shiny due to removal of the oxide layer
by physical sputtering. In the irradiation apparatus with base pressure of 2 × 10−4 Pa,
the shiny beam spot could be clearly recognized after irradiation with 5 keV Ar+ ions
to a fluence of 1 × 1015 Ar+ cm−2. Surprisingly, in the other irradiation equipment with
base pressure of 2 × 10−6 Pa, the color of the beam spot turned dark blue-purple after
irradiation under the same conditions above. In the present work, the chromatic change
observed in the irradiation equipment with such a high vacuum is examined to fabricate a
new type of beam viewer for low energy ion beams.

2. Materials and Methods

Oxygen-free copper plates of 10 × 10 × 1 mm3 (purity 99.99%) were supplied from
NILACO, Tokyo, Japan. The Cu plate was put on a laboratory hot plate setting to 473 K in
ambient air for 2 min to form the Cu oxide layer. The maximum temperature measured
on the surface with chromel-alumel thermocouple was 440 K, somewhat lower than the
setting temperature of 473 K, as recorded in Figure 1. The color of heat-treated Cu plate
was reddish-brown. The samples were irradiated with 5 keV-Ar+ ions up to a fluence of
1 × 1015 cm−2 using a 5 kV-ion gun installed in a vacuum chamber with a base pressure of
2 × 10−6 Pa. The ion incidence was normal with respect to the sample surface.

Figure 1. Temperature measured on the sample surface with chromel-alumel thermocouple
during oxidation.

X-ray photoelectron spectroscopy (XPS) using Mg Kα radiation (hν = 1253.6 eV) was
performed with a JEOL 9010 X-ray photoelectron spectrometer (JEOL, Tokyo, Japan) to
analyze chemical states of Cu before and after the irradiation. The XPS analysis was carried
out immediately after the irradiation to avoid the change in chemical states upon the
ambient air exposure. Rutherford backscattering spectrometry (RBS) and nuclear reaction
analysis (NRA) using the 16O(d, p)17O reaction were conducted for chemical composition
analysis with 2 MeV He ions and 0.85 MeV deuterons, respectively, produced from the
Van de Graaff accelerator of Hiroshima University. The standard sample for the NRA was
a SiO2 layer formed on a Si wafer (SiO2/Si), which contains 5.8 × 1017 O atoms·cm−2

determined by RBS.
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3. Results and Discussion

Figure 2a shows a photograph of the sample surface irradiated with Ar+ ions to a
fluence of 1 × 1015 cm−2 using a 5 kV ion gun. The color of the sample changed from
reddish brown to dark blue-purple at an irradiation spot. This darkening was visible
through a viewing port, and started at the fluence as low as 1014 cm−2. On the sample
surface irradiated to a fluence of 1014 cm−2, the color of the edge at the beam spot was
not clear as can be seen in Figure 2b, indicating that the border between irradiated and
unirradiated areas was not so abrupt. Thus, the uniformity of a beam intensity inside
the beam spot could be estimated by the uniformity of color. The minimum fluence to
recognize the beam spot with naked eyes will be examined for further discussion of the
sensitivity and applicability of the chromatic change for a beam viewer.

Figure 2. Photographs of the surface of samples irradiated with 5 keV-Ar+ ions to fluences of
1 × 1015 cm−2 (a) and 1 × 1014 cm−2 (b). The photographs were taken after removing the samples
from the vacuum chamber.

The mechanism of the observed chromatic change was discussed below, along with
RBS, NRA, and XPS data. Figure 3 shows the backscattering spectrum of the Cu oxide
layer formed on a Cu plate before irradiation. The chemical composition and thickness of
the oxide layer was estimated to be CuO0.4 and 1.9 × 1017 CuO0.4 cm−2, respectively, by
fitting a simulation spectrum to experimental data, where the program SIMNRA 6.06 [16]
was used to obtain the simulation spectrum. The thickness of 1.9 × 1017 CuO0.4 cm−2 can
be converted into 38 nm, much larger than the ion projected range of 5 nm predicted by
the SRIM simulation [17], assuming the atomic density to be 5 × 1022 CuO0.4 cm−3. The
chemical composition CuO0.4 indicates that the oxide layer contains the mixture of metallic
copper and copper oxides.

Figure 3. RBS spectrum of the sample before irradiation (blue open circles). A simulated spectrum
(red solid line) is also shown.
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Figure 4 presents the NRA spectra of the sample with and without irradiation. Peaks
located around channel number of 260 correspond to protons emitted by the 16O(d, p)17O
reaction. The peak intensities are (2.15 ± 0.05) × 103 and (2.01 ± 0.04) × 103 counts
for the unirradiated and irradiated samples, respectively. The oxygen content in the
irradiated sample was determined to be (7.1 ± 0.2) × 1016 O atoms·cm−2 by the SiO2/Si
standard sample, smaller by 6% than that in the unirradiated sample ((7.6 ± 0.2) × 1016 O
atoms·cm–2). Thus, oxygen atoms were found to be released from the CuO0.4 layer by the
irradiation with 5 keV-Ar+ ions to a fluence of 1 × 1015 cm−2. The SRIM simulation [17]
predicts the sputtering yield of O in CuO0.4 to be 4.9 O atoms·ion−1, which means that
the sputtered O atoms will be approximately 5 × 1015 O atoms·cm−2, corresponding to a
difference in the oxygen contents between the unirradiated and irradiated samples. The
NRA results and the SRIM calculation suggest that the release of O atoms originates in
physical sputtering. In the sputtering process of CuO0.4 bombarded with 5 keV-Ar+ ions,
approximately 1.4 × 1015 Cu atoms·cm−2 as calculated by the SRIM will be lost, leading to
the change in chemical composition from CuO0.4 to CuO0.38 in the layer.

Figure 4. Nuclear reaction analysis (NRA) spectra of the unirradiated and irradiated areas in the
sample irradiated with 5 keV-Ar+ ions to a fluence of 1 × 1015 cm−2.

Figure 5 shows XPS Cu 2p core level photoemission spectra (PS) of the CuO0.4 layer
with and without irradiation. Considering the inelastic mean free path of photoelectrons
whose kinetic energy is approximately 300 eV, information about copper valence states
can be obtained within 0.8 nm [18] below the surface by the photoemission spectra. As
can be seen in Figure 5, a broad shake-up satellite line due to the charge transfer [19,20]
appeared in the binding energy (BE) region from 937 to 941 eV of PS for the unirradiated
sample and decreased in intensity after irradiation. More quantitatively, the intensity ratio
of the satellite to the main line at BE of 932.4 eV was 0.16 and 0.10 for the unirradiated
and irradiated samples, respectively. These results indicate that the unirradiated sample
included the copper valence state Cu2+ and it was transformed into Cu+ and/or Cu0

(Cu+/Cu0) by irradiation. Thus the 5 keV-Ar+ irradiation reduced Cu2+ to Cu+/Cu0. The
irradiation-induced reduction observed in the present work could be seen in the change in
the shape of the Cu 2p3/2 lines before and after irradiation.
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Figure 5. XPS Cu 2p core level photoemission spectra of the unirradiated and irradiated areas in the
sample irradiated with 5 keV-Ar+ ions to a fluence of 1 × 1015 cm−2.

Figure 6a,b depicts Cu 2p3/2 lines for the samples before and after irradiation, respec-
tively. Each spectral line consists of three components denoted by I, II, and III. The lines,
after background subtraction by the Shirly method [21], were decomposed by three Voigt
functions using a curve fitting procedure. The component I located at BE of 932.4 eV was
assigned to be Cu and/or Cu2O. The BE of Cu (932.6 eV) [22–24] is very close to that of
Cu2O (932.5 eV) [25–28], therefore the component I cannot be further decomposed by a
curve fitting. The components II and III located at BE of 933.6 eV and 934.8 correspond to
CuO [28–31] and Cu(OH)2 [28,32], respectively. The fractions of each component obtained
by the curve fitting are summarized in Table 1 for the samples with and without irradiation.
The fractions corresponding to copper valence state Cu2+ (CuO and Cu(OH)2) decrease,
while the fraction of Cu+/Cu0 (Cu2O/Cu) increased by irradiation, indicating that the Ar+

irradiation reduced Cu2+ to Cu+/Cu0. This was consistent with the result deduced from
the decrease in intensity of shake-up satellite line as described above.

Figure 6. Detailed XPS Cu 2p3/2 core level photoemission spectra of the unirradiated (a) and
irradiated (b) areas in the sample irradiated with 5 keV-Ar+ ions to a fluence of 1 × 1015 cm−2. Each
spectrum was decomposed into three components denoted by I, II, and III.
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Table 1. Compositions of Cu, Cu2O, CuO and Cu(OH)2 determined by Cu 2p3/2 photoemission
spectra (PS) lines for the unirradiated and irradiated samples.

Samples
Compositions (%)

Cu Cu2O CuO Cu(OH)2

Unirradiated
73.8

16.5 9.7(65.7) 1 (8.1) 1

Irradiated
94.1

5.5 0.4(65.7) 1 (28.4) 1

1 These values were obtained by the assumption that the composition of the analyzing layer was CuO0.4 before
irradiation and the fraction of Cu was unchanged after irradiation.

The concentration ratio of Cu2O to Cu can be indirectly determined by the atomic ratio
O/Cu of analyzing layer using the fractions of three components. Of course, the O/Cu can
be calculated by the intensity ratio of O 1s to Cu 2p PS lines. However, it is impossible to
accurately determine the atomic ratio O/Cu because of the presence of adventitious carbon
contamination that includes oxygen atoms in the outermost layer. Therefore, the atomic
ratio O/Cu in the analyzing layer was assumed to be 0.4 that was determined by RBS,
resulting in the concentration ratio Cu2O/Cu of 8.2/65.7 for the sample without irradiation.
These values are presented with parenthesis in Table 1. For the sample with irradiation,
the atomic ratio O/Cu in the analyzing layer was definitely different from that in the
oxide layer, and thus, the composition CuO0.38 determined by the combination of RBS and
NRA could not be used to calculate the fraction of Cu2O/Cu. Therefore, the fraction of
metallic copper was assumed to be unchanged after irradiation. In fact, Panzner et al. [33]
demonstrated that the oxide CuO was reduced to Cu2O, while the oxide Cu2O was much
more stable and no more reduction to Cu occurred under sputtering with 3–5 keV Ar+ to a
low fluence. Then the concentration ratio Cu2O/Cu was calculated to be 28.4/65.7 for the
sample with irradiation. These values were also presented inside parenthesis in Table 1.

As described above, XPS analysis revealed that the 5 keV-Ar+ irradiation reduced Cu2+

to Cu+/Cu0 in the cuprate. This result is consistent with the previous studies that CuO
thin films were transformed into Cu2O by ion irradiation [33,34]. Next, the relationship
between the reduction and the chromatic change was discussed briefly.

It is well known that the color of cuprous oxide (Cu2O) powder is red. In addition,
Cu2O in the form of both the thin film [35,36] and nanoparticle [37,38] would be reddish
considering their optical absorption spectra. On the other hand, the color of the irradiated
layer was found to be dark blue-purple, different from the color of pure Cu2O. Fredj and
Burleigh [39] showed that the color of a copper oxide layer in which Cu2O is primarily
included varied from bare copper color to green depending on its thickness. Thus, they
demonstrated the possibility that the Cu2O layer exhibited the color other than red. One
possibility for the chromatic change is the presence of Cu2O phase in a metallic Cu phase.
Another possibility is the change in a refractive index of the oxide layer accompanied by
the change in chemical states of Cu and/or radiation damage by Ar ions. Unfortunately,
the dominant effect on the chromatic change is unclear at present.

As mentioned in the Introduction, the beam spot in the sample irradiated with 5 keV-
Ar+ ions using the other machine turned bare copper color due to the removal of an oxide
layer by sputtering, different from the present work. The reason for this difference is un-
known but may result from the initial thickness and composition of the oxide layer. Further
studies with various thicknesses and compositions are needed to clarify the mechanism
underlying the irradiation-induced chromatic change in copper oxide layers. In addition,
the minimum fluence at which the chromatic change can be recognized is necessary to
examine for the applicability of the new type of a beam viewer. Such investigations are
now in progress.
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4. Conclusions

The color of a thin copper oxide layer formed on a copper plate turned from reddish-brown
to dark blue-purple by irradiation with 5 keV Ar+ ions to a fluence of 1 × 1015 Ar+ cm−2. Nu-
clear reaction analysis revealed that a significant amount of oxygen (5 × 1015 O atoms·cm−2)
was released from the irradiated layer. The reduction of cupric oxide (CuO) to cuprous
oxide (Cu2O) occurred in the layer after the irradiation as confirmed by the decrease in
intensity of a shake-up satellite line and the change in the shape of a Cu 2p3/2 line in
photoemission spectra. The reduction led to the compositional change in the mixture of
Cu/Cu2O/CuO, which would result in the chromatic change.
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Abstract: Evolution of depth profiles of the refractive index in Y3Al5O12 (YAG) crystals were studied
under 200 MeV 136Xe14+ ion irradiation, since the index can be related with the stress change and/or
the defect formation by the irradiation. Using the prism-coupling and the end-surface coupling
methods, various waveguide (WG) modes were detected. Then, the index depth profiles were
determined by reproducing the observed WG modes. The index changes were observed at three
different depth regions; (i) a sharp dip at 13 µm in depth, which is attributed to the nuclear stopping
Sn peak, (ii) a plateau near the surface between 0 and 3 µm in depth, which can be ascribed to the
electronic stopping Se, since Se has a very broad peak at the surface, and (iii) a broad peak at 6 µm in
depth. Since the last peak is ascribed to neither of Se nor Sn peak, it could be attributed to the synergy
effect of Se and Sn.

Keywords: swift heavy ion; YAG (Y3Al5O12); refractive index profiling; synergy effect; optical waveguide

1. Introduction

Optical waveguides (WGs) are elements to confine light wave inside and to guide the waves
along them, which are considered as important parts for future optical integrate circuits [1]. Some
special WGs possess additional functions such as lasing [2,3], the second harmonic generation [3,4],
and the photorefractive effect [3,5]. While the most known WGs are optical fibers, here we discuss
WGs of the slab type, which consist of thin film layer(s) on a substrate (See Figure 1). The optical
WGs of the slab type are easily formed, when a transparent material B (guiding layer), having the
highest index (nB), is sandwiched with materials A (cladding layer: nA) and C (substrate layer: nC),
both having lower indices than the material B (the guiding layer), i.e., nA, nC < nB. At the boundaries
A–B and B–C, the total reflections are repeated with the reflection angles higher than certain values.
Light could be confined in the material B due to the total reflections at both the boundaries A–B and
B–C. The material A (cladding layer) can be replaced by air or a vacuum, since either of them has the
index of ~1, i.e., lower than most of the guiding layer material B. Consequently, the simplest WGs
consist of two layers: (i) a higher index layer deposited on a lower index substrate can act as a slab-type
WG. (ii) another strategy is to decrease the refractive index of a certain depth region of a transparent
material without decreasing the index of the shallower layer.
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of Equation (1)). 
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The original idea to produce optical WGs in transparent crystals by ion beams, was to utilize the 
nuclear stopping process of light ions, e.g., ~1–2 MeV He ions [6]. As schematically shown in Figure 
2, the nuclear energy loss (Sn) reaches the maximum at several micrometers beneath the crystal’s 
surface, i.e., the Bragg peak, and leaves serious damage. Much shallower region than the Bragg peak 
is preserved negligible damage. From Equation (2), the refractive index decreases (Δn < 0) around the 
Bragg peak depth due to serious damage, i.e., ΔV > 0, while the index almost preserves in the layer 
shallower than the Bragg peak. This is the WG structures of the type (ii). 

Figure 1. Schematically depicted cross-section of a slab waveguide consisting two layers: An upper
layer with higher refractive index and lower one with lower index. Air (or vacuum) on the upper layer
acts as a cladding layer. At light-propagating angles at discrete values, the total reflections are induced
at the boundaries between air and the layer 1 and between layers 1 and 2. Consequently light in the
layer 1 is confined inside of the layer 1 and guided along the inside of the layer.

Ion irradiation can realize the latter structures (ii). According to the Lorentz–Lorenz’s (LL) formula
(Equation (1)), the relative change of the refractive index ∆n/n is described as the following relation [3],
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where ∆V/V, ∆α/α, and F denote relative changes of volume, of polarizability, and of other factors such
as phase transition, respectively. From the first term in the right side of Equation (1), it is expected that
the ensemble of Frenkel pairs, i.e., pairs of vacancies and interstitial atoms, could induce local volume
expansion (∆V > 0), which results in the index reduction (∆n < 0) in some transparent solids. Moreover,
lattice expansion and contraction (∆V > 0 and < 0) results in the index reduction and enhancement
(∆n > 0 and < 0), respectively.

Of course, ion irradiation could exchange atomic arrangements so that newly formed chemical
bonds may change the (bond) polarizability α, i.e., the second term of Equation (1). Furthermore,
some phase transitions, e.g., amorphization, could suddenly change the relative index (the third term
of Equation (1)).

In this paper, however, the first term in the right side of Equation (1) is only considered as an
approximation, and the second and the third terms are, at the moment, neglected. Therefore, instead of
the Equation (1), the Equation (2) is used in this paper. Our main concern is the detection of the
defect formation and/or the stress generation via the index changes. We will not discuss the volume
changes quantitatively.

The original idea to produce optical WGs in transparent crystals by ion beams, was to utilize
the nuclear stopping process of light ions, e.g., ~1–2 MeV He ions [6]. As schematically shown in
Figure 2, the nuclear energy loss (Sn) reaches the maximum at several micrometers beneath the crystal’s
surface, i.e., the Bragg peak, and leaves serious damage. Much shallower region than the Bragg peak is
preserved negligible damage. From Equation (2), the refractive index decreases (∆n < 0) around the
Bragg peak depth due to serious damage, i.e., ∆V > 0, while the index almost preserves in the layer
shallower than the Bragg peak. This is the WG structures of the type (ii).

Since the first optical WG was successfully formed by ion irradiations [6], various studies have
been developed: This methodology has been applied in various materials [3,7]. In some glasses, it was
confirmed that ion irradiation induced the increase of the density, i.e., ∆V < 0, i.e., ∆n > 0 [8].

Olivares et al. clarified that not only the nuclear energy loss (Sn) but also the electronic energy
loss (Se) of swift heavy ions reduces the refractive index of crystals [9]. Rodriguez et al. studied ion
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tracks in Nd-doped yttrium aluminum garnet (Nd:YAG) formed by 2.2 GeV Au ion irradiation,
using transmission electron microscopy (TEM) and small angle X-ray scattering (SAXS) [10].
They concluded that the ion tracks were in an amorphous phase with a hard-cylinder density
distribution, other than the core/shell types. We have confirmed the refractive index changes of
Nd:YAG induced by 15 MeV Au5+ irradiation to 8 × 1014 ions/cm2, and found that the amorphous
phase showed a lower index [11].
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Figure 2. Schematically depicted depth profiles of damage induced by a few MeV light ions. The refractive
index is reduced around the depth of the Bragg peak due to strong damage, while the index in shallower
region seldom changes. Consequently, a slab-type waveguide is formed only by the irradiation of a few
MeV light ions.

As shown in Equation (2), the studies of the refractive index change provide information on the
density changes, which are induced by ion irradiation, via damage or stress change. According to a
naive image of WG shown in Figure 1, the waveguiding is possible for any angles higher than a certain
value. However, this is not correct. Because of the interference of light, the guiding is possible only for
discrete values of the angles, each of which corresponds to the WG mode. Furthermore, when the
light confinement is surely maintained between the cladding and the substrate layer, the guiding is
possible for inhomogeneous index profile in the guiding layer, with different distribution of the modes.
Contrary, with measuring the mode angles using, e.g., the prism coupling method, the depth profile of
the refractive index can be reconstructed. This paper reports the fluence dependence of the refractive
index profiles of yttrium-aluminum-garnet (YAG) crystals irradiated with swift heavy ions (SHIs) of
200 MeV Xe14+ ions, at various fluences ranging from 1 × 1011 to 5 × 1013 ions/cm2.

2. Materials and Methods

2.1. Material

Single crystals of undoped yttrium-aluminum-garnet (Y3Al5O12, YAG) with the dimensions
of 10 mm by 10 mm by 1 mm were purchased from ATOM Optics Co. Ltd., Shanghai, China.
The double sides of them were mirror-polished. Here the “undoped YAG” means that Nd ions or other
rare-earth impurities have not been intentionally doped. While the samples were single crystals in
unirradiated state, they seemed to transform to polycrystalline and finally to amorphous, as shown
later. The crystalline structure of YAG (Y3Al5O12) is the garnet type, i.e., in the cubic symmetry but
including many atoms in a unit cell.

2.2. Ion Irradiation

The {0 0 1} plane of the single crystals of YAG was irradiated at room temperature with 200 MeV
136Xe14+ ions from the tandem accelerator in the Japan Atomic Energy Agency (JAEA), Tokai Research
and Development Center. The fluence ranged from 1 × 1011 to 5 × 1013 ions/cm2, with maintaining the
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beam current density at ~60 nA/cm2, except the fluences of 1 × 1011 and 3 × 1011 ions/cm2 at ~5 nA/cm2

to avoid inaccurate fluences due to too short irradiation time. Noted that the particle current density is
1/14 of the above-described values. The beam was rasterized at ~40 Hz (horizontal) and ~2 Hz (vertical).
An important point was the frequencies were approximated values, which were not commensurate.
The area of 10 mm square was irradiated through a square slit.

The stopping powers and the projected range of the 200 MeV Xe ions in YAG was calculated using
SRIM 2013 code [12] with the mass density of 4.56 g/cm3, and shown in Table 1. The displacement energy,
the bulk binding energy, and the surface binding energy of each element used for the calculations were
summarized in Table 2. The 200 MeV Xe ion provides the electronic stopping power Se of 24.3 keV/nm,
which was much higher than the track formation threshold of 7.5 keV/nm [13].

Table 1. Electronic and nuclear stopping powers (at the surface), and the projected range of 200 MeV
136Xe14+. ions in yttrium-aluminum-garnet (YAG) crystal, calculated by SRIM 2013. The track formation
threshold and the X-ray penetration depth of the Cr Kα line used for fixed incident angle X-ray
diffractometry (FIA-XRD) are also shown.

200 MeV 136Xe14+ => Undoped YAG

Electronic stopping power (keV/nm) 24.3
Track formation threshold (keV/nm) 7.5
Nuclear stopping power (keV/nm) 0.091

Projected Range (µm) 13.2
X-ray penetration used for FIA-XRD measurements at 15 incidence (µm) 2.76

Table 2. The displacement energies, the bulk binding energies, and the surface binding energies of Y,
Al, and O atoms in YAG crystal, used for the SRIM 2013 calculations.

Element Y Al O

Displacement energy (eV) 25 25 28
Bulk binding energy (eV) 3 3 3

Surface binding energy (eV) 4.24 3.36 3

2.3. FIA-XRD

The fixed incident angle X-ray diffractometry (FIA-XRD) was carried out by RINT 2500 MDG,
(Rigaku Co., Ltd., Tokyo, Japan), with a fixed incident angle of 15◦ from the sample surface using
the Cr Kα line (λ = 0.22896 nm) from an X-ray source. Different from the conventional θ-2θmethod,
the penetration depth of the incoming X-ray is constant for FIA-XRD, irrespective of the scattering
angle 2θ. Since the ion irradiation effects often depend on the sample depth, the FIA-XRD method
could be advantageous. The incident angle of 15◦ corresponds to the X-ray penetration depth of
2.76 µm normal from the sample surface. Here, the penetration depth defines where the incident X-ray
intensity decreases to 1/e, where e is the Napier’s constant. The density of 4.56 g/cm3 was used for the
penetration calculation.

2.4. Index Measurements

Depth profiles of the refractive index was determined by two methods, i.e., the prism-coupling
and the end-face coupling. In former, all the WG mode angles were consistently fitted. Instead of the
mode angles θm, the effective refractive index nm is usually used in this community,

nm = n1 sinθm (3)

where n1 denotes the index in the guiding layer.
After measuring the angles or the effective refractive indices where WG modes are excited, a depth

profile of the index is determined in order to reproduce all the mode angles using the reflectivity
calculation method (RCM). See Reference [3] for the RCM. The mode angles where WG modes are
excited were measured by the prism-coupling method. Figure 3a schematically depicts a setup of the
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prism-coupling apparatus. A laser line of 632.8 nm from a He-Ne laser was used as a light source.
A polarizer was inserted to select a polarization plan of the WG mode from the transverse electric (TE)
or the transverse magnetic (TM). In this paper, most of the data were detected in the TM configuration.
A prism was attached on a part of the WG sample in order to couple with the light in air (a vacuum)
and the light in the WG via evanescent wave in a gap between the prism and the WG. The prism,
the sample, and a charge-coupled device (CCD) detector facing at the end-surface of the sample,
were attached on a rotating table, in order to change an incident angle of the laser light to the WG
layer without changing the configurations of the prism, the sample, and the CCD detector. The light
intensity reflected at the boundary between the prism and the WG was monitored with inserting a
beam splitter between the polarizer and the prism. The reflected light was transferred via the beam
splitter and detected by “a dark-mode detector”. When a mode is excited with adjusting the modal
angle θm, the light intensity detected at the CCD detector facing the end-surface increases because a
part of light is guided to the end-surface. Simultaneously, when the mode is matched, the incident
light is efficiently introduced into the WG. Consequently, the reflection intensity at the prism-WG
boundary decreases, i.e., the signal at the dark-mode detector decreases.
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Figure 3. (a) a setup for detection of waveguide modes using prism coupling and the dark-mode
detection. See text for details. (b) a typical data of the dark-mode detection from YAG sample irradiated
with 200 MeV Xe ions in the TE mode. Each dip corresponds to a waveguides (WG) modes. (c) a setup
of the end-face coupling. The polarization of the laser is controlled by a half-wave plate.
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The WG modes were searched with scanning the WG angle or equivalently the effective index.
Figure 3b shows an example of the effective index (i.e., the WG angle) dependence of the light intensity
detected by the dark-mode detector. In this case, dips in the signal correspond to the WG modes.
In principle, the same modes should be detected also by the “bright-mode detection” using the CCD
detector facing at the end-surface. However, as a rule of thumb, the dark-mode detection provides
sharper dips and more sensitive. We applied this method.

As schematically shown in Figure 3c, the end-face coupling method was also applied. With controlling
the polarization of laser by a half-wave plate, the laser light was introduced by the objective lens 1.
The guided light pattern was detected through the objective lens 2. The spatial intensity patterns at
the end-surface were another important information, which were experimentally detected by a CCD
camera and calculated by the beam propagation method (BPM) using BeamPROP code (RSoft, Co. Ltd.,
Tokyo, Japan).

3. Experimental Results

3.1. X-ray Diffraction

Figure 4 shows FIA-XRD patterns from undoped YAG crystals irradiated with 200 MeV Xe14+ ions
to various fluences ranging from 0 to 5 × 1013 ions/cm2. Before the irradiation, relatively strong four
peaks were observed, all of which were assigned to diffractions from the garnet structure: 55.8◦ for
(4 2 2), 124.6◦ for (9 2 1), 135.7◦ for (9 3 2), and 150.3◦ for (7 7 2) [14]. Because the garnet structure
includes many atoms in a unit cell, many peaks are reported in the powder diffraction patterns.
However, our samples showed only limited peaks due to high crystallinity. After the irradiation to
1 × 1011 ions/cm2, the same peaks were observed, while the intensity ratios and the diffraction angles
slightly changed. At the fluence of 1 × 1012 ions/cm2, new four peaks were added, which were also
assigned to the garnet structure: 65.1◦ to (4 4 0), 72.0◦ to (5 3 2), 88.6◦ to (5 5 2), and 105.2◦ to (6 5 3) [14].
Because of the partial amorphization, the single crystal was partly broken down to smaller grains
facing various directions, i.e., poly-crystallization. Consequently, the new peaks were allowed to be
observed. At the fluence of 1 × 1013 ions/cm2 and higher, all the peaks disappeared indicating the full
amorphization of the YAG crystal. Amorphization of Nd-doped YAG crystals was already reported by
Rutherford backscattering spectrometry (RBS)-channeling [15] and TEM [10].
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3.2. Refractive Index Profiling

Figure 5 exhibits depth profiles of the refractive index in undoped YAG crystals at various ion
fluences. The data in the TM configuration are shown, while those in the TE mode are mentioned later.
A chained horizontal line at 1.8295 indicates the index in the unirradiated state at the wavelength
of 632.8 nm from literature [16]. After the irradiation to 1 × 1011 ions/cm2, a very weak and broad
enhancement peak was observed at 6 µm in depth with the full width at half maximum (FWHM)
of ~4 µm. Since the deviation from the unirradiated value was so small for the data at 1 × 1011

and 3 × 1011 ions/cm2 that the deviation from the unirradiated value was plotted with five times
magnification around the unirradiated value.
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Figure 6 shows four different images (i)–(iv) at four different fluences (1 × 1011, 1 × 1012, 1 × 1013, 
and 5 × 1013 ions/cm2). From left to right, (i) the experimental index depth profiles used for the end-
surface intensity calculations, which are the same as shown in Figure 5, (ii) the optical microscopy 
images of the end-surface without the guided light, (iii) experimental, and (iv) calculated results of 
the spatial distributions of the guided light intensity at the end-surfaces. In the optical images of the 
end-surfaces without the guided light (ii), the near surface regions exhibit different color compared 
with the bulk parts, which are ascribed to the different indices induced by the ion irradiation. Color 
changes are stronger for higher ion fluences. 

Figure 5. Depth profiles of refractive indices of YAG irradiated with 200 MeV Xe14+ ions to various
fluences ranging from 1 × 1011 ions/cm2 to 5 × 1013 ions/cm2, determined by the prism coupling and
the end-face coupling method. All the polarizations are in the transverse magnetic (TM) configuration.
A chained horizontal line indicates the index in the unirradiated state of 1.8295 at the wavelength of
632.8 nm from literature. Since the deviation from the unirradiated value was so small for the data of
1 × 1011 and 3 × 1011 ions/cm2, the deviations were 5 times multiplied and added to the unirradiated
value. For references, the depth profiles of electronic and nuclear stopping powers Se and Sn are plotted
with the right axis in the units of keV/nm. A horizontal broken line denotes the threshold Se value for
the track formation in YAG.

Figure 6 shows four different images (i)–(iv) at four different fluences (1 × 1011, 1 × 1012, 1 × 1013,
and 5 × 1013 ions/cm2). From left to right, (i) the experimental index depth profiles used for the
end-surface intensity calculations, which are the same as shown in Figure 5, (ii) the optical microscopy
images of the end-surface without the guided light, (iii) experimental, and (iv) calculated results of
the spatial distributions of the guided light intensity at the end-surfaces. In the optical images of the
end-surfaces without the guided light (ii), the near surface regions exhibit different color compared with
the bulk parts, which are ascribed to the different indices induced by the ion irradiation. Color changes
are stronger for higher ion fluences.
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Figure 6. (Left to right) Index profiles used for the calculations of the intensity profile at the end-surfaces;
optical microscopy images at the end-surface without wave guiding laser; experimental spatial intensity
profiles of the wave guiding laser at the end-surface; and corresponding calculation results, for four
different ion fluences (a) 1 × 1011, (b) 1 × 1012, (c) 1 × 1013, and (d) 5 × 1013 ions/cm2. The spatial
intensity profiles were calculated by the beam propagation method (BPM) using BeamPROP code.

As shown in Figure 6a, the wave guiding is induced even at the lowest fluence of 1 × 1011 ions/cm2,
since the guided light is buried beneath the surface. The irradiation made index enhancement of
0.001 around the depth of 6 µm as shown in Figure 5. Even though the very small change in the
index, the wave guiding was confirmed from the experimental emission image at the end-surface.
Furthermore, the calculation shows that the observed index profile predicted the same emission image
from the small change of the index profile.

The peak at 6 µm reduced the height at the fluence of 3 × 1011 ions/cm2. At 1 × 1012 ions/cm2,
the peak further decreased and turned to a dip. Simultaneously, the index at the surface region
(0–3 µm in depth) became slightly higher than the unirradiated value. However, the index at the
surface region turned to decrease and became lower than the unirradiated value at 3 × 1012 ions/cm2.
Likewise, the bottom value at the dip at 6 µm further decreased. Since the index at the surface region
steeply decreased at 1 × 1013 ions/cm2, the low index region near the surface and the 6 µm dip were
almost merged. The WG function of SHI-irradiated YAG crystals is also confirmed at 1 × 1012 and
1 × 1013 ions/cm2, as shown in Figure 6b,c. The spatial images of the guided light at the end-surface by
experiments are well matched with those calculated from the index profiles. Similarly, the microscopy
images show further color changes due to the further index changes.

At the fluence of 5 × 1013 ions/cm2, the index further decreased. Moreover, a new dip appeared at
13 µm in depth, which could be ascribed to the collisional damage, because the depth of the dip well
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matches with the peak of the nuclear energy loss Sn. As shown in Figure 6d, the index profile of the
sample irradiated with 5 × 1013 ions/cm2 exhibits interesting waveguiding different from other fluences.
Two WG modes are propagated in shallow and deep layers, which were, respectively, formed by the
electronic and the nuclear damages. The two-branch guiding at the end-surface was also confirmed by
the calculations. The calculated emission image is very similar with the experimental one.

Figure 7 shows the incident polarization dependence of the output power at the end-surface of the
WGs. These data were collected with rotating a half-wave plate in the end-face coupling schematically
shown in Figure 3c. The low fluence samples (1 × 1011 and 1 × 1012 ions/cm2) show the “8”-shaped
(i.e., dipole-shaped) polarization angle dependence. While the strongest power was observed for the
TM polarization, little signal (no WG modes) was observed for the TE polarization. Contrary, the high
fluence samples (1 × 1013 and 5 × 1013 ions/cm2) exhibit nearly isotropic angle dependences, i.e.,
the output power almost does not depend on the polarization angle. At the moment, the mechanism
has not been clarified yet. It should be noted that Figure 4 showed that the low fluence samples
(1 × 1011 and 1 × 1012 ions/cm2) are cubic symmetry crystals but the high fluence samples (1 × 1013 and
5 × 1013 ions/cm2) are amorphous. Amorphization could be an origin of the change of the polarization
angle dependence. However, the detailed mechanism is under investigation.
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Figure 7. The total output power of the waveguide through the end-surface was plotted with changing
the polarization angle of the incident laser. The incident laser power was set to 1.8 mW. The samples
were irradiated with 200 MeV Xe14+ ions at four different fluences; 1 × 1011, 1 × 1012, 1 × 1013,
and 5 × 1013 ions/cm2.

4. Discussion

As shown in Figure 5, the index dip at 13 µm in depth was only observed at the high fluence
of 5 × 1013 ions/cm2 and higher fluence (not shown in this paper) by end-face coupling, which well
matches at the peak of the nuclear energy loss Sn. Consequently, the index reduction at 13 µm in depth
is ascribed to the damage induced by the nuclear energy loss. Since Sn is much lower than Se, the dip
appeared only at high fluences. The existence of this mode is clearly evidenced by the deep WG mode
shown in Figure 6d.

The index reduction in the surface plateau region between 0 and ~3 µm can be ascribed to the
electronic energy loss Se, which has the highest at the surface. Consequently, both Se and Sn contribute
the index reduction. However, the origin of the dip/peak at 6 µm in depth is not clear. Neither of Se

nor Sn has a peak around 6 µm. Rather, Se decreases and Sn increases around 6 µm.
It is known that amorphous ion tracks are formed in YAG crystals. The amorphization was

confirmed by XRD as shown in Figure 4. The track threshold is reported as 7.5 keV/nm. The Se of
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200 MeV Xe ions in YAG crystal calculated by SRIM 2013 amounts to 24.3 keV/nm at the surface.
With increasing the depth, the Se gradually decreases with making a track. The Se finally becomes
below the threshold value of 7.5 keV/nm [13] and stops forming the tracks around the depth of ~10 µm.
The threshold value of 7.5 keV/nm is indicated by a broken line in Figure 5. Deeper than the depth of
~10 µm, tracks are no longer formed. As shown in Figure 5, no index changes are induced in the region
deeper than ~10 µm, except the dip at 13 µm. This is another evidence that the dip at 13 µm is not due
to Se but Sn.

Consequently, the index reductions at the surface plateau region and the dip at 13µm can be described
to the electronic and nuclear energy losses, because either of them matches with the maximum depths of
Se and Sn, respectively. However, the origin of the dip/peak at 6 µm is not clear. Neither of Se nor
Sn has a peak around 6 µm. Since the enhancement of the index was firstly observed, the irradiation
introduces density increase around 6 µm depth. The density enhancement soon turns to the density
reduction probably introduction of defects. Further the index at 6 µm decreases combined with the
reduction in the surface plateau. Since the 6 µm peak matches neither of the peaks of Se and Sn,
a possible candidate could be the synergy effects between Se and Sn. Since the synergy effects are not
included in SRIM code, the deviation at 6 µm between the index profiles and SRIM calculations is a
matter of course.

The refractive index profiling is a relatively new method to study the irradiation effects of SHIs,
which is sensitive to defect formation and/or stress (strain) generation, and detectable the depth profiles
at any fluences. Figure 5 clearly shows complex evolutions of the index, i.e., the defect formation
and/or the stress generation, along the fluence. At the fluence of 1 × 1011 ions/cm2, a weak index
enhancement, i.e., compressive stress, is generated around 6 µm in depth due to the synergy effect.
At 1 × 1012 ions/cm2, the index turns to decrease, i.e., the compressive stress turns to the defect
formation. At the same fluence, the index enhancement, i.e., the compressive stress is induced at
0–3 µm by Se, but turns to decrease at higher fluences, i.e., the defect formation. At 5 × 1013 ions/cm2,
Sn also contributes the index change via the defect formation. This kind of complex evolutions are only
accessible by the index profiling.

5. Conclusions

The evolution of the depth profiles with the fluence of the refractive index in YAG crystals were
studied under 200 MeV 136Xe14+ ion irradiation by the prism-coupling and the end-face coupling
methods, in which various WG modes were detected. The index depth profiles were determined so
that the observed WG modes were reproduced. Since the index can be changed with the damage
and/or the stress change induced by the irradiation, the index depth profiles provide the depth profiles
of damage and/or stress changes induced by ion irradiation and the evolutions with the ion fluence.

At the lowest fluence of 1 × 1011 ions/cm2, a weak index enhancement was induced at the depth
of 6 µm, which does not match either of Se maximum nor Sn maximum. With increasing the fluence,
the peak turns to decrease. At 1 × 1012 ions/cm2, the index enhancement is induced at the index plateau
near the surface. The enhancement soon turned to decrease with the fluence. Then both the surface
plateau and the 6 µm dip reduce the index with the fluence. At the highest fluence of 5 × 1013 ions/cm2,
a new dip appeared at the depth of 13 µm, which matched to the peak of Sn.

Index changes were perceived at three different depth regions; (i) a sharp dip at 13 µm in depth,
which is ascribed to the nuclear stopping Sn peak, (ii) a plateau near the surface at 0–3 µm, which can
be ascribed to the electronic stopping Se, since Se has a very broad peak at the surface, and (iii) a broad
peak at 6 µm in depth. Since the last peak is ascribed to neither of Se nor Sn peak, it could be attributed
to the synergy effect of Se and Sn.
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Abstract: We investigated the effects of irradiation beam conditions on the performance degradation
of silicon and triple-junction solar cells for use in space. The fluence rates of electron and proton
beams were varied. Degradation did not depend on the fluence rate of protons for both cells. A
higher fluence rate of electrons caused greater degradation of the Si cell, but the dependence was due
to the temperature increase during irradiation. Two beam-area expansion methods, defocusing and
scanning, were examined for proton irradiation of various energies (50 keV–10 MeV). In comparing
the output degradation from irradiation with defocused and scanned proton beams, no significant
difference in degradation was found for any proton energy. We plan to reflect these findings into ISO
standard of irradiation test method of space solar cells.

Keywords: solar cell; space application; irradiation test; beam condition; degradation; standardiza-
tion; ISO

1. Introduction

Most spacecraft are powered by electricity generated by photovoltaic cells mounted
on solar panels. In space, solar cells are exposed to radiation environment, and electrons
and protons contained in the environment degrade them and reduce their power output.
Electrons and protons are relatively light particles that easily penetrate a solar cell, which
is generally made of single-crystal semiconductor material. These electrons and protons
create crystal defects in the material that form minority-carrier recombination centers or
majority-carrier traps. The effect of these two types of defect states is to reduce the output
power of a solar cell. Thus, radiation resistance is of the utmost importance to space
solar cells.

To determine a material’s radiation resistance (i.e., the radiation degradation character-
istics) irradiation tests need to be performed on the ground with electron and proton using
accelerators. A ground test is mandatory because the obtained degradation characteristics
are necessary to predict the degradation of generated power during a mission in space;
therefore, it is essential for a test to reflect the actual degradation in space accurately.

Space solar cell irradiation tests are executed in various facilities by many organiza-
tions worldwide using their own test protocols. However, to ensure accurate degradation
predictions, the test results must be identical regardless of the test procedure and facility.
Additionally, investigating the radiation resistance of a new solar cell requires that test
results are perfectly reproducible, so standardizing solar cell irradiation tests is crucial.

To this end, the Japan Aerospace Exploration Agency (JAXA), European Space Agency
(ESA), National Aeronautics and Space Administration of the United States (NASA), and
US Naval Research Laboratory (NRL) have been collaborating to standardize the irradiation
test procedures for space solar cells [1]. As a result, an international standard (ISO) of
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irradiation test methods was published in 2005 and revised in 2015 [2]. However, no
quantitative definition of irradiation test conditions is contained in the standard because
the effects of conditions of electron/proton beam irradiation on testing had not clarified
when the standard was published. Currently, each facility/organization performs solar cell
irradiation tests under its own test conditions.

Our paper aims to provide information for standardizing radiation specifications for
testing space solar cells. This study clarifies the effects of two typical irradiation beam
conditions, fluence rate, and beam-area expansion technique, on a solar cell’s degradation
for use in space.

2. Experimental

Two typical irradiation beam conditions were selected in this study, dose rate and
beam-area expansion methods, for the following reasons: First, in the ground irradiation
test, the dose rate is generally selected to complete the test within an acceptable duration.
However, the rate of actual radiation exposure in space is several orders of magnitude
lower than the rate for ground irradiation tests. A lower dose might be gentler for degra-
dation because recovery of radiation damage can be expected [3]. Therefore, the dose
rate employed for a ground test is likely to over-estimate degradation. Second, to secure
a beam area for an objective solar cell, scanning with a focused spot beam is the usual
technique in a ground irradiation test. On the other hand, radiation particles fall into a
solar cell uniformly in space. In the case of scanning, intense particles in the focused beam
spot are irradiated momentarily, which may induce greater degradation than a uniform
defocus beam. Therefore, clarifying the potential difference in output degradation due to
the difference of beam condition is the primary purpose of this study.

An InGaP/GaAs/Ge triple-junction (3J) space solar cell and a high-efficiency silicon
(Si) space solar cell were used in this study, both made by SHARP Corporation. Figure 1
shows the schematic cross-section of the solar cells. The size of both cells was 2 cm × 2 cm.
The typical efficiency of a 3J cell is 27%; for a Si cell, it is 17%.
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The irradiation experiments were carried out at the National Institute for Quantum and
Radiological Science and Technology (QST) [4], Takasaki Lab, and the Wakasa Wan Energy
Research Center (WERC) [5]. High-energy (10 MeV) proton irradiation was executed using
the cyclotron accelerator at QST Takasaki. Low-energy (50–150 keV) proton irradiation
was performed using the ion implanters at QST Takasaki and WERC. Electron irradiation
was carried out using the Cockcroft–Walton accelerator at QST Takasaki. Current–voltage
output characteristics of the solar cells under light illumination (LIV) before and after
irradiation were measured at the Japan Aerospace Exploration Agency (JAXA), Tsukuba
Space Center. The LIV measurement was made at 25 ◦C using a dual-source (xenon and
halogen lamps) solar simulator with an Air Mass 0 (AM0) spectrum and light intensity
equivalent to the Sun in space around the globe. Figure 2 explains the current-voltage
characteristics of a solar cell, which is fundamentally a p–n junction diode and has the
rectifying characteristic shown as “Dark I-V” in Figure 2. Once the solar cell is illuminated,
a photocurrent is generated and the I-V curve shifts downward (“Light I-V”) since the
direction of the photocurrent is the opposite to that of the injected current. Three typical
output parameters, the short-circuit current (Isc), open-circuit voltage (Voc), and maximum
power (Pmax), are indicated in the figure.
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We carried out two types of radiation experiments. First, we irradiated solar cells with
electrons and protons to a specific fluence at different fluence rates. Second, we irradiated
solar cells using defocused or scanned proton beams with various proton energies. The
sample’s output performance was characterized before and after the irradiation tests, and
degradation of the output was compared. Details of the experimental conditions are
described in the following sections.

2.1. Fluence Rate

This investigation aims to clarify the effects of the dose rate by fluence (i.e., the
fluence rate) on solar cell degradation. The adopted radiation particles are 10 MeV protons
or 1 MeV electrons; both are regarded as the standard radiation particles for radiation
resistance evaluation of a space solar cell. Since the particles’ energies are sufficiently high
to pass through each of the solar cells, irradiation of the particles forms uniform damage
throughout the entire device structures. Table 1 lists the beam conditions. The fluence
rate was varied over two orders of magnitude in both the 10 MeV proton and 1 MeV
electron irradiation experiments: in five levels for the proton beam and in four levels for
the electrons. The samples were placed in air for electron irradiation and in a vacuum for
proton one.

Table 1. Beam conditions of high-energy proton and electron experiments for degradation depen-
dence on fluence rate.

Particle Proton Electron

Acceleration energy 10 MeV 1.0 MeV
Beam-area expansion method Scan Scan

Fluence 5.0 × 1012 cm−2 1.0 × 1015 cm−2

Fluence rate
6.6 × 108, 1.0 × 109, 1.0 ×
1010, 6.6 × 1010, 1.0 × 1011

cm−2 s−1

1.7 × 1011, 1.0 × 1012, 4.0 ×
1012, 1.7 × 1013 cm−2 s−1

Institute QST Takasaki

In addition, the effects of fluence rate with low-energy protons (50–150 keV) were
examined for the 3J solar cell. A 3J cell has a stacked structure with an InGaP top cell,
a GaAs middle cell, and a Ge bottom cell as shown in Figure 1b. Low energy protons
stop in the cell, so radiation damage is localized around the Bragg peak of the protons.
According to the TRIM simulation [3], 50, 100, and 150 keV protons stop in the InGaP top
cell, around the interface between the InGaP top cell and GaAs middle cell, and in the
GaAs middle-cell, respectively. Therefore, the effects of the damage may differ. Table 2
shows the beam conditions.

Table 2. Beam conditions of low-energy proton experiment for degradation dependence on fluence
rate.

Particle Proton

Acceleration Energy 50 keV 100 keV 150 keV

Beam-area expansion
method Defocus

Fluence 1.0 × 1012 cm−2

Fluence rate 1.4 × 1010, 3.5 × 1010, 1.4 × 1011, 4.2 × 1011 cm−2 s−1

Institute WERC

2.2. Beam-Area Expansion Method

This examination determines the difference in solar cell degradation between the two
beam-area expansion techniques, scanning and defocusing. Only proton was use in this
examination because no electron accelerator capable of providing a defocused beam was
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available. High (10 MeV) and low (50–100 keV) energy levels were selected for the proton
beams. Tables 3 and 4 summarize these test conditions. In the case of the defocus beam of
10 MeV proton, a primary beam with a Gaussian distribution over a diameter of ~80 mm
was uniformized using multipole magnets to form a rectangular exposure area up to 80 mm
× 100 mm. This unique technique was developed at QST Takasaki [6–8].

Table 3. Beam conditions of high-energy proton experiment for difference in degradation between
scanned and defocused beams.

Particle Proton

Acceleration Energy 10 MeV

Fluence (Φ)
1.0 × 1011, 3.0 × 1011, 6.0 × 1011, 1.0 × 1012, 2.0 × 1012, 3.0 ×

1012, 5.0 × 1012, 7.0 × 1012, 1.0 × 1013, 2.0 × 1013, 3.0 × 1013, 5.0
× 1013 cm−2

Beam-area expansion method Scan Defocus
Beam area 100 mm × 100 mm 80 mm × 100 mm

Scan frequency Horizontal: 50 Hz, Vertical:
0.5 Hz –

Beam spot size ~10 mm φ –

Fluence rate

1.0 × 109 cm−2 s−1 (Φ ≤ 1.0
× 1012 cm−2),

5.0 × 109 cm−2 s−1

(1.0 × 1012 < Φ < 2.0 × 1013

cm−2),
1.0 × 1010 cm−2 s−1 (Φ ≥ 2.0

× 1013 cm−2)

8.8 × 1010 cm−2 s−1

Institute QST Takasaki

Table 4. Beam conditions of low-energy proton experiment for difference in degradation between
scanned and defocused beams.

Particle Proton

Acceleration Energy 50, 100 keV

Fluence 1.0 × 1012 cm−2

Beam area 30 mm × 30 mm
Beam-area expansion method Scan Defocus

Scan frequency Horizontal: 89 Hz, Vertical:
502 Hz –

Fluence rate 3.5 × 109 cm−2 s−1 1.0 × 1011 cm−2 s−1

Beam spot size ~2 mm φ –
Institute QST Takasaki WERC

For the 10 MeV proton experiment, proton irradiation and LIV measurements were
alternately implemented in an irradiation chamber. Irradiation was interrupted for each
fluence step, and LIV measurements were made using a single-source (xenon lamp) AM0
solar simulator. Schematic top-view of the chamber is posted in Figure 3. This unique
setup enables us to collect solar cell’s degradation characteristics from a single sample if
the obtained data are properly corrected for sample temperature using the temperature
coefficients of its output parameters.
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Figure 3. Schematic top view of the 10 MeV-proton irradiation vacuum chamber. A test solar cell can
be illuminated by simulated solar light (AM0) to measure output characteristics instantly.

For both the experiments, beam profiles were observed by using an alumina fluores-
cent plate right before the irradiations. We confirmed that the adopted scan frequencies
and the beam spot sizes provided uniform proton exposure without voids on the entire
beam area.

3. Results and Discussion
3.1. Fluence Rate

Figure 4 exhibits the LIV characteristics of the (a) Si and (b) 3J solar cells before and
after 10 MeV proton irradiation with a fluence of 5.0 × 1012 cm−2. The fluence rates for the
blue and red curves are 6.6 × 108 and 6.6 × 1010 cm−2 s−1. The Si cell shows noticeable
degradation, but there is no difference in LIV after irradiation. On the other hand, the 3J cell
does not degrade as greatly as the Si, but there is a slight difference in Isc after irradiation.
Figure 5 indicates the remaining factors of Isc, Voc, and Pmax for the (a) Si and (b) 3J solar
cells as a function of 10 MeV proton fluence rate [9]. Two samples were irradiated for each
beam condition. From the results, no significant dependence in degradation on fluence rate
can be observed within the range of the experiment for either the Si or 3J solar cell. This
fact confirms that the difference in Isc observed in Figure 4b is not significant and comes
from a fluctuation of the sample characteristics.
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red curves are 6.6 × 108 (6.6E8) and 6.6 × 1010 (6.6E10) cm−2 s−1.
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Figure 5. Remaining factors of short-circuit current (Isc), open-circuit voltage (Voc), and maximum power (Pmax) for (a)
high-efficiency silicon and (b) InGaP/GaAs/Ge triple-junction solar cells as a function of 10 MeV proton fluence rate. The
fluence is 5.0 × 1012 cm−2.

Figure 6 presents the LIV characteristics of the (a) Si and (b) 3J solar cells before and
after 1 MeV electron irradiation with a fluence of 1.0 × 1015 cm−2. The fluence rates for
blue and red curves are 1.7 × 1011 and 1.7 × 1013 cm−2 s−1. Again, the Si cell shows
considerable degradation. Furthermore, there is a clear difference between the blue and red
curves. The 3J cell exhibits far less degradation and has no significant difference between
its blue and red curves. Figure 7 depicts the remaining factors of Isc, Voc, and Pmax of the
(a) Si and (b) 3J solar cells as a function of 1 MeV electron fluence rate [9]. Two samples
were used for each beam condition as well. No dependence in degradation on fluence
rate is conformed for the 3J cell. However, the degradation in the Si cell becomes greater
as the fluence rate increases. We attributed this to the sample temperature rising during
the electron irradiation; therefore, this tendency is not pertinent to this study. The sample
temperatures were 30 and 90 ◦C at the fluence rates of 1.7 × 1011 and 1.7 × 1013 cm−2 s−1.
Details of this temperature effect have been described elsewhere [9]. However, this fact
demonstrates that controlling the sample temperature is important especially for electron
irradiation tests on Si solar cells.
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mum power (Pmax) for (a) high-efficiency silicon and (b) InGaP/GaAs/Ge triple-junction solar 
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fluence rate of protons with the energies of (a) 50, (b) 100, and (c) 150 keV are exhibited in 
Figure 8. Although there is some scattering in the remaining factor of Pmax of the (a) 50 
and (b) 100 keV results, the degradation is likely to be independent of the fluence rate in 
the examined range. 

The adopted fluence rates in this investigation are reasonable values for radiation 
tests of solar cells. The results confirmed that degradation of Si and 3J solar cells due to 
electrons and protons is insensitive to the fluence rate that is generally used in actual ra-
diation tests. Furthermore, this independence of degradation on fluence rate is established 
for both uniform and localized damage.  
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Figure 7. The remaining factors of short-circuit current (Isc), open-circuit voltage (Voc), and maximum power (Pmax) for (a)
high-efficiency silicon and (b) InGaP/GaAs/Ge triple-junction solar cells as a function of 1 MeV electron fluence rate. The
fluence is 1.0 × 1015 cm−2.

The remaining factors of Isc, Voc, and Pmax of the 3J solar cells as a function of the
fluence rate of protons with the energies of (a) 50, (b) 100, and (c) 150 keV are exhibited in
Figure 8. Although there is some scattering in the remaining factor of Pmax of the (a) 50
and (b) 100 keV results, the degradation is likely to be independent of the fluence rate in
the examined range.

The adopted fluence rates in this investigation are reasonable values for radiation tests
of solar cells. The results confirmed that degradation of Si and 3J solar cells due to electrons
and protons is insensitive to the fluence rate that is generally used in actual radiation tests.
Furthermore, this independence of degradation on fluence rate is established for both
uniform and localized damage.
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Figure 8. The remaining factors of short-circuit current (Isc), open-circuit voltage (Voc), and maxi-
mum power (Pmax) of InGaP/GaAs/Ge triple-junction solar cell as a function of fluence rate of 
protons with energies of (a) 50, (b) 100 and (c) 150 keV. 

3.2. Beam-Area Expansion Method 
Figure 9 shows a typical set of LIV data collected using the 10 MeV proton irradiation 

chamber equipped with a solar simulator of the previous section. This is the case of the Si 
solar cell and the scanned beam, but temperature correction is not applied. Fluence was 
varied from 0 (initial) to 5.0 × 1013 cm−2 with twelve steps. This figure displays representa-
tive deterioration in output as LIV characteristics of a solar cell due to radiation damage. 

Figure 8. The remaining factors of short-circuit current (Isc), open-circuit voltage (Voc), and maximum
power (Pmax) of InGaP/GaAs/Ge triple-junction solar cell as a function of fluence rate of protons
with energies of (a) 50, (b) 100 and (c) 150 keV.

3.2. Beam-Area Expansion Method

Figure 9 shows a typical set of LIV data collected using the 10 MeV proton irradiation
chamber equipped with a solar simulator of the previous section. This is the case of the
Si solar cell and the scanned beam, but temperature correction is not applied. Fluence
was varied from 0 (initial) to 5.0 × 1013 cm−2 with twelve steps. This figure displays
representative deterioration in output as LIV characteristics of a solar cell due to radiation
damage.
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enon can be seen right before a catastrophic degradation of a solar cell [10–12]. Thus, it is 
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Figure 10. Comparison of degradation characteristics of short-circuit current (Isc), open-circuit 
voltage (Voc), and maximum power (Pmax) of (a) high-efficiency silicon and (b) InGaP/GaAs/Ge 
triple-junction solar cells by irradiations with scanned and defocused 10 MeV proton beams. 

Figures 11 and 12 present the degradation of LIV characteristics due to (a) 50 and (b) 
100 keV protons with scanned and defocused beams for the Si and 3J solar cells, respec-
tively. The fluence was 1.0 × 1012 cm−2 for both energies. Two samples were used for each 
condition. In Figures 10a and 11a,b, one result indicates different degradations, but the 
other three results show almost the same degradation. Therefore, the different degrada-
tions of the three solar cells are not thought to be caused by the difference in the beam-

Figure 9. Typical set of LIV data for high-efficiency silicon solar cell collected using the 10 MeV
proton irradiation chamber equipped with a solar simulator. No temperature correction was applied.

Figure 10 compares the radiation degradation trends of Isc, Voc, and Pmax with
scanned (solid symbols) and the defocused (open symbols) beams on the (a) Si and (b)
3J solar cells due to 10 MeV protons. All the degradations in the remaining factors are
nearly the same except for Isc of the 3J solar cell. However, the degradation of Pmax, the
product of current and voltage, of the 3J cell does not differ between the scan and defocus
results. We conclude that the discrepancy in the Isc degradation is insignificant. The Isc
of Si solar cell shows an anomalous increase at the last fluence point of 5.0 × 1013 cm−2.
This phenomenon can be seen right before a catastrophic degradation of a solar cell [10–12].
Thus, it is an indication of the life of the Si solar cell in terms of radiation degradation.
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Figure 10. Comparison of degradation characteristics of short-circuit current (Isc), open-circuit voltage (Voc), and maximum
power (Pmax) of (a) high-efficiency silicon and (b) InGaP/GaAs/Ge triple-junction solar cells by irradiations with scanned
and defocused 10 MeV proton beams.

Figures 11 and 12 present the degradation of LIV characteristics due to (a) 50 and
(b) 100 keV protons with scanned and defocused beams for the Si and 3J solar cells,
respectively. The fluence was 1.0 × 1012 cm−2 for both energies. Two samples were used
for each condition. In Figure 10a and a,b, one result indicates different degradations, but the
other three results show almost the same degradation. Therefore, the different degradations
of the three solar cells are not thought to be caused by the difference in the beam-area
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expansion technique. Figure 10 shows that 50 keV protons inflicted greater damage on the
Si solar cell than 100 keV protons because the 50 keV protons stop at shallower position in
the Si solar cell and create dense defects there. The p–n junction where most photocarriers
are generated is located below ~0.5 µm from the surface. Therefore, 50 keV protons induce
greater degradation especially on the photocurrent.
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degradation between the two beam-area expansion techniques of scanning and defocus-
ing, suggesting that the intense spot beam in the scanning method has no significant in-
fluence. We can use either technique for a radiation test of solar cells. 

4. Summary 
This study investigated the effects of two typical beam conditions in a space solar cell 

radiation test, the fluence rate, and beam-area expansion techniques (scanning and defo-
cusing) on radiation degradation. Both high-efficiency silicon and InGaP/GaAs/Ge triple-
junction solar cells were employed in this study. The 10 MeV protons and 1 MeV electrons 
were applied with different fluence rates. In addition, low-energy (50–150 keV) protons 
were irradiated to the triple-junction solar cell to understand the effects of localized dam-
age on its stacked structure. All the results confirmed that the fluence rate did not affect 

Figure 11. Light current–voltage characteristics of high-efficiency silicon solar cell before and after (a) 50 and (b) 100 keV
proton irradiation with the fluence of 1.0 × 1012 cm−2. The beam-area expansion techniques for red and blue curves are
scanning and defocusing, respectively.
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Figure 12. Light current–voltage characteristics of InGaP/GaAs/Ge triple-junction solar cell before and after (a) 50 and
(b) 100 keV proton irradiation with the fluence of 1.0 × 1012 cm−2. The beam-area expansion techniques for red and blue
curves are scanning and defocusing, respectively.

The results led us to conclude that there is little difference in solar cell performance
degradation between the two beam-area expansion techniques of scanning and defocusing,
suggesting that the intense spot beam in the scanning method has no significant influence.
We can use either technique for a radiation test of solar cells.

4. Summary

This study investigated the effects of two typical beam conditions in a space solar
cell radiation test, the fluence rate, and beam-area expansion techniques (scanning and
defocusing) on radiation degradation. Both high-efficiency silicon and InGaP/GaAs/Ge
triple-junction solar cells were employed in this study. The 10 MeV protons and 1 MeV
electrons were applied with different fluence rates. In addition, low-energy (50–150 keV)
protons were irradiated to the triple-junction solar cell to understand the effects of localized
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damage on its stacked structure. All the results confirmed that the fluence rate did not
affect the degradation of output performance of the two kinds of solar cell. However, cell
temperature during the irradiation influenced the degradation of the silicon solar cell, a
greater degradation arising from higher temperatures. Thus, sample temperature is an
essential factor to be controlled in irradiation tests. High- (10 MeV) and low-energy (50 and
100 keV) protons were used with the two beam-area expansion techniques. The two sets of
results proved that the radiation degradation is same regardless of the beam-area expansion
technique. The obtained information will be reflected in the international standard on
radiation test methods for space solar cells.
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Abstract: The critical current density Jc, which is a maximum value of zero-resistivity current density,
is required to exhibit not only larger value but also lower anisotropy in a magnetic field B for appli-
cations of high-Tc superconductors. Heavy-ion irradiation introduces nanometer-scale irradiation
tracks, i.e., columnar defects (CDs) into high-Tc superconducting materials, which can modify both
the absolute value and the anisotropy of Jc in a controlled manner: the unique structures of CDs,
which significantly affect the Jc properties, are engineered by adjusting the irradiation conditions
such as the irradiation energy and the incident direction. This paper reviews the modifications of
the Jc anisotropy in high-Tc superconductors using CDs installed by heavy-ion irradiations. The
direction-dispersion of CDs, which is tuned by the combination of the plural irradiation directions,
can provide a variety of the magnetic field angular variations of Jc in high-Tc superconductors: CDs
crossing at ±θi relative to the c-axis of YBa2Cu3Oy films induce a broad peak of Jc centered at B
|| c for θi < ±45◦, whereas the crossing angle of θi ≥ ±45◦ cause not a Jc peak centered at B || c
but two peaks of Jc at the irradiation angles. The anisotropy of Jc can also modified by tuning the
continuity of CDs: short segmented CDs formed by heavy-ion irradiation with relatively low energy
are more effective to improve Jc in a wide magnetic field angular region. The modifications of the Jc

anisotropy are discussed on the basis of both structures of CDs and flux line structures depending on
the magnetic field directions.

Keywords: high-Tc superconductors; critical current density; flux pinning; heavy-ion irradiation;
columnar defects; anisotropy

1. Introduction

High-Tc superconductors have attracted considerable research activity, especially
for electric power applications at high magnetic fields and temperatures, because the
zero-resistive current and the high superconducting transition temperature Tc enable
us to operate zero-resistance devices at liquid-nitrogen temperature. Nowadays, coated
conductors based on biaxially textured REBa2Cu3Oy (REBCO, RE: rare earth elements) thin
films have been significantly developed as second generation high-Tc superconducting
tapes and have become commercially available now [1,2].

The critical current density Jc in magnetic field (in-field Jc), which is a maximum
current density with zero-resistivity, is the most important parameter in REBCO-coated
conductors for the practical applications. The absolute values of Jc for REBCO-coated
conductors, however, have still remained below the practical level for high magnetic field
applications [3]. In addition, the electronic mass anisotropy in the layered structure of CuO2
planes for high-Tc superconductors induces a large anisotropy of Jc against a magnetic field
orientation [4], which gives rise to obstacles to the superconducting magnet applications:
a minimum in the magnetic field angular variation of Jc, which is usually located at the
magnetic field B parallel to the c-axis, limits the operation current [5,6].

The in-field Jc can be controlled by immobilization of nano-sized quantized-magnetic-
flux-lines (flux lines) penetrating into superconductors in a magnetic field. The motion of
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flux lines is suppressed by crystalline defects and impurities in the specimen, which are
called pinning centers (PCs). Thus, artificially embedding crystalline defects as effective
PCs is just a key strategy to improve the in-field performance of superconductors [1,3,7].
For the last fifteen years or so, doping of non-superconducting secondary phases such as
BaMO3 (M = Zr, Sn, Hf, etc.) and RE2O3 has been attempted to form those into effective
PCs in REBCO thin films [8–12].

The flux pinning effect depends on the shape (dimensionality), orientation, size, and
distribution of PCs. In particular, the dimensionality of PCs significantly affects the feature
of flux pinning, as shown in Figure 1. For example, one-dimensional PCs such as columnar
defects (CDs) exhibit a preferential direction for the flux pinning: the strong flux pinning
occurs in the magnetic field direction along their long axis. Three-dimensional PCs such
as nano-particles, on the other hand, have the morphology with no correlated orientation
for flux pinning, resulting in the isotropic pinning force against any direction of magnetic
field. These features of PCs play an important role in the modification of the Jc properties
in REBCO films: those parameters of PCs such as their shape and size, should be designed
to meet the requirements for each application.

Swift-heavy-ion irradiation to high-Tc superconductors produces amorphous CDs
of damaged material parallel to the projectile direction through the electron excitation
process rather than the nuclear collision process. The CDs produced by the irradiation
effectively work as one-dimensional PCs [13–15]. The orientation of one-dimensional
PCs determines the preferential direction of flux pinning [13,16]. Therefore, heavy-ion
irradiation can be expected to modify the anisotropy of Jc in high-Tc superconductors by
tuning the irradiation direction. In addition, the size and shape of CDs strongly depends
on the electronic stopping power Se, which is defined as energy loss of the incident ion
per unit length via electronic excitation in the target material [17]: continuous CDs with
thick diameter are formed at higher Se than a certain value and discontinuous CDs with
thin diameter are located at intervals along the ion path at lower Se [18–20]. In particular,
discontinuous CDs may provide more effective flux pinning in a wide magnetic field
angular range, because the ends of discontinuous CDs can act as PCs even in magnetic field
directions tilted from their long axis [21,22]. Thus, the discontinuity of CDs is also one of
the important factors for the modification of the Jc anisotropy in high-Tc superconductors,
as well as the direction-dispersion of CDs.

Quantum Beam Sci. 2021, 5, x FOR PEER REVIEW 2 of 22 
 

 

The in-field Jc can be controlled by immobilization of nano-sized quantized-mag-
netic-flux-lines (flux lines) penetrating into superconductors in a magnetic field. The mo-
tion of flux lines is suppressed by crystalline defects and impurities in the specimen, 
which are called pinning centers (PCs). Thus, artificially embedding crystalline defects as 
effective PCs is just a key strategy to improve the in-field performance of superconductors 
[1,3,7]. For the last fifteen years or so, doping of non-superconducting secondary phases 
such as BaMO3 (M = Zr, Sn, Hf, etc.) and RE2O3 has been attempted to form those into 
effective PCs in REBCO thin films [8–12].  

The flux pinning effect depends on the shape (dimensionality), orientation, size, and 
distribution of PCs. In particular, the dimensionality of PCs significantly affects the fea-
ture of flux pinning, as shown in Figure 1. For example, one-dimensional PCs such as 
columnar defects (CDs) exhibit a preferential direction for the flux pinning: the strong flux 
pinning occurs in the magnetic field direction along their long axis. Three-dimensional 
PCs such as nano-particles, on the other hand, have the morphology with no correlated 
orientation for flux pinning, resulting in the isotropic pinning force against any direction 
of magnetic field. These features of PCs play an important role in the modification of the 
Jc properties in REBCO films: those parameters of PCs such as their shape and size, should 
be designed to meet the requirements for each application. 

Swift-heavy-ion irradiation to high-Tc superconductors produces amorphous CDs of 
damaged material parallel to the projectile direction through the electron excitation pro-
cess rather than the nuclear collision process. The CDs produced by the irradiation effec-
tively work as one-dimensional PCs [13–15]. The orientation of one-dimensional PCs de-
termines the preferential direction of flux pinning [13,16]. Therefore, heavy-ion irradiation 
can be expected to modify the anisotropy of Jc in high-Tc superconductors by tuning the 
irradiation direction. In addition, the size and shape of CDs strongly depends on the elec-
tronic stopping power Se, which is defined as energy loss of the incident ion per unit 
length via electronic excitation in the target material [17]: continuous CDs with thick di-
ameter are formed at higher Se than a certain value and discontinuous CDs with thin di-
ameter are located at intervals along the ion path at lower Se [18–20]. In particular, discon-
tinuous CDs may provide more effective flux pinning in a wide magnetic field angular 
range, because the ends of discontinuous CDs can act as PCs even in magnetic field direc-
tions tilted from their long axis [21,22]. Thus, the discontinuity of CDs is also one of the 
important factors for the modification of the Jc anisotropy in high-Tc superconductors, as 
well as the direction-dispersion of CDs.  

 
Figure 1. Sketch of the different dimensional categories for PCs: (a) 1D columnar (linear) defects, 
(b) 2D planar defects such as twin boundaries, and (c) 3D nano-particles. 

A major advantage of using heavy-ion irradiation for the formation of CDs is that 
any CD configuration can be prepared by tuning the irradiation energy and the incident 
direction [23,24], independently from a fabrication process of samples (see Figure 2): the 
pinning structure can be efficiently designed to meet the requirements for different appli-
cations, which would be valuable for the development of high-performance coated con-
ductors. In addition, unique pinning structures architected by the irradiations may enable 
us to find new physics of flux line dynamics. Therefore, heavy-ion irradiation to high-Tc 

(c) 

Figure 1. Sketch of the different dimensional categories for PCs: (a) 1D columnar (linear) defects,
(b) 2D planar defects such as twin boundaries, and (c) 3D nano-particles.

A major advantage of using heavy-ion irradiation for the formation of CDs is that
any CD configuration can be prepared by tuning the irradiation energy and the incident
direction [23,24], independently from a fabrication process of samples (see Figure 2):
the pinning structure can be efficiently designed to meet the requirements for different
applications, which would be valuable for the development of high-performance coated
conductors. In addition, unique pinning structures architected by the irradiations may
enable us to find new physics of flux line dynamics. Therefore, heavy-ion irradiation to
high-Tc superconductors can provide the design criteria for the supreme pinning landscape
making the most of the potential for flux pinning, which leads to Jc close to the theoretical
limit of critical current density, i.e., the pair-breaking critical current density.
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In this paper, we describe the results of the modification of the Jc properties in REBCO
thin films and coated conductors, which were obtained by our studies through heavy-
ion irradiation under various irradiation conditions. Most of previous works of other
researchers using heavy-ion irradiation have focused on the improvement of Jc at B ||
c where Jc usually shows the minimum [13–15,18,19]. On the other hand, heavy-ion
irradiation effects over a wide magnetic field angular range have not been well studied
so far. By contrast, we focus especially on modification of the Jc anisotropy in high-Tc
superconductors by using heavy-ion irradiation: our aim in this review is to improve Jc
in all magnetic field angular range from B || c to B || ab by using CDs and to explore
breakthroughs for strong and isotropic pinning landscape in REBCO coated conductors.
To meet the aim in this paper, we selected Xe ions as the irradiation ion species: the Xe-ion
irradiation to REBCO thin films can provide large increase of Jc without heavily damaging
crystallinity even at a large amount of doses, 5.0 × 1011 ions/cm2 [24] and easily enables
us to tune the morphology of CDs through the adjustment of the irradiation energy at a
tandem accelerator of Japan Atomic Energy Agency (JAEA) used in our works. Firstly, we
present the reduction of the Jc anisotropy by using the direction-dispersed CDs, which are
introduced by controlling the irradiation direction. Secondly, we report the influence of
CDs tilted at small angle(s) relative to the ab-plane on the Jc properties near B || ab, which
is one of key factors to improve Jc in all magnetic field directions. In particular, we show
the influence of CDs along the ab-plane on Jc at B || ab by preparing an in-plane aligned
a-axis-oriented YBCO film. Finally, we clarify the potential of discontinuous CDs for flux
pinning in comparison with continuous CDs, where the morphology of CDs is controlled
by the irradiation energy.

2. Experimental

The samples used in our works were mostly c-axis oriented YBCO thin films and
GdBCO coated conductors. The c-axis oriented YBCO thin films were fabricated by a pulsed
laser deposition (PLD) technique on (100) surface of SrTiO3 single crystal substrates. The
thickness of the films was about 300 nm. The GdBCO coated conductor, on the other hand,
was fabricated on an ion-beam-assisted deposition (IBAD) substrate by a PLD method
(Fujikura Ltd., Tokyo, Japan). The thickness of GdBCO layer is 2.2 µm and the self-field
critical current Ic of this tape with 5 mm width is about 280 A. The samples were cut from
the tape of the GdBCO coated conductor. The Ag stabilizer layer on the superconducting
layer was removed by a chemical process. The YBCO thin films and the samples cut from
the GdBCO coated conductor were patterned into a shape of about 40 µm wide and 1 mm
long micro-bridge before the irradiation.

The heavy-ion irradiations with Xe ions were performed using the tandem accelerator
of JAEA in Tokai, Japan. Tuning of the discontinuity of CDs along the c-axis can be
controlled by the irradiation energy. The values of Se for the Xe-ion irradiation energies
above 200 MeV are above 2.9 keV/Å, which is above the threshold value of Se = 20 keV/nm
to create continuous CDs along the c-axis over the whole sample thickness for YBCO [17].
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Thus, the irradiation with 200 MeV Xe ions was performed to install continuous CDs into
YBCO thin films. In addition, the Xe-ion irradiation with 270 MeV was applied in order
to create continuous CDs for GdBCO coated conductors, where the projectile length was
longer than the thickness of 2.2 µm. Discontinuous CDs, on the other hand, were formed
into YBCO thin films and GdBCO coated conductors by the irradiation with 80 MeV Xe ions,
where the value of Se is below 20 keV/nm: the radius of CDs strongly fluctuates along the
ion path and CDs are shortly segmented at intervals in their longitudinal direction when the
Se is lower than the threshold value, as shown in Figure 3 [19,20,25]. All of the irradiation
energies used in our works are enough for the projectile ranges to exceed the thickness of
the samples: the incident ions pass through the superconducting layer completely.
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Figure 3. Cross-sectional TEM images of GdBCO coated conductors irradiated with (a) 270 MeV and
(b) 80 MeV Xe ions, respectively. The irradiation dose is 1.94 × 1011 ions/cm2. The arrows indicate
several ion tracks. Reprinted with permission from [25], copyright 2015 by IEEE.

The direction of CDs was adjusted by controlling the incident ion beam direction tilted
off the c-axis by θi, which was always directed perpendicular to the bridge direction of
the sample (see Figure 4). When the irradiation directions are dispersed, the fluence in
each irradiation direction is calculated by dividing the total fluence by the number of the
irradiation directions. The fluence of the irradiation is often represented as a matching field
Bϕ: Bϕ is the magnetic field where the density of flux lines is equal to that of CDs, e.g., the
fluence of 4.84 × 1010 ions/cm2 corresponds to Bϕ = 1 T.
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It should be noted that the introduction of irradiation defects causes a lattice distortion
of the host matrix, which affects the superconducting properties such as critical temperature
(Tc). The strain induces the oxygen vacancies [26], resulting in the reduction of Tc: the
value of Tc decreases when the fluence of the irradiation increases [24]. The strain also
affects the Jc properties through the influence on Tc: Jc decreases largely, when the influence
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of the strain increases excessively. Therefore, the irradiation fluences were adjusted to
avoid heavy damage to the crystallinity in our works.

The cross sections of the irradiated samples were observed by conventional trans-
mission electron microscopy (TEM) with a JEM-2000 EX instrument (JEOL, Tokyo, Japan)
operating at 200 kV. The thin TEM specimens were prepared by a focused ion beam method
using an Quanta 3D system (FEI, Hillsboro, Oregon, USA). The Jc properties were measured
through the transport properties by using a four-probe method. The Jc was defined by a
criterion of electric field, 1 µV/cm. The transport current was always perpendicular to
the magnetic field and the c-axis (maximum Lorentz force configuration). The magnetic
field angular dependences of Jc were evaluated as a function of the angle θ between the
magnetic field and the c-axis of the samples (see Figure 4).

3. Results and Discussion
3.1. Modification of Jc Around B || c by Controlling Heavy-Ion Irradiation Angles

Heavy-ion irradiation can introduce CDs in any direction in a controlled manner, so
we can install CDs at the magnetic field angles where the Jc shows a minimum, one by one:
the material processing with heavy-ions is one of effective ways to modify the Jc anisotropy
in high-Tc superconductors, which enables us to push up overall Jc, as shown in Figure 5.
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Figure 5. Schematic image of modification of the Jc anisotropy by controlling the irradiation directions
((a) typical Jc anisotropy of unirradiated high-Tc superconductors, (b) modified Jc anisotropy with
CDs along the c-axis, (c) modified Jc anisotropy with direction-dispersed CDs).

We first examined the influence of bimodal angular distribution of CDs consisting
of CDs crossing at ±θi relative to the c-axis on the Jc properties in a wide magnetic field
angular range [27,28]. Figure 6 shows the magnetic-field angular dependence of Jc nor-
malized by the self-magnetic-field critical current density Jc0 for YBCO thin films with the
crossed CDs, which were installed by 200 MeV Xe ion irradiation with Bϕ = 2 T (c10-2: θi =
±10◦, c25-2: θi = ±25◦, c45-2: θi = ±45◦, p06-2: parallel CD configuration of θi = 6◦, and
Pure: unirradiated samples). The magnetic field was rotated in the splay plane where the
two parallel CD families are crossing each other, as shown in Figure 4. All the irradiated
samples show an additional peak of the normalized Jc around B || c (θ = 0◦) for lower
magnetic fields: the values of the normalized Jc are enhanced around B || c compared to
the unirradiated one. This indicates that CDs with any crossing angle work as effective PCs,
pushing up the Jc around B || c. The influence of the crossing angle of CDs is evident in the
shape of the additional peak around B || c: the width of the normalized Jc peak becomes
broader when the crossing angle is larger. Therefore, the bimodal angular distribution of
CDs can expand the magnetic field angular range where the normalized Jc increases, by
controlling the crossing angle.
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θi = ±45◦, p06-2: parallel CD configuration of θi = 6◦, and Pure: unirradiated samples). Reprinted
with permission from [28], copyright 2016 by IOP.

It is noteworthy that the crossover phenomenon from the broad-plateau-like behavior
to the double peak emerges on the normalized Jc around B || c for c45-2 when the magnetic
field increases across the matching field of Bϕ = 2 T: the normalized Jc more rapidly reduces
at B || c with increasing magnetic field, which results in a dip structure at B || c for c45-2 at
2 T, as shown in Figure 6. In general, the Jc peak in the magnetic field angular dependence
of Jc is a sign of long-axis correlated flux pinning of CDs. Their-long-axis correlated flux
pinning is maintained up to higher magnetic fields [29,30]. For the crossing angle of θi =
±45◦, by contrast, the influence of the long-axis correlated flux pinning is weakened at B
|| c, since the directions of CDs are far from the c-axis direction. Thus, the dip behavior at
B || c is a sign of disappearance of their-long axis correlated flux pinning at B || c.

The effective magnetic field angular region for flux pinning of CDs is described by a
trapping angle ϕt, at which flux lines begin to be partially trapped by CDs [4]. The general
formula of ϕt is expressed as:

ϕt =
√

2 εp/ε l (1)

where εp is the pinning energy of CDs and εl is the line tension of flux lines. The line tension
energy of flux lines in anisotropic superconductors is given by the following equation:

ε l(Θ) ∝ ε0/γ2ε(Θ)3 (2)

where Θ is the angle between the magnetic field and the ab-plane, ε0 is a basic energy scale,
γ is the mass anisotropy, and ε(Θ) = (sin2Θ + γ −2 cos2Θ)1/2 [4]. The trapping angle ϕt
is experimentally estimated as the difference in the angle between the peak value and
the minimum one on the magnetic field angular dependence of Jc [31]. For p06-2, the
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value of ϕt is ~55◦ at B < Bϕ, which is estimated from Figure 6a. Using this value of ϕt
as the trapping angle of CDs parallel to the c-axis approximately and γ = 5 together with
equations (1) and (2), the value of ϕt for CDs tilted at θi = 45◦ is about 37◦. Therefore, CDs
tilted at θi = 45◦ hardly contribute to trapping flux lines at B || c: CDs tilted at θi = 45◦

does not work as their-long-axis correlated PCs for B || c.
The bimodal angular distribution of CDs for θi ±45◦ gives rise to the drop in Jc at the

mid-direction of the crossing angle. Secondly, we investigated the flux pinning properties
for a trimodal angular distribution of CDs consisting of CDs crossing at θi = 0◦ and ±45◦

(referred to as the “standard” trimodal-configuration), in order to obtain high Jc with no
drop over a wide magnetic field angular region [32]. In addition, another geometry for the
trimodal configuration was prepared, where a splay plane defined by the three irradiation
angles is parallel to the transport current direction (referred to as “another” trimodal-
configuration), as shown in Figure 7: the two trimodal configurations enable us to elucidate
the influence of the splay plane direction on the Jc properties directly. Figure 8 shows
the magnetic field angular dependence of normalized Jc by Jc0 (= jc) at several magnetic
fields from 1 T up to 5 T for YBCO thin films with the trimodal angular configurations
of CDs. A large enhancement of jc centered at B || c can be seen for all the irradiated
samples. In particular, both the trimodal angular configurations show a much broader
peak with larger jc than that of the parallel CD configuration. It should be noted that there
is no drop of jc at B || c for both the trimodal configurations. This result indicates that
the three parallel CD families tilted at θi = 0◦ and ±45◦ effectively work as strong PCs in
each irradiation direction: flux pinning at B || c where CDs tilted at θi = ±45◦ slightly
contribute to trapping flux lines, is reinforced by CDs along the c-axis.
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Interestingly, the behaviour of jc around B || c strongly depends on the direction of the
splay plane for the trimodal configuration of CDs: the jc of another trimodal-configuration
shows a peak at B || c, whereas standard one exhibits not so much a peak as a plateau-
shaped curve. In addition, the height of jc peak for another tirmodal-configuration is
higher than the value of jc at B || c for standard one. For standard trimodal-configuration,
sliding motion of flux lines occurs along the tilted CDs at B || c because of the splay plane
parallel to the Lorentz force, resulting in the reduction of the pinning efficiency [33]. The
crossed CDs for another trimodal-configuration, by contrast, suppress the motion of flux
lines efficiently, since flux lines move across the crossed CDs by the Lorentz force. Thus,
the splay plane parallel to the transport current direction provides stronger flux pinning
at B || c, like planar PCs. Furthermore, the jc of another trimodal-configuration is the
highest even when the magnetic field is tilted from the c-axis. This is probably due to the
entanglement of flux lines induced in a mesh of the splay plane tilted from the magnetic
field, where the motion of flux lines is suppressed [34]. These results suggest that the
direction of the splay plane is one of key factors for flux pinning of direction-dispersed
CDs, as well as the degree of the direction-dispersion [32,35].
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current density Jc0 for YBCO thin films with various CD configurations (Pure: unirradiated samples,
Para: parallel CD configuration of θi = 0◦, Standard: standard trimodal-configuration, and Another:
another trimodal-configuration). Reprinted with permission from [32], copyright 2016 by IOP.

3.2. Modification of Jc Anisotropy by Controlling Number of Heavy-Ion Irradiation Directions

We further increased the number of the directions of CDs by controlling the irradiation
directions (see Figure 9), in order to spread the strong pinning effect of CDs over a wider
magnetic field angular range. Figure 10 shows the magnetic field angular dependence
of Jc and n-values for YBCO thin films with direction-dispersed CDs, where the number
of directions of CDs was applied from one to five every 30 degrees [36]. The n-value is
estimated from a linear fit to empirical formula of electric field (E) versus current density
(J), E ~ J n in the range of 1 to 10 µV/cm. The n-value is equivalent to U0 / kBT (U0:
pinning potential energy) [37,38], representing thermal activation for flux motion. When
the number of CD directions is increased, the angular region with high Jc is more expanded.
Note that the height of the Jc peak at B || c declines, since the density of CDs decreases
with increasing number of irradiation directions in this work. Thus, the large direction-
dispersion of CDs is effective for the enhancement of Jc over a wider magnetic field angular
region centered at B || c.

The Jc around B || ab, on the other hand, does not seems to be affected by flux pinning
of the direction-dispersed CDs: both Jc and n-value at θ = 90◦ rather tend to decrease
with increasing the degree of the direction-dispersion of CDs. One of the reasons for the
reduction of Jc at B || ab by the introduction of CDs is the damage on the superconductivity
and/or the ab-plane-correlated PCs [16]. It should be noted that the sample of Quintmodal
contains CDs crossing at ±30◦ relative to the ab-plane (i.e., θi = ±60◦); nevertheless, the
crossed CDs do not seem to contribute to the pinning interaction around B || ab. Figure 11
represents the magnetic field angular dependence of Jc for YBCO thin films including
bimodal angular configurations of CDs with θi = ±30◦ and ±60◦ relative to the c-axis,
respectively [39]. The crossing angle of ±30◦ relative to the c-axis induces the enhancement
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of Jc over a wide angular region centered at B || c. The crossing of CDs at ±30◦ relative
to the ab plane, i.e., θi = ±60◦, by contrast, is ineffective in pushing up the Jc at the mid-
direction of the crossing angle, i.e., at B || ab, whereas the peak of Jc emerges at θ = ±60◦.
These results indicate that the flux pinning around B || ab is hardly affected even by CDs
tilted toward the ab-plane, which significantly differs from the flux pinning of CDs at B ||
c. Thus, the flux pinning of CDs around B || ab is a new issue for the complete reduction
of the Jc anisotropy.
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Figure 9. Bright field TEM image showing CDs tilted at θi = 0◦, ±30◦ and ±60◦ relative to the c-axis
of the YBCO film, which are installed by 200 MeV Xe ion irradiation. The arrows indicate several ion
tracks. Reprinted with permission from [36], copyright 2018 by IOP.
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at B || ab has been required at the next step, in order to increase overall Jc. The influence 
of CDs on the flux pinning at B || ab, however, has not been well studied so far, because 
the Jc at B || ab is the highest innately due to the electronic mass anisotropy in high-Tc 
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Figure 10. Magnetic-field angular dependence of Jc (upper, (a)) and n-value (lower, (b)) for YBCO thin
films with various CD configurations (Unimodal: parallel CD configuration with θi = 0◦, Trimodal:
trimodal-configuration with θi = 0◦ and ±30◦, and Quintmodal: quintmodal-configuration with θi =
0◦, ±30◦ and ±60◦). The arrows indicate the peaks or the shoulder on the n(θ) curve for Quintmodal.
Reprinted with permission from [37], copyright 2013 by IEEE.
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3.3. Modification of Jc Around B || ab by Controlling Heavy-Ion Irradiation Directions

A significant enhancement of Jc at B || c has been caused by the introduction of
artificially PCs, which is much higher than Jc at B || ab now [40]. Thus, the improvement
of Jc at B || ab has been required at the next step, in order to increase overall Jc. The
influence of CDs on the flux pinning at B || ab, however, has not been well studied so
far, because the Jc at B || ab is the highest innately due to the electronic mass anisotropy
in high-Tc superconductors [4] and the introduction of CDs is generally difficult in the
direction close to the ab-plane. In contrast, heavy-ion irradiation can be an effective tool
even for exploring the flux pinning effect of CDs at B || ab, because CDs can be installed
in any direction by adjusting the irradiation direction.

GdBCO-coated conductors were irradiated with 270 MeV Xe-ions, where the irradia-
tion angle Θi relative to the ab-plane was controlled in the range from ±5◦ to ±15◦ relative
to the ab-plane in order to install crossed CDs around the ab-plane [41]. The cross-sectional
TEM image of the GdBCO-coated conductor irradiated at Θi = ±10◦, Figure 12, shows the
formation of continuous CDs along the irradiation directions. At the bottom part of the
GdBCO layer, by contrast, some CDs become thinner and indicate angular dispersion in
the irradiation directions. This is due to smaller value of Se than the threshold value of
20 keV/nm for the formation of continuous CDs [17,42], because the Se changes from 29.1
to 7.40 keV/nm through the GdBCO layer for the oblique irradiation at Θi = 10◦.

Figure 13 shows the magnetic field angular dependence of Jc for the irradiated sam-
ples with Θi = ±5◦, ±10◦, and ±15◦, respectively. The CD crossing-angles of Θi ≤ ±15◦

significantly affect the magnetic field angular variation of Jc around B || ab. The intro-
duction of crossed CD at Θi = ±15◦ provides a triple peak of Jc centered at B || ab, where
a large Jc peak exists at B || ab and the other two Jc peaks emerge around θ = 75◦ and
105◦, independently each other. This behavior is in contrast to the case of CDs crossing
at θi ≤ ±30◦ relative to the c-axis, which shows a single peak of Jc centered at B || c, as
represented in Figures 6 and 11. As the crossing-angle of Θi decreases, the two divided
peaks of Jc at ±Θi overlap with the central Jc peak at B || ab: a single peak centered at θ =
90◦ occurs for the crossing angles of Θi ≤ ±10◦. In particular, the crossing angle of Θi =
±5◦ provides the large and sharp Jc peak at B || ab, showing the highest value of all the
samples at B || ab. To our knowledge, it is the first confirmation that CDs contribute to the
improvement of Jc at B || ab.
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Figure 12. Cross-sectional TEM images of a GdBCO coated conductor irradiated with 270 MeV
Xe ions at Θi = ±10◦ relative to the ab-plane (a) near the surface and (b) at the bottom part of
GdBCO layer, respectively. The arrows show several ion tracks. Reprinted with permission from [41],
copyright 2017 by IEEE.
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The broken lines are drawn at the positions of the irradiation angles. Reprinted with permission
from [41], copyright 2017 by IEEE.

These behaviors are closely associated with the elastic properties of flux lines around
B || ab. The line tension energy of flux lines becomes very strong at B || ab, where the
core of flux lines shows the elliptical nature in anisotropic superconductors. The strong
line tension of flux lines significantly affects the trapping angle ϕt of CDs tilted toward the
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ab-plane. In general, the value of ϕt for CDs along the c-axis (i.e., at Θi = 90◦) is about 65◦

in GdBCO coated conductors [25]. The ϕt for CDs tilted at small angle of Θi, on the other
hand, can be evaluated by substituting the value of ϕt ~ 65◦ for Θi = 90◦ and γ = 5 together
with equations (1) and (2): ϕt ~ 6.6◦ for Θi = 5◦, ϕt ~ 8.7◦ for Θi = 10◦, and ϕt ~ 11.9◦ for
Θi = 15◦. Thus, the trapping angles of CDs tilted toward the ab-plane becomes very small:
flux lines are hardly trapped along CDs when the magnetic field direction is displaced
from the direction of CDs even slightly. In particular, the trapping angle for CDs tilted at
Θi ≥ 10◦ is smaller than the CD tilt-angle Θi, suggesting that the tilted CDs hardly affect
the flux pinning at B || ab. Therefore, CDs tilted at Θi ≥ 10◦ and the ab-plane correlated
PCs provide flux pinning independently. The CDs tilted at Θi = 5◦, on the other hand, can
fully contribute to the improvement of Jc at B || ab, because the trapping angle exceeds
the value of Θi.

3.4. Modification of Jc at B || ab by Heavy-Ion Irradiation along the a-Axis

An in-plane aligned a-axis-oriented YBCO film offers an excellent opportunity for
further exploration into the influence of CDs on the flux pinning at B || ab, since we can
easily install CDs along the ab-plane with the ion-beam normal to the film [43]. We prepared
the in-plane aligned a-axis-oriented YBCO film by a PLD technique with an ArF excimer
laser, where a (100) SrLaGaO4 substrate with Gd2CuO4 buffer layer was used to promote
the in-plane orientation of YBCO thin film [44]. The film was patterned into the shape of
a microbridge so as to make the bridge direction parallel to the b-axis, where transport
current can be applied along the ab-plane (see Figure 14). Both the in-plane-aligned texture
of the film and the experimental arrangement enable us to remove the extra effect such as
the interlayer Josephson current and the channel flow of flux lines along the CuO2 plane,
providing deeper insights on the nature of flux pinning of CDs along the ab-plane.
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Figure 14. Sketch of the experimental arrangement using the in-plane aligned a-axis-oriented YBCO
film. Reprinted with permission from [43], copyright 2019 by IEEE.

The in-plane aligned a-axis-oriented YBCO thin film showed good a-axis orientations
without other orientations for the X-ray θ-2θ diffraction pattern, as shown in Figure 15.
In addition, X-ray diffraction ϕ scanning using the (102) plane of the YBCO film before
the irradiation indicated two-fold symmetry, since strong peaks stood out at around
90◦ and 270◦ in the inset of Figure 15. Therefore, the in-plane aligned a-axis-orientated
microstructure can be confirmed on the film used in this work.

A cross-sectional TEM image of the in-plane aligned a-axis oriented YBCO film after
the irradiation with 200 MeV Xe ions is shown in Figure 16a. The straight CDs along the a-
axis are elongated through the thickness of the YBCO film. Figure 16b shows the plan-view
TEM image of the a-axis oriented YBCO thin film after the irradiation. The CDs formed by
the ion beam along the a-axis are roughly elliptical in shape, whereas CDs parallel to the
c-axis are usually circular [17,45]. In general, the shape of CDs depends on the direction of
the incident ions relative to the crystallographic axes in high-Tc superconductors, because
the anisotropy of thermal diffusivity causes more severe irradiation damage for the creation
of CDs along the a- and/or the b-axis [17].
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Figure 16. (a) Cross-sectional and (b) plan-view TEM images of the a-axis oriented YBCO thin film
irradiated with 200 MeV Xe ions along the a-axis. The arrows indicate several ion tracks. Reprinted
with permission from [43], copyright 2019 by IEEE.

Figure 17 represents the magnetic field dependence of Jc at 72 K for the a-axis oriented
YBCO film before and after the irradiation. The Jc at B || c is reduced by the introduction of
CDs along the a-axis, especially for high magnetic fields. The CDs along the a-axis hardly
interact with flux lines at B || c, since the CDs are perpendicular to the magnetic field
direction. Moreover, CDs perpendicular to magnetic field direction create easy channel for
flux lines to creep along the length of the CDs [46]. In addition to these deterioration effects,
the irradiation damage to the host matrix causes the pronounced reduction of Jc at B || c.

The introduction of CDs along the a-axis, on the other hand, hardly reduces the
absolute value of Jc at B || a, even though the Jc is affected by the local irradiation damage
to the CuO2 planes as well as the Jc at B || c. It should be noted that the normalized Jc
by Jc0 increases after the irradiation, especially for high magnetic fields (see the inset of
Figure 17). This behavior suggests that CDs contribute to the flux pinning at B || ab. For
low magnetic fields, by contrast, the pinning effect of CDs along the a-axis is hardly visible
even on the normalized Jc. This is attributed to the presence of the naturally growth defects
such as stacking faults in the film: Such pre-existing defects act as ab-plane correlated PCs
both before and after the irradiation, which obscures the pinning effect of CDs, especially
for low magnetic fields.
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3.5. Modification of the Jc Anisotropy by Controlling the Heavy-Ion Irradiation Energy

The modification of the Jc anisotropy in high-Tc superconductors is sensitive to
direction-dispersions of CDs, as mentioned in the previous sections. Another way to
modify the Jc properties by CDs is to tune the morphologies of CDs. Especially for the mor-
phology of short segmented (i.e., discontinuous) CDs, the ends of the discontinuous CDs
can provide a variety of additional pinning effects: the ends of the segmented CDs can trap
flux lines in magnetic field tilted from their long axis [21,22] and the existence of gaps in the
segmented CDs can suppress thermal motion of flux lines, as shown in Figure 18. Further-
more, the volume fraction of CDs relative to the superconducting area can be minimized
for discontinuous CDs, since CDs are shortly segmented: the reduction of the volume
fraction of the crystalline defects suppresses the degradation of the superconductivity
associated with the introduction of PCs, leading to the improvement of the absolute value
of Jc in a whole magnetic field angular region [19,20]. For iron-based superconductors, the
morphology of CDs formed by heavy-ion irradiation tends to be discontinuous, which
induces the remarkable improvement of Jc [47–49]. The morphology of CDs in high-Tc
superconductors can be tuned by adjusting the irradiation energy for heavy-ion irradiation.
In addition, the pinning effect of discontinuous CDs can be compared directly with that of
continuous ones under same irradiation conditions except for the irradiation energy: the
heavy-ion irradiations with different irradiation energies enable us to clarify the superiority
of discontinuous CDs in the flux pinning effect over continuous CDs.

We first compared the flux pinning properties of discontinuous CDs with those of
continuous ones when their long axis is parallel to the c-axis: GdBCO-coated conductors
were irradiated with 80 MeV and 270 MeV Xe-ions along the c-axis, respectively [25]. For the
irradiated sample with 270 MeV Xe ions, the straight and continuous CDs with the diameter
of 4-11 nm penetrate the superconducting layer along the c-axis, as shown in Figure 3a.
The value of Se calculated using SRIM code varies from 3.0 to 2.8 keV/Å through the
superconducting layer with the thickness of 2.2 µm for the 270 MeV Xe-ion irradiation, so
that the continuous CDs are formed over the whole sample. The 80 MeV Xe-ion irradiation,
by contrast, produces short segmented CDs in their longitudinal direction along the c-axis,
as shown in Figure 3b: the length of the segmented CDs with the diameter of 5-10 nm
varies from 15 to 50 nm along their length, while the gaps between the segmented CDs
is also variable, ranging between 15 and35 nm. The formation of discontinuous CDs is
attributed to the value of Se changing from 2.0 to 1.4 keV/Å for the 80 MeV Xe ions into
REBCO thin films [17,19,20].
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Figure 18. Schematic images of flux pinning peculiar to discontinuous CDs. (a) Ends of the discon-
tinuous CDs work as PCs in magnetic field tilted off their long axis, which provide effective flux
pinning over a wide magnetic field angular range. (b) Existence of gaps in the discontinuous CDs
can suppress thermal motion of kinks of flux lines, which further improve Jc in comparison with
continuous CDs.

Figure 19 shows the magnetic field angular dependences of Jc at 70 K and 84 K in
GdBCO-coated conductors irradiated with 80 MeV and 270 MeV Xe ions, respectively.
The 80 MeV irradiation causes higher Jc in all magnetic field directions compared to the
270 MeV irradiation, which becomes more pronounced at lower temperature of 70 K.
The high Jc at B || c for the 80 MeV irradiation is attributed to the existence of gaps in
the segmented CDs, which induce the suppression of thermal motion of flux lines (see
Figure 18b). In addition, the ends of discontinuous CDs can trap flux lines in magnetic
field tilted from their long axis, as shown in Figure 18a. These flux pinning effects of
discontinuous CDs become more remarkable at lower temperature where a core size of flux
line approaches the thin diameter of the discontinuous CDs. Moreover, discontinuous CDs
more minimize the degradation of the superconductivity associated with the introduction
of PCs compared with continuous CDs. Thus, the discontinuity of CDs can contribute to
further enhancement of Jc.
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The superior flux pinning effect of discontinuous CDs can be further modified by
tuning the direction-dispersion. We irradiated GdBCO coated conductors with 80 MeV Xe
ions, where the incident ion beams were tilted from the c-axis by θi to introduce various
kinds of direction-dispersed CDs: a parallel configuration composed of CDs parallel to the
c-axis, bimodal angular configuration composed of CDs tilted at θi = ±45◦ relative to the
c-axis, and trimodal angular configuration composed of CDs tilted at θi = 0◦ and ±45◦ [50].

Figure 20a shows a cross-sectional TEM image of the GdBaCuO-coated conductor
irradiated with 80 MeV Xe-ions at θi = 0◦ and ±45◦. The morphologies of CDs are schemat-
ically emphasized in Figure 20b. Interestingly, the 80 Me V Xe-ion beams create CDs with
different morphologies depending on the irradiation angles of θi: thick and elongated
CDs are formed along the ion path at θi = 45◦, whereas the 80 MeV ions at θi = 0◦ creates
short segmented CDs along their length. In general, the morphology of CDs is deter-
mined by the value of Se, which is the energy transferred from the incident ions for the
electronic excitation. A thermal spike model [51,52], which is one of models to interpret
the formation of irradiation defects through the electronic excitation, can describes the
direction-dependent morphologies of CDs in high-Tc superconductors by considering the
anisotropy of thermal diffusivity [17,50]. According to the thermal spike model, the energy
of the electronic excitation is converted into the thermal energy of lattice, which is the
source for the formation of irradiation defects. In high-Tc superconductors, the thermal
diffusivity along the c-axis is smaller than that along other crystallographic axes, which
results in the suppression of a temperature spread in the planes containing the c-axis. Thus,
the incident ion beam tilted from the c-axis causes more severe structural damage, resulting
in the formation of elongated CDs with a thicker diameter.
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Figure 21 shows the magnetic field angular dependence of Jc for GdBCO coated
conductors irradiated with 80 MeV and 270 MeV Xe ions, where the irradiation angles
are θi = 0◦ for the parallel CD configurations and θi = 0◦, ±45◦ for the trimodal angular
configuration, respectively. The trimodal angular distribution shows higher Jc values than
the parallel CD configuration at 70 K under the same irradiation energy. This suggests
that the direction-dispersion of CDs is more effective to enhance the flux pinning over a
wide magnetic field angular region, as mentioned in Section 3.2. It is noteworthy that the
trimodal angular configuration produced by 80 MeV Xe ions shows the highest Jc in all
the CD configurations over the whole magnetic field angular region at 70 K. The 80 MeV
trimodal configuration consists of short segmented CDs along the c-axis and elongated CDs
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crossing at θi= ±45◦, as shown in Figure 20a. For B || c, the motion of double kinks of flux
lines peculiar to one-dimensional PCs is suppressed by the gaps between the segmented
CDs, as shown in Figure 18b. Furthermore, continuous CDs crossing at θi = ±45◦ assist in
trapping the unpinned segments of flux lines, as shown in Figure 22a. The pinning of kinks
of flux lines is effective for further improvement of Jc [53,54]. Therefore, the combination of
discontinuous CDs and continuous ones crossing at θi = ±45◦ provides the enhancement
of Jc at B || c.
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Figure 21. Magnetic field angular dependence of Jc at magnetic field of 4 T and temperatures of (a)
84 K, (b) 77.3 K, and (c) 70 K for GdBCO coated conductors irradiated with 80 MeV and 270 MeV
Xe ions, where the irradiation angles are θi = 0◦ for parallel CD configurations and θi = 0◦, ±45◦

for trimodal angular configurations, respectively. The broken lines for (b) 77.3 K and (c) 70 K show
the Jc properties of the unirradiated sample as reference data. Reprinted with permission from [50],
copyright 2020 by the Japan Society of Applied Physics.

At the intermediate angles between B || c and B || ab, on the other hand, the contin-
uous CDs crossing at θi = ±45◦ predominantly trap flux lines. In addition, the flux pinning
of CDs crossing at θi = ±45◦ is further enhanced through the suppression of the motion of
kinks of flux lines by the gaps in discontinuous CDs, as shown in Figure 22b. Thus, the
hybrid flux pinning by the two different kinds of PCs causes the large enhancement of Jc
even at the intermediate magnetic field angles.
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Figure 22. Schematic images of flux pinning for the 80 MeV trimodal angular configuration in a
magnetic field B (a) along the c-axis and (b) in the intermediate angular region between B || c and B
|| ab. The hatched regions in the inclined CDs and the discontinuous ones represent the interaction
areas with kinks of flux lines. Reprinted with permission from [50], copyright 2020 by the Japan
Society of Applied Physics.

There is a possibility that direction-dispersed CDs with “complete discontinuity”
further provide a high and isotropic Jc in high-Tc superconductors. In fact, BaHfO3. nano-
rods tend to grow discontinuously and to be widely dispersed in the directions, causing
a significant improvement of Jc in a wide magnetic field angular range for REBCO thin
films [55,56]. The irradiation using lighter ions with lower energy, which provides lower Se
for high-Tc superconductors (e.g., Kr-ion irradiation with 80 MeV, where Se = 16.0 keV/nm),
may produce discontinuous CDs even in directions tilted from the c-axis. However, there is
a trade-off between the discontinuity of CDs and the thickness of CDs for the formation of
CDs by heavy-ion irradiations: discontinuous CDs tend to be thin diameter [18,25], where
the elementary pinning force of one segmented column with thin diameter becomes weak.
Thus, the discontinuity of CDs does not always provide the strong pinning landscape for
the heavy-ion irradiation process. The introduction of direction-dispersed, discontinuous,
and thick CDs by the ion irradiation process can be the key to further making high Jc fairly
isotropic in high-Tc superconductors.

4. Conclusions

We have systematically examined the modification of the anisotropy of Jc in REBCO
thin films by using heavy-ion irradiations: the morphology and the configuration of the
irradiation defects were controlled by the irradiation conditions such as the irradiation
energy and the incident direction. The direction-dispersed CDs were designed in REBCO
thin films to push up the Jc in the magnetic field angular region from B || c to B || ab,
by controlling the irradiation directions. When the directions of CDs were extensively
dispersed around the c-axis, the Jc was enhanced over a wider magnetic field angular
region centered at B || c. The Jc at B || ab, on the other hand, was hardly affected even
by CDs tilted toward the ab-plane, which is attributed to the strong line tension energies
of flux lines around B || ab in the anisotropic superconductors. We demonstrated the
improvement of Jc at B || ab by the introduction of CDs, where the angle of CDs relative to
the ab-plane were controlled down to Θi = 5◦. These results suggest that direction-dispersed
CDs can provide the isotropic enhancement of Jc over all magnetic field angular region
when the angles of CDs are matched with the anisotropic line tension energy of flux lines.

Another promising morphology of CDs, i.e., discontinuous CDs, which can be intro-
duced by heavy-ion irradiation with relatively low energy, showed large potential for the
enhancement of Jc over a wide magnetic field angular region. In particular, the combination
of the discontinuity and the direction-dispersion lead to further enhancement of Jc: the
gaps in discontinuous CDs provide the suppression of the motion of flux lines, while the
direction-dispersion of CDs produces the strong flux pinning over a wide magnetic field
angular region.
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The heavy-ion irradiation to high-Tc superconductors can provide the flux pinning
structure with higher and more isotropic Jc, by further tuning the irradiation process:
the systematic studies using the ion irradiation process may lead to the approach to the
theoretical limit of Jc, i.e., pair-breaking critical current density.
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Abstract: Raising the critical current density Jc in magnetic fields is crucial to applications such
as rotation machines, generators for wind turbines and magnet use in medical imaging machines.
The increase in Jc has been achieved by introducing structural defects including precipitates and
vacancies. Recently, a low-energy ion irradiation has been revisited as a practically feasible approach
to create nanoscale defects, resulting in an increase in Jc in magnetic fields. In this paper, we report
the effect of proton irradiation with 1.5 MeV on superconducting properties of iron–chalcogenide
FeSe0.5Te0.5 films through the transport and magnetization measurements. The 1.5 MeV proton
irradiation with 1 × 1016 p/cm2 yields the highest Jc increase, approximately 30% at 5–10 K and
below 1 T without any reduction in Tc. These results indicate that 1.5 MeV proton irradiations
could be a practical tool to enhance the performance of iron-based superconducting tapes under
magnetic fields.

Keywords: superconductor; irradiation; critical current

1. Introduction

Iron-based superconductors have a reasonably high superconducting transition tem-
perature Tc, very high upper critical magnetic fields Hc2, quite a small anisotropy γ
and larger critical grain boundary angle than cuprate superconductors, which make them
promising for high-field applications such as superconducting magnet and generators [1–5].
The use of superconducting materials for high field applications is limited by the critical
current density Jc in magnetic fields, which can be sustained by pinning the vortices (flux
pinning) at structural defects with nano-meter sizes such as cracks, voids, grain boundaries
and secondary phases [6,7]. The ion irradiation is a useful tool to generate the desired
defect structure. Depending on the ion species, ion energy and the properties of the target
materials, ion irradiation enables the creation of defects with well-controlled morphology
and density, such as point [8], cluster [9–12] and columnar [13–15] defects. Early works on
the ion irradiation of cuprate (Cu–O based) high-Tc superconductors (HTS) for improving
Jc in the magnetic field have mostly focused on the high-energy, over hundreds of MeV,
heavy ion irradiation [13–15]. At this energy range, the irradiation of superconducting
materials by the swift heavy ion mainly causes electronic excitation and ionization of the
target atoms. As a result, continuous amorphous tracks are formed in a process that can
be described as the rapid melting and solidification of nm-sized columns in the path of
an ion. Even though the heavy ion tracks proved to be very effective pinning defects, this
approach has been limited to fundamental studies of the vortex matter.

Recently, ion irradiation of HTS with a low energy has received a renewed interest
as a practical method for increasing Jc in magnetic fields, due to the compact accelerator,
lower radioactivity and less costly operation [9–12]. Low-energy ion irradiation utilizes a

57



Quantum Beam Sci. 2021, 5, 18

different mechanism for the creation of vortex pinning defects. The electronic excitation
and ionization are low enough so the heat can dissipate without damaging the materials.
The low-energy ion irradiation leads to the collision of the ion with the target atom nuclei,
resulting in cascade, point and cluster defects. Matsui et al. demonstrated that 3 MeV Au2+

ion irradiation to 700 nm thick YBCO films yielded an enhancement in the in-field Jc at
77 K of up to a factor of 4 [9]. Equally impressive results in YBCO commercial tape have
been reported by Jia et al. using 4 MeV proton [10]. Recently, we reported a route to raise
both Tc and Jc in iron-based superconducting FeSe0.5Te0.5 (FST) thin films by low-energy
(190 keV) proton irradiation [16,17]. The 190 keV proton irradiation yields the increase in
Tc due to the nanoscale compressive strain induced by cascade defects. The irradiation
also induced a near doubling of Jc at 4.2 K from the self-field to 35 T through strong vortex
pinning by the cascade defects and surrounding nanoscale strain.

In this paper, we report the effect of 1.5 MeV proton irradiation on iron–chalcogenide
FST superconducting films. We report the performance of irradiated samples at different
temperatures in a magnetic field up to 9 T. We show that 1.5 MeV protons clearly enhance Jc
in magnetic fields <1 T with no subsequent reduction in Tc. However, we did not observe
a reproducible positive effect in the magnetic fields >1 T. The results are discussed in terms
of the spatial distribution of defects produced by fast protons.

2. Materials and Methods

All films in this study were deposited by the pulsed laser deposition (PLD) method
using a Nd:YAG laser (λ = 266 nm). We first grew a CeO2 layer with a thickness of about
80–100 nm on SrTiO3 single-crystal substrate at a substrate temperature of 600–650 ◦C and
oxygen partial pressure of ~115 mTorr. Then, 100–130 nm thick FST films were grown on
CeO2 buffer layers. During the deposition of FST films, the substrate temperature and
oxygen partial pressure were kept at 300–360 ◦C and ~1 × 10–6 Torr, respectively.

Superconducting transport properties were measured using the conventional four-
probe method in a physical property measurement system (PPMS, Quantum Design). Tc,10
and Jc were determined from the ρT and I–V curves using 0.1 ρn and 1 µV/cm criteria,
respectively. Here, ρn means the normal state resistivity above the transition temperature.
The current was applied perpendicularly to the magnetic field. The magnetization was
measured using a superconducting quantum interference device (SQUID, Quantum De-
sign) magnetometer. Two FST films (sample A and B) were fabricated under the same
deposition condition for different irradiation conditions. Each FST film was cut into 3
pieces: one for magnetization measurement before and after irradiation with same film,
another for transport measurement before irradiation (pristine) and the other for transport
measurement after irradiation (irradiated).

The FST films were irradiated with 1.5 MeV proton doses of 1 × 1015 and 1 × 1016 p/cm2

in vacuum at room temperature using the 5 MV tandem accelerator of the Wakasa Wan
Energy Research Center (WERC). The samples were mounted on a copper plate with a
double-faced carbon tape. The incident angle of ions was set as normal to the film surface.
The flux was kept around 3.2 × 1012 p/cm2·s, corresponding to a beam current density of
~500 nA/cm2. The surface temperature was monitored by a thermocouple. The surface
temperature during the irradiation remained below 40 ◦C.

Prior to the ion irradiation experiment, we ran Stopping and Range of Ions in Matter
(SRIM) [18] to estimate ion range and damage profile in our experiment. Based on the
simulation results, 1 × 1015 and 1 × 1016 p/cm2 are estimated to be ~3.2 × 10–5 and
~3.2 × 10–4 dpa (displacement per atm), respectively.

3. Results and Discussion
3.1. Magnetic Measurements

Figure 1a,b compare the temperature dependence of magnetic moment M with H//c
for two FST films (film-A and film-B) before and after irradiation with 1 × 1015 and
1 × 1016 p/cm2 dose, respectively. Both the zero-field-cooled (ZFC) and field-cooled
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(FC) magnetizations in 2 Oe magnetic field parallel to the c-axis indicate the appearance
of superconductivity (obtained by the bifurcation of ZFC and FC) in pristine FST films
at 16.8 K for film-A and 16.6 K for film-B. After the irradiation, the superconducting
transitions occurred at 16.8 K for film-A and 16.8 K for film-B, indicating that 1.5 MeV
proton irradiations with 1 × 1015 and 1 × 1016 p/cm2 dose have little impact on Tc

mag.
However, the diamagnetic signal was enhanced with a sharper superconducting transition
in the FST film-B irradiated with 1 × 1016 p/cm2 dose. A degradation of Tc after the
ion irradiation is commonly reported in iron-based superconductors [19], although there
have been a few reports on an increased Tc in iron-based superconductors irradiated with
proton and electron [16,20,21]. In previous work, the Fe(Se,Te) films were covered by Al
foil with 80 µm thickness and irradiated with 3.5 MeV protons at doses of 2.68 × 1016 and
5.35 × 1016 p/cm2, corresponding to 2.30 × 10–3 and 4.59 × 10–3 dpa, respectively [22–24].
The average bombarding energy of the protons on the Fe(Se,Te) film was calculated to be
1.43 ± 0.07 MeV. As a result, the irradiations to doses of 2.68 × 1016 and 5.35 × 1016 p/cm2

slightly suppressed Tc from 17.7 K for pristine film to 17.3 K and 17.1 K, respectively. Given
these results, the primary reason of the almost same Tcs before and after the irradiation in
our study would be a lower fluence than that in the previous works.
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Figure 1. Temperature dependences of magnetic moment M for both zero-field-cooled (ZFC) and
field-cooled (FC) process at a magnetic field of H = 2 Oe applied along the c-axis for FST films before
and after 1.5 MeV proton irradiation with (a) 1 × 1015 and (b) 1 × 1016 p/cm2 dose, respectively.

Figure 2 shows the magnetic field dependence of Jc for the FST film-B at 5, 8, 10 K be-
fore and after 1.5 MeV proton irradiation at a dose of 1 × 1016 p/cm2. The Jc was estimated
from the magnetization hysteresis (M–H) loops using the critical-state Bean model [25,26].
For a rectangular prism-shaped crystal of dimensions a < b, we obtained the in-plane critical
current density Jc

ab in the magnetic field parallel to the c-axis as Jc
ab = 20∆M/(a(1 − a/3b)),

where ∆M is the difference in magnetization M(emu/cm3) between the top and bottom
branches of the M-H loop. In the inset of Figure 2, the M–H loop in FST film-B at 5 K before
and after the irradiation of a dose of 1 × 1016 p/cm2 is plotted. A large irreversibility is no-
ticeable up to around 4 T at 5 K. We attained a 30% increase in Jc in the magnetic field below
1 T, which indicates that the irradiation defects contribute to vortex pinning. In contrast,
we observed almost no change in the in-field Jc above 1 T. Irradiation with MeV protons
could produce mostly random point defects and nanocluster [27] due to ion–nucleus colli-
sions. Sylva et al. reported that 3.5 MeV proton irradiation with 6.40 × 1016 p/cm2 dose
(corresponding to 2.27 × 10–3 dpa) yields Jc improvement of about 40% at 4.2 K and 7 T
with respect to the pristine film almost without a decrease in Tc [22]. On the contrary, Jc of
3.5 MeV proton irradiated Fe(Se,Te) films covered with 80 µm thick Al foil decreased by up
to 80% after irradiation at 4.2 K. The in-field Jc performance in the irradiated FST films in
our study could be attributed to the small number of vortex pinning defects created by the
irradiation at low fluence.
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Figure 2. Magnetic field dependence of critical current density Jc
ab(H) at 5, 8 and 10 K calculated

using the critical-state Bean model for FST film-B pre- and post- 1.5 MeV proton irradiation with
1 × 1016 p/cm2 dose. The inset shows magnetic hysteresis loop under H//c at 5 K.

3.2. Transport Measurement

In transport measurements, the current is forced to flow through the sample in a
particular direction, enabling the direct characterization of superconductivity as a function
of temperature, applied magnetic field and field angle. However, we observed an obvious
degradation of superconducting properties in the transport measurement of the FST film-B.
This could be due to sample degradation, sample handling during mounting and unmount-
ing in a measurement system and possible damage by the laser cutting for patterning
the bridge on FST films. In this section, we refer to the FST film-A. Figure 3 presents the
temperature dependence of the electrical resistivity before and after irradiation for FST
film-A with 1 × 1015 p/cm2 dose of 1.5 MeV proton. The FST films before and after the
irradiation showed metallic behavior below 200 K. Additionally, 1.5 MeV proton irradiation
with 1 × 1015 p/cm2 dose has little effect on normal-state resistivity due to the low dpa. On
the contrary, the normal-state resistivity shows nearly upwards parallel-shift upon 6 MeV
Au-ion irradiation with a dose of 1 × 1012 Au/cm2, corresponding to 6.42 × 10–3 dpa [11].
We observed no change in Tc,10 (=17.5 K) before and after the 1.5 MeV protons irradiation
with 1 × 1015 p/cm2 dose. This could be due to the low fluence, i.e., low dpa.
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Figure 4 presents the magnetic field dependence of transport critical current density Jc
with H//c for the FST film-A before and after irradiation with 1.5 MeV protons to a dose
of 1 × 1015 p/cm2 at 4.2 K. Comparing Jcs obtained from magnetization and transport
measurements, the values of Jc obtained from transport measurement are larger than those
of Jc calculated from magnetization measurement. This would come from the difference of
criterion to determine the Jc values. The positive effect of the proton irradiation on Jc at
4.2 K is unambiguous in the magnetic field below 1 T. As the magnetic field increased, the
difference between pristine and the irradiated FST film became smaller. Similar behavior
was observed in Jc(H) (calculated from magnetization measurement in Figure 2) for FST
film-B irradiated with 1 × 1016 p/cm2 dose.
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has a less-anisotropic Jc angular dependence at 1 and 3 T without a prominent Jc peak
at H//c, which is often observed in YBa2Cu3Oy films [28]. A small Jc-anisotropy, γJc
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H//c), of 1.7 is observed at 1 T. This value is smaller than the value of Fe(Se,Te)
films grown on Fe-buffered MgO substrates (γJc = 2.6) [29] while it is larger than the value
of Fe(Se,Te) films grown on CaF2 substrates [30,31]. These differences might arise from the
difference of the substrate and buffer layer. Upon irradiation with 1.5 MeV proton, the Jc
increases for most of the field orientations, retaining a small γJc of 1.7 at 1 T, indicating
that the vortex pinning defects would be less anisotropic and randomly distributed. At 3 T,
there is a significant decrease in Jc in the angular range ±30◦ from H//ab. Iron-based and
cuprate high-temperature superconductors commonly possess inherent layered structures,
consisting of alternating conducting and insulating atomic planes. In general, the strong
Jc peak for H//ab could be ascribed to the vortex pinning by the intrinsic pinning and
planar defects such as intergrowths and stacking faults, parallel to the ab plane [32–35].
In the iron–chalcogenide Fe(Se,Te) compound, which is composed of only the Fe–Se(Te)
layer, Jc(θ) has a maximum at H//ab due to intrinsic pinning from the Fe–Se(Te) intralayer
and Van der Waals interlayer couplings [29,34,35]. Hence, the Jc suppression at around
H//ab would occur because of the reduction in the density of intrinsic pinning upon the
irradiation.
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Figure 5. Angular field dependence of the critical current density Jc obtained from transport measure-
ment for FST film-A before and after 1.5 MeV proton irradiation with 1 × 1015 p/cm2 dose measured
at 4.2 K under 1 and 3 T.

4. Conclusions

We conclude a study on the effect of 1.5 MeV proton irradiation on superconducting
properties of FST films. Upon the irradiation up to 1 × 1016 p/cm2 dose, Tc remains
virtually unchanged in magnetization as well as in transport measurement. An approxi-
mately 30% enhancement of Jc in the magnetic field below 1 T is observed using 1.5 MeV
proton irradiation with 1 × 1016 p/cm2. Transport properties of a pristine film and an
irradiated film with a fluence of 1 × 1015 p/cm2 show a small anisotropy of Jc in the applied
magnetic field range at 4.2 K. The enhancement of Jc for almost all the field orientations
was accomplished by the irradiation at a dose of 1 × 1015 p/cm2 at 4.2 K and 1 T. These
results indicate that 1.5 MeV proton irradiation is effective in providing less anisotropic
pinning defects in the magnetic field below 1 T in iron–chalcogenide superconducting films.
Additionally, by fine tuning an irradiation fluence of proton, superconducting properties
can be further improved.
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Abstract: A set of V–(4–8)Cr–(0–4)Ti alloys was fabricated to survey an optimum composition to
reduce the radioactivity of V–Cr–Ti alloys. These alloys were subjected to nano-indenter tests before
and after 2-MeV He-ion irradiation at 500 ◦C and 700 ◦C with 0.5 dpa at peak damage to investigate
the effect of Cr and Ti addition and gas impurities for irradiation hardening behavior in V–Cr–Ti
alloys. Cr and Ti addition to V–Cr–Ti alloys for solid–solution hardening remains small in the
unirradiated V–(4–8)Cr–(0–4)Ti alloys. Irradiation hardening occurred for all V–Cr–Ti alloys. The
V–4Cr–1Ti alloy shows the highest irradiation hardening among all V–Cr–Ti alloys and the gas
impurity was enhanced to increase the irradiation hardening. These results may arise from the
formation of Ti(CON) precipitate that was produced by He-ion irradiation. Irradiation hardening of
V–Cr–1Ti did not depend significantly on Cr addition. Consequently, for irradiation hardening and
void-swelling suppression, the optimum composition of V–Cr–Ti alloys for structural materials of
fusion reactor engineering is proposed to be a highly purified V–(6–8)Cr–2Ti alloy.

Keywords: vanadium alloy; ion irradiation; irradiation hardening; radiation damage

1. Introduction

Vanadium alloys are attractive blanket structural materials in fusion power systems
because of their low induced activation characteristics, high-temperature strength, good
compatibility with a liquid lithium environment and high thermal stress [1–3]. Critical
issues of vanadium alloys, such as corrosion and oxidation have been resolved by Cr
and Ti addition to the vanadium matrix, and recent efforts have focused on developing
the V–4Cr–4Ti alloy as a candidate alloy for Li-blanket systems in fusion reactors [4,5].
The susceptibility of V–4Cr–4Ti alloys to low-temperature embrittlement during neutron
irradiation may limit their application in low-temperature (<400 ◦C) regimes [6]. To
improve this drawback, highly purified V–4Cr–4Ti alloys, such as NIFS-HEAT-1 and -2,
have been developed by the National Institute for Fusion Science (NIFS) [7–10]. The NIFS-
HEAT-2 has shown significantly lower radioactivity for full remote recycle over 25 years of
cooling after being used in the first wall of a fusion commercial reactor. A reduction in the
cooling period provides economical and safety benefits to reduce the amount of radiation
waste material [11].

Nagasaka suggested that the cooling period of V–Cr–Ti alloy for full remote recycling
can be reduced within 10 years by reducing the Ti addition from a V–4Cr–4Ti alloy [12].
The reduction in Ti addition reduces the cooling time and results in swelling and a loss of
mechanical strength under neutron irradiation.

To optimize the Ti and Cr addition to V–Cr–Ti alloys to balance the irradiation hard-
ening and swelling behavior, a set of V–Cr–Ti alloys with a lower Ti content and higher
Cr content was produced from V–4Cr–4Ti alloys. In this study, nano-indenter tests were
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performed to investigate irradiation hardening in a new set of V–Cr–Ti alloys after He-
ion irradiation to survey the optimum composition to compensate between radioactivity
reduction and irradiation hardening behavior in V–Cr–Ti alloys.

2. Experimental Procedure

In total, 15 types of V–(4–8)Cr–(0–4)Ti ternary alloys were fabricated by arc melting.
Table 1 shows the chemical composition of the V–Cr–Ti alloys that were used in this study.
Two impurity levels of each alloy were prepared to investigate the effect of interstitial
impurity for irradiation hardening during He-ion irradiation. The highly purified alloy
was marked as “(h)”. The V–Cr–Ti alloys from conventional fabrication contain ~500 ppm
of C+N+O interstitial gas impurity. In contrast, highly purified V–Cr–Ti alloys, which are
marked as “(h)”, contain approximately half the interstitial gas impurity in conventional
alloys by using highly purified vanadium ingots in fabrication [11]. Thin specimen plates
of 10 mm × 2 mm × 0.2 mm were cut out and annealed for 2 h at 1000 ◦C in a vacuum
(∼2 × 10−4 Pa). The samples were irradiated with 2-MeV 4He ions using a tandem accel-
erator at the Wakasa Wan Energy Research Center. Sectional shapes of the 4He2+ beams
existed in a 9-mm-diameter circle or ellipse with a major axis of 10 mm and a minor axis
of 6 mm. These beams were scanned to irradiate the samples uniformly. The horizontal
and vertical widths of the scanned beams were 13 mm × 13 mm for the former beam and
13 mm × 17 mm for the latter beam. Time-averaged current densities were 0.4 µA/cm2

and 0.9 µA/cm2, respectively. During the irradiation, the sample stage was heated on a
Mo holder with a ceramic heater. The temperature was maintained within ± 5 ◦C during
ion irradiation. Specimens were irradiated at 500 ◦C and 700 ◦C up to doses of 0.5 dpa at a
peak position and 3.4 µm depth.

Table 1. Chemical composition of V–Cr–Ti alloys. Marks (h) indicate the type of highly purified alloy from the original alloy.

Composition (wt.%) Cr Ti C N O Mo Al Si

V-4Cr 3.80 0.002 0.004 0.005 0.036 (<0.001) 0.005 (0.02)
V-4Cr (h) 3.90 0.002 0.009 0.003 0.018 (<0.001) 0.011 (0.02)

V-4Cr-0.1Ti 3.88 0.09 0.005 0.005 0.038 (<0.001) 0.012 (0.02)
V-4Cr-0.1Ti (h) 3.90 0.09 0.007 0.003 0.017 (<0.001) 0.011 (0.02)

V-4Cr-1Ti 3.86 0.96 0.005 0.006 0.035 <0.001 0.006 0.016
V-4Cr-1Ti (h) 4.02 0.96 0.008 0.004 0.016 (<0.001) 0.009 (0.02)

V-4Cr-2Ti 3.94 1.93 0.005 0.005 0.037 (<0.001) 0.005 (0.02)
V-4Cr-2Ti (h) 3.89 1.92 0.008 0.003 0.015 (<0.001) 0.006 (0.02)
V-4Cr-3Ti (h) 3.92 2.99 0.009 0.003 0.016 (<0.001) 0.007 (0.02)

V-4Cr-4Ti 3.93 3.91 0.006 0.006 0.036 <0.001 0.009 0.016
V-4Cr-4Ti (h) 4.11 3.89 0.008 0.003 0.018 (<0.001) 0.018 (0.02)

V-6Cr-1Ti 5.97 0.96 0.006 0.006 0.036 <0.001 0.006 0.016
V-6Cr-1Ti (h) 5.95 0.95 0.010 0.003 0.015 (<0.001) 0.016 (0.02)

V-8Cr-1Ti 7.89 0.99 0.006 0.006 0.038 <0.001 0.008 0.016
V-8Cr-1Ti (h) 7.83 1.00 0.008 0.003 0.015 (<0.001) 0.016 (0.02)

Figure 1 shows the damage profile and He ion range in vanadium as calculated by
using the SRIM-code (the stopping and range of ions in matter). After He ion irradiation, a
nano-indentation test was examined at room temperature by using a Elionix ENT-1100a
(Elionix Inc., Tokyo, Japan) nano-indenter with a Berkovich diamond indenter tip and a
direction of indentation parallel to the ion beam axis, which is normal to the irradiated
surface. The nano-indenter test was carried out with an indentation depth of 500 nm. The
indentation depth was determined from the effective depth where the plastic and elastically
deformed area was expanded during the nano-indenter test that corresponds to five times
the length of the nano-indenter depth. To avoid uncertainty about the specimen surface
condition, a scanning electron microscopy (SEM) observation with electron backscattered
diffraction measurement was carried out on the indentation surface after the indentation
test to ascertain that the indentation test was not on/near grain boundary on the specimen
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surface. For each sample, 12 tests were conducted, and 10 of the measured data points
were included in the analysis, rejecting the maximum and minimum measured values. In
this study He ions were used as the projectile because the penetration depth is sufficient to
assess mechanical properties as irradiation hardening through nano-indentation hardness
measurements [13]; it should be noted that the first wall and divertor of a fusion reactor
are expected to be subject to high fluxes of moderate to low-energy helium ions created
as fusion reaction products and as a result He bubbles may form around the He ion
penetration range which was 3.6 µm in this study.

Figure 1. Calculation results of ion range profile of implanted He ion and vacancy concentration
profile in V by 2-MeV He+ ion irradiation.

3. Results

Figure 2 shows the results from the nano-indenter test for unirradiated V–4Cr–xTi
alloys and He-irradiated V–4Cr–xTi alloys at 500 ◦C. In the unirradiated V–4Cr–xTi alloys,
the effects of Ti addition and interstitial gas impurity on the nano-indentation hardness
were not apparent. The hardness of the V–4Cr–xTi and V–4Cr–xTi(h) alloys did not change
at ~1800 N/mm2. The He-irradiated V–4Cr–xTi alloys showed a large irradiation hardening.
V–4Cr–1Ti showed the largest irradiation hardening of the alloys and the hardness reached
5100 N/mm2, which was approximately 2.8 times larger than the hardness of unirradiated
V-4Cr-1Ti alloys. For the V–4Cr–xTi with 2% to 4% Ti addition, the irradiation hardening
decreased and did not change as much with increasing Ti addition. Therefore 1% Ti addition
is most effective to produce irradiation hardening in V–4Cr–xTi (x = 0 to 4). From 0.1% to
1%Ti addition in V–4Cr–xTi alloys, the alloys that contained more interstitial gas impurity
showed a larger increase in irradiation hardening. V–4Cr–xTi alloys that contained more
than 2% Ti addition did not change the irradiation hardening increase even though the
amount of gas interstitial impurity increased. This result suggests that the interstitial gas
impurity does not contribute to irradiation hardening in V–4Cr–xTi alloys with more than
2% Ti addition.

Figure 3 shows the irradiation hardening increase of V–4Cr–xTi alloys with the con-
ventional impurity level irradiated at 500 ◦C and 700 ◦C. The He-irradiated V–4Cr–xTi
alloys at 700 ◦C showed irradiation hardening but the amount of irradiation hardening
increase at 700 ◦C was smaller than that at 500 ◦C. This result indicates that damaged
microstructures that formed at 700 ◦C irradiation may be coarser than those formed at
500 ◦C irradiation, and irradiation hardening at 700 ◦C irradiation is smaller than that at
500 ◦C irradiation. These microstructural features depending on irradiation temperature
and damage level have been reported elsewhere [5,14,15].

67



Quantum Beam Sci. 2021, 5, 1

Figure 2. Ti content dependence of nano-indentation hardening for unirradiated V–4Cr–xTi alloys
and He-irradiated V–4Cr–xTi alloys at 500 ◦C.

Figure 3. Irradiation hardening increase of V–4Cr–xTi alloys with conventional impurity level
irradiated at 500 ◦C and 700 ◦C as a function of Ti content.

Figure 4 shows the nano-indenter test results for unirradiated and He-irradiated V–
yCr–1Ti alloys with a conventional impurity level irradiated at 500 ◦C and 700 ◦C. In the
unirradiated V–yCr–1Ti alloys, the nano-indentation hardness of the V–yCr–1Ti alloys
increased slightly with an increase in Cr addition, which was caused by solution hardening
because of Cr addition in V–Cr–Ti alloys. The interstitial gas impurity in the V–yCr–1Ti
alloys did not affect the hardening behavior much. Irradiation hardening of He-irradiated
V–yCr–1Ti was apparent in all alloys. Significant irradiation hardening occurred among
all alloys, but the irradiation hardening decreased with an increase in Cr addition. The
significant reduction in irradiation hardening in the V–8Cr–1Ti alloys was apparent. The
effect of interstitial gas impurity on the irradiation-hardening behavior of V–yCr–1Ti
showed that the conventional fabricated alloys had a larger irradiation hardening increase
than the highly purified alloys. The irradiation hardening at 500 ◦C irradiation was larger
than that at 700 ◦C irradiation in all V–yCr–1Ti alloys. At 500 ◦C irradiation, the irradiation
hardening decreased with an increase in Cr addition. The irradiation hardening of the
V–yCr–1Ti alloys that were irradiated at 700 ◦C increased with an increase in Cr addition.
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From the result of heat treatment of V-4Cr-4Ti alloys at high temperatures, it has been
reported that fine precipitate forms above 700 ◦C of annealing temperature [16]. Hence, it
is concluded that the hardness increase at 500 ◦C in this study is not solely caused by the
precipitation induced by the irradiation temperature at least.

Figure 4. Cr content dependence of nano-indentation hardening for unirradiated V–yCr–1Ti alloys
and He-irradiated V–yCr–1Ti alloys at 500 ◦C and 700 ◦C.

4. Discussion

Previous work on the thermal creep deformation of V–Ti alloy indicated that 3% Ti
addition to V resulted in the lowest activation energy for creep strain behavior in the V–xTi
alloys (x = 0% to 20%) [17–19]. The low activation energy of creep deformation reduces the
creep strain rate at a given temperature in the material and leads to a high creep strength.
The creep strength is strengthened by Ti addition to V in the V–Ti system alloy from the
increase in yield and tensile strengths because of a solid–solution hardening mechanism
and/or a dispersed particle-strengthening mechanism. The main reason why the V–3Ti
alloy exhibits the strongest creep strength in the V–Ti system alloy (0% to 20% Ti addition)
cannot be explained by the solid–solution hardening mechanism because solid–solution
hardening due to Cr and Ti addition to V–Cr–Ti alloys was not apparent in this work as
determined from the nano-indentation test of unirradiated V–Cr–Ti alloys as shown in
Figure 2. In the thermal creep deformation in V–Ti alloy at an elevated temperature, the
formation of a dislocation-network as well as formation of a titanium-oxycarbonitride
precipitate, Ti(CON) have been observed as thermal vacancy migration and dislocation slip
motion. Figure 5 provides an example of precipitate formation in V–4Cr–4Ti alloys in creep
deformation at 600 ◦C with a stress of 200 MPa for 2800 h in a liquid Na environment [20].
Small precipitates formed near the grain boundary or large bulk precipitates and the
precipitate was Ti(CON) titanium-oxycarbonitride precipitate on a habit pane of {100}.
The nature of the Ti(CON) precipitate has been reported by Impagnatiello [21–23]. In the
thermal creep test, it is likely that Ti(CON) precipitates are formed along with defect sinks
such as grain boundaries and bulk precipitates where the thermal vacancy is absorbed
preferentially. It is expected that the Ti(CON) precipitate is more likely to form in an
environment where that migration of Ti is enhanced due to vacancy flux to sinks such
as grain boundaries through the Kirkendall effect for a long period and the nucleation
of Ti(CON) precipitate occurs around sinks such as grain boundaries and large bulk
precipitates due to the thermal heat treatment. Since He irradiation at high temperature
also provides a large defect flux of not only excess vacancies but also displaced Ti atoms
produced by He ion bombardment in the matrix, this kind of irradiation may lead to the
formation of Ti(CON) precipitates in the matrix. Previous transmission electron microscopy
(TEM) work for the microstructural observation of neutron- and ion-irradiated V–Cr–Ti and
V–Ti alloys reported that Ti(CON) precipitate formation occurred above 350 ◦C with more
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than 0.1 dpa of damage level [24–28]. It is deduced that the significant irradiation hardening
in V–Cr–Ti alloys in this work was caused by irradiation-induced Ti(CON) precipitation
during 500 ◦C and 700◦C irradiation, even though microstructural observation by TEM
work remained unexamined in this work. The high density of small Ti(CON) precipitate
formed in V–4Cr–1Ti alloys and V–4Cr–1Ti shows the highest obstacle resistance against
dislocation slip based on the Orowan equation termed as dispersed barrier hardening
in [29];

∆σ_y = Mαµb
√

ND (1)

where M is the Taylor factor (3.06 for fcc polycrystals), µ the shear modulus of the matrix,
b the magnitude of the Burgers vector of the moving dislocation, and ∆σy represents the
increment in yield strength because of the obstacles of size D, number density, N and
barrier strength α. It is assumed that the density of small precipitate in V–4Cr–1Ti will be
highest among all V-4Cr–xTi and shows a significant irradiation hardening based on the
dispersed precipitate hardening produced by He-ion irradiation.

Figure 5. TEM micrographs of thermal-creep-deformed V–4Cr–4Ti alloy at 600 ◦C and 150 MPa for
2800 h. The left side of the low-magnification image shows that precipitates gathered along a grain
boundary and the right side of the high magnification image shows that precipitates on {100} habit
plane were formed. [L] and [H] indicate the direction of the longitudinal direction and horizontal
direction of the creep tube, respectively. (after Fukumoto et al. [20]).

The nano-indentation test results from the V–Cr–Ti alloys show that the unirradiated
V–6Cr–1Ti and V–8Cr–1Ti alloy hardness did not change much compared with that of the
V–4Cr–1Ti alloys. Therefore, Cr addition may be ineffective for solid–solution hardening
in V–Cr–Ti alloys. The He-irradiated V–yCr–1Ti alloy results show that the effect of Cr
addition for irradiation hardening is independent of Cr addition in the V–(4–8)Cr–Ti alloys.

The effect of gas impurity level for irradiation hardening appears in irradiation hard-
ening of V–4Cr–1Ti alloys irradiated at 500 ◦C and 700 ◦C, and the highly purified V–Cr–Ti
alloys reduce the irradiation hardening as shown in Figures 2 and 4. This reduction of
irradiation hardening in highly purified V–Cr–Ti alloys may be caused by the formation of
Ti(CON) precipitates during He-ion irradiation. The nucleation and growth of Ti(CON)
precipitate should be rate-limited to the concentration of gas impurities of C, N and O,
and Ti atoms and the nucleation rate is proportional to the product Cimp·CTi of the gas
impurity concentration Cimp and Ti concentration CTi from the kinetics of the point defect
reaction [30], when the nuclei of Ti(CON) are assumed to be TiO- or TiC-type [31]. The
reduction in gas impurities in the V–Cr–Ti alloy matrix is connected with the nucleation
rate of Ti(CON) precipitate and a decrease of irradiation hardening in the V–Cr–Ti alloys.

70



Quantum Beam Sci. 2021, 5, 1

Microstructural observation by TEM is required to clarify the correlation between irra-
diation hardening and microstructural evolution, and especially Ti(CON) formation in
the future.

Because V–4Cr–1Ti alloys show significant irradiation hardening and more than 2%
Ti addition to V–4Cr–xTi alloys results in a lower irradiation hardening than the V–4Cr–
1Ti alloy, the optimum amount of Ti addition to candidate alloys for structural materials
of fusion reactor application should be 2% to avoid surplus irradiation hardening at
low-temperature irradiation. In terms of the swelling behavior of V–Cr–Ti alloys, 1%
Ti addition to V–Cr–Ti and V–Fe–Ti alloys is enough to suppress void swelling from
400 to 600 ◦C with heavy damage levels to 30 dpa [32]. Hence, 2% Ti addition to V–
Cr–Ti alloys helps to suppress void swelling at a high temperature with heavy damage.
Consequently, from the viewpoints of the suppression of surplus irradiation hardening
and void swelling, an optimum composition of V–Cr–Ti alloys for structural materials of
fusion reactor engineering is proposed to be a highly purified V–(6–8)Cr–2Ti.

5. Conclusions

To survey an optimum composition to reduce the radioactivity in V–Cr–Ti alloys,
15 types of V–(4–8)Cr–(0–4)Ti alloys were fabricated. These alloys were subjected to
2-MeV He-ion irradiation using a tandem accelerator at the Wakasa Bay Energy Research
Center. Specimens were irradiated at 500 ◦C and 700 ◦C up to doses of 0.5 dpa at peak
positions in 3.6 µm depth. To investigate the effect of Cr and Ti addition and gas impurities
for irradiation hardening behavior in the V–Cr–Ti alloys, nano-indentation tests were
examined at room temperature. Cr and Ti addition to V–Cr–Ti alloys for solid–solution
hardening is low in the unirradiated V–(4–8)Cr–(0–4)Ti alloys. Irradiation hardening could
be observed among all V–Cr–Ti alloys irradiated at 500 ◦C and 700 ◦C. The V–4Cr–1Ti
alloy irradiated at 500 ◦C shows the highest irradiation hardening among all V–Cr–Ti
alloys and the irradiation hardening was 2.8 times larger than the hardness of unirradiated
V–4Cr–1Ti alloy. The gas impurity increased the irradiation hardening in V–4Cr–xTi alloys.
The Cr addition dependence on irradiation hardening to V–yCr–1Ti was not remarkable.
The effect of interstitial gas impurity for irradiation hardening of V–yCr–Ti showed that
the conventional fabricated alloys had a larger irradiation hardening increase than the
highly purified alloys. The significant irradiation hardening in V–4Cr–1Ti is caused by
the formation of Ti(CON) precipitate from He-ion irradiation. Because the thermal creep
strength of the V–3Ti is highest among all V–Ti system alloys and small precipitates
formed in thermal-creep deformed V–4Cr–4Ti alloys in previous studies, the formation of
Ti(CON) precipitate results from hardening during irradiation. Consequently, to suppress
irradiation hardening and void swelling, the optimum composition of V–Cr–Ti alloys
for structural materials of fusion reactor engineering is proposed to be a highly purified
V–(6–8)Cr–2Ti alloy.
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Abstract: The micro/nanocone structures of noble metals play a critical role as heterogeneous
electrocatalysts that provide excellent activity. We successfully fabricated platinum cones by elec-
trodeposition using non-penetrated porous membranes as templates. This method involved the
preparation of template membranes by the swift-heavy-ion irradiation of commercially available
polycarbonate films and subsequent chemical etching in an aqueous NaOH solution. The surface
diameter, depth, aspect ratio and cone angle of the resulting conical pores were controlled in the
ranges of approximately 70–1500 nm, 0.7–11 µm, 4–12 and 5–13◦, respectively, by varying the etching
conditions, which finally produced size- and shape-controlled platinum cones with nanotips. In
order to demonstrate the electrocatalytic activity, electrochemical measurements were performed for
the ethanol oxidation reaction. The oxidation activity was found to be up to 3.2 times higher for the
platinum cone arrays than for the platinum plate. Ion-track etching combined with electrodeposi-
tion has the potential to be an effective method for the fabrication of micro/nanocones with high
electrocatalytic performance.

Keywords: ion-track etching; electrodeposition; micro/nano-sized metal cones; template synthe-
sis; electrocatalyst

1. Introduction

Micro/nano-sized wire and cone structures of platinum directly integrated with a
conducting substrate have several advantages for electrocatalytic performance [1–3]. First,
the large surface areas accelerate the surface reaction. Second, the open spaces among the
nanostructures lead to efficient mass transfer. Third, the direct contact with the electrolyte
as well as with the substrate makes mixing with a polymer binder unnecessary in electrode
production. The resulting binder-free architecture is expected to maintain a high electric
conductivity and effectively avoid blocking the active sites. Among various nanostructures,
the cone shape enhances the mechanical stability because it has not only a fine tip but also
a large base.

One of the methods to prepare metal micro/nanocones is the deposition of metal in
a template with conically shaped pores; different techniques using electrodeposition or
electroless deposition can be employed. Electroless deposition does not require conducting
substrates; however, the surface must be pretreated with Sn2+, Ag, or Pd via a sensitization
and activation processes [4]. Consequently, these metal ions and atoms are left as contami-
nants on the surface of the cones and thus affect their electrocatalytic performance [5,6] On
the other hand, electrodeposition requires no pretreatment steps and therefore enables the
fabrication of metal-contaminant-free platinum cones.
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The most commonly used templates are anodic porous alumina and track-etched
membranes [7,8]. Our particular interest is focused on track-etched membranes with
nanometer-to-micrometer pores, which are prepared by the swift-heavy-ion irradiation
of polymer films followed by chemical etching. This is because the ion-track technique
offers flexible porous templates with large areas and enables the adjustment of the shape,
size, orientation and density of the pores independently by varying the conditions of the
irradiation and chemical etching.

To date, studies have been conducted on the fabrication of track-etched membranes
with various shapes and configurations. For example, Rauber et al. reported a modified tem-
plate fabrication method for the preparation of 13–44.2-nm-thick platinum wire networks,
which involved ion-irradiation in several steps from different directions [9]. Cylindrical,
conical and double-cone-shaped pores were prepared with diameters of approximately
500–1500 nm by a multi-step etching technique, penetrating through a polyethylene tereph-
thalate (PET) membrane of a 12 µm thickness [10]. In order to make the conically shaped
pores as a template, chemical etching is usually performed with an etchant on one side of
the membrane and a stop solution on the other [11]. For the subsequent electrodeposition
of the desired metal, one side of the track-etched membranes is then sputter-coated with a
thin metal layer to prepare the cathode [11,12]. In this conventional method using penetrat-
ing pores (also called through-holes), the length of the fabricated micro/nanostructures
is always equal to the thickness of the track-etched membranes and is never controlled
in principle. In contrast, a track-etched membrane with non-penetrating pores can be
used for the preparation of cones with a controlled length, thereby enhancing the degree
of freedom in the electrocatalyst’s design and production. Until the present time, gold
cones were fabricated by electroless deposition using a track-etched membrane template
with non-penetrating pores, which had diameters and depths in the range of 1–8 µm and
1–11 µm, respectively [13].

In this study, platinum cones were fabricated by an electrodeposition method using
track-etched membranes with non-penetrating pores. The size and shape of the template
pores were controlled by the etching time and etchant concentration, thereby enabling
the preparation of platinum cones with different base diameters and lengths. Finally, we
demonstrated their higher electrocatalytic activity by the electro-oxidation of ethanol.

2. Experimental

A stack of two polymer films, a polyimide (PI) film (Kapton, DuPont-Toray Co., Ltd.,
Tokyo, Japan) with a thickness of 12 µm on a polycarbonate (PC) film (Panlite, Teijin
Ltd., Tokyo, Japan) of a 50 µm thickness, was irradiated with 40Ar ions at an energy of
150 MeV using the azimuthally varying field (AVF) cyclotron at Takasaki Ion Accelerators
for Advanced Radiation Application (TIARA). Figure 1 depicts the depth profile of the
linear energy transfer (LET) of the 40Ar ion calculated by the Stopping and Range of Ions
in Matter (SRIM) code [14], together with the configuration for the irradiation of the first
12 µm-thick PI and the second 50 µm-thick PC films. The stopping depth was 54 µm from
the front surface, meaning that the impinging ion penetrated through the first PI film
and stopped in the second PC film. Consequently, we employed the present irradiation
configuration. The track etching of the PC film irradiated in this way started from one side,
yielding non-penetrating conical pores. The number of irradiated ions per 1 cm2, namely
the ion fluence, was fixed at 3.0 × 107 and 1.0 × 108 ions/cm2.

Figure 2 shows the preparation procedure, which involved filling the non-penetrating
pores of track-etched membranes with electroplated platinum. After the 40Ar irradiation,
the PC films were etched in 2.0, 4.0 and 6.0 mol/dm3 aqueous NaOH solutions at 60 ◦C.
The etched films were then washed with water and dried at room temperature. The
surface and cross-section of the track-etched membranes were observed by field emission
scanning electron microscopy (FE-SEM) (JSM-6700F, JEOL Ltd., Tokyo, Japan). Before
the observation, a thin gold layer was deposited on the sample surface to improve its
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conductivity. In order to create the fine cross-section of the etched pores, the membranes
were embrittled by exposure to UV light [10].
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For the electrodeposition, the track-etched membrane was physically coated with a
thin platinum layer from its pore-open side; the current and time of the vapor deposition
were 20 mA and 520 s, respectively. This layer reached a thickness of approximately 40 nm
and worked as a cathode for the electrodeposition of the platinum cones in a commercial
platinum electrolyte (PRECIOUSFAB Pt3000, Tanaka Kikinzoku Kogyo K.K., Tokyo, Japan)
at 50 ◦C. The applied voltage was repeatedly pulsed at 1.8 V for 1 s and at 0 V for 2 s;
the repetition number was 200 with a total deposition time of 10 min. After filling the
non-penetrating pores with electroplated platinum from the bottom and reinforcement
with a thick electroplated gold substrate, the track-etched membranes were dissolved
in a 6.0 mol/dm3 aqueous NaOH solution at 60 ◦C, leaving the free-standing platinum
cone array.

The obtained platinum cones were observed by FE-SEM and transmission electron
microscopy (TEM) (JEM-2100F, JEOL Ltd., Tokyo, Japan). The elemental composition was
investigated using an energy-dispersive X-ray (EDX) analyzer (X-Max, HORIBA Ltd., Kyoto,
Japan). The electrochemical measurements were performed using a three-electrode cell at
room temperature. The platinum cones were used directly as the working electrodes. A
platinum foil and Ag/AgCl (KCl sat.) were used as the counter and reference electrodes,
respectively. All of the potentials were converted to the reversible hydrogen electrode (RHE)
scale according to the Nernst equation: E(RHE) = E(Ag/AgCl) + 0.059 × pH + 0.197.
The electrochemically active surface area (ECSA) of the platinum was measured by an
established procedure using cyclic voltammetry (CV) [15]. The potential of the working
electrode was scanned from 0.02 to 1.17 V vs. RHE at a scan rate of 50 mV/s in a N2-
saturated 0.5 mol/dm3 aqueous H2SO4 solution. The coulombic charge corresponding
to the adsorption peak of atomic hydrogen, QPt-H, was estimated by integrating the CV
curve in the hydrogen underpotential deposition region. Assuming a coulombic charge of
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0.21 mC/cm2 for hydrogen adsorption on a smooth polycrystalline platinum surface, we
used the equation ECSA (cm2) = QPt-H/0.21. Subsequently, in order to measure the ethanol
oxidation reaction activity, the CV was performed in a N2-saturated aqueous solution
containing 0.5 mol/dm3 ethanol and 0.5 mol/dm3 H2SO4. The electrode was cycled in the
potential range from 0 to 1.2 V vs. RHE at a scan rate of 20 mV/s.
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Figure 2. (a) Metal cones prepared using the track-etched membranes with penetrating pores as a
template, as was the case in most of the previous studies. The conventional method involves sputter-
coating with a thin metal layer on one side of track-etched membranes in order to prepare the cathode
for electrodeposition. (b) Schematics of the main steps in the fabrication of the platinum cones
based on a combination of ion-track etching and electrodeposition techniques: (i) ion irradiation of a
PC film to obtain non-penetrating tracks; (ii) asymmetric etching to form non-penetrating conical
pores; (iii) vapor deposition of a thin platinum layer from the pore-open side as a cathode; (iv)
electrochemical deposition of platinum from the bottom of the non-penetrating pores, and from the
surface of the track-etched membranes; (v) free-standing platinum cone array after reinforcement
with a thick electroplated gold substrate and the removal of the template.
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3. Results and Discussion

Figure 3 shows the FE-SEM images of the surface and cross-section of the PC mem-
brane etched for 30 min in a 4.0 mol/dm3 aqueous NaOH solution. The membranes were
found to have uniform conical pores. The surface diameter of the pores was roughly esti-
mated to be 540 nm by taking the average of the neighboring 50 pores. On the other hand,
the depth seemed scattered, which may have been because, in the sample preparation for
our cross-sectional SEM observations, the membrane was not necessarily cracked exactly
in the middle of the pore. Thus, we determined the maximum depth at which the resulting
cut plane was assumed to pass through the close vicinity of the conical vertex. Figure 3b
presents the image of the best cut plane for the four pores, where the diameter of the pore
opening was almost the same as the diameter measured on the surface (Figure 3a). Thus,
the tip would have been included. This resulted in a depth of 3.8 µm.
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Figure 3. FE-SEM images of (a) the surface and (b) the cross-section of the PC membrane etched for
30 min in a 4.0 mol/dm3 NaOH solution at 60 ◦C.

On the other side of the membrane, no pores were observed, confirming that the
bombarded ions did not penetrate through the PC film, as calculated by the SRIM code.
A previously proposed method for the fabrication of conically shaped pores that do not
propagate through the entire thickness, that is, non-penetrating conical pores, involves
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the chemical etching of the penetrating tracks only from one side of the irradiated film
and its stopping before the etchant breaks through to the opposite side [13]. In this
method, a compression-sealed two-component cell must be employed to avoid the contact
of another side with the etchant during the one-side etching [16]. However, we obtained
non-penetrating conical pores even without such a dedicated cell and special care for the
etching. This is because the tracks in the PC film did not propagate through its entire
thickness. The immersion of the irradiated films in the etchant resulted in track-etched
membranes with non-penetrating conical pores.

Non-penetrating conical pores were prepared by varying the etching time and etchant
concentration. Figure 4 plots the pore diameter and depth as a function of the etching time
for different concentrations of the NaOH solutions. In Figure 4a, the surface diameter is
observed to be uniform with rather small error bars under all of the etching conditions.
As mentioned above, the maximum depth was taken for at least 20 pores; thus, Figure 4b
plots the depth with no error bars. The diameter and depth of the pores linearly increase
with the etching time; therefore, the slope of the plots corresponding to the growth rate
of the pores was estimated by least-squares regression. At concentrations of 2.0, 4.0 and
6.0 mol/dm3, the pore diameter was enhanced at 16, 26 and 50 nm/min, while the pore
depth increased more significantly at 60, 130 and 660 nm/min, respectively. Consequently,
the pore diameter and depth were controlled by a combination of the etching time and the
NaOH concentration.
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Figure 5 depicts the aspect ratio (AR) [17] and the cone angle, α, [18] of the conical
pores, which are defined as the ratio of the depth to the surface diameter and the angle
between two generatrix lines, respectively. Based on the assumption of a perfect conical
geometry, the α values were calculated by the relationship α = 2tan−1(1/AR). For example,
these were estimated to be 6.8 and 8.4◦, respectively, for the pores shown in Figure 3. For
all of the etching times, we observed their average values change from 4.3 to 12.2 and from
13.3◦ to 4.7◦, respectively, with the increase of the concentration of the aqueous NaOH
solution from 2.0 to 6.0 mol/dm3. This concentration dependence can be rationalized
by considering that the etch rate in the depth direction was more sensitive to the NaOH
concentration than that in the transverse direction, as discussed earlier. More importantly,
the AR and α, as well as the diameter and depth of the conical pores, were controlled by
adjusting the etchant concentration.
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Track-etched membranes with non-penetrating conical pores were used for the fab-
rication of the platinum cones. Figure 6a–c depicts the FE-SEM images of the platinum
cone arrays obtained using the template membranes etched for 30 min in the 2.0, 4.0 and
6.0 mol/dm3 NaOH solutions, respectively. The platinum cones shown in Figure 6b have
base diameters and lengths of 540 nm and 3.7 µm, respectively, both of which agree well
with those of the template shown in Figure 1. The same is the case for the platinum cones
shown in Figure 6a. In contrast, we obtained truncated platinum cones, as shown in
Figure 6c, using the conical pores with the highest aspect ratio as a template. The vapor-
deposited platinum cathode could not reach the bottom of the pores, which is likely because
the platinum atoms and ions sputtered from the target arrived inside the conical pores
from random directions [19,20].
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Figure 6. FE-SEM images of the platinum cones. The cones were electrochemically deposited in the
conical pores prepared in (a) 2.0 (b) 4.0, and (c) 6.0 mol/dm3 aqueous NaOH solutions at 60 ◦C.

Figure 7 depicts the EDX spectrum of the platinum cones. The platinum signals were
observed at 9.42 keV (Lα line), 2.04 keV (Mα + Mβ line) and 1.59 keV (Mξ line). Meanwhile,
the other emission lines were assigned to the non-metal components, likely from the elec-
trolyte solution PRECIOUSFAB Pt3000, e.g., carbon, nitrogen, oxygen, sulfur, and chlorine.
In the electroless deposition method, the other signals of the minor components, such as
Sn and Ag, were observed [4]. The platinum cones without any metal contaminations were
fabricated by a combination of ion-track etching with the electrodeposition technique.
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Figure 7. EDX spectrum of the obtained platinum cones. The arrows indicate the platinum signals
observed at 9.42 keV (Lα line), 2.04 keV (Mα + Mβ line) and 1.59 keV (Mξ line).

The platinum cones were further analyzed using TEM. Figure 8 shows a TEM image
of the tip area of the cones shown in Figure 6b. The radius of curvature of the tip was 13 nm.
The selected-area electron diffraction pattern in the inset of Figure 8 exhibits concentric
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rings composed of bright, discrete diffraction spots that were indexed to the (111), (200),
(220), and (311) crystal planes of fcc platinum, indicating the polycrystalline structure of
the individual cones.
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Figure 8. TEM image of the tip of the platinum cone. The inset shows the selected-area electron
diffraction pattern.

Figure 9a shows the cyclic voltammograms obtained in a 0.5 mol/dm3 aqueous H2SO4
solution. The base diameter, length and areal density of the platinum cones are 550 nm,
2.4 µm and 1.0 × 108/cm2, respectively. In this areal density, nearly half of the cones could
be isolated, while the remaining ones may overlap to form multiple (mainly double) cones
according to the calculation using a Poisson distribution model [21]. For comparison, the
platinum plate with a diameter of 1.5 cm was fabricated by electrodeposition on the PC film
without any etched pores, and its circular portion (0.8 cm in diameter) was measured in the
same way. Both of the samples exhibited a hydrogen adsorption and desorption region at
0.02–0.4 V vs. RHE and a double layer plateau region at 0.4–0.6 V vs. RHE with peaks for
the formation and reduction of surface platinum oxide at 0.6–1.17 V vs. RHE. The ECSA for
the hydrogen adsorption was 1.8 times higher for the cones than for the plate. In a previous
paper [15], the surface area resulting from the double-layer capacitance was estimated
for comparison with the ECSA. This was determined by the non-Faradaic double-layer
charging current around 0.5 V vs. RHE. It was approximately 1.7 times higher for the
platinum cones than for the plate; therefore, the increase in the ECSA could reasonably be
accounted for within the allowable error.

The electrocatalytic performance for ethanol oxidation was demonstrated by CV in
an aqueous solution containing 0.5 mol/dm3 ethanol and 0.5 mol/dm3 H2SO4. The CV
curves of the platinum cones and platinum plate are shown in Figure 9b. The current in the
forward scan exhibited the oxidation of ethanol, whereas in the backward scan, another
oxidation current was observed, which was associated with the oxidation of intermediates
of ethanol dissociative adsorption [22]. The ECSA-normalized current densities (called
specific currents) at 0.7 V vs. RHE were extracted and compared with those of platinum
on carbon (often referred to as Pt/C) and platinum black found in a study by Mao and co-
workers [23]. The platinum cones and plate indicated approximately 0.06 and 0.02 mA/cm2,
respectively, whereas both of the commercial products exhibited 0.06–0.07 mA/cm2. The
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only difference between our measurements and theirs was the ethanol concentration, and
the CV curve was recorded in an aqueous solution containing 2 mol/cm3 ethanol and
0.5 mol/cm3 H2SO4. The twofold higher ethanol concentration would lead to an increase
in the current density because it likely related to a greater amount of electroactive species
in the solution [24]. Therefore, our platinum cones could exhibit the best performance
among these four samples.
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Figure 9. Cyclic voltammograms of the platinum cones and plate (a) in 0.5 mol/dm3 H2SO4 using
a scan rate of 50 mV/s and (b) in 0.5 mol/dm3 ethanol + 0.5 mol/dm3 H2SO4 using a scan rate of
20 mV/s.

It should be emphasized that the current density was 3.2 times higher for the platinum
cones than for the platinum plate. This comparison leads to the assumption that the cone struc-
ture contributes to the improvement of the electrocatalytic activity. The high electrocatalytic
activity may be exhibited by the field-induced reagent concentration [25,26]. In other words,
the polar ethanol molecules are likely to approach the surface of the cone electrode because
the fine tips of the cones produce high local electrical fields. Finally, we demonstrated the
fabrication of platinum cones by ion-track etching and electrodeposition techniques and
found them to be a promising alternative for ethanol oxidation electrocatalysts.
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4. Conclusions

Platinum cones were fabricated by vapor deposition for cathode preparation followed
by electrodeposition to PC track-etched membranes with non-penetrating conically shaped
pores as templates. Conical pores with a surface diameter and depth of approximately
70–1500 nm and 0.7–11 µm, respectively, were obtained by varying the etching time and
etchant concentration, thereby also enabling control of their aspect ratio and cone angle.
The obtained platinum cones were found to be approximately the same size and geometry
as the template pores, and they had a polycrystalline nanotip with no metal contaminants.
In order to demonstrate the electrocatalytic activity, electrochemical measurements were
performed for the ethanol oxidation reaction. The electrocatalytic activity of the platinum
cones with a diameter of 550 nm, a length of 2.4 µm, and an areal density of 1.0 × 108/cm2

was 3.2 times higher than that of the platinum plate. The combination of ion-track etching
and electrodeposition is thus an effective method for the fabrication of micro/nanocones
with high electrocatalytic performance.
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Abstract: In an accelerator-driven system (ADS), the beam window material of the spallation neutron
target is heavily irradiated under severe conditions, in which the radiation damage and corro-
sion co-occur because of high-energy neutron and/or proton irradiation in the lead–bismuth flow.
The materials used in ADSs must be compatible with the liquid metal (lead–bismuth eutectic (LBE))
to prevent issues such as liquid metal embrittlement (LME) and liquid metal corrosion (LMC).
This study considers the LMC behavior after ion irradiation of 316L austenitic steel for self-ion
irradiations followed by the corrosion tests in LBE with critical oxygen concentration. The 316L
samples were irradiated by 10.5 MeV-Fe3+ ions at a temperature of 450 ◦C, up to 50 displacements
per atom (dpa). After the corrosion test performed at 450 ◦C in LBE with low oxygen concentration,
a surface of the nonirradiated area was not oxidized but appeared with locally corrosive morphology,
Ni depletion, whereas an iron/chromium oxide layer fully covered the irradiated area. In the case of
the corrosion surface with high oxygen concentration in LBE, the surface of the nonirradiated area
was covered by an iron oxide layer only, whereas the irradiated area was covered by the duplex layers
comprising iron and iron/chromium oxides. It is suggested that irradiation can enhance the oxide
layer formation because of the enhancement of Fe and/or oxygen diffusion induced by the radiation
defects in 316L steel.

Keywords: accelerator-driven system (ADS); liquid metal corrosion (LMC); lead–bismuth eutectic
(LBE); self-ion irradiation; oxygen concentration in LBE; irradiation effect on corrosion behavior

1. Introduction

Decreasing the risk of spent nuclear fuel elements has become a major concern, espe-
cially in Japan after Fukushima’s first nuclear power plant accident. An accelerator-driven
system (ADS) is an important concept to realize partitioning and transmutation [1] to
reduce the hazards associated with the spent fuel. In an ADS, the beam window, which is
the boundary between a high-energy accelerator for protons in a vacuum and a spallation
target of lead–bismuth eutectic (LBE), is irradiated under severe conditions to sufficiently
transmute the minor actinides in the fuel cladding. The ADS irradiation conditions, which
induce considerable displacement damage with high concentrations of helium (He) and hy-
drogen (H) atoms in the materials, are produced by the high-energy proton and spallation
neutron irradiation. Degradation of the mechanical and corrosion properties after irradi-
ation in the LBE at system temperatures, e.g., from 350 to 550 ◦C, should be maintained
within a permissible range for a good system design [2]. High-fluence neutron irradiation
experiments with up to about 20 and 100 displacements per atom (dpa, the parameter for
indicating the radiation damage level) are the estimated upper limits of the irradiation
damage tolerated by the beam window and cladding materials in ADS [2], respectively;
however, these are practically challenging to execute using an experimental nuclear reactor
because of the required long irradiation time.

An oxygen control for the LBE coolant is critical in ADSs, and the control system
needs to be properly installed in the LBE coolant system. The oxygen concentration of LBE
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must be controlled below the upper concentration of lead oxide (PbO) formation because
PbO results in stuck valves and plugs the narrow flow channels of LBE during long-term
operation. In steel materials, the surface-protective layer of iron and/or chromium oxide
dissolves when the oxygen concentration is low, reducing the metal oxide. The acceptable
oxygen concentration depends on the LBE temperature and ranges from 10−5 to 10−7 wt.%
at 450 ◦C [3]. These upper and lower oxygen concentrations are critical values of the oxygen
concentration boundary and need to be controlled in the system for the LBE in ADS.

The material corrosion behavior in LBE has been studied for approximately two
decades [4,5], and the corrosion kinetics of steels, such as austenitic steels, 316L, and
ferritic/martensitic steels, T91, has been discussed [6–8]. In the case of 316L steels, it
is well-known that Ni, which is one of the main austenite formers, can dissolve in the
LBE, because of the high solubility in LBE. The depleted area of Ni appears to be ferritic
phase [9], followed by the substitutive Pb and/or Bi penetration [10], especially at a higher
temperature of approximately 500 ◦C, under flowing LBE [5] and long-time corrosion test
over 3000 h, even at a relatively low temperature, such as 450 ◦C [11].

The few studies [7,8] that have investigated the effect of neutron irradiation on the
material properties in LBE have been conducted only from the viewpoint of liquid metal
embrittlement (LME); thus, reports concerning liquid metal corrosion (LMC) of irradiated
materials are limited. However, ion irradiation is a powerful technique to simulate ADS
irradiation conditions with accurate temperature control, making it appropriate to inves-
tigate the mechanism of microstructural evolution under irradiation and further select
candidate materials before irradiation by neutrons. Firstly, the formation of oxide layers on
the surface of T91 steel was reported to have improved because of the triple ion irradiation
of Fe, He, and H beams, which simulated the ADS spallation neutron irradiation even after
the corrosion test conducted under the low oxygen concentration in LBE [12]. As per the re-
port, only Fe ion irradiation for T91 specimens proved incongruous to the oxide-formation
enhancement. It was suggested that the vacancy defects, which were effectively induced by
the triple ion irradiations in T91, played a vital role in enhancing the oxide formation. On
the contrary, displacement damage can produce vacancy defects in 316L steels [13]. In this
study, the LMC behavior after irradiation is considered for self-ion irradiations without
simultaneous He and H irradiations, followed by the corrosion tests to study the effect of
single irradiation on the corrosion of 316L steels.

2. Experiments

In an ADS, SS316L (316L) is one of the candidate materials for the in-core structure.
The material composition of 316L steel is shown in Table 1. The 316L steel was solution-
annealed at 1040 ◦C for 10 min and then cooled in water. A specimen with a length of
6.0 mm, width of 3.0 mm, and thickness of 1.0 mm was cut from the bulk sample to
mechanically polish and finish its surface via buffing, using 50 nm alumina nanoparticles
for a mirror finish, thus achieving a final thickness of approximately 0.75 mm. As explained
below, two such specimens were set in the irradiation specimen holder with the same
irradiation condition but different corrosion conditions.

Table 1. Chemical composition of 316L steel (wt.%).

Fe Cr Ni Mo Mn Si P C S

Bal. 17.46 12.11 2.19 0.82 0.51 0.027 0.017 0.001

The 316L specimens were irradiated by 10.5 MeV-Fe3+ ions at a temperature of 450 ◦C
up to about 50 dpa. Ion irradiation experiments were conducted at Takasaki Ion Acceler-
ators for Advanced Radiation Application, Japan’s National Institutes for Quantum and
Radiological Science and Technology (QST). As shown in Figure 1a, two specimens were
held by a 10 mmϕ steel mask, and the irradiation area was covered by an aluminum foil to
create a nonirradiated area on the surface of the same specimen, having almost the same
experimental condition as the temperature history during ion irradiation and also immer-
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sion in LBE. Irradiation experimental conditions were determined using the Stopping and
Range of Ions in Matter (SRIM) code [14]. The displacement damage depth profile is shown
in Figure 1b. The schematic cross-sectional image of the irradiated specimen was also
inserted. Both irradiation and corrosion temperature were controlled at 450 ◦C because
the medium ADS component temperature is around 450 ◦C [2]. An infrared pyrometer
(NIKON) monitored the surface temperature under irradiation and actively controlled it
via electron bombardment heating, Joule heating, and beam heating to achieve the accurate
irradiation temperature. Displacement damage in the corrosion test was determined to
be approximately 4 and 8 dpa at the specimen surface. For example, the specimen was
irradiated up to 8 dpa at its surface and 52 dpa at a depth of 2 µm, as shown in Figure 1b.
In the case of 4 dpa, the depth profile of the displacement damage represented half of the
whole depth. After the ion irradiation, the specimen was immersed at a lower temper-
ature compared with the corrosion test temperature in the LBE pot, keeping the LBE at
the desired oxygen concentration. The specimen was fixed in LBE using a stainless-steel
wire connected to a tungsten weight. The experimental setup and further details of the
corrosion test are provided in [12]. The oxygen concentration in LBE was measured using
a Pt/air type-6YSZ (yttria-stabilized zirconia) oxygen sensor (fabricated by JAEA [15])
and maintained using a covering gas of premixed Ar + 5.0%H2 for a low oxygen con-
centration spanning the order of 10−8–10−9 wt.%, which was around the lower critical
concentration for oxide (Fe3O4 and FeO) formation [3]. The corrosion test time started
when the LBE temperature reached 450 ± 5 ◦C, shown in Figure 2 as an open triangle.
Notably, during the initial 10% of the immersion period, approximately 35 h, high oxygen
concentration in the range of 2.4 × 10−4–2.3 × 10−8 wt.% was employed because of the
opening of the pot to set the specimens into the LBE, as shown in Figure 2a. Consequently,
the incident of this higher oxygen concentration highlighted the irradiation effect for the
ion-irradiated specimen before reaching a low oxygen concentration. Before the corrosion
test’s completion under lower oxygen concentration, an unforeseen leakage of approxi-
mately 6.0 × 10−8 wt.% was observed, but it could be considered insignificant compared
with the oxygen concentration at working conditions. After conducting the corrosion test
at the lower oxygen concentration, another test was conducted under a saturated oxygen
concentration of 3.6 × 10−4 wt.% at 450 ◦C, as shown in Figure 2b. In a previous study [12],
the corrosion time of 1000 h was too long to observe the effect of irradiation on the speci-
men, especially at low oxygen concentration at approximately 10−8 and 10−9 wt.%, when
comparing the radiation damage depth range of about 2 µm to the oxide thickness. Hence,
we chose to operate at a third of the 1000 h, i.e., 330 h. After completing the corrosion
test in 330 h, the LBE on the surface of the specimen was removed using silicone oil at
200 ◦C to melt the LBE into the oil bath. The silicone oil exhibited a high affinity for the
corroded surface, thus penetrating the oxide layer with ease, as partially shown in the
latter energy-dispersive X-ray spectroscopy (EDS) spectra. Removing the silicone oil was
difficult and required care to avoid unexpected distortions of the corrosion behavior. To
identify the oxide layer, X-ray diffraction (XRD; MAC Science, MXP3 with a Cu Kα X-ray
source) was performed after the corrosion test. The surface observation before LBE removal
and the cross-sectional corrosion behavior were assessed using a field-emission scanning
electron microscope (high-resolution FE-SEM; Zeiss, Sigma) at an acceleration voltage of
30 kV. Two types of SEM detector modes of normal secondary electron and AsB (angular
selective backscattering electron, showing material contrast and topographical information)
were used for cross-sectional observation after fixing in electrically conductive resin via
hot pressing, polishing to a mirror surface, and depositing a thin Os coating (thickness of a
few nanometers) to avoid charging up under SEM observations. EDS was also performed
to obtain line analytical data and mapping images of material elements in the specimens
after corrosion.
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3. Results

After the corrosion test at 450 ◦C in LBE with a sufficiently low oxygen concentration,
a surface within the nonirradiated area was left unoxidized, but a locally corrosive mor-
phology was observed; however, an iron/chromium oxide layer covered the irradiated
area. Ion irradiation of 10.5 MeV-Fe3+ up to 8 dpa at the specimen surface was conducted
at 450 ◦C, followed by a corrosion test in LBE at 450 ◦C for 330 h under the low oxygen
concentration (in the range of 10−8–10−9 wt.%, as shown in Figure 2a). Figure 3 shows
typical surface SEM images observed on the boundary area between the nonirradiated
(masked) and irradiated areas after removing LBE. The irradiation displacement damage
was 4 and 8 dpa for the specimen shown in Figure 3a,b, respectively. The boundary lines
between nonirradiated and irradiated areas clearly appeared in both upper images. In
the 4 dpa irradiation, the irradiated surface showed a patchy pattern texture, which is
nonuniform, whereas the covered surface showed a uniform texture in the 8 dpa irradiation.
These surface SEM images were observed before cleaning the LBE with silicone oil. The
lower images are a high-magnification version of both the nonirradiated and irradiated
areas. As shown in the bottom left images of Figure 3a,b, the nonirradiated areas of both
specimens exhibited similar local corrosion, observed as black dots. The area irradiated to
8 dpa became fully covered by the rough texture, as it was in the case of 4 dpa, indicated
as a round shape with white contrast on the upper part of Figure 3a. The white contrast
textures in the Figure 3a upper section comprised the elements of iron, chromium, and
oxygen, as confirmed by EDS measurements (not shown in this report). The uniform
texture in Figure 3b seen in the upper image comprises iron, chromium, nickel, oxygen,
lead, and bismuth. Comparing the surface images among nonirradiated, irradiated, 4 dpa,
and 8 dpa irradiated areas suggested that the irradiation affects the corrosion behavior
of 316L in LBE post-ion irradiation. Figure 4 shows the cross-sectional SEM images of
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nonirradiated and irradiated areas on the surface after a corrosion test conducted at 450 ◦C
for 330 h. These cross-sectional SEM images correspond to the surface SEM images of
identical specimens shown in Figure 3, but the surface LBE was removed using silicone
oil. The upper and lower images denote: (a), (c) nonirradiated area and (b), (d) irradiated
area of 4 and 8 dpa specimens, respectively. The oxygen concentration was low in LBE at
450 ◦C. In the cases of nonirradiated sites for both specimens, local corrosion was observed
on both surfaces as a weak contrast revealed by the AsB detector, which could show the
compositional difference, as indicated in Figure 4a,c. The local corrosion size was estimated
to be approximately 100–300 nm in diameter and about 100–150 nm in depth, measured to
a higher magnification via high-resolution FE-SEM. This local corrosion observed in the
cross-sectional image corresponds to the black dots on the surface, as shown in Figure 3.
The Ni component of steel is considered to have dissolved in the LBE at low oxygen con-
centration because the oxygen concentration is close to or lower than that necessary for a
Fe and/or Cr surface oxide formation. Although the nonirradiated area appeared to have
almost no oxide formation, rather local corrosion, an oxide layer of about 140 nm thickness
was formed on the 4 dpa irradiated area by efficiently reacting with the small amount of
oxygen present within the initial 10% immersion period, as shown in Figure 2a. The oxide
area occupied approximately 70% of the total irradiated area in the case of 4 dpa, and some
other residual areas appeared to onset the ferritization via Ni-depletion. Unfortunately,
the EDS line spectra for all the images in Figure 4 did not exhibit the distinct reduction of
Ni concentration. It is obvious to consider the initial state of ferritization by Ni-depletion,
as depicted in Figure 4. However, in the 8 dpa, fully irradiated areas were covered by an
approximately 230 mm thick oxide layer. The irradiation enhanced the oxide formation
even though the oxygen concentration was relatively low.
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In the case of high oxygen concentration in LBE, the surface of the nonirradiated area
reacted to form an iron oxide layer, whereas the irradiated area developed duplex layers of
iron and iron/chromium oxides as coverings. A corrosion test for the other pieces of the
irradiated specimens was conducted for 330 h in LBE at a saturated oxygen concentration
of 2.4 × 10−4 wt.%. SEM images and EDS line spectra of the nonirradiated and irradiated
areas are shown in Figure 5. The EDS spectra from the resin included Si and O signals from
silicone oil and Fe. In contrast, the other elements of steel came from the residues in the oil
because the acetone cleaning was insufficient to clean the silicone oil of its residues. Even
though both areas were subjected to the same preparation process, the morphologies of the
surface in the two regions were different. The surface of the nonirradiated area was rough
and appeared to have a thin white contrast, whereas that of the irradiated area was coarse
and contained numerous cracks. The EDS line spectra in the regions are also shown in
Figure 5b,c. An oxide layer with a thickness of half a micrometer, observed as a thin white
layer, was formed on the surface of the nonirradiated region. In contrast, a distinct oxide
layer with a thickness of approximately 1 µm, which is twice that in the nonirradiated area,
covered the surface of the irradiated area. The oxygen diffused into the 1 µm depth from
the original surface, which was considered to be approximately the half depth of two dotted
lines, as shown in Figure 5c. The breakage of the oxide layer was caused by polishing in
the irradiated region. XRD analysis revealed that the oxide layers of the nonirradiated and
irradiated areas mainly comprised Fe3O4 (magnetite) and small signals of FeCr2O4 (spinel).
The boundary is not very clear for the irradiated area, but it is somewhat distinguishable,
as shown in Figure 5c, upper SEM image. In the case of 316L steel after immersion in LBE
under a saturated oxygen concentration of 2.4 × 10−4 wt.%, the surface of the irradiated
area was coated with duplex oxide layers, as shown in Figure 5c. For corrosion in LBE with
a sufficiently high oxygen concentration (in the range of 10−4–10−6 wt.%) and/or a long
corrosion time (typically over 1000 h), a duplex oxide layer forms on the steel surface [5,16].
In this duplex, the outer layer is Fe3O4 and the inner layer is FeCr2O4. In this study, the
duplex layer could not be observed in the SEM images of the irradiated area in Figure 4
and the nonirradiated site in Figure 5b because the oxygen concentration was too low and
corrosion time too short for the formation of the duplex layer. Nevertheless, ion irradiation
up to 8 dpa enhanced the oxidation reaction by effectively using the oxygen introduced
into LBE at the beginning of the corrosion test, as shown in Figure 2a, even at a low oxygen
concentration, as shown in Figure 4d. The original surface is assumed to be located between
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the outer and inner layers of the duplex, indicating that the inner layer of the irradiated
region includes radiation damage.
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In 316L steel, after conducting the corrosion test in LBE, a cross-sectional SEM image
captured at a region exposed to ion irradiation showed a thicker oxide layer than the
nonirradiated surface, even at a low oxygen concentration in LBE. The mean thicknesses
of the local corrosion (depletion of Ni) oxide layers in nonirradiated and irradiated areas
are shown in Figure 6. The total thickness of the duplex layer was also measured from
each image in the case of the saturated oxygen concentration. In the case of the low oxygen
concentration of an order of 10−9 wt.%, the irradiation enhances the oxide formation
by a factor of two at maximum, and the irradiation effect on the oxidization increases
with increasing displacement damage up to 8 dpa. In the case of a saturated oxygen
concentration, the irradiation enhances the oxide formation by a factor of two, and the
irradiation is undoubtedly effective in the surface oxidization; however, it appears to
increase the displacement damage up to 8 dpa.
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4. Discussion

The process of inward diffusion of oxygen from the LBE side and outward diffusion of
Fe from the steel matrix mutually governed the oxide formation at the boundary between
the steel surface and LBE. The cold working is a good simulation of the microstructural
evolution under radiation damage in dislocation defects and interstitial atom types of
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defects. In the case of the corrosion behavior exhibited by the cold-worked austenitic
stainless-steels in LBE, the cold working accelerated the formation of the duplex oxide
layer and the ferritization via Ni dissolution [10] at 500–550 ◦C in 1000–3000 h. As shown in
Figure 5c, even at 450 ◦C and in 330 h experimental conditions, Ni dissolution was observed
in the irradiated region and not in the nonirradiated region. As shown in Figure 6, oxide
formation was enhanced via ion irradiation in LBE even at a low oxygen concentration
by the formation of radiation defects. In the nonirradiated region, the oxide layer can
grow in LBE with an oxygen concentration dissolved in LBE under thermal equilibrium.
The thermal equilibrium state is also applicable to the irradiated region because oxidation
reactions occur after ion irradiation. However, the number of Fe atoms diffusing outward
might increase through site changes with vacancies, which might be trapped by impurities
or the strain field induced via ion irradiation, leading to more Fe self-diffusion than that
found under normal thermal activity. The activation energy of Fe self-diffusion in α-Fe is
2.87 eV, in which the vacancy formation energy (Evf) and migration energy (Evm) are 1.61
and 1.3 eV, respectively [17]. The diffusion coefficient (D) is calculated by D = D0exp(−(Evf
+ Evm)/kT, where D0 is 8.0 × 10−5 m2/s, k is 8.62 × 10−5 eV/K, and T is 723 K. The thermal
diffusion length (Ld) is described by Ld = (6Dt)1/2, and Ld of Fe was calculated to be 1.4 nm
for the specimen subjected to the corrosion test performed at 450 ◦C for 330 h. Therefore,
Fe self-diffusion does not affect oxide formation at the specimen surface. However, after
ion irradiation, assuming all vacancies exist even at RT, when Evf = 0, which means the
neighbor of the diffusive atom is a vacancy, D exhibits its maximum value and Ld is 580
µm. The actual Ld is smaller than this maximum value because of the void formation
and residual vacancies trapped by the strain field induced by radiation damage. From an
SRIM calculation shown in Figure 1b, the total number of vacancies was estimated to be
1.5 × 1019 m−2 around 1 µm depth, induced by the displacement damage of 20 dpa, which
is considered average damage through 2 µm depth. This is just the case of Evf = 0, then, Ld
shows a maximum value of 580 µm.

On the contrary, using the void size of 1.3 nm and the density of 3 × 1024 m−3 for 316L
irradiated by 4 MeV-Au ions at 450 ◦C up to about 20 dpa from Reference [13], the number
of vacancies included in the total voids was estimated to be 4.0 × 1017 m−2, assuming
that the one void had 100 vacancies. From these rough estimations, the number ratio of
residual (invisible) vacancies is 0.0267 (4.0 × 1017/1.5 × 1019). Then, a mean free path
(MFP) of vacancy diffusion is approximately 15 µm. This value is reasonable because
recombining with interstitials and/or disappearance into sink sites reduces the MFP to be
several micrometers. However, this might be a limitation of the simulation method that
employed (ex situ) the corrosion test after ion irradiation.

In contrast, oxygen atoms diffuse inward from the surface as interstitial atoms. The
migration energy of an interstitial atom (Eim) is 0.89 eV [14]. Here, D = D0exp(−Eim)/kT,
where D0 is 1.79 × 10−7 m2/s, k is 8.62 × 10−5 eV/K, and T is 723 K. The oxygen diffusion
length (Ld) was calculated to be 910 µm according to Ld = (6Dt)1/2. Therefore, oxygen
can sufficiently diffuse into the material in this corrosion experiment in LBE. Comparing
the EDS line spectra shown in Figure 5b,c, the inward oxygen diffusion lengths of the
nonirradiated and irradiated regions are comparable. However, in the irradiation region,
the oxygen concentration increased about six times more than that of the nonirradiated
case. From these rough estimations, two reasons for the enhanced oxide formation in the
case of ion irradiation in 316L are considered: (1) enhanced Fe diffusion caused by vacancy
diffusion after ion irradiation and (2) enhancement of O interstitial diffusion induced via
radiation damage. This enhances the oxidation reaction between Fe, Cr, and O. Based on
the results of this study, it is suggested that radiation-induced diffusion during irradiation
enhances the oxidation much more than that after irradiation.

5. Conclusions

After ion irradiation of 316L austenitic steel, the LMC behavior was studied for self-ion
irradiations, followed by the corrosion tests in LBE with different oxygen concentrations.
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The 316L specimens were irradiated by 10.5 MeV-Fe3+ ions at a temperature of 450 ◦C,
up to 8 dpa at the surface. After conducting the corrosion test at 450 ◦C in LBE with low
oxygen concentration, a surface of the nonirradiated area was not oxidized, but corrosive
morphology appeared, whereas an iron/chromium oxide layer covered the irradiated area.
In the case of a high oxygen concentration in LBE, the surface of the nonirradiated area
was oxidized to an iron oxide layer, whereas the irradiated area was covered by the duplex
layers of iron and iron/chromium oxides. It is suggested that irradiation can advance the
oxide layer formation because of the enhancement of Fe and/or oxygen diffusion induced
by the radiation defects in the 316L steel.
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Abstract: To understand the degradation behavior of light water reactor (LWR) fuel-cladding tubes
under neutron irradiation, a detailed mechanism of hydrogen pickup related to the point defect
formation (i.e., a-component and c-component dislocation loops) and to the dissolution of precipitates
must be elucidated. In this study, 3.2 MeV Ni3+ ion irradiation was conducted on Zircaloy-2 samples
at room temperature. Thermal desorption spectroscopy is used to evaluate the deuterium desorption
with and without Ni3+ ion irradiation. A conventional transmission electron microscope and a
spherical aberration-corrected high-resolution analytical electron microscope are used to observe
the microstructure. The experimental results indicate that radiation-induced dislocation loops
and hydrides form in Zircaloy-2 and act as major trapping sites at lower (400–600 ◦C) and higher
(700–900 ◦C)-temperature regions, respectively. These results show that the detailed microstructural
changes related to the hydrogen pickup at the defect sinks formed by irradiation are necessary for
the degradation of LWR fuel-cladding tubes during operation.

Keywords: light water reactor; zirconium alloys; nuclear fuel cladding; thermal desorption spec-
troscopy; transmission electron microscopy

1. Introduction

Hydrogen embrittlement of Zircaloy-2 is one of the main factors that limits the life
of fuel rods in light water reactor (LWR) fuel-cladding tubes. Because the hydrogen
centration exceeds the solid solubility of the metal, some hydrogen atoms are precipitated
as hydride, causing hydride embrittlement. To understand how hydrogen pickup during
operation influences the growth acceleration of the fuel rod, the effect of hydrogen on
the neutron irradiation-induced microstructure should be studied. Hydrogen diffusivity
under neuron irradiation is generally controlled by the trapping and de-trapping processes
of hydrogen on the material. A dislocation loop is a radiation-induced defect cluster
formed by the irradiation of neutrons [1,2], electrons [3,4], or charged particles [5–10].
Second-phase particles (SPPs) also form in Zircaloy-2 [11]. The size distribution of the SPPs
and the chemical composition of the cladding tube affect the tube’s corrosion rate inside
boiling water reactors (BWRs) [12–17]. However, these SPPs are unstable during neutron
irradiation and undergo an amorphous transformation resulting in the decomposition
and redistribution of the constituent elements the precipitates into defect sinks [15–17].
Ion irradiation has been used on nuclear materials in multiple studies because, unlike
neutron irradiation, the displacement per atom (dpa) level, irradiation temperature, and
other irradiation conditions can be precisely controlled [5–10].

In this study, 3.2 MeV Ni3+ ion irradiation is applied to Zircaloy-2 samples. The
samples are injected with 5.0–30 keV D2

+ ions to understand the trapping and de-trapping
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process of hydrogen on N3+ ion irradiated Zrycaloy-2. Thermal desorption spectroscopy
(TDS) and conventional transmission electron microscopy (C-TEM) are conducted follow-
ing the irradiation to evaluate the details of retention and desorption of the implanted
deuterium and to identify the responsible traps.

2. Experimental Procedures

The Zircaloy-2 specimens were annealed at 630 ◦C for 2 h and subsequently air-cooled.
Table 1 shows the results of the chemical analyses and the measurements of the hydrogen
impurity levels of these specimens. The samples were irradiated at room temperature with
5.0–30 keV D2

+ ions and 3.2 MeV Ni3+ ions by an ion implanter and a tandem accelerator
at Kyushu University. Figure 1a shows the ion irradiation chamber (with a duo-plasma ion
gun) used for the D2

+ irradiation, and Figure 1b shows the specimen holder used for the
D2

+ and Ni3+ ion irradiation. Figure 2a shows the depth profile of the damage rate, and
Figure 2b shows the concentration of D2

+ ions irradiated at each accelerating voltage. The
damage estimation was obtained from the Stopping and Range of Ions in Matter (SRIM)
calculation [18], for which the threshold energy for displacement was assumed to be 40 eV.
After irradiation at room temperature at a flux of 1.0 × 1018 ions/m2s, the samples were
transferred into the vacuum chamber of the TDS apparatus. After they were evacuated,
the specimens were held at room temperature for a period of time (less than 2 h) and TDS
measurements were conducted. During the heating, with a ramping rate of 1 ◦C/s up to
900 ◦C, the thermal desorption of HD (mass = 3) and D2

+ (mass = 4) were measured using
quadrupole mass spectroscopy. The desorption rate was calibrated by a He standard leak
and corrected the relative ionization efficiency.

Table 1. Chemical composition of the materials used in the present study (wt%).

Sn Fe Cr Ni H
(wtppm) Zr

Zircaloy-2 1.38 0.15 0.09 0.05 46 Bal.
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Figure 3 shows the damage distribution of the 3.2 MeV Ni3+ ions and the impurity
concentration (Ni3+ ions) in the pure Zr following irradiation. The damage estimation was
also obtained by the SRIM calculation. The samples for microscopy were thinned by the
electropolishing method in which the electrolyte was a mixture of 50 mL perchloric acid
and 950 mL acetic acid. During the thinning process, the electrolyte was held at −40 ◦C
and the potential applied was 25 V.
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The microstructure was observed before and after irradiation via C-TEM and using
a spherical aberration (Cs)-corrected high-resolution analytical electron microscope (JEOL
ARM200FC) operated at a voltage of 200 kV in a radiation-controlled area at Kyushu University.

3. Results and Discussions
3.1. Ion Dose and Energy Dependance of Thermal Desorption Behavior

Figure 4 shows the dose dependance of the thermal desorption spectrum after 5.0 keV
D2

+ ion irradiation at room temperature. Figure 4a–c show the cases of unirradiated samples,
samples radiated with 3.0 × 1021 ions/m2, and samples irradiated with 10 × 1021 ions/m2,
respectively. As shown in Figure 4a, the desorption stages of HD (mass = 3) and D2
(mass = 4) were not detected prior to irradiation, but, after the D2

+ ion irradiation, two
major peaks at approximately 600 ◦C (mass = 3) and 800 ◦C (mass = 4) were detected. As
demonstrated, the desorption stages were designated Peak A and Peak B on the lower
temperature side. By increasing the irradiation dose from 3.0 to 10 × 1021 ions/m2, the
total desorption of HD and D2 increased from 1.8 to 5.5 × 1019 ions/m2, and from 2.5 to
6.6 × 1018 ions/m2, respectively. The increasing rate was 3.1 for HD and 3.8 for D2. These
values were nearly consistent with the increasing dose level values, particularly 3.3.
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Figure 5a,b shows the ion energy dependance of the thermal desorption spectrum after
the administration of 5.0 keV D2

+ ions and 30 keV D2
+ ions with a dose of 3.0 × 1021 ions/m2,

respectively. Figure 5b, shows that Peak B became prominent when the ion energy increased
to 30 keV. In this figure, the total desorption of deuterium after 30 keV ion irradiation was
much higher than that of the sample after 5.0 keV. Since the implanted deuterium atoms do
not stay at the same position which is calculated in Figure 2, they diffuse to the thick region
of the sample during irradiation and hydrides are formed. In the case of 5.0 keV irradiation,
more deuterium atoms were released from the specimen surface than at 30 keV. Detailed
estimation of deuterium atom diffusion during irradiation and desorption is needed.
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Figure 6a,b shows the microstructures of these samples. Hydrides were observed in
the specimen’s edge region following irradiation at 5.0 keV (Figure 6a). However, hydride
formation was only detected in the thick region of the C-TEM samples following irradiation
at 30 keV (Figure 6b).
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In our previous study of Zircaloy-2 [19], it was concluded that hydrides formed by
annealing were stable up to 700 ◦C. The cross-sectional view of the sample showed that
large hydrides were formed in the thick region of the samples. However, as Figure 6a shows,
small hydrides formed in the specimen surface region by 5.0 keV D2

+ ions irradiation were
not stable in a higher temperature region (Peak B in Figure 5b). To investigate the thermal
stability of these small hydrides in the surface region of the samples, the TEM samples
was annealed at each temperature for 30 min, and the observation was conducted using a
heating TEM holder. Figure 7 shows the thermal stability of these small hydrides, and they
disappeared around 400 ◦C (in Peak A).
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3.2. Effects of Nickel Ion Irradiation

Figure 8a,b shows the microstructure after Ni3+ ion irradiation at room tempera-
ture. After the irradiation (up to 3.0 dpa), high-density dislocation loops (approximately
4.1 × 1020 m−3) were detected. In the Zr alloys, interstitial-type dislocation loops (a-loops)
and vacancy-type dislocation loops (c-loops) are known to form. Nakamichi et al. inves-
tigated the formation and growth process of a-loops in Zry-2 under electron irradiation
using a high voltage electron irradiation (HVEM) [20]. Estimated migration energy for
interstitial and vacancy were 0.17 eV and 1.0 eV, respectively. These dislocations formed
in this study were identified as a-loops because of vacancy mobility at room temperature.
A-loop formation was already saturated, and the loops were connected. Figure 9a,b shows
the desorption spectrum before and after the 3.2 MeV Ni3+ ion irradiation at room temper-
ature, respectively. A new stage appeared in the position close to Peak A because of the
Ni3+ ion irradiation (up to 3.0 dpa).

3.3. Effects of Dislocations Formed by Cold Work

To determine the effects of the dislocations on the desorption spectrum, TDS ex-
periments were conducted on cold-worked specimens in which dense dislocations were
introduced. Figure 10a–d shows the desorption spectrum for the cold-worked specimens
after irradiation with 5.0 keV D2+ ion to the fluence of 3.0 × 1021 ions/m2 at room tempera-
ture. In Figure 10a,b, the desorption stage A shifted to the lower temperature side when
the level of cold work increased. However, the desorption stage B remained consistent
when the level of cold work increased. Table 2 summarizes the total amounts of HD and
D2. These values became saturated at 5% cold work and did not show any dependance on
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the level of cold work. Table 3 summarizes the desorption temperature range and their
responsible trapping site for deuterium obtained by the present study.
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dose of 3.0 dpa at room temperature.

As was discussed in Section 3.2, Ni3+ ion irradiation at room temperature induced
a-loops into the samples. By increasing the level of cold work, stage A moved to the
lower temperature side. Stage A corresponded to the recovery stage for weak trap sites as
dislocation loops and hydrides formed in the surface region. Tangled dislocations (formed
by cold work) and hydrides (formed in the thick region) contributed to stage B in the
higher-temperature region.

In the Zircaloy-2 samples, a relatively large number (approximately 30 nm) of Zr2(Fe,Ni)
precipitates were formed in the matrix [19]. Small Zr(Fe,Cr)2 precipitates were also found in
the vicinity of the Zr2(Fe,Ni) precipitates. The number density of the Zr(Fe,Cr)2 precipitates
was 2.0 × 1019 m−3 and that of the Zr2(Fe,Ni) precipitates was 3.2 × 1018 m−3. The stability
of these SPPs is necessary at higher dose levels because it is at these levels that the forma-
tion of c-loops and the dissolution of the SPPs are known to occur simultaneously [17,19].
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Among these SPPs, the Zr(Fe,Cr)2 precipitates are unstable during irradiation and undergo
an amorphous transformation resulting in the decomposition and redistribution of other
precipitates into defect sinks [15–17]. In this study, low-dose irradiation was chosen where
phase stability of the SPPs was not essential. The irradiation dose was estimated to be
approximately 18 dpa [21] at a burn-up of 50 GWd/t. This corresponded with the end
of the life of the fuel rods for BWRs. The role of the redistributed precipitates and the
number of c-loops formed at higher dose levels for hydrogen pickup are essential for the
degradation of LWR fuel-cladding tubes during operation.
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Table 2. Total desorption of HD and D2 obtained in cold-worked samples.

Cold Work (%) HD (m−2) D2(m−2)

0 1.8 × 1019 2.5 × 1018

5 4.0 × 1021 1.0 × 1020

10 3.8 × 1021 9.7 × 1019

15 4.2 × 1021 9.5 × 1019

20 4.8 × 1021 9.9 × 1019

25 4.0 × 1021 1.3 × 1020
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Table 3. Desorption temperature range and their responsible trapping site for deuterium.

Stage Temp. (◦C) Type of Trapping

Stage A 400–600 Weak Trap
(dislocation loop, hydrides formed in surface region)

Stage B 700–900 Strong Trap
(tangled dislocation, hydrides formed in thick region)

4. Summary

In this study, the details of retention and desorption of implanted deuterium were
investigated and the responsible traps in irradiated Zircaloy-2 were identified. The thermal
desorption of deuterium was conducted on Ni3+ ion-irradiated samples and cold-worked
samples. The following conclusions have been drawn:

(1) The desorption spectrum shows two major desorption stages (named Peak A and
Peak B) in the temperature ranges of 400–600 ◦C and 700–900 ◦C, respectively.

(2) As the thermal annealing experiments of ion-irradiated samples and cold-worked
samples demonstrated, stage A corresponded to the recovery stage of weak trapping
sites (i.e., the dislocation loops formed by irradiation and the hydrides that formed in
the surface region of the specimens).

(3) Stage B corresponds to the strong trapping sites explained by the tangled dislocations
and hydrides that formed in the thick region of the specimens.
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Abstract: It has been known that the modification of non-metallic solid materials (oxides, nitrides,
etc.), e.g., the formation of tracks, sputtering representing atomic displacement near the surface
and lattice disordering are induced by electronic excitation under high-energy ion impact. We have
investigated lattice disordering by the X-ray diffraction (XRD) of SiO2, ZnO, Fe2O3 and TiN films
and have also measured the sputtering yields of TiN for a comparison of lattice disordering with
sputtering. We find that both the degradation of the XRD intensity per unit ion fluence and the
sputtering yields follow the power-law of the electronic stopping power and that these exponents are
larger than unity. The exponents for the XRD degradation and sputtering are found to be comparable.
These results imply that similar mechanisms are responsible for the lattice disordering and electronic
sputtering. A mechanism of electron–lattice coupling, i.e., the energy transfer from the electronic
system into the lattice, is discussed based on a crude estimation of atomic displacement due to
Coulomb repulsion during the short neutralization time (~fs) in the ionized region. The bandgap
scheme or exciton model is examined.

Keywords: electronic excitation; lattice disordering; sputtering; electron–lattice coupling

1. Introduction

Material modification induced by electronic excitation under high-energy (> 0.1 MeV/u)
ion impact has been observed for many non-metallic solids since the late 1950’s; for example,
the formation of tracks (each track is characterized by a long cylindrical disordered region or
amorphous phase in crystalline solids) in LiF crystal (photographic observation after chemical
etching) by Young [1], in mica (a direct observation using transmission electron microscopy,
TEM, without chemical etching, and often called a latent track) by Silk et al. [2], in SiO2-quartz,
crystalline mica, amorphous P-doped V2O5, etc. (TEM) by Fleischer et al. [3,4], in oxides
(SiO2-quartz, Al2O3, ZrSi2O4, Y3Fe5O12, high-Tc superconducting copper oxides, etc.) (TEM) by
Meftah et al. [5] and Toulemonde et al. [6], in Al2O3 crystal (atomic force microscopy, AFM) by
Ramos et al. [7], in Al2O3 and MgO crystals (TEM and AFM) by Skuratov et al. [8], in Al2O3 crys-
tal (AFM) by Khalfaoui et al. [9], in Al2O3 crystal (high resolution TEM) by O’Connell et al. [10],
in amorphous SiO2 (small angle X-ray scattering (SAXS)) by Kluth et al. [11], in amorphous
SiO2 (TEM) by Benyagoub et al. [12], in polycrystalline Si3N4 (TEM) by Zinkle et al. [13] and by
Vuuren et al. [14], in amorphous Si3.55N4 (TEM) by Kitayama et al. [15], in amorphous SiN0.95:H
and SiO1.85:H (SAXS) by Mota-Santiago et al. [16], in epilayer GaN (TEM) by Kucheyev et al. [17],
in epilayer GaN (AFM) by Mansouri et al. [18], in epilayer GaN and InP (TEM) by Sall et al. [19],
in epilayer GaN (TEM) by Moisy et al. [20], in InN single crystal (TEM) by Kamarou et al. [21], in
SiC crystal (AFM) by Ochedowski et al. [22] and in crystalline mica (AFM) by Alencar et al. [23].
Amorphization has been observed for crystalline SiO2 [5] and the Al2O3 surface at a high ion
fluence (though the XRD peak remains) by Ohkubo et al. [24] and Grygiel et al. [25]. The counter
process, i.e., the recrystallization of the amorphous or disordered regions, has been reported
for SiO2 by Dhar et al. [26], Al2O3 by Rymzhanov [27] and InP, etc., by Williams [28]. Density
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modification, i.e., a lower density in the track core surrounded by a shell with a higher density,
has been observed for Al2O3 [10], amorphous SiO2 [11], Si3N4 [14] and amorphous SiN0.95:H
and SiO1.85:H [16]. Interestingly, an electrically conducting track formation in tetrahedral-
amorphous carbon (sp3 into sp2 bond transformation) has been observed by Gupta et al. [29].
The track radius, hillock height and diameter characterizing the surface morphology modifi-
cation associated with the track are well described in terms of the electronic stopping power
Se (defined as the energy loss due to electronic excitation and ionization per unit path length),
and the velocity effect has been noticed [12]. The threshold of Se for the track formation has
been reported [3,6,8,9,12,13,30] and the data appear to scatter, and it seems that the threshold Se
depends on the observation method of the track [12]. No track formation by monatomic ions
has been observed in AlN [19].

Moreover, electronic sputtering (the erosion of solid materials caused by electronic en-
ergy deposition) has been observed for various compound solids: UO2 by thermal-neutron-
induced 235U fission fragments by Rogers [31,32] and by Nilsson [33], UO2 by energetic ions
by Meins et al. [34], Bouffard et al. [35] and Schlutig [36], H2O ice by Brown et al. [37,38],
Bottiger et al. [39], Baragiola et al. [40], Dartois et al. [41] and Galli et al. [42], frozen gas
films of Xe, CO2 and SF6 [39], those of CO, Ar and N2 by Brown et al. [43], CO2 ice by
Mejia et al. [44], SiO2 by Qui et al. [45], Sugden et. al. [46], Matsunami et al. [47,48], Arnold-
bik et al. [49] and Toulemonde et al. [50,51], MgAl2O4 [48], UF4 ([34], by Griffith et al. [52]
and Toulemonde et al. [53]), LiNbO3 [45], Al2O3 ([45] and by Matsunami et al. [54]), var-
ious oxides by Matsunami et al. (SrTiO3 and SrCeO3 [47,54], CeO2, MgO, TiO2 and
ZnO [54], Y2O3 and ZrO2 [55], Cu2O [56,57], WO3 [58], CuO [59], Fe2O3 [60]), Si3N4 [45],
Si3N4 and AlN by Matsunami et al. [55], Cu3N by Matsunami et al. [56,61], LiF ([50], by
Assmann et al. [62] and Toulemonde et al. [63]), KBr [56], NaCl [63], CaF2 [53] and SiC [56].
The sputtering of frozen Xe films has been observed for low energy electron impact, against
the anticipation of no atomic displacement [39], and the result confirms that the sputtering
is caused by electronic excitation. Mechanisms of electronic excitation leading to atomic
displacement will be discussed in Section 4.

As mentioned above, electronic sputtering has been observed for a variety of non-
metallic materials, indicating that it seems to be a general phenomenon for non-metallic
solids by high-energy ion impact. In many cases, ions with an equilibrium charge have
been employed, which is usually attained by inserting thin foils, such as carbon, metals,
etc., before impact on samples, and sputtered atoms are collected in carbon, metals, etc.,
followed by neutron activation and ion beam analysis to obtain sputtering yields. This
article concerns the equilibrium charge incidence, though charge-state effects for non-
equilibrium charge incidence have been observed and discussed ([23,29,34,49,52,58,62,64]).
The electronic energy deposition or electronic stopping power (Se) at the equilibrium
charge can be calculated using a TRIM or SRIM code by Ziegler et al. [65,66], a CasP code
by Grande et al. [67] and the nuclear stopping power (Sn, defined as the energy loss due
to elastic collisions per unit path length) [65,66]. Characteristic features of the electronic
sputtering by high-energy ions are as follows:

(a). Electronic sputtering yields (YSP) are found to be larger by 10–103 than nuclear
sputtering yields due to elastic collision cascades, which can be estimated assuming
linear dependence on Sn;

(b). YSP super linearly depends on Se and is approximated by the power-law fit: YSP =
(BSPSe)Nsp with 15NSP5 4 for most cases, with BSP being a material dependent constant.

Stoichiometric sputtering has been observed for many materials, whereas a consider-
able deviation from the stoichiometric sputtering has been reported for YBa2Cu3O7 [68],
Gd3Ga5O12 and Y3Fe5O12 [69] and CaF2 and UF4 [53]. Only the heavy element of U [31–36]
and the light element of O [49] have been detected.

Besides track formation and electronic sputtering, lattice disordering (the degradation
of X-ray diffraction (XRD) intensity) with lattice expansion (an increase in the lattice
parameter) by high-energy ions has been observed for the polycrystalline films of SiO2 [70]
and WO3 [58], and lattice disordering with lattice compaction for those of Cu2O [57],
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CuO [59], Fe2O3 [60], Cu3N [61] and Mn-doped ZnO [71]. Only lattice disordering has
been observed for the ultra-thin films of WO3 [72]. It should be noted that a comparison
between high-energy and low-energy ion impact effects is important. Lattice expansion has
been observed for a few keV D ion irradiation on Fe2O3 [73], and this can be understood by
the incorporation of D into non-substitutional sites (incorporation or implantation effect).
Thus, lattice expansion by medium-energy ions (100 keV Ne) on Fe2O3 [60] could be
understood by Ne incorporation and/or interstitial-type defects generated by ion impact,
with a possible stabilization by incorporating Ne in the film, whereas lattice compaction
has been observed for a 100 MeV Xe ion impact on Fe2O3 [60]. It should be noted that
the incorporation of ions in thin films does not take place for high-energy ions, since the
projected range of ions (Rp) is much larger than the film thickness (e.g., Rp of 14 µm for
100 MeV Xe in SiO2), unless the thickness is too large. The lattice expansion due to the
incorporation effect has been observed for a few keV H and D irradiation at a low fluence
on WNOx with x ≈ 0.4, whereas lattice compaction has been observed at a high fluence of
D [74]. Peculiarly, lattice expansion at a low ion fluence and compaction at a high fluence,
as well as disordering, have been reported for medium-energy (100 keV Ne and N) and
high-energy (100 MeV Xe and 90 MeV Ni) ion impact on WNOx [75,76]. One speculation
is that the lattice compaction is due to vacancy-type defects generated by ion impact,
which is to be investigated. Furthermore, a drastic increase in electrical conductivity has
been observed for Cu3N [61], Mn-doped ZnO [71] and WNOx with x ≈ 0.4 [75,76]. The
conductivity increase is ascribed to the increase in the carrier concentration and mobility.

There are a few reports on the Se dependence of the XRD intensity degradation per
unit fluence (YXD) for SiC and KBr [56] and WO3 [72]. YXD is found to follow the power-law
fit: YXD = (BXDSe)N

XD, BXD being a material-dependent constant and the exponent NXD
being comparable with the Nsp of the electronic sputtering. The results imply that similar
mechanisms operate for lattice disordering and electronic sputtering. It is of interest to
compare the Se dependence of lattice disordering with that of electronic sputtering for
materials other than those mentioned above. In this paper, we have measured the lattice
disordering of SiO2, ZnO, Fe2O3 and TiN films, and the sputtering of TiN. The XRD results
are compared with the sputtering. The exciton model is examined and scaling parameters
are explored for representing electronic excitation effects.

2. Materials and Methods

XRD has been measured using Cu-kα radiation. Accuracy of the XRD intensity is
estimated to be approximately 10%, based on the variation of repeated measurements.
Rutherford backscattering (RBS) has been performed with MeV He ions for evaluation of
film thickness and composition. Similarly, accuracy of the RBS is estimated considering the
variation of the repeated measurements. High-energy ion irradiation has been performed
at room temperature and normal incidence. Irradiation of high-energy ion with lower
incident charge than the equilibrium charge without carbon foil is often employed for the
samples of XRD measurement; however, the effect of non-equilibrium charge incidence
does not come into play because the length for attaining the equilibrium charge is much
smaller than the film thickness, as described for each material in Section 3.

SiO2 films have been grown by thermal oxidation of Si(001) at 1300 ◦C for 5 hr. According
to XRD, the films are polycrystalline with diffraction peaks at ~21◦, 22◦, 31◦, 33◦, 36◦ and 69◦,
with very weak peak at 44◦ and 47◦. The peaks at ~21◦, 22◦, 44◦ and 47◦ have been assigned to
(100), (002), (004) and (202) diffraction of hexagonal-tridymite structure [70]. The strong peak at
69◦ is Si(004) and peak at 33◦ is possibly Si(002). Film thickness is ~1.5 µm and the composition
is stoichiometric (O/Si = 2.0 ± 5%) by RBS of 1.8 MeV He. Film density is taken to be the
same as that of amorphous-SiO2 (a-SiO2), since it has been derived to be 2.26 gcm−3 from XRD
results, which is close to that of a-SiO2 (2.2 gcm−3)

Pure ZnO films have been prepared on MgO (001) substrate by using a radio frequency
magnetron sputtering (RFMS) deposition method with ZnO target, and it has been reported
that the dominant growth orientation is (001) and (100) of hexagonal-wurtzite structure
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depending on the substrate temperature of 350 ◦C and 500 ◦C during the film growth,
respectively [71,77,78]. The composition is stoichiometric, i.e., O/Zn = 1.0 ± 0.05, and
film thickness is ~100 nm by He RBS. Here, the density is taken to be 4.2 × 1022 Zn cm−3

(5.67 gcm−3).
Preparation and characterization methods of Fe2O3 films are described in [60]. Briefly,

Fe2O3 films have been prepared by deposition of Fe layers on SiO2-glass and C-plane cut
Al2O3 (C-Al2O3) substrates using a RFMS deposition method with Fe target (99.99%) and
Ar gas, followed by oxidation at 500 ◦C for 2–5 hr in air. According to RBS of 1.4–1.8 MeV
He ions, the composition is stoichiometric (O/Fe = 1.5 ± 0.1) and film thickness used in
this study is ~100 nm. Here, the density of 3.96 × 1022 Fe cm−3 (5.25 gcm−3) is employed.
Diffraction peaks have been observed at ~33◦ and 36◦, and crystalline structure has been
identified as hexagonal Fe2O3 (hematite or α-Fe2O3). These correspond to (104) and (110)
diffraction planes.

TiN films have been prepared on SiO2-glass, C-plane cut Al2O3 (C-Al2O3) and R-plane
cut Al2O3 (R-Al2O3) substrates at 600◦C using a RFMS deposition method with Ti target
(99.5%) and high purity N2 gas. RBS of 1.4–1.8 MeV He ions shows that the composition is
stoichiometric (N/Ti = 1.0 ± 0.05) and that the film thickness used in this study is ~170 nm
(deposition time of 1 hr). Here, the density of 5.25x1022 Ti cm−3 (5.4 gcm−3) is employed.
Diffraction peaks have been observed at 36.6◦, 42.6◦ and ~77◦ on SiO2 glass and C-Al2O3.
Crystalline structure has been identified as a cubic structure and these correspond to (111),
(200) and (222) diffractions [79]. Diffraction intensity of (111) is larger than that of (200)
on SiO2 glass, and diffraction of (111) on C-Al2O3 is very intensive. TiN on R-Al2O3 has
preferential growth orientation of (220) of a cubic structure (diffraction angle at ~61◦).
Sputtered atoms are collected in the carbon foil (100 nm) and the sputtered atoms are
analyzed by RBS to obtain the sputtering yields [54] (carbon collector method).

3. Results and Discussion
3.1. SiO2

The XRD intensity at the diffraction angle of ~22◦ (the most intensive (002) diffrac-
tion of hexagonal-trydimite) normalized to that of as-grown SiO2 films on Si(001) is
shown in Figure 1 as a function of the ion fluence for 90 MeV Ni+10, 100 MeV Xe+14

and 200 MeV Xe+14 ion impact. The XRD intensity of the irradiated sample normalized
to that of the unirradiated sample is proportional to the ion fluence to a certain fluence.
Deviation from the linear dependence for the high fluence could be due to the overlapping
effect. As observed in latent track formation (e.g., [5,6]), electronic excitation effects extend
to a region (approximately cylindrical) with a radius of several nm and a length of the
projected range or film thickness, and thus ions may hit the ion-irradiated part for a high
ion fluence (called the overlapping effect). As described below, the XRD degradation yield
per unit ion fluence (YXD) is reduced at a high fluence, and this could be understood as
thermal annealing and/or a reduction in the disordered regions via ion-induced defects
(recrystallization [26]). The damage cross-sections (AD obtained by RBS-channeling (RBS-C)
technique and TEM [5]) are compared with YXD in Figure 2, and it appears that both agree
well for Se > 10 keV. A discrepancy between AD and YXD is seen for Se < 10 keV, and the
reason for this is not understood. In addition, sputtering yields are often reduced, and this
is unlikely to be explained by the annealing effect. Therefore, the reasons for the sputtering
suppression at a high fluence remain in question. The XRD degradation yields (YXD) per
unit ion fluence are obtained and given in Table 1. The film thickness has been obtained
to be ~1.5 µm, using 1.8 MeV He RBS. The attenuation length (LXA) of Cu-kα (8.0 keV) is
obtained to be 128 µm [80] and the attenuation depth (LXA·sin(22◦/2)) = 24.3 µm. The film
thickness (~1.5 µm) is much smaller than the attenuation depth and thus no correction is
necessary for the XRD intensity. The lattice expansion or increase in the lattice parameter
of 0.5% with an estimated error of 0.2% at 1 × 1012 cm−2 is found to be nearly independent
of the electronic stopping power.
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Figure 1. XRD intensity from (002) diffraction plane at ~22◦ normalized to as-grown films of SiO2

as a function of ion fluence for 90 MeV Ni (•), 100 MeV Xe (o, ∆) and 200 MeV Xe (x) ions. Data of
90 MeV Ni (•) and 100 MeV Xe (∆) are from [70]. Linear fit is indicated by dashed lines. An estimated
error of XRD intensity is 10%.

Figure 2. XRD degradation per unit fluence YXD of polycrystalline SiO2 film (o, present result) and
sputtering yield Ysp (x) of amorphous (or vitreous)-SiO2 (�, x)) and film of SiO2 (N,�, x, ♦, +) as a function
of electronic stopping power (Se). Data (�,N) from (Qiu et al.) [45], (�) from (Sugden et al.) [46], (x) from
(Matsnami et al.) [47,48], (♦) from (Arnoldbik et al.) [49] and (+) from (Toulemonde et al.) [51]. Se is calculated
using SRIM2013, and power-law fits of YXD ((0.0545Se)2.9) and Ysp ((0.62Se)3.0) are indicated by blue and
black dotted lines, respectively. Power-law fit (•) YXD ((0.055Se)3.4, TRIM1997) and Ysp ((0.58Se)3.0, TRIM1985
through SRIM2010) from [47,48,51] are indicated by black and green dashed lines. Damage cross sections
(�) are obtained by RBS-C and (�) by TEM from [5].
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Table 1. XRD data of SiO2 films. Ion, incident energy (E in MeV), XRD intensity degradation (YXD),
appropriate E* (MeV) considering the energy loss in the film and electronic stopping power in keV/nm
(Se*) appropriate for YXD (see text). Se from SRIM2013. The deviation ∆Se* = (Se*/Se(E) − 1) × 100 is
also given.

Ion
Energy YXD E* Se* ∆Se*

(MeV) (10−12 cm2) (MeV) (keV/nm) (%)
58Ni 90 0.066 84.5 7.246 −0.32

136Xe 100 0.27 91.0 11.56 −3.2
136Xe 200 0.475 189 14.22 −1.3

The electronic stopping power (Se*) appropriate for XRD intensity degradation is
calculated using SRIM 2013, using a half-way approximation that the ion loses its energy
for half of the film thickness (~0.75 µm), i.e., Se* = Se(E*) with E* = E(incidence) − Se(E) ×
0.75 µm (Table 1). The correction for the film thickness on Se appears to be a few percent. It is
noticed that the incident charge (Ni+10, Xe+14) differs from the equilibrium charge (+19, +25
and +30 for 90 MeV Ni, 100 MeV Xe and 200 MeV Xe, respectively (Shima et al.) [81], and
+18.2, +23.9 and +29.3 (Schiwietz et al.) [82]), both being in good agreement. Following [64],
the characteristic length (LEQ = 1/(electron loss cross-section times N)) for attaining the
equilibrium charge is estimated to be 8.7, 8.3 and 7.9 nm for 90 MeV Ni+10, 100 MeV
Xe+14 and 200 MeV Xe+14, respectively, from the empirical formula of the single-electron
loss cross-section σ1L (10−16 cm2) of 0.52 (90 MeV Ni+10), 0.55 (100 MeV Xe+14) and 0.57
(200 MeV Xe+14) [83,84], N (2.2 × 1022 Si cm−3) being the density, and (target atomic
number)2/3 dependence being included. Here, σ1L = σ1L(Si) + 2σ1L(O), ionization potential
IP = 321 eV [85,86] with the number of removable electrons Neff = 8 and IP = 343 eV with
Neff = 12 are employed for Ni+10 and Xe+14. LEQ is much smaller than the film thickness
and hence the charge-state effect is insignificant.

The sputtering yields Ysp of SiO2 (normal incidence) are summarized in Table 2 for the
comparison of the Se dependence of the XRD degradation yields YXD. There are various
versions of TRIM/SRIM starting in 1985, and in this occasion, the results used the latest
version of SRIM2013 are compared with those earlier versions. Firstly, the correction on the
stopping power and projected range for carbon foils (20–120 nm), which have been used to
achieve the equilibrium charge incidence, is less than a few %, except for low-energy Cl
ions (several %). Secondly, Se by CasP (version 5.2) differs ~30% from that by SRIM 2013.
Figure 2 shows the Se dependence of the XRD degradation yields YXD and Ysp. Both YXD
and Ysp fit to the power-law of Se, and the exponents of XRD degradation NXD = 2.9 and
Nsp = 3 (sputtering) are almost identical, indicating that the same mechanism is responsible
for lattice disordering and sputtering. Further plotted is the sputtering yields vs. Se
calculated using earlier versions of TRIM/SRIM (TRIM1985 to SRIM2010) [45–49,51], and
the plot using earlier versions give the same exponent (Nsp = 3) with a 6% smaller constant
Bsp in the power-law fit (20% smaller in the sputtering yields). This means that the plot and
discussion using SRIM2013 do not significantly differ from those using the earlier versions
of TRIM/SRIM. One notices that no appreciable difference in sputtering yields is observed
among a-SiO2, films and single-crystal-SiO2 (c-SiO2) [45–48], even though the density of c-
SiO2 is larger by 20% than that of a-SiO2, whereas much smaller yields (by a factor of three)
have been observed for c-SiO2 [51]. The discrepancy remains in question. Sputtering yields
YEC, which are due to elastic collision cascades, is estimated assuming YEC is proportional
to the nuclear stopping power, discarding the variation of the α-factor (order of unity)
depending on the ratio of target mass over ion mass (Sigmund) [87]. The proportional
constant is obtained to be 2.7 nm/keV using the sputtering yields by low-energy ions (Ar
and Kr) (Betz et al.) [88]. YEC is given in Table 2 and it is shown that Ysp/YEC ranges from
44 (5 MeV Cl) to 3450 (210 MeV Au).
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Table 2. Sputtering data of SiO2 (normal incidence). Ion, incident energy (E in MeV), energy (E*
in MeV) corrected for the energy loss in carbon foils (see footnote), electronic stopping power (Se),
nuclear stopping power (Sn), projected range (Rp) and sputtering yield (YSP). Se, Sn and Rp are
calculated using SRIM2013. (Se(E*)/Se(E) − 1), (Sn(E*)/Sn(E) − 1) and (Rp(E*)/Rp(E) − 1) in % are
given in the parentheses after Se(E*), Sn(E*) and Rp(E*), respectively. YSP in the parenthesis is for
SiO2 films. Se(E) by CasP is also listed. YEC is the calculated sputtering yield due to elastic collisions.

Ion
E(E*) Se(E*) Sn(E*) Rp(E*) YSP

Se(CasP) YEC
(MeV) (keV/nm) (keV/nm) (µm) (keV/nm)

Qiu et al. [45]
35Cl 5 (4.6) 2.59

(−4.26)
0.0426
(6.8) 3.0 (−4.6) 5.1 (4.4) 1.87 0.12

35Cl 20 (19.4) 4.15
(−0.35)

0.0134
(2.7) 7.0 (−2.0) 8.77 (8.22) 3.83 0.036

Sugden et al. [46]
35Cl 30 (29.9) 4.24 (−2.4

× 10−3)
9.3 × 10−3

(0.3)
9.5

(−0.25) 11 3.99 0.025

Matsunami et al. [47,48]
58Ni 90 (89) 7.265

(−0.055)
0.0145
(0.84)

18.3
(−0.60) 120 7.66 0.039

136Xe 100 (99) 11.88
(−0.49) 0.091 (1.2) 14.4

(−0.83) 362 14.0 0.246

136Xe 200 (198) 14.37
(−0.19)

0.051
(0.73)

21.9
(−0.51) 404 16.0 0.138

40Ar 60 (60) 4.40 6.5 × 10−3 16.3 32 4.19 0.018
32S 80 (80) 3.49 3.3 × 10−3 23 9.7 3.23 0.0089

Arnoldbik et al. [49]
63Cu 50 (50) 7.17 0.027 11.6 80 7.55 0.073

Toulemonde et al. [51]
197Au 190 (190) 16.9 0.143 20.5 1425 20.9 0.39
197Au 190 (190) 1320
197Au 197 (197) 17.1 0.14 20.9 1110 21.2 0.38
197Au 210 (210) 17.4 0.13 21.7 1230 21.7 0.36

127I 148 (148) 12.9 0.06 20 525 15.3 0.16
58Ni 69 (69) 7.15 0.018 15.5 135 7.75 0.049

Equilibrium charge has been obtained by using carbon foils of 120 nm [45], 25 nm [46], 100 nm [47,48], 20 nm [49]
and 50 nm [51].

In order to obtain the stopping powers (S) for the non-metallic compounds, such as
SiO2, described above, we apply the Bragg’s additive rule, e.g., S(SiO2) = S(Si) + 2S(O) and
S of the constituting elements is calculated using TRIM/SRIM and CasP codes. Before
moving to the discussion of the Bragg’s deviation, the accuracy of S is briefly mentioned. It
is estimated to be 8% (Be through U ions in Ag) near the maximum of S (~0.8 MeV/u) [66],
17% (K to U ions in Au) (Paul) [89]. Besenbacher et al. have reported no difference between
solid and gas phases for 0.5–3 MeV He ion stopping in Ar with an experimental accuracy of
3% [90], and this could be understood by the fact that the binding energy (cohesive energy)
of solid Ar is too small (0.08 eV (Kittel) [91]), compared with the ionization potential (IBethe)
of 188 eV [92], to affect the stopping. On the other hand, Arnau et al. have reported a
large deviation (~50% near the stopping power maximum at ~50 keV) for proton stopping
between solid and gas phases of Zn, and the deviation reduces ~10% at ~1 MeV [93]. The
cohesive energy of 1.35 eV [91] is much smaller than the mean ionization potential IBethe
of 330 eV [92], and hence the small increase in IBethe cannot explain the Bragg’s deviation
of Zn. They have argued that the difference in the 4s into 4p transition probability and
screening effect between solid and gas phases are responsible. Both TRIM/SRIM and CasP
codes are based on the experiments of conveniently available solid targets and molecular
gas (e.g., N2, O2), and thus it is anticipated that the binding effect is included to some or
large extent and that the Bragg’s deviation is not serious for nitrides and oxides, and is
roughly 10% or less at around 1 MeV/u.
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3.2. ZnO

The XRD intensity at a diffraction angle of ~34◦ ((001) diffraction) and 32◦ ((100)
diffraction) normalized to those of unirradiated ZnO films on the MgO substrate is shown
in Figure 3 as a function of the ion fluence for 90 MeV Ni+10, 100 MeV Xe+14 and 200 MeV
Xe+14 ion impact. It appears that the XRD intensity degradation is nearly independent
of the diffraction planes. The XRD intensity degradation per unit fluence YXD is given
in Table 3, together with sputtering yields [54], stopping powers and projected ranges
(SRIM2013). The X-ray (Cu-kα) attenuation length LXA is obtained to be 36.6 µm [80] and
the attenuation depth is 11 and 10 µm for the diffraction angle of ~34◦ and 32◦, respectively;
thus, the X-ray attenuation correction is unnecessary. It appears that the appropriate energy
for the YXD vs. Se plot, E − Se`/2, where ` = a film thickness of ~100 nm, is nearly the
same as E* for sputtering, in which the energy loss of a carbon foil of 100 nm is considered.
Similarly to the case of SiO2, the characteristic length (LEQ) is estimated to be 4.6, 4.4
and 4.2 nm for 90 MeV Ni+10, 100 MeV Xe+14 and 200 MeV Xe+14, respectively, from the
empirical formula of the single-electron loss cross-section σ1L(10−16 cm2) of 0.52 (90 MeV
Ni+10), 0.54 (100 MeV Xe+14) and 0.57 (200 MeV Xe+14) [83,84]. Here, σ1L = σ1L(Zn) + σ1L(O),
and the ionization potential IP and Neff are described in Section 3.1. Again, LEQ is much
smaller than the film thickness and the charge-state effect is insignificant.

Figure 3. XRD intensity normalized to as-deposited films of ZnO as a function of ion fluence for
90 MeV Ni (∆, +), 100 MeV Xe (o, x) and 200 MeV Xe (�) ions. Diffraction planes are (002) at ~34◦

(∆, o, �) and (100) at ~32◦ (+, x). Linear fit is indicated by dashed lines. An estimated error of XRD
intensity is 10%.

Table 3. XRD data of ZnO films. Ion, incident energy (E in MeV), XRD intensity degradation
(YXD), E* = E − ∆E (energy loss in carbon foil of 100 nm) (MeV) and electronic (Se*) and nuclear
(Sn*) stopping powers in keV/nm and projected range Rp* (µm) at E* calculated using SRIM2013.
Sputtering yield Ysp from [54]. Sputtering yield by 100 keV Ne ion is also given.

Ion
Energy YXD E* Se* Sn* Rp*

Ysp
(MeV) (10−14

cm2)
(MeV) (keV/nm) (keV/nm) (µm)

32S 80 80 6.62 0.007 13 1.09
40Ar 60 60 8.3 0.014 9.5 2.08
58Ni 90 0.788 89 13.72 0.031 11 4.0
127I 85 84 18.92 0.205 8.8 7.0

136Xe 100 1.3 99 21.60 0.20 8.8
136Xe 200 1.7 198 27.14 0.112 13 11
20Ne 0.10 0.10 0.29 0.24 0.12 0.9
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Figure 4 shows the XRD intensity degradation YXD vs. electronic stopping power (Se)
(SRIM2013 and TRIM1997) together with the sputtering yields Ysp vs. Se. Both YXD and
Ysp follow the power-law fit and the exponent for YXD using TRIM1997 gives a slightly
larger value than that using SRIM2013. The exponent of lattice disordering is nearly the
same as that of sputtering. The change in the lattice parameter ∆`c appears to scatter, and
roughly −0.2% and −0.1% with an estimated error of 0.1% are obtained for (100) and (002)
diffractions by 100 MeV Xe at 10 × 1012 cm−2, assuming that ∆`c is proportional to the
ion fluence. ∆`c is obtained at −0.3% for (002) diffraction by 200 MeV Xe at 5 × 1012 cm−2,
and no appreciable change in the lattice parameter is observed by 90 MeV Ni ions at
40 × 1012 cm−2; more data are desired.

Figure 4. XRD degradation per unit fluence YXD of polycrystalline ZnO film vs. electronic stopping
power Se (TRIM1997 and SR2013). Power-law fit to YXD = (0.057Se)1.32 (TRIM1997) (o, blue dotted
line) and (0.0585 Se)1.16 (SRIM2013) (+, black dotted line). Sputtering yield Ysp vs. Se (TRIM1997, �)
and Se (SR2013, x) is also shown. Sputtering yield from [54]. Power-law fits to Ysp: (0.175 Se)1.57 for
both Se from TRIM1997 and SR2013 is indicated by green dotted line.

3.3. Fe2O3

The XRD intensity at a diffraction angle of ~33◦ and 36◦ (corresponding to diffraction
planes of (104) and (110)) normalized to those of unirradiated Fe2O3 films on C-Al2O3
and SiO2 glass substrates as a function of the ion fluence is shown in Figure 5 for 90 MeV
Ni+10, 100 MeV Xe+14 and 200 MeV Xe+14 ion impact. It appears that the XRD intensity
degradation is nearly independent of the diffraction planes and substrates. The XRD
intensity degradation per unit fluence YXD is given in Table 4, together with the sputtering
yields [60] and stopping powers (SRIM2013). The X-ray (Cu-kα) attenuation length LXA is
obtained to be 8.8 µm [80] and the attenuation depth is 2.5 and 2.7 µm for the diffraction
angle of ~33◦ and 36◦, respectively, which are much larger the film thickness of ~100 nm
and thus the X-ray attenuation correction is unnecessary. The appropriate energy for the
XRD vs. Se plot, using half-way approximation (E − Se`/2) with the film thickness ` of
~100 nm, again gives nearly the same as E* for sputtering, in which the energy loss of the
carbon foil of 100 nm is taken into account.
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Figure 5. XRD intensity normalized to unirradiated films of Fe2O3 as a function of ion fluence for
90 MeV Ni (�, •, ∇, N), 100 MeV Xe (o, ∆, +, x) and 200 MeV Xe (•, ♦, H,

⋂
) ions. Diffraction peaks

at ~33◦ of Fe2O3 films on C-Al2O3 substrate (� (90 MeV Ni), o (100 MeV Xe), • (200 MeV Xe)), ~36◦

of films on C-Al2O3 (• (90 MeV Ni), + (100 MeV Xe), ♦ (200 MeV Xe)), ~33◦ of films on SiO2 glass
substrate (∇ (90 MeV Ni), ∆ (100 MeV Xe), H (200 MeV Xe)) and ~36◦ of films on SiO2 glass substrate
(N (90 MeV Ni), x (100 MeV Xe),

⋂
(200 MeV Xe)). Data of 100 MeV Xe are from [60]. Linear fit is

indicated by dotted lines. An estimated error of XRD intensity is 10%.

Table 4. XRD data of Fe2O3 films. Ion, energy (E in MeV), XRD intensity degradation (YXD), E* =
E-∆E (energy loss in carbon foil of 100 nm) (MeV) and electronic (Se*) and nuclear (Sn*) stopping
powers in keV/nm and projected range Rp* (µm) calculated using SRIM2013. Sputtering yield Ysp

from [60]. Results by low energy (100 keV Ne) ion are also given.

Ion
Energy YXD E* Se* Sn* Rp*

Ysp
(MeV) (10−12

cm2) (MeV) (keV/nm) (keV/nm) (µm)

58Ni 90 0.12 89 14.28 0.030 9.8 38.3
136Xe 100 0.38 99 23.25 0.19 7.9 57.9
136Xe 200 0.60 198 28.27 0.11 11.7 81.7
20Ne 0.10 0.10 0.354 0.258 0.12 2.3

Similarly to SiO2 and ZnO, the characteristic length (LEQ) is estimated to be 4.5, 4.3
and 4.1 nm for 90 MeV Ni+10, 100 MeV Xe+14 and 200 MeV Xe+14, respectively, from the
empirical formula of the single-electron loss cross-section σ1L(10−16 cm2) of 0.56 (90 MeV
Ni+10), 0.59 (100 MeV Xe+14) and 0.61 (200 MeV Xe+14) [83,84]. Here, σ1L = σ1L(Fe) +
1.5σ1L(O). LEQ is much smaller than the film thickness and the charge-state effect does not
come into play.

Figure 6 shows XRD intensity degradation YXD vs. electronic stopping power (Se)
(SRIM2013 and TRIM1997) together with the sputtering yields Ysp vs. Se. Both YXD and Ysp
follow the power-law fit and the exponent using TRIM1997 gives a slightly larger fit than
those using SRIM2013. The exponent of lattice disordering is two times larger than that
of sputtering (Nsp is exceptionally close to unity, in contrast to the SiO2 and ZnO cases).
The change in the lattice parameter appears to scatter depending on the substrate and
diffraction planes, and is not proportional to the ion fluence. The average of the lattice
parameter change in the (104) and (110) diffractions of Fe2O3 on C-Al2O3 is −0.2, −0.3%
(an estimated error of 0.1%) and nearly zero at ~1 × 1012 cm−2 for 200 MeV Xe, 100 MeV
Xe and 90 MeV Ni ion impact. The dependence of the lattice parameter change on the ion
fluence and Se is complicated, and is to be investigated.
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Figure 6. XRD dgradation per unit fluence YXD of polycrystalline Fe2O3 films (•, o) and sputtering
yield Ysp (N, x) as a function of the electronic stopping power (Se) in keV/nm. Power-law fits are
indicated by dashed lines and Se is calculated using SRIM2013 (•, N) and TRIM1997 (o, x): (•) YXD =
(0.028 Se)2.28 (SRIM2013), (o) YXD = (0.029Se)2.54 (TRIM1997), (N) Ysp = (2.2 Se)1.05 (SRIM2013) and (x)
Ysp = (1.16 Se)1.25 (TRIM1997). Sputtering data and power-law fit to the sputtering yields (TRIM1997)
from [60].

3.4. TiN

The XRD patterns are shown in Figure 7 for unirradiated and irradiated TiN films
on the SiO2 glass substrate. As already mentioned in Section 2, (111) and (200) diffraction
peaks are observed and the XRD intensity decreases due to ion impact. Figure 8 shows
XRD intensities normalized to those of unirradiated TiN films on SiO2 glass, C-Al2O3
and R-Al2O3 substrates as a function of the ion fluence. It is seen that the XRD intensity
degradation is nearly the same for the diffraction planes of (111) and (200) on SiO2, and
for (111) on C-Al2O3. The XRD intensity degradation is less sensitive to the ion impact for
the diffraction plane (220) on the R-Al2O3 substrate (~30% smaller than that for (111) and
(200) on SiO2, and for (111) on C-Al2O3). The XRD intensity degradation per unit fluence
YXD for (111) and (200) diffractions is given in Table 5, together with sputtering yields
and stopping powers (TRIM1997 and SRIM2013). No appreciable change in the lattice
parameter is observed, as shown in Figure 7. Similarly to the SiO2, ZnO and Fe2O3 cases,
the appropriate energy, E − Se`/2, ` = film thickness of ~170 nm is taken into account,
and the energy is close to that for sputtering, in which the energy loss of the carbon foil
of 100 nm is considered. The X-ray (Cu-kα) attenuation length LXA is obtained to be
11.8 µm [80], and the attenuation depth is 3.7, 4.3 and 6.0 µm for diffraction angles of 36.6◦,
~43◦ and 61◦, respectively; thus, the X-ray attenuation correction is insignificant.
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Figure 7. XRD patterns of TiN film on SiO2 glass substrate: unirradiated (•) and irradiated by
100 MeV Xe at 0.72 × 1012 cm−2 (+).

Figure 8. XRD intensity normalized to unirradiated films of TiN as a function of ion fluence for
60 MeV Ar (�, ♦), 90 MeV Ni (H, +, �,

⋂
), 100 MeV Xe (o, x, �) and 200 MeV Xe (N, •) ions.

Diffraction plane (111) at diffraction angle of ~36.6◦ is indicated by �, H, o and N for SiO2 substrate,
(200) at ~43◦ by ♦, +, x and • for SiO2 substrate, (111) by � for C-Al2O3 substrate and (220) at ~61◦

by
⋂

and � for R-Al2O3 substrate. Linear fit is indicated by dotted lines. An estimated error of XRD
intensity is 10%.
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Table 5. XRD data of TiN films. Ion, energy (E in MeV), XRD intensity degradation (YXD) for (111)
and (200) diffraction on SiO2 and C-Al2O3, substrates, YXD for (220) diffraction on R-Al2O3 in the
parenthesis, E* = E − ∆E (energy loss in carbon foil of 100 nm) (MeV) and electronic (Se*) and nuclear
(Sn*) stopping powers in keV/nm and projected range Rp* (µm) calculated using SRIM2013 and
sputtering yield Ysp of Ti. Se* (TRIM1997) is given in parenthesis.

Ion
Energy YXD E* Se* Sn* Rp*

Ysp(Ti)
(MeV) (10−12

cm2) (MeV) (keV/nm) (keV/nm) (µm)

40Ar 60 0.14 60 9.41
(9.33) 0.0135 7.6 51.8

58Ni 90 0.27 (0.2) 89 15.5
(16.5) 0.0305 8.6 147

136Xe 100 0.50
(0.35) 99 26.7

(25.5) 0.19 6.9 380

136Xe 200 0.60 198 30.85
(30.25) 0.11 10 529

The characteristic length (LEQ) is estimated to be 4.5, 4.4, 4.2 and 4.0 nm for 60 MeV
Ar+7, 90 MeV Ni+10, 100 MeV Xe+14 and 200 MeV Xe+14, respectively, from the empirical
formula of the single-electron loss cross-section σ1L(10−16 cm2) of 0.43 (60 MeV Ar+7), 0.44
(90 MeV Ni+10), 0.46 (100 MeV Xe+14) and 0.48 (200 MeV Xe+14) [83,84]. Here, σ1L = σ1L(Ti)
+ σ1L(N), and the ionization potential IP and Neff are (IP = 143 eV and Neff = 1) for Ar+7,
with those described in Section 3.1 for Ni+10 and Xe+14. LEQ is much smaller than the film
thickness, and hence the charge-state effect is insignificant.

It is found that sputtered Ti collected in the carbon foil is proportional to the ion fluence, as
shown in Figure 9 for 60 MeV Ar, 90 MeV Ni, 100 MeV Xe and 200 MeV Xe ions. The sputtering
yield of Ti is obtained using the collection efficiency of 0.34 in the carbon foil collector [47] and the
results are given in Table 5. Sputtered N collected in the carbon foil is obtained to be 0.4× 1014

and 0.44 × 1014 cm−2 with an estimated error of 20% for 200 MeV Xe at 0.22× 1012 cm−2

and 60 MeV Ar at 2.8 × 1012 cm−2, respectively, and this is comparable with the Ti areal
density of 0.4× 1014 cm−2 (200 MeV Xe) and 0.475× 1014 cm−2 (60 MeV Ar). The results imply
stoichiometric sputtering, due to the collection efficiency of N in the carbon foil collector of
0.35 [55], which is close to that of Ti. Thus, the total sputtering yield (Ti + N) is obtained by
doubling Ysp (Ti) in Table 5. The sputtering yields of TiN (YEC) due to elastic collisions can be
estimated assuming that YEC is proportional to the nuclear stopping power. Here, the proportional
constant is obtained to be ~1.6 nm/keV using the experimental yields of 0.527 (0.6 keV Ar) and
0.427 (0.6 keV N) [94] and 0.7 (0.5 keV Cd) [88]. Ysp(TiN)/YEC ranges from 2.5× 103 to 6× 103.
The XRD intensity degradations YXD and Ysp(Ti + N) are plotted as a function of the electronic
stopping power Se in Figure 10. It appears that both fit to the power-law: YXD = (0.0224Se)1.26 and
Ysp = (1.17Se)1.95. The exponents are comparable for XRD intensity degradation and sputtering.
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Figure 9. Areal density of sputtered Ti from TiN on SiO2 substrate collected in carbon foil vs. ion
fluence for 60 MeV Ar (�), 89 MeV Ni (∇), 99 MeV Xe (o) and 198 MeV Xe (∆) ions. An estimated
error of areal density is 20%.

Figure 10. XRD intensity degradation YXD (10−12 cm2) (o, +) and sputtering yields Ysp (Ti + N) (�, x)
vs. electronic stopping power Se (keV/nm). Se is calculated by TRIM1997 (o, �) and by SRIM2013
(+, x). Power-law fits are indicated by dotted lines: YXD = (0.0224Se)1.26 and Ysp = (1.17Se)1.95.

4. Discussion
4.1. Comparison of Lattice Disordering with Sputtering

The electronic stopping power (Se) dependence of lattice disordering YXD, together with
electronic sputtering, is summarized in Table 6, recognizing that most of the data have used
TRIM1997. Results using SRIM2013 and TRIM1997 are compared in Section 3. Both exponents
of the power-law fits are similar for SiO2, ZnO, Fe2O3, TiN and WO3 films, as well as for KBr
and SiC. As mentioned in Section 3, it can be seen that the exponent of the lattice disordering
NXD is comparable with that of sputtering Nsp, except for Fe2O3, in which Nsp is exceptionally
close to unity, as in the case of Cu2O (Nsp = 1.0) [56] and CuO (Nsp = 1.08) [59]. The similarity
of the exponent of lattice disordering and sputtering for SiO2, ZnO, Fe2O3, TiN, WO3, KBr and
SiC imply that both phenomena originate from similar mechanisms, despite the fact that small
displacements and annealing and/or the reduction in disordering via ion-induced defects are
involved in the lattice disordering, whereas large displacements are involved in sputtering. The
result of Fe2O3 indicates that the electronic excitation is more effective for lattice disordering. In
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the case of CuO, NXD is nearly zero [59]. In Table 6, YXD (10−12 cm2) at Se = 10 keV/nm and
YXD/Ysp (×10−15 cm2) are listed. It is found that the ratio YXD/Ysp is an order of 10−15 cm2,
except for ZnO, where the sputtering yields are exceptionally small. More data of lattice
disordering would be desired for further discussion.

Table 6. Summary of electronic stopping power (Se in keV/nm) dependence of lattice disordering
YXD = (BXDSe)NXD for the present results of SiO2, ZnO, Fe2O3 and TiN films, and sputtering yields
Ysp = (BspSe)Nsp of the present result for TiN. Lattice disordering and sputtering yields of WO3 film
from [58,72], those of KBr and SiC from [56] and sputtering yields of SiO2, ZnO and Fe2O3 (see
Section 3). Constant BXD and Bsp and the exponent NXD and Nsp are obtained using TRIM1997 and
those using SRIM2013 are in parentheses. YXD at Se = 10 keV and YXD/Ysp (10−15 cm2) are given.

Sample
BXD

NXD

Bsp
Nsp

YXD YXD/Ysp

(nm/keV) (nm/keV)
(10−12 cm2) (10−15 cm2)

(Se = 10 keV/nm)

SiO2
0.055

(0.0545) 3.4 (2.9) 0.58 (0.62) 3.0 (3.0) 0.13 0.67

ZnO 0.057
(0.0585) 1.32 (1.16) 0.175 1.57 0.476 198

Fe2O3 0.029 (0.028) 2.54 (2.28) 1.16 (2.2) 1.25 (1.05) 0.043 2.0

TiN 0.0224 1.26 1.17 1.95 0.15 1.26

WO3 0.07355 2.65 0.65 3.6 0.44 0.53

KBr 0.127 2.4 0.77 3.0 1.78 3.9

SiC 0.0377 1.97 1.86 1.53 0.15 1.7

4.2. Electron–Lattice Coupling

Three models have been suggested for atomic displacement induced by electronic exci-
tation: Coulomb explosion (CE) [3,4], thermal spike (TS) [50] and exciton model [30,95–97].
The neutralization time of the ionized region along the ion path is generally too short, and the
fraction of the charged sputtered ions is small, e.g., 100 MeV Xe ions on SiO2 glass [48]. Hence,
the CE model is unsound. However, a small atomic separation during the short time might
be enough for electron–lattice coupling (a key for electronic excitation effects), which will be
discussed later. A crude estimation of the evaporation yield for SiO2 based on the TS model
appears to be far smaller than the experimental sputtering yield [55] and thus the TS model
is also unsound. Moreover, the electron–lattice coupling or transfer mechanism of electronic
energy into the lattice is not clear in the model. In the exciton model, the non-radiative decay
of self-trapped excitons (STX, i.e., localized excited-state of electronic system coupled with
lattice) leads to atomic displacement. According to the exciton model (or bandgap scheme),
it is anticipated that the energy of the atoms in motion from the non-radiative decay of STX
is comparable with the bandgap, leading to a larger sputtering yield with a larger bandgap,
discarding the argument for the efficiency of STX generation from the electron–hole pairs,
which is inversely proportional to the bandgap. This bandgap scheme is examined below. The
effective depth contributing to the electronic sputtering of WO3 has been obtained to be 40 nm,
which is nearly independent of Se [98], which would shed light on understanding the electronic
sputtering; therefore, more data are desired.

The electronic sputtering yield Ysp super-linearly depends on the electronic stopping
power (Se), and Ysp at Se = 10 keV/nm is taken to be a representative value, which is plotted
as a function of the bandgap (Eg) in Figure 11 from [56], including the present TiN result. The
optical absorbance (defined as log10(Io/I), Io and I being the incident and transmitted photon
intensities) of TiN films are measured, and the direct bandgap Eg is obtained to be 4.5 eV for
a film thickness of 25–50 nm, which decreases to 2.8 eV for a film thickness of ~180 nm by
using the relation: (absorbance • photon energy)2 is proportional to photon energy—Eg. The
thickness dependence of Eg is under investigation by considering the influence of the reflectivity,
film growth conditions and experimental problems, such as stray light, etc. A large variation
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has been reported for Eg, 4.0 eV (film thickness of 260 nm on Si substrate) (Popovic et al.) [99],
3.4 eV (thickness of ~100 nm on glass substrate) (Solovan et al.) [100] and 2.8–3.2 eV (film
thickness of 460 nm on glass substrate) (Kavitha et al.) [101]. In this study, Eg is taken to be 4 eV
and this choice is tolerable in the following discussion. It has been reported that the bandgap
is reduced by 0.06 eV under a 400 KeV Xe ion implantation at 1016 cm−2 [99]. High-energy
ion impact effects on optical properties are under way. It can be observed that the bandgap
scheme seems to work for Eg > 3 eV [56]. A large deviation (two orders of magnitude) from
the upper limit (dashed line indicated in Figure 11) is observed for ZrO2, MgO, MgAl2O4 and
Al2O3. The existence of STX is known for limited materials, rare gas solids, SiO2 and alkali
halides [30,95,96]. The STX does not exist for MgO and probably does not exist for Al2O3 [102].
The deviation for MgO and Al2O3 could be explained by the non-existence of STX. The numbers
of electron–hole pairs leading to STX are inversely proportional to Eg, which could be a reason
for the dependence of the sputtering yields for Eg < 3 eV. In any case, the single parameter of the
band gap is insufficient for the explanation of the bandgap dependence of the sputtering yields.

Figure 11. Sputtering yield at Se = 10 keV/nm vs. bandgap. Data from [56], TiN (present result) and
LiF data from [62]. Dotted line is a guide for eyes (Eg > 3 eV).

Martin et al. [102] argued that STX exists for materials with small elastic constants.
Following this suggestion, sputtering yields are plotted as a function of the elastic constant
(C11) in Figure 12. Here, C11 (GPa) is taken to be 87 (SiO2), 348 (SrTiO3), 497 (Al2O3), 294
(MgO), 270 (TiO2), 210 (ZnO), 299 (MgAl2O4), 242 (Fe2O3), 35 (KBr) and 114 (LiF) [85], and,
for other materials, 403 (CeO2) [103], 224 (Y2O3) [104], 400 (ZrO2) [105], 13 (WO3) [106],
126 (Cu2O) [107], 135 (CuO) [108], 388 (Si3N4) as an average of the values [109,110], 345
(polycrystalline-AlN) [111], which is smaller by 16% than 410 (AlN single crystal) [112], 234
(Cu3N) [113], 500 (SiC) [114] and 625 (TiN) [115]. It can be observed for oxides (the most
abundant data are available at present) that Ysp decreases exponentially with an increase
in the elastic constant for C11 < 300 GPa, except for MgO and ZrO2. Ysp for nitrides and
SiC is larger than that for oxides at a given C11, and these are to be separately treated. It
can be understood that the elastic constant represent the resistance of lattice deformation
by electronic energy deposition. However, a single parameter, either the bandgap or elastic
constant, is not adequate, and at least one more parameter is necessary. Furthermore,
parameters other than those mentioned above are to be explored. More data for nitrides,
alkali halides and especially carbides are desired.
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Figure 12. Sputtering yield at Se = 10 keV/nm vs. elastic constant. Sputtering yield of TiN (present
result), LiF from [62] and others from [56]. Dotted line is a guide for eyes for the most abundant
available data of oxides (o, •).

Finally, a mechanism for the electron–lattice coupling is discussed. In an ionized region
along the ion path, Coulomb repulsion leads to atomic motion, which is not adequate
to cause sputtering because of its short neutralization time. Nevertheless, displacement
comparable with the lattice vibration amplitude (one tenth of the average atomic separation,
dav of ~0.25 nm for a-SiO2) is highly achievable during the neutralization time. As a first
step, the time required for the Si+–O+ displacement of 0.025 nm (one tenth of dav) from
dav is estimated to be ~15 fs using a formula [116]. Also, the time is estimated to be ~ 15 fs
and ~ 12 fs for the Zn+–O+ displacement of 0.02 nm from dav of 0.2 nm in ZnO and for
the Ti+–N+ displacement of 0.02 nm from dav of 0.2 nm in TiN, respectively. A similar
situation has been reported for the Fe+–O+ displacement of 0.01 nm in Fe2O3 (~7 fs) [60],
the K+–Br+ displacement of 0.01 nm in KBr (~9 fs) and the Si+–C+ displacement of 0.01 nm
in SiC (~6 fs). These suggest a possibility that a small displacement comparable with the
lattice vibration amplitude caused by Coulomb repulsion during the short neutralization
time leads to the generation of a highly excited-state coupled with the lattice (h-ESCL),
and h-ESCL is considered to be equivalent to STX or multi STX. The non-radiative decay
of h-ESCL leads to atomic displacement (a larger displacement results in sputtering and
smaller displacement results in phonon generation or lattice distortion).

5. Conclusions

We have measured the lattice disordering of polycrystalline SiO2, ZnO, Fe2O3 and
TiN films, as well as the sputtering yield of TiN, by high-energy ion impact. It is found
that lattice disordering is caused by electronic excitation and the degradation of the XRD
intensity fits to the power-law on the electronic stopping power. The exponent in the fit of
the XRD degradation is comparable with that of the electronic sputtering yield for these
films, as well as the published results of WO3, KBr and SiC, implying that both lattice
disordering and sputtering originate from similar mechanisms. In the case of Fe2O3, on
the other hand, the exponent of the lattice disordering is larger by twice than that of the
sputtering (the exponent for the sputtering is close to unity). The exciton mechanism
seems to work for Eg > 3 eV, with some exceptions, and the elastic constant is examined
as another scaling parameter for the electronic sputtering yields. A possibility of electron–
lattice coupling is discussed based on a crude estimation that an atomic displacement
comparable with the vibration amplitude due to Coulomb repulsion during the short
neutralization time in the ionized region along the ion path can be attainable and, thus, the
generation of a highly excited state coupled with the lattice is highly achievable, resulting
in atomic displacement.

123



Quantum Beam Sci. 2021, 5, 30

Author Contributions: Conceptualization and writing, N.M.; investigation, M.S., S.O. and B.T. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: One of the authors (N.M.) thanks for utilization of XRD equipments of RIGAKU
ULTIMA IV and RAD IIc at Radioisotope Research Center, Nagoya University and of AN Van de
Graaff accelerator, Nagoya University for Rutherford backscattering spectroscopy (RBS) measurement.
High-energy ion irradiation has been performed using a TANDEM accelerator at Tokai Research
Center, JAEA.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Young, D.A. Etching of Radiation Damage in Lithium Fluoride. Nature 1958, 182, 375–377. [CrossRef] [PubMed]
2. Silk, E.C.H.; Barnes, R.S. Examination of Fission Fragment Tracks with an Electron Microscope. Phil. Mag. 1959, 4, 970–972.

[CrossRef]
3. Fleischer, R.L.; Price, P.B.; Walker, R.M. Ion Explosion Spike Mechanism for Formation of Charged-Particle Tracks in Solids. J.

Appl. Phys. 1965, 36, 3645–3652. [CrossRef]
4. Fleischer, R.L. Tracks to Innovation; Springer: New York, NY, USA, 1998; pp. 1–193.
5. Meftah, A.; Brisard, F.; Costantini, J.M.; Dooryhee, E.; Hage-Ali, M.; Hervieu, M.; Stoquert, J.P.; Studer, F.; Toulemonde, M. Track

formation in SiO2 quartz and the thermal-spike mechanism. Phys. Rev. B 1994, 49, 12457–12463. [CrossRef]
6. Toulemonde, M.; Bouffard, S.; Studer, F. Swift heavy ions in insulating and conducting oxides: Tracks and physical properties.

Nucl. Instr. Meth. B 1994, 91, 108–123. [CrossRef]
7. Ramos, S.M.M.; Bonardi, N.; Canut, B.; Bouffard, S.; Della-Negra, S. Damage creation in α-Al2O3 by MeV fullerene impacts. Nucl.

Instr. Meth. B 1998, 143, 319–332. [CrossRef]
8. Skuratov, V.A.; Zinkle, S.J.; Efimov, A.E.; Havancsak, K. Surface defects in Al2O3 and MgO irradiated with high-energy heavy

ions. Surf. Coat. Technol. 2005, 196, 56–62. [CrossRef]
9. Khalfaoui, N.; Stoquert, J.P.; Haas, F.; Trautmann, C.; Meftah, A.; Toulemonde, M. Damage creation threshold of Al2O3 under

swift heavy ion irradiation. Nucl. Instr. Meth. B 2012, 286, 247–253. [CrossRef]
10. O’Connell, J.H.; Rymzhanov, R.A.; Skuratov, V.A.; Volkov, A.E.; Kirilkin, N.S. Latent tracks and associated strain in Al2O3

irradiated with swift heavy ions. Nucl. Instr. Meth. B 2016, 374, 97–101. [CrossRef]
11. Kluth, P.; Pakarinen, O.H.; Djurabekova, F.; Giulian, R.; Ridgway, M.C.; Byrne, A.P. Nanoscale density fluctuations in swift heavy

ion irradiated amorphous SiO2. J. Appl. Phys. 2011, 110, 123520. [CrossRef]
12. Benyagoub, A.; Toulemonde, M. Ion tracks in amorphous silica. J. Mater. Res. 2015, 30, 1529–1543. [CrossRef]
13. Zinkle, S.J.; Skuratov, V.A.; Hoelzer, D.T. On the conflicting roles of ionizing radiation in ceramics. Nucl. Instr. Meth. B 2002, 191,

758–766. [CrossRef]
14. Van Vuuren, A.J.; Ibrayeva, A.D.; Skuratov, V.A.; Zdorovets, M.V. Analysis of the microstructural evolution of silicon nitride

irradiated with swift Xe ions. Ceram. Int. 2020, 46, 7155–7160. [CrossRef]
15. Kitayama, T.; Morita, Y.; Nakajima, K.; Narumi, K.; Saitoh, Y.; Matsuda, M.; Sataka, M.; Tsujimoto, M.; Isoda, S.;

Toulemonde, M.; et al. Formation of ion tracks in amorphous silicon nitride films with MeV C60 ions. Nucl. Instr. Meth.
B 2015, 356–357, 22–27. [CrossRef]

16. Mota-Santiago, P.; Vazquez, H.; Bierschenk, T.; Kremer, F.; Nadzri, A.; Schauries, D.; Djurabekova, F.; Nordlund, K.; Trautmann, C.;
Mudie, S.; et al. Nanoscale density variations induced by high energy heavy ions in amorphous silicon nitride and silicon dioxide.
Nanotechnology 2018, 29, 144004. [CrossRef]

17. Kucheyev, S.O.; Timmers, H.; Zou, J.; Williams, J.S.; Jagadish, C.; Li, G. Lattice damage produced in GaN by swift heavy ions. J.
Appl. Phys. 2004, 95, 5360–5365. [CrossRef]

18. Mansouri, S.; Marie, P.; Dufour, C.; Nouet, G.; Monnet, I.; Lebius, H.; Benamara, Z.; Al-Douri, Y. Swift heavy ion effects in gallium
nitride. Int. J. Nanoelectron. Mater. 2008, 1, 101–106.

19. Sall, M.; Monnet, I.; Moisy, F.; Grygiel, C.; Grygiel, C.; Jubolt-Leclerc, S.; Della-Negra, S.; Toulemonde, M.; Balanzat, E. Track
formation in III-N semiconductors irradiated by swift heavy ions and fullerene and re-evaluation of the inelastic thermal spike
model. J. Mater Sci. 2015, 50, 5214–5227. [CrossRef]

20. Moisy, F.; Sall, M.; Grygiel, C.; Ribet, A.; Balanzat, E.; Monnet, I. Optical bandgap and stress variations induced by the formation
of latent tracks in GaN under swift heavy ion irradiation. Nucl. Instr. Meth. B 2018, 431, 12–18. [CrossRef]

21. Kamarou, A.; Wesch, W.; Wendler, E.; Undisz, A.; Rettenmayr, M. Swift heavy ion irradiation of InP: Thermal spike modeling of
track formation. Phys. Rev. B 2006, 73, 184107. [CrossRef]

124



Quantum Beam Sci. 2021, 5, 30

22. Ochedowski, O.; Osmani, O.; Schade, M.; Bussmann, B.K.; Ban-d’Etat, B.; Lebius, H.; Schleberger, M. Graphitic nanostripes in
silicon carbide surfaces created by swift heavy ion irradiation. Nat. Commun. 2014, 5, 3913. [CrossRef] [PubMed]

23. Alencar, I.; Silva, M.R.; Leal, R.; Grande, P.L.; Papaleo, R.M. Impact Features Induced by Single Fast Ions of Different Charge-State
on Muscovite Mica. Atoms 2021, 9, 17. [CrossRef]

24. Okubo, N.; Ishikawa, N.; Sataka, M.; Jitsukawa, S. Surface amorphization in Al2O3 induced by swift heavy ion irradiation. Nucl.
Instr. Meth. B 2013, 314, 208–210. [CrossRef]

25. Grygiel, C.; Moisy, F.; Sall, M.; Lebius, H.; Balanzat, E.; Madi, T.; Been, T.; Marie, D.; Monnet, I. In-situ kinetics of modifications
induced by swift heavy ions in Al2O3: Colour center formation, structural modification and amorphization. Acta Mater. 2017, 140,
157–167. [CrossRef]

26. Dhar, S.; Bolse, W.; Lieb, K.-P. Ion-beam induced amorphization and dynamic epitaxial recrystallization in α-quartz. J. Appl. Phys.
1999, 85, 3120–3123. [CrossRef]

27. Rymzhanov, R.A.; Medvedev, N.; O’Connell, J.H.; van Vuuren, A.J.; Skuratov, V.A.; Evolkov, A.E. Recrystallization as the
governing mechanism of ion track formation. Sci. Rep. 2019, 9, 3837. [CrossRef]

28. Williams, J.S. Damage Formation, Amorphization and Crystallization in Semiconductors at Elevated Temperature. Chapter 6. In
Ion Beam Modification of Solids; Wesch, W., Wendler, E., Eds.; Springer: Berlin, Germany, 2016; pp. 243–285.

29. Gupta, S.; Gehrke, H.G.; Krauser, J.; Trautmann, C.; Severin, D.; Bender, M.; Rothard, H.; Hofsass, H. Conducting ion tracks
generated by charge-selected swift heavy ions. Nucl. Instr. B 2016, 381, 76–83. [CrossRef]

30. Itoh, N.; Duffy, D.M.; Khakshouri, S.; Stoneham, A.M. Making tracks: Electronic excitation roles in forming swift heavy ion tracks.
J. Phys. Condens. Matter 2009, 21, 474205. [CrossRef]

31. Rogers, M.D. Mass Transport and Grain Growth induced by Fission Fragments in Thin Films of Uranium Dioxide. J. Nucl. Mater.
1965, 16, 298–305. [CrossRef]

32. Rogers, M.D. Ejection of Uranium Atoms from Sintered UO2. J. Nucl. Mater. 1967, 22, 103–105. [CrossRef]
33. Nilsson, G. Ejection of Uranium Atoms from Sintered UO2 by Fission Fragments in Different Gases and at Different Gas Pressures.

J. Nucl. Mater. 1966, 20, 215–230. [CrossRef]
34. Meins, C.K.; Griffith, J.E.; Qiu, Y.; Mendenhall, M.H.; Seiberling, L.E.; Tombrello, T.A. Sputtering of UF4 by High Energy Heavy

Ions. Rad. Eff. 1983, 71, 13–33. [CrossRef]
35. Bouffard, S.; Duraud, J.P.; Mosbah, M.; Schlutig, S. Angular distribution of the sputtered atoms from UO2 under high electronic

stopping power irradiation. Nucl. Instr. Meth. B 1998, 141, 372–377. [CrossRef]
36. Schlutig, S. Contribution a L’etude de la Pulverisation et de L’endommagement du Dioxyde D’uranuim par les Ions Lourds

Rapides. Ph.D. Thesis, University of Caen, Caen, France, March 2001.
37. Brown, W.L.; Lanzerotti, L.J.; Poate, J.M.; Augustyniak, W.M. “Sputtering” of Ice by MeV Light Ions. Phys. Rev. Lett. 1978, 40,

1027–1030. [CrossRef]
38. Brown, W.L.; Augustyniak, W.M.; Brody, E.; Cooper, B.; Lanzerotti, L.J.; Ramirez, A.; Evatt, R.; Johnson, R.E. Energy Dependence

of the Erosion of H2O Ice Films by H and He Ions. Nucl. Instr. Meth. 1980, 170, 321–325. [CrossRef]
39. Bottiger, J.; Davies, J.A.; L’Ecuyer, J.; Matsunami, N.; Ollerhead, R. Erosion of Frozen-Gas Films by MeV Ions. Rad. Eff. 1980, 49,

119–124. [CrossRef]
40. Baragiora, R.A.; Vidal, R.A.; Svendsen, W.; Schou, J.; Shi, M.; Bahr, D.A.; Atteberrry, C.L. Sputtering of water ice. Nucl. Instr. Meth.

B 2003, 209, 294–303. [CrossRef]
41. Dartois, E.; Auge, B.; Boduch, P.; Brunetto, R.; Chabot, M.; Domaracka, A.; Ding, J.J.; Kamalou, O.; Lv, X.Y.; Rothard, H.; et al.

Heavy ion irradiation of crystalline ice: Cosmic ray amorphisation cross-section and sputtering yield. Astron. Astrophys. 2015,
576, A125. [CrossRef]

42. Galli, A.; Vorburger, A.; Wurz, P.; Tulej, M. Sputtering of water ice films: A re-assessment with singly and doubly charged oxygen
and argon ions, molecular oxygen, and electrons. Icarus 2017, 291, 36–45. [CrossRef]

43. Brown, W.L.; Lanzerotti, L.J.; Marcantonio, K.J.; Johnson, R.E.; Reimann, C.T. Sputtering of Ices by High Energy Particle Impact.
Nucl. Instr. Meth. B 1986, 14, 392–402. [CrossRef]

44. Mejia, C.; Bender, M.; Severin, D.; Trautmann, C.; Boduch, P.H.; Bordalo, V.; Domaracka, A.; Lv, X.Y.; Martinez, R.; Rothard, H.
Radiolysis and sputtering of carbon dioxide ice induced by swift Ti, Ni and Xe ions. Nucl. Instr. Meth. B 2015, 365, 477–481.
[CrossRef]

45. Qiu, Y.; Griffith, J.E.; Meng, W.J.; Tombrello, T.A. Sputtering of Silicon and its Compounds in the Electronic Stopping Region. Rad.
Eff. 1983, 70, 231–236. [CrossRef]

46. Sugden, S.; Sofield, C.J.; Murrell, M.P. Sputtering by MeV ions. Nucl. Instr. Meth. B 1992, 67, 569–573. [CrossRef]
47. Matsunami, N.; Sataka, M.; Iwase, A. Electronic sputtering of oxides by high energy ion impact. Nucl. Instr. Meth. B 2002, 193,

830–834. [CrossRef]
48. Matsunami, N.; Fukuoka, O.; Shimura, T.; Sataka, M.; Okayasu, S. A multi-exciton model for the electronic sputtering of oxides.

Nucl. Instr. Meth. B 2005, 230, 507–511. [CrossRef]
49. Arnoldbik, W.M.; Tomozeiu, N.; Habraken, F.H.P.M. Electronic sputtering of thin SiO2 films by MeV heavy ions. Nucl. Instr. Meth.

B 2003, 203, 151–157. [CrossRef]
50. Toulemonde, M.; Assmann, W.; Trautmann, C.; Gruner, F. Jetlike Component in Sputtering of LiF Induced by Swift Heavy Ions.

Phys. Rev. Lett. 2002, 88, 057602. [CrossRef]

125



Quantum Beam Sci. 2021, 5, 30

51. Toulemonde, M.; Assmann, W.; Trautmann, C. Electronic sputtering of vitreous SiO2: Experimental and modeling results. Nucl.
Instr. Meth B 2016, 379, 2–8. [CrossRef]

52. Griffith, J.E.; Weller, R.A.; Seiberling, L.E.; Tombrello, T.A. Sputtering of Uranium Tetrafluoride in the Electronic Stopping Region.
Rad. Eff. 1980, 51, 223–232. [CrossRef]

53. Toulemonde, M.; Assmann, W.; Muller, D.; Trautmann, C. Electronic sputtering of LiF, CaF2, LaF3 and UF4 with 197 MeV Au
ions: Is the stoichiometry of atom emission preserved? Nucl. Instr. Meth. B 2017, 406, 501–507. [CrossRef]

54. Matsunami, N.; Sataka, M.; Iwase, A.; Okayasu, S. Electronic excitation induced sputtering of insulating and semiconducting
oxides by high energy heavy ions. Nucl. Instr. Meth. B 2003, 209, 288–293. [CrossRef]

55. Matsunami, N.; Sataka, M.; Okayasu, S.; Tazawa, M. Electronic sputtering of nitrides by high-energy ions. Nucl. Instr. B 2007, 256,
333–336. [CrossRef]

56. Matsunami, N.; Okayasu, S.; Sataka, M.; Tsuchiya, B. Electronic sputtering of SiC and KBr by high energy ions. Nucl. Instr. Meth.
B 2020, 478, 80–84. [CrossRef]

57. Matsunami, N.; Sataka, M.; Okayasu, S.; Ishikawa, N.; Tazawa, M.; Kakiuchida, H. High-energy ion irradiation effects on atomic
structures and optical properties of copper oxide and electronic sputtering. Nucl. Instr. Meth. B 2008, 266, 2986–2989. [CrossRef]

58. Matsunami, N.; Sataka, M.; Okayasu, S.; Kakiuchida, H. Ion irradiation effects on tungsten-oxide films and charge state effect on
electronic erosion. Nucl. Instr. Meth. B 2010, 268, 3167–3170. [CrossRef]

59. Matsunami, N.; Sakuma, Y.; Sataka, M.; Okayasu, S.; Kakiuchida, H. Electronic sputtering of CuO films by high-energy ions.
Nucl. Instr. Meth. B 2013, 314, 55–58. [CrossRef]

60. Matsunami, N.; Okayasu, S.; Sataka, M. Electronic excitation effects on Fe2O3 films by high-energy ions. Nucl. Instr. Meth. B 2018,
435, 142–145. [CrossRef]

61. Matsunami, N.; Kakiuchida, H.; Tazawa, M.; Sataka, M.; Sugai, H.; Okayasu, S. Electronic and atomic structure modifications of
copper nitride films by ion impact and phase separation. Nucl. Instr. Meth. B 2009, 267, 2653–2656. [CrossRef]

62. Assmann, W.; d’Etat, B.B.; Bender, M.; Boduch, P.; Grande, P.L.; Lebius, H.; Lelievre, D.; Marmitt, G.G.; Rothard, H.; Seidl, T.; et al.
Charge-state related effects in sputtering of LiF by swift heavy ions. Nucl. Instr. Meth B 2017, 392, 94–101. [CrossRef]

63. Toulemonde, M.; Assmann, W.; Ban-d’Etat, B.; Bender, M.; Bergmaier, A.; Boduch, P.; Della-Negra, S.; Duan, J.; El-Said, A.S.;
Gruner, F.; et al. Sputtering of LiF and other halide crystals in the electronic energy loss regime. Eur. Phys. J. D 2020, 74, 144.
[CrossRef]

64. Matsunami, N.; Sataka, M.; Okayasu, S.; Tsuchiya, B. Charge State Effect of High Energy Ions on Material Modification in the
Electronic Stopping Region. Atoms 2021, 9, 36. [CrossRef]

65. Ziegler, J.F.; Biersack, J.P.; Littmark, U. The Stopping and Range of Ions in Solids; Pergamon Press: New York, NY, USA, 1985; pp.
1–321.

66. Ziegler, J.F.; Ziegler, M.D.; Biersack, J.P. SRIM-The stopping and range of ions in matter (2010). Nucl. Instr. Meth. B 2010, 268,
1818–1823. [CrossRef]

67. Grande, P.L.; Schiwietz, G. Convolution approximation for the energy loss, ionization probability and straggling of fast ions.
Nucl. Instr. Meth. B 2009, 267, 859–865. [CrossRef]

68. Matsunami, N.; Sataka, M.; Iwase, A. Sputtering of high Tc superconductor YBa2Cu3O7-δ by high energy heavy ions. Nucl. Instr.
Meth. B 2001, 175-177, 56–61. [CrossRef]

69. Meftah, A.; Assmann, W.; Khalfaoui, N.; Stoquert, J.P.; Studer, F.; Toulemonde, M.; Trautmann, C.; Voss, K.-O. Electronic sputtering
of Gd3Ga5O12 and Y3Fe5O12 garnets: Yield, stoichiometry and comparison to track formation. Nucl. Instr. Meth. B 2011, 269,
955–958. [CrossRef]

70. Shinde, N.S.; Matsuanmi, N.; Shimura, T.; Sataka, M.; Okayasu, S.; Kato, T.; Tazawa, M. Alignment of grain orientation in
polycrystalline-SiO2 films induced by high-energy heavy ions. Nucl. Instr. Meth. B 2006, 245, 231–234. [CrossRef]

71. Matsunami, N.; Itoh, M.; Kato, M.; Okayasu, S.; Sataka, M.; Kakiuchida, H. Ion induced modifications of Mn-doped ZnO films.
Nucl. Instr. Meht. B 2015, 365, 191–195. [CrossRef]

72. Matsunami, N.; Kato, M.; Sataka, M.; Okayasu, S. Disordering of ultra thin WO3 films by high-energy ions. Nucl. Instr. Meth. B
2017, 409, 272–276. [CrossRef]

73. Matsunami, N.; Sogawa, T.; Sakuma, Y.; Ohno, N.; Tokitani, M.; Masuzaki, S. Deuterium retention in Fe2O3 under low-energy
deuterium-plasma exposure. Phys. Scr. T 2011, 145, 014042. [CrossRef]

74. Matsunami, N.; Ohno, N.; Tokitani, M.; Tsuchiya, B.; Sataka, M.; Okayasu, S. Modifications of WNOx films by keV D and H ions.
Surf. Coat. Technol. 2020, 394, 125798. [CrossRef]

75. Matsunami, N.; Okayasu, S.; Sataka, M.; Tsuchiya, B. Ion irradiation effects on WNxOy thin films. Nucl. Instr. Meth. B 2018, 435,
146–151. [CrossRef]

76. Matsunami, N.; Teramoto, T.; Okayasu, S.; Sataka, M.; Tsuchiya, B. Modifications of WNxOy films by ion impact. Surf. Coat.
Technol. 2018, 355, 84–89. [CrossRef]

77. Matsunami, N.; Itoh, M.; Takai, Y.; Tazawa, M.; Sataka, M. Ion beam modification of ZnO thin films on MgO. Nucl. Instr. Meth. B
2003, 206, 282–286. [CrossRef]

78. Matsunami, N.; Itoh, M.; Kato, M.; Okayasu, S.; Sataka, M.; Kakiuchida, H. Growth of Mn-doped ZnO thin films by rf-sputter
deposition and lattice relaxation by energetic ion impact. Appl. Surf. Sci. 2015, 350, 31–37. [CrossRef]

126



Quantum Beam Sci. 2021, 5, 30

79. Joint Committee on Powder Diffraction Standards (JCPDS). JCPDS File 381420; International Centre for Diffraction Data (ICDD):
Newtown Square, PA, USA.

80. Storm, E.; Israel, H.I. Photon Cross Sections from 1 keV to 100 MeV for Elements Z = 1 to Z = 100. Atom. Data Nucl. Data Tables
1970, 7, 565–681. [CrossRef]

81. Shima, K.; Kuno, N.; Yamanouchi, M.; Tawara, H. Equilibrium Charge Fractions of Ions of Z = 4–92 Emerging from a Carbon Foil.
Atom. Data Nucl. Data Tables 1992, 51, 173–241. [CrossRef]

82. Schiwietz, G.; Grande, P.L. Improved charge-state formulas. Nucl. Instr. Meth B 2001, 175–177, 125–131. [CrossRef]
83. DuBois, R.D.; Santos, A.C.F.; Olson, R.E. Scaling laws for electron loss from ion beams. Nucl. Instr. Meth. A 2005, 544, 497–501.

[CrossRef]
84. DuBois, R.D.; Santos, A.C.F. Target-Scaling Properties for Electron Loss by Fast Heavy Ions (Chapter 8). In Atomic Processes in

Basic and Applied Physics; Shevelko, V., Tawara, H., Eds.; Springer: Berlin, Germany, 2012; pp. 185–209.
85. Lide, D.R. (Ed.) CRC Handbook of Chemistry and Physics, 84th ed.; CRC Press: Boca Raton, FL, USA, 2003.
86. Rodrigues, G.C.; Indelicato, P.; Santos, J.P.; Patte, P.; Parente, F. Systematic calculation of total atomic energies of ground state

configurations. Atom. Data Nucl. Data Tables 2004, 86, 117–233. [CrossRef]
87. Sigmund, P. Sputtering by Ion Bombardment: Theoretical Concepts. Chapter 2. In Sputtering by Particle Bombardment; Behrisch, R.,

Ed.; Springer: Berlin, Germany, 1981; Volume 1, pp. 9–71.
88. Betz, G.; Wehner, G.K. Sputtering of Multicomponent Materials. Chapter 2. In Sputtering by Particle Bombardment; Behrisch, R.,

Ed.; Springer: Berlin, Germany, 1983; Volume 2, pp. 11–90.
89. Paul, H. The Stopping Power of Matter for Positive Ions. Chapter 7. In Modern Practices in Radiation Therapy; Natanasabapathi, G.,

Ed.; InTech: Rijeka, Croatia, 2012; pp. 113–132.
90. Besenbacher, F.; Bottiger, J.; Graversen, O.; Hansen, J.L.; Sorensen, H. Stopping power of solid argon for helium ions. Nucl. Instr.

Meth. 1981, 188, 657–667. [CrossRef]
91. Kittel, C. Introduction to Solid State Physics, 6th ed.; John Wiley & Sons Inc.: New York, NY, USA, 1986; pp. 1–646.
92. ICRU Report 49. Stopping Powers and Ranges for Protons and Alpha Particles; International Commission on Radiation Units and

Measurements: Bethesda, MD, USA, 1993; pp. 1–286.
93. Arnau, A.; Bauer, P.; Kastner, F.; Salin, A.; Ponce, V.H.; Fainstein, P.D.; Echenique, P.M. Phase effect in the energy loss of hydrogen

projectiles in zinc targets. Phys. Rev. B 1994, 49, 6470. [CrossRef]
94. Ranjan, R.; Allain, J.P.; Hendricks, M.R.; Ruzic, D.N. Absolute sputtering yield of Ti/TiN by Ar+/N+ at 400–700 eV. J. Vac. Sci.

Tech. A 2001, 19, 1004–1007. [CrossRef]
95. Itoh, N. Creation of lattice defects by electronic excitation in alkali halides. Adv. Phys. 1982, 31, 491–551. [CrossRef]
96. Itoh, N.; Stoneham, A.M. Materials Modification by Electronic Excitation; Cambridge University Press: Cambridge, UK, 2001; pp. 1–520.
97. Duffy, D.M.; Daraszewicz, S.L.; Mulroue, J. Modeling the effects of electronic excitations in ionic-covalent materials. Nucl. Instr.

Meth. B 2012, 277, 21–27. [CrossRef]
98. Matsunami, N.; Sataka, M.; Okayasu, S. Effective depth of electronic sputtering of WO3 films by high-energy ions. Nucl. Instr.

Meth. B 2019, 460, 185–188. [CrossRef]
99. Popovic, M.; Novakovic, M.; Mitric, M.; Zhang, K.; Rakocevic, Z.; Bibic, N. Xenon implantation effects on the structural and

optical properties of reactively sputtered titanium nitride thin films. Mat. Res. Bull. 2017, 91, 36–41. [CrossRef]
100. Solovan, M.; Brus, V.V.; Maistruk, E.V.; Maryanchuk, P.D. Electrical and Optical Properties of TiN Films. Inorgan. Mat. 2014, 50,

40–45. [CrossRef]
101. Kavitha, A.; Kannan, R.; Reddy, P.S.; Rajashabala, S. The effect of annealing on the structural, optical and electrical properties of

Titanium Nitride (TiN) thin films prepared by DC magnetron sputtering with supported discharge. J. Mat. Sci. Mat. Electron.
2016, 27, 10427–10434. [CrossRef]

102. Martin, P.; Guizard, S.; Daguzan, P.; Petite, G.; D’Oliveira, P.; Meynadier, P.; Perdrix, M. Subpicosecond study of carrier trapping
dynamics in wide-band-gap crystals. Phys. Rev. B 1997, 9, 5799–5810. [CrossRef]

103. Nakajima, A.; Yoshihara, A.; Ishigame, M. Defect-induced Raman spectra in doped CeO2. Phys. Rev. B 1994, 50, 13297–13307.
[CrossRef]

104. Palko, J.W.; Kriven, W.M.; Sinogeikin, S.V.; Bass, J.D.; Sayir, A. Elastic constnts of yttria (Y2O3) monocrystals to high temperatures.
J. Appl. Phys. 2001, 89, 7791–7796. [CrossRef]

105. Kandil, H.M.; Greiner, J.D.; Smith, J.F. Single-Crystal Elastic Constnats of Yttria-Stabilized Ziroconia in the Range 20◦ to 700 ◦C. J.
Am. Ceram. Soc. 1984, 67, 341–346. [CrossRef]

106. Arab, M.; Dirany, N.; David, M. BAW resonator as elastic characterization tools of WO3 thin films. Mater. Today Proc. 2016, 3,
152–156. [CrossRef]

107. Beg, M.M.; Shapiro, S.M. Study of phonon dispersion relations in cuprous oxide by inelastic neutron scattering. Phys. Rev. B 1976,
13, 1728–1734. [CrossRef]

108. Yao, B.; Zhou, X.; Liu, M.; Yu, J.; Cao, J.; Wang, L. First-principles calculations on phase transformation and elastic properties of
CuO under pressure. J. Comp. Electron. 2018, 17, 1450–1456. [CrossRef]

109. Hay, J.C.; Sun, E.Y.; Pharr, G.M.; Becher, P.F.; Alexander, K.B. Elastic Anisotropy of β–Silicon Nitride Whiskers. J. Am. Ceram. Soc.
1998, 81, 2661–2669. [CrossRef]

127



Quantum Beam Sci. 2021, 5, 30

110. Vogelgesang, R.; Grimsditch, M.; Wallace, J.S. The elastic constants of single crystal β–Si3N4. Appl. Phys. Lett. 2000, 76, 982–984.
[CrossRef]

111. Carlotti, G.; Gubbiotti, G.; Hickernell, F.S.; Liaw, H.M.; Socino, G. Comparative study of the elastic properties of polycrystalline
aluminum nitride films on silicon by Brillouin light scattering. Thin Solid Films 1997, 310, 34–38. [CrossRef]

112. McNeil, L.; Grimsditch, M.; French, R.H. Vibrational Spectroscopy of Aluminum Nitride. J. Am. Ceram. Soc. 1993, 76, 1132–1136.
[CrossRef]

113. Hou, Z.F. Effects of Cu, N and Li interaction on the structural stability and electronic structure of cubic Cu3N. Solid State Sci. 2008,
10, 1651–1657. [CrossRef]

114. Kamitani, K.; Grimsditch, M.; Nipko, J.C.; Loong, C.K.; Okada, M.; Kimura, I. The elastic constants of silicon carbide: A
Brillouin-scattering study of 4H and 6H SiC single crystals. J. Appl. Phys. 1997, 82, 3152–3154. [CrossRef]

115. Kim, J.O.; Achenbach, J.D.; Mirkarimi, P.B.; Shinn, M.; Barnett, S.A. Elastic constants of single-crystal transition-metal nitride
films measured by line-focus acoustic microscopy. J. Appl. Phys. 1992, 72, 1805–1811. [CrossRef]

116. Gemmell, D.S. Determining the Stereochemical Structures of Molecular Ions by “Coulomb-Explosion” Techniques with Fast
(MeV) Molecular Ion Beams. Chem. Rev. 1980, 80, 301–311. [CrossRef]

128



Article

Phase Transformation by 100 keV Electron Irradiation in
Partially Stabilized Zirconia

Yasuki Okuno 1,* and Nariaki Okubo 2

����������
�������

Citation: Okuno, Y.; Okubo, N.

Phase Transformation by 100 keV

Electron Irradiation in Partially

Stabilized Zirconia. Quantum Beam

Sci. 2021, 5, 20. https://doi.org/

10.3390/qubs5030020

Academic Editors: Akihiro Iwase and

Rozaliya Barabash

Received: 5 April 2021

Accepted: 11 June 2021

Published: 25 June 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 KINKEN, Tohoku University, 2-1 Katahira, Aoba-ku, Sendai City 980-8577, Miyagi, Japan
2 Japan Atomic Energy Agency, 2-4 Shirakata, Tokai-Mura 319-1195, Ibaraki-Ken, Japan;

okubo.nariaki@jaea.go.jp
* Correspondence: okuno.yasuki@imr.tohoku.ac.jp; Tel.: +81-022-215-2068

Abstract: Partially stabilized zirconia (PSZ) is considered for use as an oxygen-sensor material in
liquid lead-bismuth eutectic (LBE) alloys in the radiation environment of an acceleration-driven
system (ADS). To predict its lifetime for operating in an ADS, the effects of radiation on the PSZ
were clarified in this study. A tetragonal PSZ was irradiated with 100 keV electrons and analyzed by
X-ray diffraction (XRD). The results indicate that the phase transition in the PSZ, from the tetragonal
to the monoclinic phase, was caused after the irradiation. The deposition energy of the lattice and
the deposition energy for the displacement damage of a 100 keV electron in the PSZ are estimated
using the particle and heavy ion transport code system and the non-ionizing energy loss, respectively.
The results suggest that conventional radiation effects, such as stopping power, are not the main
mechanism behind the phase transition. The phase transition is known to be caused by the low-
temperature degradation of the PSZ and is attributed to the shift of oxygen ions to oxygen sites. When
the electron beam is incident to the material, the kinetic energy deposition and excitation-related
processes are caused, and it is suggested to be a factor of the phase transition.

Keywords: phase transition; electron irradiation; partially stabilized zirconia; XRD; radiation simulation

1. Introduction

An acceleration-driven system (ADS) is a powerful tool for effectively transmuting
minor actinides in the double-strata fuel cycle strategy for separation/conversion technol-
ogy [1,2]. As a neutron source and coolant, such systems use a liquid lead–bismuth eutectic
(LBE) alloy as a nuclear spallation target [3]. The LBE alloy is designed to flow through
piping at 2 m/s. It causes erosion and corrosion in the pipes [4,5], which are suppressed by
adjusting the oxygen concentration by about 10−7 wt.% in the LBE alloy [6]. Therefore, an
oxygen sensor is required to control the oxygen concentration in the LBE alloy.

Oxygen sensors based on yttria-stabilized zirconia (YSZ) and a Pt/air electrode are
used worldwide to monitor the oxygen concentration in LBE alloys [7,8]. Such oxygen
sensors must have high fracture toughness because a high load is applied by the flowing
LBE alloy. The fracture toughness of YSZ depends on the yttrium concentration [9]. YSZ
with 3 mol% yttrium is called partially stabilized zirconia (3Y–PSZ).

Under high stress, 3Y–PSZ undergoes a phase transition from a tetragonal (t) phase
to a monoclinic (m) phase [10–12]. Because the m phase contributes to arresting crack
propagation, it has been shown to play an important role in endowing this material with
high fracture toughness. Therefore, if the fracture toughness can be maintained in the ADS
operating environment, the PSZ may become an important material for use in ADS oxygen
sensors.

As the LBE alloy flows through the entire ADS cooling system, it becomes radioactive
through the spallation reaction. The LBE alloy is predicted to expose the oxygen sensor to
a high radiation field of over 1 kGy/h [6], which is expected to lead to radiation damage in
the oxygen-sensor material.
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In a previous study of pure zirconia irradiated with 340 keV Xe and 800 keV Bi ion
beams [13–15], an m-to-t phase transition was observed. The phase transition between m
and t is considered to be caused by the cumulative transfer of energy laid down in the
displacement cascades. On the other hand, the t phase of 3Y-PSZ is a metastable phase and
is related to its strong mechanical properties. However, the t-to-m transition is triggered by
mechanical stress and thermal annealing, and may be affected by the deposition energy of
the radiation because of the metastable state phase.

To use the PSZ device in a radiation environment, the behavior of the PSZ in the
metastable t phase must be investigated. In this study, the effect of PSZ on a 100 keV
electron beam was investigated, using a crystal structure and radiation simulation analysis.

2. Materials and Methods

The PSZ specimens consisted of zirconia doped with 3 mol% yttria (3Y–PSZ, Tsukuba
Ceramic Works) and were cut into 4.0 mm (length) × 10.0 mm (width) × 3.0 mm (depth)
specimens. They were sintered at 1500 ◦C. The top and bottom surfaces were mirror
polished. To remove the phase transition during the shape processing, the PSZ specimens
were processed with a quench heat treatment at 900 ◦C and air cooled.

The specimens were irradiated with a 100 keV electron beam generated by a Cockcroft–
Walton electron accelerator at Osaka Prefecture University (OPU). In order to avoid gener-
ating heat in a small area with the micro-focus beam, the electron beam was defocused to
about 2 cmΦ. The area of irradiation was extended to 6 cm × 10 cm much more than the
surface of the sample by the scanning coil. The required electron fluence was determined
from the number of charges flowing to the ground collected in a Faraday cup and the flux
was 5 × 1012 cm2/s during the irradiation. Before and after irradiation, the specimens
were subjected to X-ray diffraction (XRD), and the crystal structure was analyzed using the
θ−2θ method. The XRD measurements were carried out using Cu Kα radiation.

3. Results

Figure 1 shows the XRD pattern of 3Y-PSZ before and after irradiation with a 100 keV
electron beam. In Figure 1a, the main XRD peaks are assigned to all measurement regions.
This result indicates that the t (111) phase dominates the 3Y-PSZ specimen at approximately
2θ = 30◦, before and after irradiation [16]. The peaks of the m (11 − 1) and (111) phases at
approximately 2θ = 28◦ and 31.5◦ do not appear because the signal intensity is much lower
than that of the t phase. A peak is known to exist in the m (11 − 1) phase.
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In Figure 1b, to focus on the m (11 − 1) peak, the diffraction angle was set between
27◦ and 29◦. The results show that the intensity of the peak monotonically increases after
irradiation, depending on the fluence of 100 keV electrons.

The fraction CM of the m phase to the t phase can be evaluated from the peak areas of
the most intense signals of t (101), m (11 − 1), and t (111), using the following equation [13]:

CM = 0.82× Im(11− 1) + Im(111)
It(101)

× 100% (1)

where Im and It are the peak intensities of m and t, respectively. Figure 2 shows the
fractional content of the m phase as a function of the electron fluence. This result indicates
that the fractional content of m increases as the absorbed dose increases. Therefore, the
phase transformation in 3Y–PSZ is caused by electron irradiation.
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Because the phase transition is detected by XRD, the absorbed dose should be calcu-
lated in the shallow surface region that is probed by XRD. This region was determined by
the X-ray penetration depth. The fraction G(x) of the total diffracted intensity, due to a
surface layer of depth xx, can be expressed using the following [17,18]:

G(x) = 1− exp
(−2µx

sin θ

)
(2)

where µ is the absorption coefficient and −2µx/ sin θ is the effective path length for X-rays
to penetrate to a depth x at a given Bragg angle θ. For the PSZ, the path length of Cu Kα

X-rays incident at θ = 28◦ is approximately 9 µm, as shown in Equation (2), with G(x) = 0.99.
The electrons are known to have a short flight distance in the materials. To investigate
the range of the flight distance, the Monte Carlo calculation for radiation behavior was
conducted, using the particle and heavy ion transport code system (PHITS) [19].

Figure 3 shows the depth distribution of the dose from the surface of the PSZ, in the
case of irradiation with one of the 100 keV electrons. This result indicates that the value of
the dose rate peaks at approximately 5 µm, and continues to 30 µm. Therefore, the flight
range of a 100 keV electron was considered to be longer than the observation range of the
XRD analysis.

When charged particles, e.g., electrons and ions, pass through materials, the radiation
effect is expressed as a loss of energy, due to an interaction called total stopping power
(S). One type of S is collision stopping power (Scol), e.g., electronic stopping power (Se),
nuclear stopping power (Sn), and radiative stopping power (Srad). Sn is the main factor
that causes the displacement and migration of atoms.
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In an effort to describe the fraction of energy that moves into displacements such
as the Sn, due to radiation, the non-ionizing energy loss (NIEL) was developed and is
expressed as follows [20–22]:

NIEL (E) =
NA
A

∫ π

θmin

L[T(θ, E)]T(θ, E)
dσ(θ, E)

dΩ
dΩ (3)

where NA is Avogadro’s number, A is the atomic mass, E is the energy of the incident
particle, θ is the scattering angle, σ is the scattering cross-section, and Ω is the solid angle of
scattering. The equation also requires information regarding the differential cross-section
for atomic displacements (dσ(θ, E)/dΩ), the average recoil energy of the target atoms
(T(θ, E)), and the Lindhard partition factor (L[T(θ, E)]), which partitions the energy into
ionizing and non-ionizing events.

Figure 4 shows the NIEL vs. energy for Zr, Y, and O atoms for electrons. The result
shows that the NIEL value for each element rapidly increases above a certain energy
threshold (Eth). An increase in the NIEL value means that the kinetic energy given by the
electron beam to the atom exceeds the displacement threshold energy (Ed) and causes the
production of a primary knock-on atom (PKA).
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However, the Eth values of Y, Zr, and O are higher than the energy of the incident
electrons by approximately 2200, 1250, and 600 keV, respectively. Therefore, the phase
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transition is considered to be caused by the transfer of kinetic energy lower than the recoil
effect, similar to PKA.

From the calculation result in Figure 3, the deposition energy such as the Se is also
estimated to be 1.9× 10−14 eV when an electron passes the lattice of t-PSZ having a volume
of 137 Å3, which might be much lower than the energy that causes the phase transition.

The phase transition from t to m in the PSZ is also known to be a thermal effect which
is between 150 and 300 ◦C, as shown in Figure 5 [23]. The electron beam that heats the
sample surface is considered to be about 80 mW because the condition of electron beam is a
defocus-beam, rather than a micro-focus beam. The region such as 25 µm from the surface,
which is main energy deposition region indicated from Figure 3, is 11 K/s. The sample
temperature between the electron irradiation was less than 40 ◦C. For the above reasons,
in the irradiation, the sample temperature is lower than the annealing temperature which
causes a phase transition from the t-to-m phase. Therefore, the observed phase transition
caused by the irradiation with 100 keV electrons is not considered to be a radiation effect
such as the Se, the Sn and the thermal effect.
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4. Discussion

The crystal structures of the t and m phases of PSZ are shown in Figure 6 [24]. This
phase transformation is considered to be a martensitic transition. Generally, an athermal
diffusionless martensitic transition occurs quickly, with the motion of the phase boundary
as high as the speed of sound [25]. The overall transition proceeds in two major stages [26].
First, the transition of the lattice structure from tetragonal to monoclinic occurs by the
shearing displacement of zirconium ions. The second stage involves the sliding of oxygen
ions to the oxygen sites in the monoclinic lattice. The displacement of oxygen ions from the
ideal fluorite positions along the c-axis was investigated by X-ray diffraction (XRD) [27].
Therefore, the 100 keV electron is considered to cause the shearing displacement of zirco-
nium ions and the sliding of oxygen ions. In [9], the reported activation energies for the
phase transition are close to 100 kJ/mol (~1 eV), which is similar to the activation energy
for the sliding of oxygen ions to oxygen sites. In order to find the mechanism of the phase
transition, the factor of the sliding of oxygen ions to oxygen sites should be considered.
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One of the factors is the kinetic energy transfer due to the elastic collision between the
electron and target atoms. The kinetic energy of the target atom from the incident electron
is expressed as follows:

Ep =
2Me

MT
· 1
Mec2

(
E + 2Mec2

)
E sin2 θ

2
(4)

where E, θ, c, MT, and Me denote the energy of the incident electron, scattering angle, speed
of light, mass of the target atom, and electron mass, respectively. Therefore, in the case of θ
= 0◦, Ep takes the maximum value (Ep,max), which is represented by the following equation:

Ep, max =
2E
(
E + 2Mec2)

MTc2 (5)

Figure 7 shows the Ep,max for Zr, Y, and O atoms, as a function of the energy of the
incident electron. The result shows that the value of Ep,max for the O atom is 1 eV at
the energy of the 7.2 keV incident electron. This suggests that a 100 keV electron can
cause the migration of oxygen ions to oxygen sites, by elastic scattering, to trigger the
phase transition.
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Another factor to consider are the excitation-related processes [28]. The amorphous-
to-crystalline phase transition via the excitation-related processes is often observed in
amorphous ceramics such as Al2O3, ScPO4 and LaPO4 [29]. The behavior of phase transi-
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tion via excitation-related processes is known to have an approximate relationship with
the Bethe formula [30], which is as the following:

− dE
dx

= 2πe4NA
ρZ
AE

ln
(√

2
E
I

)
(6)

I = 9.76Z +
58.5

Z0.19 , (7)

where e is the elementary charge, NA is the Avogadro number, ρ is the mass density, Z is
the atomic number, A is the atomic weight, E is the electron energy, is the base of natural
logarithm, I is the mean excitation energy, and Z is the mean atomic number.

Figure 8 shows the calculation result of the stopping power for electron in ZrO2 as a
function of the energy of the incident electron. The result indicates that the stopping power
increases with the decreasing incident electron energy. This tendency is in contrast to the
kinetic energy of the elastic collision as shown in Figure 7. The possible factors that cause
the phase transformation are the transfer of kinetic energy or the electronic excitation effect.
In further research, in order to investigate the mechanism of the m→t phase transition
in PSZ, it is important to determine the energy dependence of the phase transformation
by low-energy electron beams. If the phase transformation rate increases with decreasing
incident electron energy, the electronic excitation effect is the main factor. On the other
hand, when the tendency between the energy and the phase transformation rate is opposite,
the influence of kinetic energy application is considered to be large.
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5. Conclusions

It was observed that the monoclinic phase in 3Y-PSZ increased with increasing electron-
beam fluence. The calculation results using PHITS suggested that the energy deposited
by a 100 keV electron to the PSZ lattice was not the main reason for the phase transition.
The NIEL calculation indicated that the atoms in the PSZ only recoiled under electron
irradiation at energies over 0.56 MeV; 100 keV electrons cannot cause displacement damage.

However, the kinetic energy or the excitation-related processes from incident electrons
in the PSZ might be higher than the energy needed to shift oxygen ions to oxygen sites,
and is suggested to be the cause of the phase transition.
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Abstract: Amorphizable ceramics (LiNbO3, ZrSiO4, and Gd3Ga5O12) were irradiated with 200 MeV
Au ions at an oblique incidence angle, and the as-irradiated samples were observed by transmission
electron microscopy (TEM). Ion tracks in amorphizable ceramics are confirmed to be homogenous
along the ion paths. Magnified TEM images show the formation of bell-shaped hillocks. The ion
track diameter and hillock diameter are similar for all the amorphizable ceramics, while there is a
tendency for the hillocks to be slightly bigger than the ion tracks. For SrTiO3 (STO) and 0.5 wt%
niobium-doped STO (Nb-STO), whose hillock formation has not been fully explored, 200 MeV Au ion
irradiation and TEM observation were also performed. The ion track diameters in these materials are
found to be markedly smaller than the hillock diameters. The ion tracks in these materials exhibit
inhomogeneity, which is similar to that reported for non-amorphizable ceramics. On the other hand,
the hillocks appear to be amorphous, and the amorphous feature is in contrast to the crystalline feature
of hillocks observed in non-amorphizable ceramics. No marked difference is recognized between the
nanostructures in STO and those in Nb-STO. The material dependence of the nanostructure formation
is explained in terms of the intricate recrystallization process.

Keywords: swift heavy ion; hillocks; ion tracks; ion irradiation; TEM

1. Introduction

Long nanometer-sized damage trails are created in ceramics continuously along the trajectories of
swift heavy ions (SHIs), if the energy transfer from a SHI to an electron system of ceramics is sufficiently
high [1–3]. Such characteristic damage is called an ion track. The mechanism of ion track formation
has been extensively studied so far, and it has been one of the central topics in the research on ion-solid
interactions. Ceramics can be categorized into two groups; amorphizable and non-amorphizable
ceramics. If amorphous ion tracks are created, the ceramics are called amorphizable ceramics.
The electronic stopping power dependence of ion track sizes in many amorphizable ceramics has been
successfully predicted using the thermal spike model [4–8]. According to the model, the amorphous
ion track formation is attributable to a local temperature rise sufficient to cause local melting along
an ion path. On the other hand, there are non-amorphizable ceramics in which a crystal structure
within an ion track region is not amorphized [9–14]. It has been found that in non-amorphizable
ceramics, ion track size is markedly smaller than the size of the melt predicted by the thermal spike
models [13,14]. Recent molecular dynamics (MD) simulation has revealed that the small ion tracks
in non-amorphizable ceramics are attributable to fast recrystallization after transient melting [15–18].
It has been pointed out that the ionic nature of atomic bonding in non-amorphizable ceramics may
be responsible for such fast recrystallization in non-amorphizable ceramics [9,19]. However, there is
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currently no consensus on which material property makes the distinction between amorphizable and
non-amorphizable ceramics. Therefore, it is important to examine the material dependence of ion track
formation in terms of amorphization/recrystallization.

Ion track formation caused by SHIs is often accompanied by the formation of hillocks (so-called
surface ion tracks) [20–35]. Our recent studies revealed that both ion tracks and hillocks are amorphous
in the case of amorphizable ceramics (Y3Fe5O12 (YIG)) [36,37], whereas crystalline hillocks are found
in the case of non-amorphizable ceramics (CaF2, SrF2, BaF2, and CeO2) [36,38]. Since the surface
protrusion is a direct consequence of local melting along the ion path (melting of the ion track region),
the observation of crystalline hillocks in non-amorphizable ceramics also provides a strong evidence of
recrystallization after melting of the ion track region. It was also found that the hillock diameter always
coincides with the diameter of a melt predicted by the thermal spike model for both amorphizable and
non-amorphizable ceramics. This means that a hillock diameter value is affected by a melting process,
but it remains unchanged after the subsequent recrystallization process. It is likely that a hillock
size reflects melting, whereas an ion track size reflects both melting and subsequent recrystallization.
Therefore, a comparative analysis of ion tracks and hillocks allows us to elucidate the whole processes
of melting and amorphization/recrystallization. Moreover, there must be a variety of hillock and ion
track morphologies due to an intricate recrystallization process, which can be the origin of the material
dependence of nanostructure formation.

We recently proposed a method for precise measurement of a hillock size by transmission electron
microscopy (TEM) [36–38]. The method is useful for the direct observation of a hillock side-view.
It allows the accurate measurement of hillock dimensions and the identification of hillock crystal
structure. In our previous study, we have studied hillocks and ion tracks in non-amorphizable ceramics
such as CaF2, SrF2, and BaF2, whereas only one amorphizable ceramic (YIG) has been studied [36,37].
In the present study, we have further studied the relationship between the hillock diameter and ion
track diameter for various types of ceramics. First, we show results of the TEM observations for
SHI-irradiated amorphizable ceramics such as LiNbO3, ZrSiO4, and Gd3Ga5O12 (GGG) and then for
SrTiO3 (STO) and 0.5 wt% niobium-doped STO (Nb-STO), whose hillock formation has not been fully
explored. The electrical resistivity of STO increases by more than nine orders of magnitude by doping
with 0.5 wt% Nb, whereas its crystal structure remains unaffected by the doping [39]. The effect of Nb
doping on its hillock morphology is also investigated in this study. Based on the TEM investigations of
both amorphizable and non-amorphizable ceramics, we discuss how the SHI-induced nanostructure
formation depends on the intricate recrystallization process.

2. Experiments

Thin samples for TEM observations were prepared before irradiation by the following procedure.
The original materials were ZrSiO4 (98%) powder (Kojundo Chemical Laboratory Co., Ltd., Saitama,
Japan), LiNbO3 single crystals (Onizawa Fine Product Co., Ltd., Ibaraki, Japan), Gd3Ga5O12 (GGG)
single crystals (Rare Metallic Co., Ltd., Tokyo, Japan), SrTiO3 (STO) single crystals (Shinkosha Co., Ltd.,
Kanagawa, Japan), and 0.5 wt% niobium-doped STO (Nb-STO) single crystals (Shinkosha Co., Ltd.,
Kanagawa, Japan). The original materials were finely ground using an agate mortar and pestle. For the
preparation of LiNbO3 specimens, first, 3 mm diameter nickel grids with 2000 lines/inch were coated
using 0.5% Neoprene W in toluene (Nisshin EM Co., Ltd., Tokyo, Japan), which works as an adhesive
agent, and then the ground LiNbO3 powder was randomly dispersed on the grids. For the preparation
of materials other than LiNbO3, the ground samples were dispersed in ethanol by an ultrasonic bath
for a few minutes, and then the ethanol was dropped on 3 mm diameter 200 mesh copper grids covered
with porous carbon films. The grids were then air-dried at room temperature. The samples on the
grids were subsequently irradiated with 200 MeV Au32+ ions at an oblique incidence angle (45◦ relative
to normal direction) at room temperature in a tandem accelerator at JAEA-Tokai (Japan Atomic Energy
Agency, Tokai Research and Development Center, Tokai, Japan). The charge state (32+) was chosen to
ensure the charge of the incident ions to have the average value of the equilibrium charge. The samples
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were irradiated with ions at 1 × 1011 ions/cm2. The as-irradiated samples were examined using a
transmission electron microscope (TEM, Model 2100F, JEOL Ltd., Tokyo, Japan) operated at 200 kV.
The ion track size was measured using the TEM images taken at a low magnification, wherein clear
line-like contrasts were expected to be imaged. On the other hand, the hillock size was measured using
the TEM images taken at a high magnification, wherein a clear contour of hillocks was expected to be
obtained. The electronic stopping power (Se) was estimated using SRIM-2008 [40,41].

3. Results and Discussions

3.1. Dimensions of Hillocks and Ion Tracks in LiNbO3, ZrSiO4, and GGG

We have observed nanostructures created by SHI irradiation in amorphizable ceramics using TEM.
Figure 1a–c show the bright field images of ion tracks in LiNbO3, ZrSiO4, and Gd3Ga5O12 irradiated
with 200 MeV Au at an oblique incidence angle. In the figures, the ion tracks are imaged as line-like
contrasts. The diameter of the ion tracks can be estimated by measuring the width of the line-like
contrasts. However, for most of the ion track images, it is difficult to distinguish the ion track contrasts
from hillock contrasts. However, if the hillocks are created at the edge of the samples, it is possible to
infer the hillock side-view. It can be concluded from the images that hillocks have similar diameters
to those of ion tracks. Size distribution of ion tracks is shown in Figure 2. The average sizes of the
hillocks and ion tracks are summarized in Table 1.
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irradiated with 200 MeV Au32+ at an oblique incidence angle. The images were taken at relatively
low magnification.
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Figure 2. Size distribution of the track diameter, the hillock diameter, and the hillock height in (a) LiNbO3,
(b) ZrSiO4, and (c) Gd3Ga5O12 irradiated with 200 MeV Au32+ at an oblique incidence angle.

Table 1. Average diameter of ion tracks (Dtrack), average diameter of hillocks (Dhillock), average height
of hillocks (Hhillock) are listed with standard deviations for LiNbO3, ZrSiO4, and GGG irradiated with
200 MeV Au32+. The corresponding Se values are also listed.

Dtrack (nm) Dhillock (nm) Hhillock (nm) Se (keV/nm)

LiNbO3 11.7 ± 1.3 13.2 ± 1.5 5.8 ± 1.2 28.1
ZrSiO4 9.5 ± 0.5 11.6 ± 1.1 5.3 ± 0.8 29.6
GGG 11.3 ± 0.9 14.7 ± 2.0 4.7 ± 1.0 34.2

Previous literatures have reported ion track sizes in LiNbO3 [42–45], ZrSiO4 [46,47], and GGG [45,48].
They have confirmed that the ion tracks in these ceramics are amorphous. A good summary of the ion
track data in LiNbO3 is given in Ref. [45], in which the dependence of ion track size on the electronic
stopping power (Se) is shown. The Se-dependence demonstrates that an ion track size depends primarily
on the electronic stopping power, whereas low ion velocity acts as a secondary factor that contributes
to a bigger ion track owing to the velocity effect [49]. The literature also demonstrates that ion track
sizes are in accordance with the values predicted by the thermal spike model. The present study shows
that the ion track diameter in LiNbO3 irradiated with 200 MeV Au (Se = 28.1 keV/nm) is 11.7 ± 1.3 nm,
whereas the previous study showed that the ion track diameter in LiNbO3 irradiated with 201 MeV U
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ions (Se = 28.1 keV/nm) was around 13 nm [44,45], indicating that the present study is in accordance
with the previous results within the experimental error.

Previous studies reported that the ion track diameter for ZrSiO4 irradiated with 10 GeV Pb
ions (Se = 20.0 keV/nm) was 5.2 ± 0.2 nm [46] and that for ZrSiO4 irradiated with 2.9 GeV Pb ions
(Se = 33.6 keV/nm) [47] was 8 nm. The present study shows that the ion track diameter for ZrSiO4

irradiated with 200 MeV Au ions is 9.5 ± 0.5 nm, exhibiting large ion tracks. Since the large ion
tracks observed in the present study could be due to the relatively high electronic stopping power
(Se = 29.6 keV/nm) and the velocity effect [49], there is no contradiction between the present and
previous results.

A good summary of the previous ion track data in GGG is given in Ref. [45]. The present
study shows that the ion track diameter for GGG irradiated with 200 MeV Au (Se = 34.0 keV/nm)
is 11.3 ± 0.9 nm, whereas a previous study shows a similar ion track diameter (12.4 ± 1.6 nm for GGG
irradiated with 250 MeV Pb ions (Se = 34.0 keV/nm)) [45]. Therefore, the present result is consistent
with the previous results. The present results are also consistent with the prediction made by the
thermal spike model.

Figure 3a–c show magnified images of hillocks in LiNbO3, ZrSiO4, and GGG, respectively,
irradiated with 200 MeV Au at an oblique incidence angle. As shown in the figures, hillocks are
successfully observed in those materials. It is also found that the hillocks are clearly amorphous, which
confirms the amorphizable nature of these ceramics. The side-view of the hillocks allows measuring
both hillock diameter and height. The distribution of the hillock sizes is shown in Figure 2 together
with that of the ion track sizes. The average sizes of the hillocks and track sizes are summarized in
Table 1. As demonstrated in the table, the hillock diameter is always similar to the ion track size,
although the former tends to be slightly larger than the latter. A hillock height seems nearly half of the
hillock diameter.
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Although the hillock shape seems to be semi-spherical in the low magnification images,
the magnified images demonstrate the formation of bell-shaped hillocks. Bell-shaped hillocks can also
be found in Y3Fe5O12 [36,37] and Y3Al5O12 [16], that are also categorized as amorphizable ceramics.

3.2. Formation Process of Hillocks and Ion Tracks in LiNbO3, ZrSiO4, and GGG

The present study shows that both hillocks and ion tracks exhibit amorphous features, and they
have similar sizes in amorphizable ceramics (LiNbO3, ZrSiO4, and GGG). The present results agree
with the prediction of the thermal spike model. According to the thermal spike model, SHIs cause
transient melting along the ion path, when the electronic stopping power exceeds a certain threshold
value. During such transient melting, thermal pressure and volume change caused by solid-liquid
transition lead to surface protrusion of the melt. In the amorphizable ceramics, rapid cooling after
melting results in the formation of amorphous ion tracks and hillocks.

It is important to note that, although the hillock diameter appears to be similar to the ion track
diameter, the magnified TEM images shows that the former is always slightly larger than the latter.
This can be ascribed to the spreading tendency of a liquid on a solid surface. It is likely that the hillock
shape is determined by the balance of the adhesive (the liquid wanting to maintain contact with the
solid) and cohesive forces within the liquid (both internal cohesive force and surface tension) during
melting. If the adhesive force dominates, the protruded part of the melt can spread over the surface,
leading to the formation of bell-shaped hillocks. Conversely, it can turn into a spherical shape, if the
cohesive force dominates. Such spherical hillocks have been reported in some ceramics irradiated with
high-energy fullerene ions having a very high Se [50,51]. Large volume of surface protrusion induced
by high Se may be closely related to the formation of spherical hillocks.

3.3. Hillocks and Ion Tracks in SrTiO3 and Nb-Doped SrTiO3

Figures 4 and 5 show the bright field image of the ion tracks in STO and Nb-STO irradiated with
200 MeV Au at an oblique incidence angle, respectively. The ion track has a bright core surrounded by
a dark fringe in the underfocus condition (Figures 4a and 5a), whereas it has a dark core surrounded
by a bright fringe in the overfocus condition (Figures 4b and 5b). The Fresnel fringe is an indication
of the formation of ion tracks with a lower density than that of the surrounding matrix [52,53].
Such focus-dependent Fresnel contrast is not found in amorphizable ceramics (e.g., YIG, LiNbO3,
ZrSiO4, and GGG).
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Figure 5. Bright field images of ion tracks induced in Nb-doped SrTiO3 irradiated with 200 MeV
Au32+ at an oblique incidence angle. The images were taken in (a) underfocus condition and
(b) overfocus condition.

The ion tracks in STO and Nb-STO have inhomogeneous morphology in contrast to the
homogenous morphology of the ion tracks in amorphizable ceramics. The inhomogeneity of the
ion tracks is a common feature observed in non-amorphizable ceramics such as CeO2 [38], CaF2,
SrF2, and BaF2 [36], in which partial recrystallization after transient melting is the likely cause of the
inhomogeneous ion track formation. Black contrasts corresponding to hillocks are found at the end
of the ion tracks. Figures 6 and 7 show magnified images of a hillock created at the edge of the thin
TEM samples of STO and Nb-STO, respectively. Bell-shaped hillocks are observed in STO and Nb-STO.
In both materials, hillocks are found to be amorphous. It is interesting to find that amorphous hillocks
are created, although the ion track region is recrystallized.
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Since it is difficult to find inhomogeneous ion tracks in TEM, we could not find sufficient numbers
of ion tracks and hillocks to perform a statistical analysis. Therefore, in this study, we only show the
size range of ion tracks and hillocks observed in STO and Nb-STO in Table 2. As demonstrated in
the table, there is a marked difference in the diameters of ion tracks and hillocks in both STO and
Nb-STO. The large hillock diameter compared with the ion track diameter is also found in typical
non-amorphizable ceramics (CaF2, SrF2, and BaF2). The present result can be a strong evidence that
supports the recrystallization of the ion track regions in STO and Nb-STO. Conversely, the amorphous
hillocks are signs of the failure of recrystallization. It seems that STO and Nb-STO are intermediate
ceramics between amorphizable and non-amorphizable ceramics.

Table 2. Approximate values of ion track diameter (Dtrack), hillock diameter (Dhillock), and hillock
height (Hhillock) in SrTiO3 (STO) and 0.5 wt% niobium-doped STO (Nb-STO). The corresponding Se

values are also listed.

Dtrack (nm) Dhillock (nm) Hhillock (nm) Se (keV/nm)

STO 3~5 12~15 4~5 28.6
Nb-STO 3~4 11~13 4~5 28.5

Here, it is important to discuss whether the ion tracks are actually crystalline or not, since some of
the previous studies claimed that they are amorphous in STO. According to Ref. [54], analysis of X-ray
diffraction peaks in ion-irradiated STO supports creation of amorphous ion tracks due to single impacts.
In the same literature, although crystalline tracks containing defects are observed by TEM, the authors
claimed that the crystalline tracks are created owing to 200 keV electron beam exposure which can
cause amorphous–crystalline transition of ion track areas. Conversely, our TEM results of STO and
Nb-STO support creation of crystalline ion tracks rather than amorphous ion tracks. For example,
an inhomogenous feature of ion tracks in STO and Nb-STO is similar to that observed in partially
recrystallized ion tracks in non-amorphizable ceramics. Moreover, the markedly smaller ion track
diameter than the hillock diameter demonstrates that the ion track region is partially recrystallized
after transient melting.
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The clear difference in the morphology between the hillocks in STO and Nb-STO was not observed
in this study. Therefore, the influence of Nb-doping on the hillock formation is not found in this
study. A previous study using TEM and small angle X-ray scattering (SAXS) reported that 1 wt%
Nb-doping does not affect track formation [55]. Track formation is easy in insulators since the energy
of hot electrons is transferred to the lattice in insulators before being cooled down by free electrons.
In contrast, track formation is difficult in metals since high electronic conductivity allows rapid energy
diffusion in an electron subsystem. Although the electrical conductivity of Nb-STO is more than nine
orders of magnitude higher than that of STO, the electron density may still be too low to influence the
formation of hillocks and ion tracks. It should be noted that the electrical conductivity of metals is still
much higher than that of Nb-STO. The difference of bonding character (metallic bonding in metals vs.
ionic/covalent bonding in STO) should be also contributing to the less sensitivity of track formation in
metals [55].

3.4. Factors That Determine the Recrystallization Process

The presence of recrystallization process separates non-amorphizable ceramics from amorphizable
ceramics. Two factors that determine the recrystallization process have been proposed; (1) simplicity of
lattice structure and (2) the strength of ionic bonding. The previous literature [15] proposed that a simple
lattice structure with the smallest number of the peaks in the pair correlation function is in correlation
with the recrystallization efficiency. Actually, amorphous ion tracks and hillocks are observed in
YIG and GGG that have complicated crystal structure, whereas crystalline ion tracks and hillocks are
observed in rather simple structured compounds (CaF2, SrF2, BaF2, and CeO2 with fluorite structure).
STO has a relatively simple cubic structure with space group of Pm3m, where there are only 5 atoms in
the unit cell. The relatively simple crystal structure of STO can be the origin of the recrystallization
of the ion track region. However, creation of amorphous hillocks in STO demonstrates that STO and
Nb-STO are intermediate ceramics between amorphizable and non-amorphizable ceramics. Here, it is
worth noting that STO has a perovskite structure which is composed of TiO2 planes and SrO planes,
which make the structure somehow complicated. This unique structure of STO seems to be responsible
for the intermediate behavior of ion-induced nanostructure formation. Therefore, we believe that the
correlation of recrystallization effectiveness with the simplicity of the crystal structure is one of the
promising hypotheses, and its validity should be further examined.

Another possible factor is the strength of ionic bonding, i.e., materials with a higher degree of
ionicity recrystallize easily [19,56]. Non-amorphizable ceramics include many ionic crystals. It is
conceivable that long-range ionic forces rather than short-range covalent interaction contribute to rapid
recrystallization [19,57]. STO has mixed ionic-covalent bonding properties. While a hybridization
of the O-2p states with the Ti-3d states within the TiO6 octahedra leads to a pronounced covalent
bonding, Sr2+ and O2- ions exhibit an ionic bonding character. Although STO is one of the complex
oxides, the ionic bonding character in STO may be also responsible for the partial recrystallization of
ion tracks. Therefore, the two factors mentioned above is important to explain why STO and Nb-STO
are intermediate ceramics between amorphizable and non-amorphizable ceramics.

It is worth discussing why the hillock region fail to recrystallize, whereas the ion track region
recrystallizes in STO. The previous MD simulation demonstrated that oxygen atoms settle in their
original sites faster than metal atoms in SHI-irradiated MgO and Al2O3, and metallic atoms then adjust
to a layer of oxygen that has already been built [15]. The study concluded that that the ability of
oxygen atoms to reach their equilibrium sites governs the recrystallization process after melting. It is
conceivable that in STO, oxygen loss in the hillock region effectively hinders recovery of the lattice
structure. The hillock region tends to be more oxygen deficient than the ion track region, since oxygen
atoms tend to escape from the irradiated surface. An important role of oxygen deficiencies should be
further investigated in the future.
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3.5. Summary of Formation Processes of Hillocks and Ion Tracks

To understand the difference between nanostructure formation in amorphizable and
non-amorphizable ceramics, it is important to describe the process in terms of melting and
successive recrystallization.

It is convenient to start the discussion with CeO2, which is one of the non-amorphizable ceramics.
According to Ref. [38], hillocks are found to be spherical in CeO2 irradiated with 200 MeV Au. It was
found that hillocks (spherical objects) have crystalline features, where the lattice orientation of hillocks
was aligned with that of the matrix. This points out to the process consisting of the following three
steps as explained in Figure 8a. (1) A molten region is created along the ion path. A part of the molten
region protrudes above the surface because of the thermal pressure and additional pressure due to
volume change caused by solid-liquid transition. (2) During cooling, the molten region embedded in
the matrix begins to recrystallize. The partial recrystallization results in ion tracks smaller than those
expected from the size of the melt. The shape change (spheroidization) of the protruded part strongly
suggests that the protruded part remains liquid for a long period of time which is long enough for the
molten protrusion to change its shape. The protruded part of the molten region can spheroidize if the
surface tension is strong enough. (3) A droplet at the surface starts to recrystallize epitaxially using the
matrix as a template lattice, so that a crystalline nanosphere having the same crystal orientation as
that of the matrix is formed. This result strongly suggests that the molten region embedded in the
matrix is solidified before the protruded part of the melt is solidified. It is reasonable to assume that
this sequence of the solidification process applies to all SHI-irradiated ceramics. Such a sequence of
solidification process is supported by the MD simulation of the nanostructure formation in CaF2 [16].Quantum Beam Sci. 2020, 4, x FOR PEER REVIEW 11 of 15 
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4. Conclusions 

Amorphizable ceramics such as LiNbO3, ZrSiO4, and Gd3Ga5O12 were irradiated with 200 MeV 
Au ions at an oblique incidence angle. Line-like homogeneous ion tracks and bell-shaped hillocks are 
observed by TEM. The ion track and hillock diameters are similar for all the amorphizable ceramics, 
although the hillock diameter is found to be slightly larger than the ion track diameter. The TEM 
images of ion tracks in STO and Nb-STO irradiated with 200 MeV Au show similar features to those 
observed in the non-amorphizable ceramics. For example, the ion track diameter is markedly smaller 
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are found to be amorphous which is in contrast to the crystalline feature of hillocks observed in the 
non-amorphizable ceramics. Therefore, it can be concluded that STO and Nb-STO are intermediate 
ceramics between amorphizable and non-amorphizable ceramics. No marked difference is observed 
between hillock formation in STO and that in Nb-STO. The material dependence of nanostructure 
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(1) simplicity of lattice structure and (2) the strength of ionic bonding can be the factors that determine 
the recrystallization effectiveness. 
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Figure 8. Schematic formation processes of ion tracks and hillocks in (a) CeO2, (b) fluorides (CaF2, SrF2,
and BaF2), (c) STO and Nb-STO, and (d) amorphizable ceramics (YIG, LiNbO3, ZrSiO4, and GGG).

The likely process of nanostructure formation in fluorides (CaF2, SrF2, and BaF2) irradiated with
200 MeV Au is presented in Figure 8b. According to our previous study [36], most of the crystalline
hillocks in these fluorides are nearly semispherical, although some of the hillocks have nearly spherical
shape. Since recrystallization plays an important role in both fluorides and CeO2, the formation process
in the fluorides should be similar to that of CeO2 (Figure 8a). The difference between the spherical
shape of hillocks and non-spherical shape can be explained by the difference in volume of protrusion.
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If the volume of protrusion is large, the hillock shape tentatively has an unstable shape because of
its high aspect ratio of height to width. It is conceivable that the unstable shape can rapidly turn
into a stable spherical shape. Similar spherical hillocks have been already reported in some ceramics
(Gd2Zr2O7 [50] and YIG [51]) irradiated with high-energy fullerene ions with very high Se, supporting
the proposition that larger volume of the protrusion is the key to the formation of spherical hillocks.

The likely process of nanostructure formation in STO and Nb-STO is presented in Figure 8c.
Although the first and second steps of the process in the figure are the same as those in Figure 8b,
the third step of the process is different. Even though the molten region embedded in the matrix
recrystallizes partially, the protruded part of the melt failed to recrystallize, resulting in amorphization.
The failure of recrystallization only in the hillock region can be ascribed to oxygen deficiencies as
discussed above.

The likely process in amorphizable ceramics (YIG, LiNbO3, ZrSiO4, and GGG) is presented in
Figure 8d. The process consists of the following three steps. (1) A molten region is created along the
ion path. A part of the molten region protrudes above the surface. (2) During cooling, the molten
region embedded in the matrix starts to solidify, resulting in the amorphization of the molten region.
Herein, the size of the molten region corresponds to that of the ion tracks. (3) The protruded part of
the melt also starts to amorphize. This means that the hillock diameter is always similar to the ion
track diameter. A subtle change of hillock shape leading to a slightly larger hillock diameter than the
ion track diameter is not specified in the schematic, since this effect produces only a small difference
between the hillock diameter and ion track diameter.

4. Conclusions

Amorphizable ceramics such as LiNbO3, ZrSiO4, and Gd3Ga5O12 were irradiated with 200 MeV
Au ions at an oblique incidence angle. Line-like homogeneous ion tracks and bell-shaped hillocks are
observed by TEM. The ion track and hillock diameters are similar for all the amorphizable ceramics,
although the hillock diameter is found to be slightly larger than the ion track diameter. The TEM
images of ion tracks in STO and Nb-STO irradiated with 200 MeV Au show similar features to those
observed in the non-amorphizable ceramics. For example, the ion track diameter is markedly smaller
than the hillock diameter, and they exhibit inhomogeneity. However, the hillocks in these ceramics
are found to be amorphous which is in contrast to the crystalline feature of hillocks observed in the
non-amorphizable ceramics. Therefore, it can be concluded that STO and Nb-STO are intermediate
ceramics between amorphizable and non-amorphizable ceramics. No marked difference is observed
between hillock formation in STO and that in Nb-STO. The material dependence of nanostructure
formation can be ascribed to the intricate recrystallization process. The present results support that
(1) simplicity of lattice structure and (2) the strength of ionic bonding can be the factors that determine
the recrystallization effectiveness.
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Abstract: I have proposed a bottom-up technology utilising irradiation with active beams, such as
electrons and ions, to achieve nanostructures with a size of 3–40 nm. This can be used as a nanotech-
nology that provides the desired structures, materials, and phases at desired positions. Electron beam
irradiation of metastable θ-Al2O3, more than 1019 e/cm2s in a transmission electron microscope
(TEM), enables the production of oxide-free Al nanoparticles, which can be manipulated to undergo
migration, bonding, rotation, revolution, and embedding. The manipulations are facilitated by
momentum transfer from electrons to nanoparticles, which takes advantage of the spiral trajectory of
the electron beam in the magnetic field of the TEM pole piece. Furthermore, onion-like fullerenes
and intercalated structures on amorphous carbon films are induced through catalytic reactions. δ-,
θ-Al2O3 ball/wire hybrid nanostructures were obtained in a short time using an electron irradiation
flashing mode that switches between 1019 and 1022 e/cm2s. Various α-Al2O3 nanostructures, such as
encapsulated nanoballs or nanorods, are also produced. In addition, the preparation or control of Pt,
W, and Cu nanoparticles can be achieved by electron beam irradiation with a higher intensity.

Keywords: electron irradiation; excited reaction field; transmission electron microscope; nanomaterials;
manipulation; nanostructure; Al; Al2O3

1. Introduction

The size range of several tens of nanometres represents a transition region from
“top-down” to “bottom-up” processes in nanotechnology. The author has proposed a
bottom-up technology utilising active beam irradiation to achieve nanostructures with a
size of 3–40 nm. Recent developments in focusing and scanning technologies for active
beams, such as electrons or ions, in tabletop apparatuses enable the evolution and control of
various types of nanostructures, which can provide desirable hybrid structures, materials,
and phases at the desired positions on the nanometre scale.

The source of the electron beam used by the author’s group is a transmission elec-
tron microscope (TEM) equipped with either an LaB6 filament or a field emission gun.
Although TEM has been widely used as an analysis tool for studying nanostructure and
element distributions, we consider a specimen stage of 3 mm in diameter as a reaction field,
and focused electrons with an intensity more than 50 times higher than that used under
normal observation conditions. The electron irradiation intensity ranged from 5×1019 to
4 × 1023 e/cm2s (8 × 104–6 × 108 A/m2) in our experiment, and we succeeded in pro-
ducing oxide-free nanoparticles via electron irradiation of the oxide and facilitated their
subsequent manipulation.

In this paper, three topics on the manipulation and control of ceramics and metals
by electron beam irradiation are discussed: (1) the preparation of Al nanoparticles and
their nanostructure evolution starting from metastable Al2O3, (2) their manipulation by
electrons, and (3) the effects of electron irradiation on other nanoparticles, such as Cu, Pt,
and W, to prepare nanofilms. This review is based on papers published between 1995
and 2005.
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2. Electron Excited Reaction Field
2.1. Overview

In the “Exploratory Research for Advanced Technology” (ERATO) “Tanaka Solid
Junction Project,” JST [1], held in 1993–1998, I commenced an innovative challenge to
fabricate nano-/microstructures by irradiation with an energy beam such as electrons and
ions, based on the proposed concept of an “excited reaction field.” One of the characteristics
of such field is that the beams are obtained on the specimen stage of a TEM for electrons, and
on the milling/thinning stage for ions. In other words, observation or specimen preparation
apparatuses are utilised for their beam source and excited reaction fields. Irradiation
with these energy beams has the following merits: first, it facilitates the selection of the
site/energy/reaction. Second, it can induce nonequilibrium/catalytic reactions, making it
possible to manipulate atomic clusters, synthesise nanomaterials, control the nanostructure
and phase, and modify the nanospace.

2.2. Effects of Electron Beam Irradiation on θ-Al2O3

The normal electron beam intensity for observation by a TEM equipped with an
LaB6 filament is on the order of 1018 e/cm2s (1600 A/m2) for bright-field imaging and
5 × 1016 e/cm2s s (80 A/m2) for selected area diffraction measured by a fluorescent plate.
We increased the electron beam density by increasing the current in the condenser lens to
between 1019 and 1022 e/cm2s to enable electron irradiation of the nanomaterials.

When an electron beam irradiates metastable θ-Al2O3 particles at an intensity of
1020 e/cm2s in a TEM, successive reactions occur: 1© Al nanoparticle inducement, 2© ro-
tation, revolution, and migration to coalesce/embed, and 3© formation of onion-like
fullerenes and Al intercalation, as shown in Figure 1. Furthermore, 4© θ- or δ-Al2O3
nanostructures are obtained under flashing-mode irradiation (rapid switching between
1019 and 1022 e/cm2s).
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3. Nanostructure Evolution
3.1. Al Nanoparticles

The starting material consists mainly of a metastable θ-Al2O3 monoclinic structure
accompanied by orthorhombic δ-Al2O3 (Al2O3 allotrope), and it is different from stable α-
Al2O3 with a trigonal structure. The θ-Al2O3 powder was synthesised using the vaporised
metal combustion method (Admatechs Company Limited) [2].

Electron irradiation (2.1 × 1020 e/cm2s for 50 s) of one θ-Al2O3 particle with a diameter
of 100 nm on theϕ3 mm specimen stage of the TEM led to the formation of Al nanoparticles
with a diameter of 2–20 nm and a stable α-Al2O3 particle, as shown in Figure 2 [3]. The
TEM used was a JEOL JEM-2010 equipped with an LaB6 filament and a specimen chamber
under a vacuum of 10−7 Pa, obtained by a direct coupling sputter ion pump. Under these
conditions, the electrons cut the Al-O bond in θ-Al2O3, which was followed by the loss of
oxygen to the vacuum and Al atom recombination to form nanoparticles, as schematically
shown in Figure 3. In the electron-irradiated area, transformation or rearrangement from
θ-Al2O3 to stable α-Al2O3 also occurred.
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Figure 2. Al nanodecahedra of 10–17 nm in diameter and α-Al2O3 nanoparticles obtained by electron
irradiation of metastable θ-Al2O3 with an intensity of 2.1 × 1020 e/cm2s in TEM [3].
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Figure 3. Schematic of Al nanodecahedra formation by electron irradiation in a TEM. Electrons cut
the Al-O bond of metastable θ-Al2O3, which decomposes into Al and O atoms, and finally the Al
atoms recombine to form twinned decahedra surrounded by {111} surfaces.

θ- and δ-Al2O3 appear as low-temperature phases in the allotropic transformation
from γ-Al2O3 to α-Al2O3 upon heating. The starting powder used in this experiment was
obtained by melting Al metal powder, vaporisation, collision of droplets, and quenching
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into the metastable phase [2]. The powder particles had a spherical shape with an average
diameter of approximately 10 µm. No stable α-Al2O3 structure was observed by X-ray
diffraction, and an equilibrium thermodynamic consideration was invalid for metastable
θ-Al2O3, where the binding energy for Al-O was lower than that for α-Al2O3. The reaction
was expected to proceed via a nonequilibrium route. Electron irradiation promoted the
decomposition of metastable θ-Al2O3, recombination of Al atoms, loss of a part of oxygen
atoms into vacuum, and transformation to stable α-Al2O3, as shown in Figure 3, which
resembles one stile of the electron-stimulated desorption.

Al nanoparticles have a twinned decahedron structure surrounded by {111} surfaces,
which has been reported in typical face-centred cubic noble metals, such as Au, Pt, or Ag,
whereas no report has been published on Al because of its easily oxidised surface. Decahe-
dra appeared with diameters in the range of 10–20 nm, and further electron irradiation of a
set of nanodecahedra enabled their manipulation, as discussed in the next section.

3.2. Manipulation

In the ERATO project, TEM has been used not only as an observation apparatus but
also as a tool for the manipulation of nanostructures by electrons on the specimen stage.
The 200 keV JEM-2010 TEM has a pole piece with a magnetic field of 104 Gauss from top
to bottom, where the specimen stage is located slightly above the centre. Based on the
kinetic features analysed by Horiuchi et al. [4], the momentum transfer from electrons to
nanoparticles is the source of their movement. The spiral trajectory of the electrons causes
Al nanoparticles on the specimen stage to experience both a tangential force to rotate and
revolve and a centripetal force to migrate, bond, and embed. The features around the
specimen stage and the driving forces are illustrated in Figure 4.
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Figure 4. Model of the interaction between electrons and particles on the specimen stage in TEM.
The magnetic field inside a pole piece is 104 Gauss in a 200 keV TEM. (a) Electrons follow a spiral
trajectory in the magnetic field to transfer forces or momentum such that (b) the tangential force
results in rotation and revolution and the centripetal force induces migration to gather, bond, and
embed the particles.

3.2.1. Migration and Bonding

A set of Al nanodecahedra migrated and bonded to the irradiation centre of the
electron beam, as shown in Figure 5. Analysis by superposition before and after irradiation,
as shown in Figure 5c, revealed that migration, diameter decrease, revolution, and bonding
occurred in the course of irradiation over 1200 s at 2.1 × 1020 e/cm2s s, which was mainly
due to the centripetal force, as shown in Figure 4. The bonding step of the two nanoparticles
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is shown in Figure 6, where the (111) planes are aligned parallel by rotation before necking
(a) and then necking with Σ3 twinning (b) to eventual coalescence (c) [5–7].
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Figure 5. Effects of electron irradiation of a set of Al nanodecahedra inducing migration to the
irradiation centre, as well as revolution and rotation. The intensity was 2.1 × 1020 e/cm2s for (a) 0 s
and (b) 1200 s. A schematic view of the effect is shown in (c) [6].
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Figure 6. Al nanodecahedra (a) bonded by electron irradiation with an intensity of 2.1 × 1020 e/cm2s
after 300 s (b) and coalesced after 1500 s (c). The (111) planes in two Al nanodecahedra were aligned
parallel by rotation and exhibited a Σ3 coincidence site lattice (CSL) boundary around the neck at
300 s [5,7].

3.2.2. Rotation and Revolution

The force acting on the nanoparticle in the magnetic field was also tangential, as well
as centripetal, as shown in Figure 4, inducing a clockwise rotation of the nanoparticle on
the specimen stage. The speed of rotation measured by the change in angle increased as the
irradiation intensity increased for irradiation times less than 1000 s, as shown in Figure 7.
The saturation of the rotation with longer exposure is considered to stem from a decrease
in the diameter of the particle [6,8].
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Figure 7. Rotation of Al nanodecahedra and its dependence on the irradiation intensity ranging from
3.0 × 1019 to 3.3 × 1020 e/cm2s. The diameter of the nanoparticles is 20 nm, denoted on the line
as ϕ0 [6].

To confirm the effects of the tangential force on the nanoparticle, the magnetic direction
in the pole piece was changed from bottom to top by reforming the TEM. Figure 8 shows
the revolution behaviour of nanoparticles in both directions of the magnetic field. The
clockwise and counterclockwise revolutions of the Al nanoparticles clearly depended on
the direction of the magnetic field, and their speed increased as the irradiation intensity
increased. The revolution of the nanoparticles was accompanied by their migration, as
shown in Figure 5c.
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Figure 8. Clockwise (+) and counterclockwise (−) revolution of Al nanoparticles during electron
irradiation controlled by changing the magnetic field direction. The case shown in Figure 5 induced
the clockwise revolution, whereas reversal of the magnetic field (bottom to top) induced the opposite
direction of revolution. Here, ϕ indicates the diameter of the initial Al particle [8].
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3.2.3. Embedding

The forces discussed in Sections 3.2.1 and 3.2.2 manipulate the nanoparticles to cause
migration and embedding into the substrate. Figure 9 shows an example of an Al nanopar-
ticle embedded in the α-Al2O3 matrix following electron irradiation at 1020 e/cm2s, which
is attributed to an epitaxial relationship between the two substances. This technique can be
utilised for the implantation of catalysts, such as Pt nanoparticles, at the desired position in
a matrix [9].
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Figure 9. Al nanoparticle migrated and embedded into the α-Al2O3 matrix by electron irradiation of
the order of 1020 e/cm2s for (a) 0 s (b) 120 s and (c) 240 s. The α-Al2O3/Al interface structure exhibits
a {11–20}α-Al2O3//{200}Al epitaxial relationship even after electron irradiation for 240 s [9].

3.3. Fullerene and Intercalation

A series of nanostructures were formed on the amorphous carbon nanofilm of the
specimen mesh, which was suspended on a Cu grid. Electron irradiation induced the
formation of an onion-like fullerene nanostructure under the Al nanoparticles by the
catalysis effect and promoted the intercalation of Al atoms between the graphite shells.

3.3.1. Onion-Like Fullerene

Giant onion-like fullerenes were induced from the amorphous carbon nanofilms under
the Al nanodecahedra by electron beam irradiation, as shown in Figure 10. A catalytic
reaction nucleated a graphitic flake along the edge of the Al nanoparticle, and prolonged
electron irradiation induced the growth of the fullerene, shrinking of the nanoparticles,
and intercalation of Al atoms between the shells, as shown in Figures 11 and 12 [5,10].
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Figure 11. Series of reactions between Al nanoparticles and the amorphous carbon nanofilm (used 

as a specimen holder for TEM) induced by electron irradiation with an intensity of 1020 e/cm2sec. 

Reactions proceed from the catalytic formation of (a) a graphitic shell and (b) an onion-like 

fullerene under the Al nanoparticle, followed by (c) shrinking of the nanoparticle and (d) 

intercalation of Al atoms inside the shell [10]. 

 

Figure 12. Schematic of a series of interaction behaviours between an Al nanoparticle and an 

amorphous carbon film under electron irradiation (a:initial). The following steps occurred: a 

nucleus of the giant onion-like fullerene was first induced under the Al particles (b). Al 

nanoparticles were encapsulated in the giant onion-like fullerene (c,d). Al nanoparticles moved 

outside of the giant onion-like fullerene (e), which also induced a new giant onion-like fullerene (f). 

Figure 10. Giant onion-like fullerenes induced under Al nanoparticles by electron irradiation at an
intensity of 3.0 × 1019 e/cm2s for 2050 s. The Al nanoparticles are surrounded by onion-like fullerene
shells [10].
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Figure 11. Series of reactions between Al nanoparticles and the amorphous carbon nanofilm (used as a specimen holder for
TEM) induced by electron irradiation with an intensity of 1020 e/cm2s. Reactions proceed from the catalytic formation of (a)
a graphitic shell and (b) an onion-like fullerene under the Al nanoparticle, followed by (c) shrinking of the nanoparticle and
(d) intercalation of Al atoms inside the shell [10].
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Figure 12. Schematic of a series of interaction behaviours between an Al nanoparticle and an
amorphous carbon film under electron irradiation (a:initial). The following steps occurred: a nucleus
of the giant onion-like fullerene was first induced under the Al particles (b). Al nanoparticles were
encapsulated in the giant onion-like fullerene (c,d). Al nanoparticles moved outside of the giant
onion-like fullerene (e), which also induced a new giant onion-like fullerene (f). Finally, intercalation
progressed as Al atoms migrated inside the giant onion-like fullerene shells (e,f) [10].

160



Quantum Beam Sci. 2021, 5, 23

3.3.2. Intercalation

To verify Al atom intercalation into the graphitic shells, an analysis using energy
dispersive spectroscopy (EDS), for which the JEM-2010 TEM was equipped, was conducted
on the electron irradiated specimen. Figure 13 shows the presence of Al atoms in the circled
area of 7 nm in diameter, accompanied by C and Cu in the grid. Moreover, the expansion
of the graphite (002) lattice spacing confirmed the presence of Al atoms between the layers,
as shown in Figure 14. However, the growth saturated below the composition of Al2C6
owing to the blocking effect of the coexisting Cu atoms or the constraint of passing through
multiple carbon layers. Electron energy loss spectra (EELS) also suggested the partial
replacement of carbon atoms by Al or Cu atoms through σ bond, sp2, decrease, as shown
in Figure 15 [10–12].
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Figure 13. EDS analysis of the area inside the dotted circle in the nanostructure shown in Figure 11.
The electron probe size was 7 nm in diameter. An Al peak was detected, indicating the possibility of
intercalation, whereas the Cu peaks came from the Cu grid of the membrane [10].
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Figure 14. Expansion of the onion-like graphite lattice spacing d(002)G due to Al intercalation, under
electron beam irradiation of 1.0 × 1020 e/cm2s. The spacing increased with electron irradiation time
and seemed to saturate at 0.425 nm, which coincides with the spacing of the compound Al2C6. The
limit of lattice expansion stems either from the blocking effect due to the coexistence of Cu atoms or
is constrained by multiple carbon layers [11].
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Figure 15. Second derivative of the EELS of the intercalated structure formed under electron irradiation of 1.0 × 1021 e/cm2s
for 1900 s. No change is observed in the π-bond between layers after irradiation, whereas the σ-bond, sp2 in-plane, decreased,
which suggests the Al and Cu intercalated atoms partially replaced the carbon atoms [12].

4. Al2O3 Derivatives

Continuous electron irradiation of metastable θ-Al2O3 at 2.1 × 1020 e/cm2s produced
Al nanoparticles and stable α-Al2O3 particles, as shown in Figure 2. When the intensity
and area of electron irradiation changed abruptly (i.e., flashing of the beam), other-shaped
nanosized aluminium oxides were obtained. In this section, I present the oxide derivatives
of Al2O3 oxides with different shapes and phases.

4.1. α-Al2O3 Nanorods

Although α-Al2O3 with a polygonal shape was deposited beside θ-Al2O3 by the
recombination of Al and O atoms, the α-Al2O3 nanorods shown in Figure 16 grew from
the surface of the parent α-Al2O3. The rods had a faceted structure surrounded by {100}
surfaces and grew in the {110} direction. Figure 16 was obtained in situ, in which the
nanorods grew without an amorphous oxide film.

4.2. δ-, θ-Al2O3 Nanoballs/Nanowires

When metastable Al2O3 was irradiated by electrons with a higher density over a short
time, the structure was retained, but a different nanostructure was also obtained. Kameyama
and Tanaka abruptly switched between intensities of 5.5 × 1022 and 5 × 1019 e/cm2s in a
so-called “flashing mode,” maintaining each state for 0.1 s, which facilitated the formation
of θ-, δ-Al2O3 nanorods/nanoballs, as shown in Figure 17, respectively [13].

Both θ-Al2O3 nanowires and nanoballs grown using flashing-mode electron beam
irradiation are shown in Figure 17. They connected and grew toward the irradiation centre
from the original θ-Al2O3 particle surface. The nanowire and nanoball had a (111)//(101)
epitaxial relationship, as shown in Figure 18. The θ-Al2O3 nanoball was a sphere of 30 nm
in diameter covered with an amorphous Al-O layer, suggesting that the impact of a higher
irradiance electron beam resulted in a temperature rise of approximately 400 ◦C, reaction,
and rapid cooling without phase transformation. The δ-Al2O3 nanowires and nanoballs
shown in Figure 19 were obtained by applying the same flashing electron beam to δ-Al2O3
particles. The diameter of the δ-Al2O3 particles was 20 nm, which was slightly smaller than
that of the θ-Al2O3 particles, and no explicit epitaxy relation was observed.
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Figure 16. α-Al2O3 rods epitaxially grown from the θ-Al2O3 surface by electron beam irradiation at
2.1 × 1020 e/cm2s, as shown in Figure 2. The rods grew in the {110} direction and were faceted by
{100} surfaces [3].
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Figure 19. -Al2O3 nanowire and nanoball grown under flashing mode electron beam irradiation 
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Figure 17. θ-Al2O3 nanowire and nanoball grown under flashing mode electron beam irradiation (i.e.,
rapid switching between intensities of 5.5 × 1022 and 5 × 1019 e/cm2s). They connected and grew toward
the irradiation centre from the original θ-Al2O3 particle surface. The nanowire grew epitaxially maintaining
the same plane as the parent θ-Al2O3 particle. (a) θ-Al2O3 particles before irradiation, with X indicating the
irradiation centre. (b) θ-Al2O3 nanowire and nanoball grown after electron beam irradiation [13].
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Figure 18. The interface of the θ-Al2O3 nanowire and nanoball, shown in Figure 17, exhibits a
(111)//(101) epitaxial relationship. The nanoball is covered with an amorphous Al-O layer [14].
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4.3. Al2O3 Nanoparticle Encapsulation

The surface of the Al2O3 particles was easily covered by an amorphous hydrocarbon
layer through a reaction with residual gases in the TEM, where CO, H2O, and H2 remained
even in a highly evacuated atmosphere. When the particles were irradiated by electrons
through the outer layer, their inner volume was pulverised into smaller nanoparticles.
An example is shown in Figure 20, for the case in which δ-Al2O3 particles with 200 nm
in diameter were transformed into δ- and α-Al2O3 nanoballs with 2–20 nm in diameter,
encapsulated by a hydrocarbon skin. This structure was generated by irradiation with an
intensity of 1.6 × 1020 e/cm2s, which was as high as that used for nanoparticle preparation
and manipulation. Nanoparticle encapsulation technology may be applicable to drug
delivery systems in medicine [15].
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Figure 19. δ-Al2O3 nanowire and nanoball grown under flashing mode electron beam irradiation
with intensities switching between 5.5 × 1022 and 5 × 1019 e/cm2s. They connected and grew
toward the irradiation centre from the original δ-Al2O3 particle surface. (a) δ-Al2O3 particles before
irradiation, with X indicating the irradiation centre. (b) δ-Al2O3 nanowire and nanoball grown after
electron beam irradiation [13].
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Figure 20. δ- and α-Al2O3 nanoball-encapsulated structures obtained from δ-Al2O3 particles by
electron beam irradiation at 1.6 × 1020 e/cm2s for 300 s. An outer amorphous hydrocarbon layer is
formed from residual gas contaminants in TEM [15].

5. Other Nanoparticles
5.1. W Nanoparticles and Manipulation

In Section 2, a novel method for preparing oxide-free Al nanoparticles from metastable
oxides using electron beam irradiation was discussed. This method can be extended to
other nanoparticles of easy oxide-forming elements, such as W. W has a heavier specific
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weight of 19.3 g/cm3, and W-O has a larger bonding enthalpy such that a higher electron
irradiation intensity is required to obtain W nanoparticles from WO3. Although the
fundamental electron optics in the TEM were the same as those used for Al nanoparticles,
electrons from the field emission source provided a higher intensity of 1023 e/cm2s than the
1020e/cm2s obtained from the LaB6 filament. Using a Hitachi HF-2000 TEM equipped with
a field emission gun with an intensity of 4 × 1023 e/cm2s, Tamou and Tanaka reported the
formation of W nanoparticles with an average diameter of 4.3 nm, as shown in Figure 21.
The EELS spectra showed no oxygen atoms on the W surface, as shown in Figure 22 [16].
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Figure 21. W nanoparticles deposited by electron beam irradiation of a WO3 particle at 4 × 1023 e/cm2s
(6 × 108 A/m2) for a few seconds. The diameter of the W particles ranged between 2 and 6 nm with an
average of 4.3 nm [16].
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Figure 22. EELS spectra before and after electron irradiation of WO3. Electron irradiation induced
the disappearance of the O-Kα peak to form pure W nanoparticles [16].

5.2. W Migration to Bond and Fullerene Formation

Further electron irradiation of two W nanoparticles, obtained as in Figure 21 at
1.9 × 1021 e/cm2s, which is an irradiation 10 times higher than that used to form Al as
shown in Figure 6, induced migration, bonding, and coalescence, as shown in Figure 23 [16].
Graphitic shells also nucleated beneath the W nanoparticles from the amorphous carbon
film and grew to onion-like fullerene, which is the same phenomenon observed with Al
nanoparticles shown in Figures 10–12 [16].
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nanofilms, as shown in Figures 24–26 [19,20]. In these cases, nanoparticles were prepared 

by Ar ion sputtering with a diameter of 10 nm for Pt and 50 nm for Cu. The irradiation 

intensity for Pt was the same as that for Al, whereas it was 100 times higher for Cu. 

Bonded Pt/Pt mainly showed three stable 3 twin boundaries. The Cu particles migrated 
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Figure 24. Pt nanoparticles bonded by electron irradiation with an intensity of 2.1 × 1020 e/cm2s for 

700 s. The bonded Pt/Pt nanoparticles had tilt boundaries of Σ3 and Σ11 [19]. 

Figure 23. Effects of electron beam irradiation of W nanoparticles on an amorphous carbon film
at 1.9 × 1021 e/cm2s (300 A/cm2). W nanoparticles migrated together and coalesced, followed by
fullerene formation between the W particles and the carbon film. The general features of nanos-
tructure evolution were the same as those observed with irradiation of Al nanoparticles shown in
Figure 10 [16].

5.3. Bonding of Pt and Cu Nanoparticles

Electron irradiation of a group of Pt and Cu nanoparticles induced bonding to form
nanofilms, as shown in Figures 24–26. In these cases, nanoparticles were prepared by Ar ion
sputtering with a diameter of 10 nm for Pt and 50 nm for Cu. The irradiation intensity for Pt
was the same as that for Al, whereas it was 100 times higher for Cu. Bonded Pt/Pt mainly
showed three stable Σ3 twin boundaries. The Cu particles migrated to the irradiation centre
and bonded, as shown in Figures 26 and 27. The driving force was also the momentum
transfer from electrons in the pole piece of the TEM, as shown in Figures 4 and 5 [17–20].
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Figure 24. Pt nanoparticles bonded by electron irradiation with an intensity of 2.1 × 1020 e/cm2s for
700 s. The bonded Pt/Pt nanoparticles had tilt boundaries of Σ3 and Σ11 [19].
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Figure 25. Histogram of tilt boundaries under electron irradiation at three intensities from 1.0 to
3.3 × 1020 e/cm2s for 700 s. Σ3 CSL boundaries were predominant as a low energy structure [19].
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Figure 26. Change of the bright-field images and electron diffraction patterns of Cu nanoparticles irradiated with electrons
at an intensity of 5.5 × 1022 e/cm2s for 60 s. Cu nanoparticles migrated to the irradiation centre and bonded with each other
in the marked irradiation area. The electron diffraction patterns, typical Cu Debye rings, did not change during irradiation.
The nanostructures of the bonded interface (i.e., CSL) boundary, were obtained in regions (a) and (b) after 60 s of irradiation,
as shown in Figure 27 [20].
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Figure 27. Superposed view of Cu nanoparticle migration and bonding during the irradiation times
of 0 s (dotted line) and 30 s (solid line). The circle indicates the electron beam irradiation area of
200 nm diameter. Nanoparticles migrated toward the irradiation centre and finally bonded together.
Unbonded small nanoparticles seemed to revolve clockwise around the irradiation centre [20].
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6. Nature of Nanoparticle Manipulation and Nanostructure Modification by Electron
Beam Irradiation
6.1. Temperature Rise in Al Nanoparticle Manipulation

In Section 3.2, various types of manipulation of Al nanoparticles on the TEM specimen
stage were explained. These were migration, bonding, rotation, revolution, and embedding
of the nanoparticles, and the driving forces were explained as tangential and centripetal
forces, as shown in Figure 4. Another possibility of manipulation is the temperature rise
caused by electron irradiation to induce their movement. Xu and Tanaka [10] estimated
the temperature rise at the stage as 10◦ C at most, based on Equation (1) using Fisher’s
theory [21]:

Tm − Tg = r2I0∆E[a0 + ln(R/r)2]/4kz, (1)

where Tm is the maximum temperature of the carbon film, Tg is the temperature of the Cu
support grid, namely Tm − Tg is the temperature rise by electron beam irradiation, r is the
radius of the irradiation beam, I0 is the intensity of the irradiation beam (1020 e/cm2s), ∆E
is the energy loss of the incident electron in the carbon film, when it is <1000 nm thick, a0
is Euler’s constant (0.5772), R is the distance between the irradiation beam centre and the
Cu grid bar, k is the thermal conductivity of carbon, and z is the thickness of the carbon
film (20 nm).

The heating effect in the localised area under the irradiation condition of 1020 e/cm2s
can be a minor effect, and the Lorenz force or the momentum transfer from electrons and
ionised atoms is the major effect of the manipulation. This effect is clearly supported
by the counterclockwise revolution caused by the magnetic field change, as shown in
Figure 8 [8].

6.2. Temperature Rise in Al2O3 Nanocomplex and W Nanoparticles

When θ-Al2O3 was irradiated at a density of 1019–1020 e/cm2s, Al and α-Al2O3 were
formed, as shown in Figures 2 and 16, where the reaction proceeded with a small tempera-
ture increase of the order of 10 ◦C, as shown in Section 6.1. On the contrary, the flashing
mode of electron irradiation by rapid switching between intensities of 5.5 × 1022 and
5 × 1019 e/cm2s was applied to θ- and δ-Al2O3 to induce Al2O3 nanoball/nanowire com-
plexes, as shown in Figures 17 and 19 [13]. The higher electron beam intensity increased the
temperature by more than 300 ◦C, as calculated through I0 in Equation (1) by maintaining
5.5 × 1022 e/cm2s even in a short time of less than 0.1 s. This temperature increase was
also predicted by Yokota et al. [22]. Rapid and concentrated heat input at the localised
resulted in an Al-O recombined nanoball/nanowire complex with epitaxy at the interface,
as shown in Figure 18 [14].

Heavy atoms such as W required a higher irradiation intensity of 4 × 1023 e/cm2s
to obtain W nanoparticles, as shown in Figure 21 [16]. Although the binding energy of
W–O in the starting material WO3 was smaller than that of Al–O, the W atom is ten times
heavier than the Al atom, and required a higher energy for sputtering. A temperature rise
was also expected in this irradiation condition, but no melting was observed because of its
higher melting point, 3680 K.

6.3. Lorentz Force in Nanoparticle Manipulation

To discuss the mechanism of nanoparticle manipulation in a TEM, the interaction
between electrons and nanoparticles on the specimen stage in the magnetic field was
analysed. The TEM used in this study was 200 keV JEM-2010, which has a pole piece
with a magnetic field of 104 Gauss from top to bottom, where the specimen stage is lo-
cated slightly above the centre plane. In Figure 4, the electron trajectory is illustrated
schematically by Horiuchi et al. [4], and the Lorentz forces F1 and F2 arise from the mag-
netic components Br and Bz, respectively, with spirally running electrons. The specimen
stage is located between planes 1 and 2, and Al, W, Pt, and Cu nanoparticles experience
both a tangential force to rotate and revolve and a centripetal force to migrate, bond,
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and embed. The momentum transfer from electrons to nanoparticles is the source of
this movement.

The Lorentz force exerted on one electron, Fe, was roughly estimated by Equation (2)

Fe = meve
2/r, (2)

where me is the mass of one static electron as 9.1094 × 10−31 kg, ve is the velocity of
electrons, considering the relativistic effects at 200 kV as ve = v200 1.3914 = 2.900 × 108 m/s,
and r is the distance between the nanoparticle and the irradiation centre. When assuming
the experimental case of Al nanoparticles shown in Figure 5, r = 60 nm, the Lorentz force
from one electron Fe was 1.277 × 10−6 N. The total Lorentz force, F, to the Al nanoparticle
of 20 nm in diameter with an irradiation time of 1200 s at 1020 e/cm2s was estimated
to be 9.63 × 105 N. Although this is the maximum value, which occurs when electrons
travel from plane 1 to 2 and the driving force of nanoparticle manipulation changes the
direction from tangential to centripetal, it is too high for nanoparticle movement. The
author proposes the following reasons: although the electron density was measured on the
fluorescent plate beneath the stage, accelerated electron velocity decreased while travelling
inside a TEM, and electrons lost their kinetic energy through ionisation of the wall by their
impact. The Lorentz force decreased by at least 1/100. The existence of a friction force
between nanoparticles and a substrate carbon film could also be one of the causes. The
effective cross-section of the nanoparticle might be considered, which decreases the impact
of the electrons.

The Lorentz force for nanoparticle manipulation is also valid for W, Pt, and Cu, as
shown in Figures 23, 24, and 26. Although the time to bond is different depending on
the density of the weight, electron irradiation focusing to the localised region will be a
candidate technology for fabricating circuits or functional dots by nanoparticle arrays.

7. Summary of the Nanostructure Evolution and Manipulations in the Electron
Excited Field

Research conducted by my group on nanostructure evolution by electron beam ir-
radiation from 1995 to 2005 was reviewed. I have utilised electron beams in TEM to
synthesise nanomaterials and manipulate their nanostructures, in addition to observing
and analysing nanostructures. An overview of the effects of electron irradiation is presented
in Figures 28 and 29, where the abscissa is expressed as the electron irradiation intensity on
a logarithmic scale. The electron beam was focused for synthesis and manipulation up to
1019–1024 e/cm2s, which is higher than 1016 e/cm2s generally used for electron diffraction
and 1018 e/cm2s used for bright-field imaging.

Figure 28 shows that electron irradiation of metastable θ-Al2O3 provides oxide-free Al
nanoparticles, rod-like α-Al2O3, and encapsulated nanoparticles, whereas flashing mode
provides θ-, δ-Al2O3 nanoball/nanowire complexes. The formation of W nanoparticles
from WO3 requires a higher intensity of more than 1023 e/cm2s. Electrons traveling in
a spiral trajectory in the magnetic field of the pole piece transfer momentum to the Al
nanoparticles enable various types of manipulation, such as migration, bonding, rotation,
revolution, embedding, fullerene formation, and intercalation. The intensity is also more
than 100 times higher than that of normal observation conditions, as shown in Figure 29.
The combination of such syntheses and manipulation will provide more complicated
nanostructures for future applications.
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Figure 29. Manipulation of nanomaterials by electron irradiation in a TEM. Nanostructures can be controlled in an electron
excited reaction field through migration, bonding, rotation, revolution, embedding, fullerene formation and intercalation.
The electron irradiation intensity ranged between 1019–1023 e/cm2s depending on the size and weight of the material.
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8. Recent Development in Control and Manipulation of Nanostructured Materials

In this review, pioneering works by the author’s group published in 1995–2005 are
summarised as a tool for nanomaterial control and manipulation at the TEM room tem-
perature stage. In these works, mediate-accelerating keV was initially used, followed
by accompanying magnetic field, and focusing electrons to the localised area. Although
there are several works on the effects of electron irradiation, reviews on this topic are
scarce. For example, lattice defects such as point defects or stacking faults are introduced
as radiation damage in the region of MeV electron irradiation, for which an ultra-high
voltage TEM has been used as an experimental simulation. Krasheninnikov et al. pub-
lished an excellent review paper on the effects of ion and electron irradiation, collecting
more than 680 papers [23], which contained derivation and simulation for nanostructured
materials. Accompanying magnetic field and focusing electrons to the localised area in
TEM are unique technologies for manipulation, which were partly covered in the pa-
pers by Zheng et al. [24] and Andres et al. [25]. Zheng et al. reported that the trapping
force for one nanoparticle was on the order of 10−9 N in the electron density gradient
of 1018−19 e/cm2s [24] which is the same order of magnitude as discussed in Section 6.3.
Simulation by first-principle theory using the density of state is important for predicting
the formation, growth, and coalescence of nanoparticles [25].

9. Conclusions

The author’s group succeeded in inducing the formation of Al nanoparticles by
electron irradiation of metastable θ-Al2O3, followed by manipulation of the nanoparticles.
A series of phenomena was observed without heating using high-resolution TEM (HRTEM),
with an electron beam intensity as low as 1019–20 e/cm2s. The typical morphology of the
nanoparticles was that of a nanodecahedron surrounded by (111) surfaces with twins.
Electron beam irradiation of a group of Al nanoparticles promoted their rotation, revolution,
and migration to the irradiation centre, resulting in bonding and embedding into an
α-Al2O3 matrix. The driving force is considered to be the momentum transfer from
electrons spiralling across the pole piece of the HRTEM in a strong magnetic field to
the Al nanoparticles. When nanoparticles were placed on an amorphous carbon film,
onion-like fullerene nucleated and grew beneath them, and finally, a metallofullerene or
Al-atom-intercalated structure was formed by electron irradiation.

To develop the manipulation technology for other types of nanoparticles, an electron
beam was used to irradiate Cu nanoparticles of 10–50 nm in diameter at an irradiation
intensity of 5.5 × 1022 e/cm2s, Pt nanoparticles at 1.0–3.3 × 1020 e/cm2s, and W nanopar-
ticles derived from WO3 at 9 × 1020 to 4 × 1023 e/cm2s. The behaviour of Cu, Pt, and
W nanoparticles under electron irradiation was similar to that of Al, and a nanofilm was
finally formed. The CSL boundary structures at the bonded interface of Cu nanoparticles
were found to be unstable Σ7 and Σ13b, which are different from the stable Σ3 obtained in
Al and Pt with weaker electron beam irradiation.

The possible scientific contribution of electron irradiation is the synthesis of materials
in a metastable state through a nonequilibrium reaction in vacuum, as well as the induction
of hybridised nano-/mesostructures. It also enables the study of the nature of materials
in a pristine and controlled environment, for example, without the formation of an oxide.
From the viewpoint of application to devices, nanosized balls, dots, wires, and tube-
forming three-dimensional structured circuits may be used as elements of nanodevices,
and chemically active points embedded in the substrate for use as a catalyst can be achieved
by the manipulation of electron irradiation. With respect to industrial applications, our
technologies will contribute to the development of micro- and nanoelectromechanical
systems, memories, photonics, battery electrodes, H2 storage, and more.
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Abstract: Irradiation of high-energy electrons can produce surface vacancies on the exit surface of
thin foils by the sputtering of atoms. Although the sputtering randomly occurs in the area irradiated
with an intense electron beam of several hundred nanometers in diameter, characteristic topographic
features can appear under irradiation. This paper reviews a novel phenomenon on a self-organization
of nanogrooves and nanoholes generated on the exit surface of thin metal foils irradiated with high
doses of 360–1250 keV electrons. The phenomenon was discovered firstly for gold irradiated at
temperatures about 100 K, which shows the formation of grooves and holes with widths between 1
and 2 nm. Irradiation along [001] produces grooves extending along [100] and [010], irradiation along
[011] gives grooves along [100], whereas no clear grooves have been observed for [111] irradiations.
By contrast, nanoholes, which may reach depths exceeding 20 nm, develop mainly along the beam
direction. The formation of the nanostructures depends on the irradiation temperatures, exhibiting
an existence of a critical temperature at about 240 K, above which the width significantly increases,
and the density decreases. Nanostructures formed for silver, copper, nickel, and iron were also
investigated. The self-organized process was discussed in terms of irradiation-induced effects.

Keywords: electron irradiation; metal surface; sputtering; groove; hole; self-organization; pattern

1. Introduction

Generation of nanosized structures is technologically important, and the controlled
formation of structures in solids on a nanometer scale is critical to modern technology [1–3].
Such structures may have properties different from those of the bulk materials. Nanohole-
based nanomaterials with a size less than the wavelength of an excitation laser beam,
for example, are promised for applications such as chemical and biological sensing, mem-
brane biorecognition, unique optical responses under laser excitation, etc.

It should be worthwhile to know the smallest size of nanostructured material. The scan-
ning tunneling microscope has been employed to control the deposition of atoms on or
extraction of atoms from the surface on an atomic scale [4–6]. However, there seems to be a
minimum width when one tries to produce deep nanoholes or nanogrooves.

High-energy particle irradiation is one of method to generate interesting nanomate-
rials [7,8]. Aggregation of surface vacancies produced homogeneously by ion sputtering
may produce pits that can become rather deep. Electron irradiation, which can induce
back sputtering on the surface of thin foil specimens, is also one of the techniques used for
nanometer scale etching, lithography and hole formation, and intense convergent electron
beams have been utilized, so far. Deep nanoholes have been formed in MgO using a
convergent nanosized electron beam, the smallest widths so far achieved being about
1 nm [9,10]. Parallel electron beams, on the other hand, of 500–1000 nm diameter have been
shown to produce pits on the exit surface of Au(111) foils by sputtering over the electron
energy range of 0.4–1.1 MeV [11].

Self-organization is one method to produce characteristic structures and several self-
organization phenomena of defect clusters under high-energy particle irradiations such as
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voids, bubbles, and stacking fault tetrahedra have been reported so far [12–16]. Sponta-
neous well-ordered periodicity can be developed on a broad surface by ion beam sputtering
and a numerical model has been proposed as the formation process [17].

The present paper reviews our studies on the evolution of nanosized structures
resulting from the sputtering of atoms from the exit surface of thin metal specimens during
homogeneous electron irradiation, focusing on a novel self-organization phenomenon,
which can occur on the electron irradiated surface [18–22] and give additional data on the
temperature dependence of the formation of nanoholes for gold.

2. Materials and Methods

In the present study, we used the wedge-shaped specimens produced from 99.998%
Au, 99.9999% Ag, 99.999% Cu, 99.998% Ni, and 99.997% Fe foils with a thickness of
about 100 µm. After eliminating lattice defects by annealing, they were thinned by jet-
polishing to make wedge-shaped specimens. The electron irradiations were performed by
using two transmission electron microscopes (TEM) of JEOL-ARM 1250 and JEOL-4000FX,
both equipped with GATAN liquid-nitrogen cooling stages.

The irradiations were done along crystallographic directions near the [100], [110],
or [111] direction of grains with surface orientations near {100}, using a beam of about
200–800 nm diameter as illustrated in Figure 1 and a flux density of about 1024 electrons
m−2 s−1 with total fluences ranging from 1027 to 1028 electrons m−2. The irradiation
direction was adjusted by tilting the specimen. Although the surface orientation and the
observation directions were not perfectly aligned with the crystallographic orientations in
question, such crystallographic indices are used hereafter to show the surface orientation
and observation directions. The irradiation time ranged from several 10 s to several 1000 s.
A small fraction of incident electrons (10−6 for 1.0 MeV electrons) can give sufficient
energy with target atoms on the electron exit surface to cause sputtering [23]. The electron
microscopy observations were made with strongly reduced beam currents to suppress
additional sputtering. Detailed experimental and theoretical study on the sputtering yield
and angular distribution of sputtered atoms, among others, for gold foils in a high-voltage
electron microscope have been given by Cherns et al. [23].
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Figure 1. A schematic view of a disk specimen of 3 mm diameter. The irradiations were carried out
at thin parts near a hole with an electron beam of about 200–800 nm diameter.
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3. Results
3.1. Gold
3.1.1. Self-Organization of Nanostructure

Figure 2 shows a typical self-organized pattern observed for an Au(001) foil irradiated
with 400 keV electrons along [001] direction at 95 K with an electron beam of about
300 nm in diameter. The micrograph was taken under a kinematic and slightly under-focus
condition. Clear bright images extending along [100] and [010] with a width of 1–2 nm can
be observed. Stereomicroscopy revealed that these bright lines are grooves formed on the
electron exit surface.
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95 K; (b) a magnified view of black square area in photo (a).

Figure 3 shows an oblique observation of an Au(001) foil, which was irradiated along
[112] with 400 keV electrons at 95 K and observed along [001] by tilting the specimen. Deep
nanoholes and hillocks formed on the exit surface of an Au(001) foil can be seen. Aspect
ratio on the nanohole is very high in spite of the small diameter of 1–2 nm.

Quantum Beam Sci. 2021, 5, x FOR PEER REVIEW 3 of 20 
 

 

3. Results 
3.1. Gold 
3.1.1. Self-Organization of Nanostructure 

Figure 2 shows a typical self-organized pattern observed for an Au(001) foil irradi-
ated with 400 keV electrons along [001] direction at 95 K with an electron beam of about 
300 nm in diameter. The micrograph was taken under a kinematic and slightly under-
focus condition. Clear bright images extending along [100] and [010] with a width of 1–2 
nm can be observed. Stereomicroscopy revealed that these bright lines are grooves formed 
on the electron exit surface.  

 
Figure 2. (a) TEM micrographs of an Au(001) foil irradiated along [001] with 400 keV electrons at 
95 K; (b) a magnified view of black square area in photo (a). 

Figure 3 shows an oblique observation of an Au(001) foil, which was irradiated along 
[112] with 400 keV electrons at 95 K and observed along [001] by tilting the specimen. 
Deep nanoholes and hillocks formed on the exit surface of an Au(001) foil can be seen. 
Aspect ratio on the nanohole is very high in spite of the small diameter of 1–2 nm.  

 
Figure 3. Nanoholes and hillocks generated on the exit surface of an Au(001) foil, which was irra-
diated along [112] with 400 keV electrons at 95 K and observed along [001]. Nanoholes and hill-
ocks are denoted by arrows and by h, respectively. 

  

Figure 3. Nanoholes and hillocks generated on the exit surface of an Au(001) foil, which was
irradiated along [112] with 400 keV electrons at 95 K and observed along [001]. Nanoholes and
hillocks are denoted by arrows and by h, respectively.

3.1.2. Irradiation Directional Dependence on the Structure

Figure 4a–c exhibit TEM images obtained under kinematic and slightly under-focus
conditions for a (001)-oriented foil after irradiation with 800 keV electrons at 110 K to a
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fluence of 8 × 1026 electrons m−2, which were, respectively, irradiated along [001], [011]
and [111] directions. Stereomicroscopy indicated that the elongated bright contrasts along
[001] and [010] for the [001] irradiation were due to grooves at the electron exit surface of
the foil. Different results were obtained after the irradiations along [011] or [111] directions,
as seen in Figure 4b,c, respectively. We can find bright contrasts extending along [100] for
[011] irradiation, which are due to grooves but cannot find groove formation after [111]
irradiation. The white contrasts in Figure 4c are caused by pits. These results suggest
strongly that the groove formation is affected by the angle between the beam direction and
the surface normal.
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Figure 4. TEM micrographs of an Au(00l) foil irradiated at 110 K with 800 keV electrons to a fluence
of about 8 × 106 electrons m−2. The directions of irradiations and observations are (a) [001], (b) [011],
and (c) [111].

A detailed analysis has led us to schematic pictures on the nanostructure formed on
the exit surface of gold films under electron irradiation as shown in Figure 5 [18]. The sput-
tered structure mainly consists of anisotropic nanogrooves, deep nanoholes, and hillocks.
No clear grooves appear for the [111] irradiation. The nanoholes grow parallel to the irradi-
ation direction both under [001] and [111] irradiations without much change in their widths
but are zigzagged under [011] irradiation. Note the large aspect ratio of these nanoholes
with extremely small dimension; the width and depth of the smallest nanoholes formed by
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the [111] irradiation, for example, are about 1.5 nm and more than 20 nm, respectively. In all
three cases, the hillocks develop along the irradiation directions, although not indicated in
Figure 5a for clarity.
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Figure 5. Schematic views of the sputtered rear surface of Au(001) foils irradiated with 800 keV
electrons along (a) the [001] direction, (b) the [011] direction, and (c) the [111] direction.

Similar results were obtained for the groove and pit formation for 1250 keV electron
irradiation of an Au(001) foil at 110 K. However, additionally, the formation of stacking-
fault tetrahedra were observed, corresponding well to the estimated threshold electron
energy of about 1150 keV for the Frenkel pair production in gold at 110 K [24].

3.1.3. Generation of Nanoslits and Nanoparticles

Successive sputtering due to electron irradiation induces thinning of the specimen,
finally leading to the penetration of thin foils from the exit to the incident surfaces by
nanogrooves and nanoholes. Figure 6a–d show the development of the nanostructure for
an Au(011) foil irradiated with 400 keV electrons along [011] at 95 K. We can see that the
width of nanogrooves in the pattern, which appeared in the initial stage of irradiation
does not change significantly under irradiation. In Figure 6c, the penetration occurred in
an area near the beam center, and then, nanoslits were formed as denoted by an arrow.
In Figure 6d, the nanoslit denoted by the arrow in Figure 6c is closed, making the nanoslits
beside it wider. This means the nanoslit became unstable under irradiation, probably due
to its small size.

The self-organized pattern of nanoslits is seen to be determined in the initial stage of
irradiation. Nanogrooves tend to develop along [100] direction, finally forming nanowires
between the grooves. This method of the formation of nanowires using electron-beam
irradiation in an electron microscope has been used to investigate characteristic nanostruc-
tures, which can appear in small size such as nanowires stabilized by the hcp lattices of the
surfaces [25] and the ones consisting of helical atom rows coiled round the wire axis [26].

Figure 7a,b, respectively, show nanostructures of Au(001) foils irradiated with 1.25 MeV
electrons at 110 K along [001] and [111] directions. The structures near the beam center
denoted by X are seen to be pierced with a lot of holes produced by the irradiation and
nanoparticles connected to each other. The shape of nanoparticles seen in Figure 7a,b
reflects the self-organized nanostructures seen in Figure 4a,c, respectively. This method of
particle formation may be useful for investigating the dependence of the characteristics of
nanosized particle on size due to two advantages; one is the continuous preparation of a
fresh surface under sputtering, and the other is the unique method of particle generation
from thin foils.
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Figure 6. Development of nanostructure on the exit surface of an Au(011) foil irradiated with 400 keV
electrons along [011] direction at 95 K: (a) 300 s; (b) 480 s; (c) 600 s; (d) 750 s.
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Figure 7. Nanostructures of Au(001) foils irradiated with 1.25 MeV electrons at 110 K along: (a) [001]
direction, 1500 s; (b) [111] direction, 1700 s. The structures near the beam center are seen to be
nanoparticles connected to each other and depend on the irradiation direction.

3.1.4. Annealing of the Nanostructure at Room Temperature

Figure 8a,b, respectively, show an area of Au foil irradiated along [111] at 800 keV
with a fluence of about 8 × 1026 electrons m−2 and annealed at room temperature. Both
the photos were observed obliquely from [001] direction, by tilting the specimen from
the irradiation direction. The projection of the electron-beam direction during irradiation
is indicated by an arrow in Figure 8a, and nanoholes are observed with parallel dark
lines. They appear to develop rather randomly under [011] irradiation but grow along the
irradiation direction under [111] irradiation [18]. The dark features are hillocks developing
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along the irradiation directions. On room-temperature annealing, the nanoholes become
thermally unstable irrespective of the original irradiation direction. They transform to
voids with large diameters, while the hillocks decrease in height, as seen in Figure 8b.
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Figure 8. TEM micrographs of an area of Au foil (a) irradiated along [111] direction at 800 keV with
a fluence of about 8 × 1026 electrons m−2 then (b) annealed at room temperature. Both the photos
were taken along [001] direction. The projection of the electron-beam direction during irradiation is
shown by a yellow arrow in photo (a). Voids transformed from nanoholes are indicated by arrows in
photo (b).

3.1.5. Irradiation Temperature Dependence on the Structure

To know the irradiation temperature dependence on the formation of nanostructure,
we investigated the structural change under electron irradiation at several different temper-
atures. Figure 9 shows bright-field images of Au(001) foils irradiated along [001] direction
at four different temperatures. The electron irradiations were done with a beam of several
hundred nm in diameter, and observation were done in areas where the structure looks
homogeneous. The flux density is about 2 × 1024 electrons m−2 s−1.

Nanoholes formed by the irradiations are observed as bright circular images in
Figure 9a,b and dark circular images in Figure 9c,d. One should note that the density
of nanohole is almost constant over the irradiated dose range at each irradiation tempera-
ture [11]. Then, the difference in the time indicated in Figure 9 does not significantly affect
the investigation on the temperature dependence of the density of nanoholes.

Figure 10 shows the Arrhenius plot of the density of nanoholes. We can find two
lines with apparent activation energy of 0.0046 eV below 240 K and 0.088 eV above 240 K.
Similar studies were done several decades ago by Cherns [11]. He gave in situ observation
of sputtering at 1.0 MeV with thin (111) gold films by using the Harwell EM7 high-voltage
electron microscope. He measured the pit density, which corresponds to the nanohole
density in the present study, against the irradiation temperature and found a temperature
dependence on the pit density. However, he could not measure the pit densities greater
than about 1–2 ×1016 m−2, owing to a limit in the image resolution between adjacent
pits. In the present study, we used JEOL-1250 transmission electron microscope, and the
resolution is enough high to determine the density below 273 K, as seen in Figure 10.
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Figure 10. Arrhenius plot of the density of nanoholes. Two linear relations are seen, giving apparent
activation energies of 0.0046 eV below 240 K and 0.088 eV above 240 K.

Cherns proposed a theoretical model in which pits form by the diffusion and agglom-
eration of surface vacancies produced by sputtering. The model explains the experimental
results in some detail, and the apparent activation energy of pit density against 1/T is
suggested to take a value of Em/3, where Em is the migration energy of surface vacancy.
Utilizing Cherns’ model in the present result on the density of pits on Au(001), the migra-
tion energy of a surface vacancy on Au(001) is derived to be 0.26 eV with the apparent
activation energy of 0.088 eV shown in Figure 10. The value is lower than Em = 0.45 eV
given by Cherns, but almost in the range of error bar. If the apparent activation energy
of 0.088 eV above 240 K were to relate to the migration of vacancy, a following question
remains; “what is the activation process for the lower value of 0.0046 eV below 240 K?”,
which has not been found by Cherns. We can guess that the activation energy below 240 K
may relate to the migration of adatom, etc., but further experimental and theoretical studies
are awaited.
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3.2. Comparison among Gold, Silver, and Copper

Figure 11 compares nanostructure, which appeared for Au(001), Ag(001), and Cu(001)
foils irradiated with 400 keV electrons along [001] at 95 K [21]. Elongated bright images
correspond to grooves formed on the electron exit surface of the foils. One can see that
the patterns of grooves for both Ag and Cu are not as clear as the one for Au and extend
weakly along [110] and [110] directions. The width of grooves for Cu is about 2–4 nm,
significantly larger than those for Au and Ag, which are about 1–2 nm.
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Figure 11. Nanostructures generated on (a) Au(001), (b) Ag(001), and (c) Cu(001) foils under 400 keV
electron irradiation along [001] direction at 95 K. The patterns of grooves for both Ag and Cu are not
as clear as the one for Au. The width of grooves for Cu is about 2–4 nm, significantly larger than
those for Au and Ag, which are about 1–2 nm.

Contrary to the differences in the patterns for [001] irradiation, the groove formed
by the oblique irradiations along [011] direction for Au, Ag, and Cu show a preferential
elongation along [100], as denoted by arrows in Figure 12a–c. Note that the Ag specimen
has a wavy surface. Then, the grooves formed on the surface are uneven and denuded in
some areas, similar to the case of an Au foil with grain boundaries [11] but tend to grow
along [100] in spite of the wavy surface. In addition to nanogrooves developed parallel to
the exit surface of foils, nanoholes and hillocks are formed, as seen for Au, Ag, and Cu foils
in Figure 13a–c, respectively [21]. The irradiations were done with 400 keV electrons at 95 K,
and the photos were taken obliquely against the beam direction. Elongated images denoted
by arrows correspond to nanoholes growing from the exit surface and dark contrasts
denoted by h are hillocks. The directions of the growth of nanoholes and hillocks are along
and opposite to the irradiation direction, respectively. One should note that the nanoholes
grow deeper than 10 nm with an almost constant diameter of about 1–2 nm for Au and Ag
and about 2–4 nm for Cu. Most of the nanoholes are formed in the areas of nanogrooves.
The images of nanoholes observed along the irradiation direction can be found as extremely
bright spots in Figure 12.
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Figure 12. TEM images of nanostructure generated on the exit surface of Au, Ag, and Cu foils
irradiated with 400 keV electrons along [011] direction at 95 K: (a) Au(001), 600 s; (b) Ag(001), 510 s;
(c) Cu(001), 2160 s. Nanogrooves with bright contrast are seen to elongate along [100] direction for all
the cases.
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Figure 13. TEM images of deep nanoholes and hillocks generated on the exit surface of Au, Ag, and
Cu foils irradiated with 400 keV electrons at 95 K: (a) Au(001), 600 s; (b) Ag(001) 600 s; (c) Cu(001),
3180 s. All images were taken oblique to the irradiation directions. Nanoholes and hillocks denoted
by arrows and by h are seen to elongate opposite to and along the beam direction, respectively.

3.3. Ni

A nanostructure, which appeared for a Ni(001) foil irradiated with 400 keV electrons
along [001] direction at 105 K to a dose of 7.0 × 1027 electrons m−2 [22], is shown in
Figure 14. The diameter of electron beam for the irradiation was about 200 nm of which the
center is near the center of Figure 14a. The micrograph was taken under a kinematic and
slightly under-focus condition. One can see that the pattern near the center of the electron
beam of photo (c) is rather different from that in the outer area of photo (c). The extension
of bright images is not observed along [100] and [010] directions, but they extend slightly
along [110] and [110] instead. The pattern near the center of the electron beam is similar
to those of Ag and Cu, which are, respectively, shown in Figure 11b,c. The results for Ni
mentioned above are different from those of Au, where the pattern is almost the same in
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the whole area, although the extension of the grooves becomes longer near the beam center,
as seen in Figure 2.
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Figure 15 shows the Ni(001) specimen, which was tilted to the direction near [011]
and irradiated obliquely with 400 keV electrons along [011] direction at 105 K to a dose
of 8.4 × 1027 electrons m−2. Bright images of nanogrooves tend to extend along [100],
as shown in Figure 15a, similar to the cases of Au, Ag, and Cu (Figure 12). The irradiation
was prolonged to a dose of 4.2 × 1028 electrons m−2, then the penetration of nanogrooves
from the electron exit surface to the incident surface occurred, as seen in Figure 15b. We can
find large holes appear near the center of an electron beam, and several nanowires were
generated. The nanowires tend to elongate along [100], reflecting the initial pattern of
nanogrooves seen in Figure 15a.

3.4. Iron

A nanostructure formed for a Fe(111) foil irradiated with 400 keV electrons along
[111] direction at 300 K to a dose of 4.4 × 1028 electrons m−2 [22] is shown in Figure 16.
The TEM micrograph was taken under a kinematic and slightly under-focus condition.
The beam center is near the edge of the specimen. The nanostructure generated by the
electron irradiation can be roughly divided into two types; one is high density of nanoholes
formed in the outer area of the electron beam, as seen in the magnified view, and the other
is nanogrooves, which are observed near the beam center.

The appearance of the two types of structure should be due to the difference in the
total dose, as the beam intensity is stronger near the beam center. The irradiation dose
described above is an average value. In situ observation has revealed that nanoholes are
generated at first and then developed to nanogrooves with increasing dose. The diameter
of nanoholes is about 2–4 nm. Formation of high density of nanoholes under electron
irradiation has not been observed for Au, Ag, and Cu [21] but has been reported for Si [27].
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Figure 16. TEM micrographs of the Fe(111) foil irradiated with 400 keV electrons along [011] direction
at 300 K to a dose of 4.4 × 1028 electrons m−2. A magnified view of the nanoholes is given in the inset.

One should note that a nanostructure with several nanometer size appeared at 300 K
in the case of Fe. In the case of Au, on the other hand, the nanostructure appeared at 110 K
and became unstable on annealing at room temperature. Nanoholes are transformed into
voids with larger diameters, while the hillocks decreased in height, as shown in Figure 8.
Then, the stepwise annealing was carried out with 50 K/10 min steps from 373 to 823 K in
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the transmission electron microscope to know the thermal stability of the nanostructure
generated for Fe.

The changes on annealing at 623 and 823 K are, respectively, shown in Figure 17a,b.
The pattern formed on the Fe surface scarcely changed up to 573 K, but a clear change can
be observed above 623 K. The steps denoted by arrows are seen to move downwards. In
spite of such an apparent change in the specimen surface on annealing at 623 K (Figure 17a),
we can still observe some nanogrooves and nanoholes whose size and pattern are similar to
those before annealing (Figure 16). At 823 K, on the other hand, a remarkable change such
as disappearance of the nanostructures can be observed (Figure 17b). However, there still
remains some nanoholes whose diameters are almost the same as those before annealing.
The result is clearly different from that of Au, where nanoholes were transformed into
voids with larger diameters, and the surface became smoother. The changes in the Au
specimen suggest the remarkable effect of surface diffusion. Therefore, we guess that
thermal evaporation of Fe atoms from the surface becomes remarkable at a temperature
above 623 K to form the steps and to change the structure. Moreover, material transport on
Fe surface by surface diffusion is not so significant as to change the nanostructure below
823 K.
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The nanostructure was generated by the irradiation with 400 keV electrons along the [011] direction
at 300 K to a fluence of 4.4 × 1028 electrons m−2. Steps that appeared on annealing are denoted by
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However, residual O2 gas in the conventional TEM may affect the formation or the
behavior of nanostructure similarly to the case of silicon [27]. Nonetheless, the electron
exit surface of Fe where the pattern developed should be rather clean due to sputtering.
Further investigations on this point are desired.

4. Discussion

For the generation of aligned nanogrooves, we did not use a convergent nanosized
electron beam as has been done for the generation of nanoholes [10] but a homogeneous
electron beam of about 200–800 nm in diameter. In this case, the phenomena occurring
on the electron exit surface may be as follows (Figure 18). Surface vacancies are formed
at first in the first layer of the metal. Then, the surface vacancies agglomerate to produce
monolayer islands of surface vacancies. Under prolonged irradiation, surface vacancies
are produced in the area of islands, and multilayered pits are formed in several minutes.
One cannot expect any anisotropic movement of surface vacancies on (001) and (111) sur-
faces in the process, but it may be expected on (011), judging from the nature of geometrical
symmetry of the surfaces. Therefore, the present results on the pattern formation on the
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(001) surface strongly suggest that we are dealing with a case of self-organized pattern
formation controlled by some factor, which includes the anisotropy of material transfer.
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Figure 18. A sketch of the change in the electron exit surface at the initial stage of formation of
pits. 1. At first, vacancies are formed on the surface layer of the foil by sputtering. 2. They then
agglomerate to form monolayer islands of surface vacancies. 3. After prolonged irradiation, further
surface vacancies are formed within islands. 4. Finally, multilayered pits will be formed.

We have found the formation of pits and the self-organization of grooves under
electron irradiation. The growth process of the pits has been discussed theoretically by
Cherns [11]. However, his model does not predict the generation of the deep nanoholes
and the aligned nanogrooves found in the present work; probably, he used Au(111) foils
on which the aligned nanogrooves do not appear. It is not clear when and why the
aligned nanogrooves and the deep nanoholes are generated. In this section, we discuss the
formation of deep nanoholes and the self-organization process of nanogrooves.

4.1. Formation Process of Deep Nanoholes

Figure 18 schematically shows the structural change in the electron exit surface at
the initial stage of irradiation. At first, surface vacancies are formed in the first layer of
the metal by sputtering. Then, the surface vacancies agglomerate to produce monolayer
islands of surface vacancies. Under continuous irradiation, surface vacancies are formed in
the area of islands, and finally, multilayered pits are generated. The growth process of the
pits has been theoretically given by Cherns [11]. Nonetheless, his model does not predict
the formation of the aligned nanogrooves and the deep nanoholes found in the present
work.

In contrast with what has been said above for the formation of nanogrooves, the deep-
ening of the nanoholes is not believed to involve self-organization. As may be seen from
Figure 3, the diameters of nanoholes do not vary significantly along their depth, indicating
one-dimensional growth along the irradiation direction. We can estimate that more than
2000 atoms must be removed to produce a nanohole of 1.5 nm width and 20 nm depth.
We guess that irradiation-induced diffusion of surface vacancies plays a significant role,
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although there may be other processes leading to the deepening of nanohole. Note that the
nanoholes are generated on the rear surface, growing opposite to the irradiation direction.
Irradiation-induced diffusion of surface vacancies on the side walls of the holes can result
in a vacancy migration opposite to the irradiation direction, which is towards the bottom
of the nanohole. Thus, nanoholes can be deeper by this process.

How does the nanohole grow so deep? First, one can consider that a geometrical
factor would be responsible for the deepening of pits. Surface vacancies created in a terrace
with a width w, as shown in Figure 19, can contribute to the erosion of the descending
step but not of the ascending step at temperatures below which the layer-by-layer removal
starts [28]. We can easily see that the area A in the terrace becomes larger near the center if
the length of the descending step and the width of the terrace w are the same. This means
that the erosion rate of the descending step near the center should be faster in this case due
to the large amount of incoming surface vacancies for the unit length of the descending
step. Under prolonged irradiation, however, the pit profile should reach a steady state after
a critical dose, because a faster erosion of the descending step would lead to a decrease in
the terrace width, thereby leading to a decrease in the erosion rate of the descending step.
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Here, we discuss the pit profile in the steady state. The growth rate of the circular step
with an inner radius of Rp in Figure 19 is given [11] in the continuum approximation by

dRp/dt = P(Rp−1
2 − Rp

2)/2N0Rp (Rp > a0), (1)

where P and N0 are the production rate of surface vacancies and the number of atoms per
unit area of the surface, respectively, and a0 is the atomic size.

As Rp−1 = Rp + w, Equation (1) can be expressed as

dRp/dt = P[(Rp + w)2 − Rp
2]/2N0Rp

= Pw/N0 + Pw2/2N0Rp,
(2)

When a pit grows steadily, Equation (2) should be constant (=k).
In the case where the terrace is far from the center (Rp > > w), the second term of

Equation (2) is negligibly small. Then, the width of the terrace is approximately

w = kN0/P, (3)
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In the case where the terrace is located beside the center (Rp = w), the width of the
terrace is estimated, by applying Rp = w and dRp/dt = k, as

w = (2/3)kN0/P, (4)

The difference in the values of w in Equations (3) and (4) means that the width of the
terrace near the center becomes narrower; i.e., the inclination of the face of the pit near
the center becomes steeper. The shape of the steadily growing pit can be obtained by the
numerical calculation for pit growth for finite intervals given by Cherns [11]. However,
the result of these calculation does not reveal the significant deepening of pits observed in
the present experimental study. Therefore, the deepening of the nanoholes should be due
to some factors other than the geometrical factor.

Two factors can be mentioned as being responsible for the deepening, which are
preferential sputtering at growth point and irradiation-induced diffusion. The sputtered
surface quickly develops a high proportion of surface ledge sites, especially near the pit
center, as seen in Figure 20. The sputtering rate would increase at the ledge sites due to
the lower number of bonding. Therefore, it is probable that the preferential sputtering at
the growth point leads to the deepening of pits. Irradiation-induced diffusion of surface
vacancies and adatoms on the side walls of nanoholes, on the other hand, may play an
important role. Surface vacancies and adatoms will move opposite to and along the
irradiation direction, respectively, both movements enhancing the deepening of the holes.
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Figure 20. Growth process of nanohole. Surface vacancies on the wall of nanohole move to the tip of
nanohole, but adatoms are evacuated from the nanohole. Thus, deep nanoholes can be formed.

4.2. Self-Organization of Nanogrooves

Interesting discovery on the development of nanostructure under electron irradiation
in the present study is the pattern formation of nano-grooves, which can change depend-
ing on the irradiation directions, the irradiation temperatures, and the kinds of metals.
The most outstanding feature appears for Au. The nanogrooves exhibit strong irradiation-
direction dependencies in their growth. They grow along [100] and [010] directions for
[001] irradiation and along [100] for [011] irradiation, whereas no clear grooves are formed
for [111] irradiation. The widths of nanogrooves and holes are between about 1 and 2 nm,
which are the smallest ones formed on metal surfaces so far. The formation of the groove
pattern also has a surface orientation dependence.

To clarify the formation mechanism on the nanostructures, systematic investigations
are needed. After finding the pattern formation for Au, we investigated several FCC metals
of Au, Ag, Cu, Ni, and a BCC metal of Fe. For Ag and Cu, the pattern formation is not so
clear. For Ni, the diffusion effect is not so high compared to the cases of Ag and Cu, but the
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pattern depended on the part of the specimen, as seen in Figure 11. For Fe, the pattern is
not clear but rather random (Figure 14).

The generation of nanoholes and nanogrooves originally comes from the sputtering at
the electron exit surface. Thus, the anisotropic growth of the nanogrooves and nanoholes
should be attributed to the irradiation-induced anisotropic flow of point defects [29].

The fact that different groove patterns observed on the same Au(001) surface by
irradiating along different directions (Figures 4 and 5) strongly suggests that the patterns
are meta-stable structures, which has a very long lifetime at low temperatures.

The available experimental evidence demonstrates that we are dealing with a case of
self-organized pattern formation, which satisfies the following conditions.

(1) The groove patterns are generated far from thermal equilibrium in an open, highly
dissipative system.

(2) Only a small fraction of the total energy input is stored (e.g., as surface energy at the
grooves).

Below 240 K, the temperature effect of surface vacancy, which will reduce the anisotropic
growth of nanogrooves due to their random movements, should be low for Au, as seen in
Figure 10. At the low temperature region, the migration of surface vacancies by thermal
activation alone should be negligibly small. Thus, we may expect the phenomena observed
to be controlled by some anisotropic mechanisms such as sputtering induced by the
anisotropy of the sputtering yield [23], the surface reconstruction under irradiation [25],
focused collision chains [30], or irradiation-induced diffusion [29].

We guess that the anisotropy of momentum transfer, either directly from the electrons
by Rutherford scattering or indirectly through bulk collision sequences propagating along
the densely packed directions, leads to the mobility of surface vacancies, finally leading to
anisotropic groove patterns. One should note that there exists a difference in the anisotropy
of collision sequence propagation between bulk Au and Ag, i.e., along the <100> direction
for Au but <110> for Ag, which was experimentally supported by a difference in the
anisotropy of the threshold energy for atom displacement in both materials [30].

Now, we draw a conceivable scenario, in the following section. Consider a surface
atom of which momentum has been transferred either directly from the electrons by
Rutherford scattering or indirectly through bulk collision sequences. In the case where
the component of the transferred momentum normal to the surface is sufficiently large,
the atom will be sputtered off the surface leaving a surface vacancy behind. Surface collision
sequences propagating along close-packed directions in the surface shown in Figure 21
may be excited by momentum transfer to neighboring atoms—a process that is favored
by the angular dependence of the Rutherford scattering cross-section. Under prolonged
irradiation, the surface vacancies will move around by irradiation-induced diffusion and
may agglomerate to form pits. Surface collision sequences ending at a descending surface
step or at a hole or groove, on the other hand, may generate a surface adatom, leaving
a surface vacancy at or near its point of departure. Adatoms created on the surfaces of
grooves will in general reduce the groove surface area. Since the propagation of collision
sequences is highly anisotropic, this may lead to a gradual alignment of the grooves and
pits under prolonged irradiation. This process is similar to that of the formation of lattices
of stacking-fault tetrahedra under high-dose electron irradiation [12,13]. Such a mechanism
can work only if the mobility of the surface vacancies is not too large. This probably
accounts for the fact that regular groove patterns have so far been observed for Au only
after low-temperature irradiation but not under room-temperature irradiation conditions.
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Additionally, one should note that the pattern of aligned nanogroove for the 400 keV
electron irradiation for Au (Figure 2) is clearer than the one for the 800 keV electron
irradiation (Figure 4). The origin of the less clear pattern in the latter case should be
attributed to some additional effects such as a complicated sputtering process; that is,
at energies <600 keV, surface atoms are sputtered by direct recoils only, whereas at energies
>600 keV, up to about 10% of the total yield comprises surface atoms sputtered by sub-
surface recoils [23] and the formation of Frenkel pairs, which can occur at higher irradiation
energy of electrons [24]. Angular distributions of sputtered atoms as a function of electron
energy [23] may affect the formation of adatoms and the pattern formation. Moreover,
the formation of aligned nanogrooves and nanoholes are significantly affected by the
irradiation temperature (Figures 9 and 10), probably reflecting the mobility of surface
vacancy.

5. Conclusions

We found a new type of self-organized nanostructure formation on the exit surface of
thin gold foils irradiated with high doses of 360–1250 keV electrons at temperatures of about
100 K. The structure consists of aligned nanogrooves, which develop parallel to the surface,
and nanoholes and hillocks, which grow parallel to the electron beam. The nanogrooves
show strong irradiation-direction dependencies on their growth. They grow along [100]
and [010] directions for [001] irradiation, along [100] for the [011] irradiation, whereas no
clear grooves are formed for [111] irradiation. The widths of nanogrooves and holes are
between about 1 and 2 nm, which are the smallest ones generated on metal surfaces so
far. The final structures of the thin foils under electron irradiation are nanoparticles or
nanowires. This method has been utilized to produce long gold nanowires for investiga-
tions of the interesting physics such as the electron transport properties and the multi-shell
structure. Temperature dependence of the nanostructure for gold indicates that the effect
of surface diffusion becomes significant above 240 K.

Furthermore, the self-organized structures for silver, copper, nickel, and iron are inves-
tigated. The formation of nanoholes and nanogrooves basically originates in the sputtering
at the electron exit surface. The difference in the anisotropic growth of the nanogrooves
and nanoholes among the kinds of metals should be attributed to the irradiation-induced
anisotropic flow of point defects and some related factors, which are attributed to the
nature of metals. Thus, we can use the present investigation for the studies of irradiation-
induced effects and the surface diffusion effect, of which knowledge should be useful for
the synthesis of new nanomaterials.
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Abstract: Cerium dioxide (CeO2) exhibits complex behavior when irradiated with swift heavy
ions. Modifications to this material originate from the production of atomic-scale defects, which
accumulate and induce changes to the microstructure, chemistry, and material properties. As such,
characterizing its radiation response requires a wide range of complementary characterization
techniques to elucidate the defect formation and stability over multiple length scales, such as
X-ray and neutron scattering, optical spectroscopy, and electron microscopy. In this article, recent
experimental efforts are reviewed in order to holistically assess the current understanding and
knowledge gaps regarding the underlying physical mechanisms that dictate the response of CeO2 and
related materials to irradiation with swift heavy ions. The recent application of novel experimental
techniques has provided additional insight into the structural and chemical behavior of irradiation-
induced defects, from the local, atomic-scale arrangement to the long-range structure. However,
future work must carefully account for the influence of experimental conditions, with respect to both
sample properties (e.g., grain size and impurity content) and ion-beam parameters (e.g., ion mass
and energy), to facilitate a more direct comparison of experimental results.

Keywords: cerium oxide; CeO2; irradiation; swift heavy ions

1. Introduction

Under ambient conditions, cerium dioxide (CeO2) adopts the fluorite structure (space
group Fm-3m), common to a variety of dioxides such as UO2, ThO2, PuO2, and doped
ZrO2 [1,2]. In this phase, Ce cations arrange in a face-centered cubic array on 4a Wyckoff
sites with a simple cubic substructure of oxygen anions occupying 8c sites (Figure 1).
The flexibility of cerium’s electronic structure allows for extensive transitions between
the nominal 4f 0–Ce4+ oxidation state and a 4f 1–Ce3+ state without loss of the long-range
fluorite structure. This transition is so prevalent over a wide range of conditions that
materials containing cerium (including oxides) with monovalent Ce4+ cations are difficult
to fabricate [3].
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The reduction in cation charge state is coupled to the production of oxygen vacancies
(VO) in the system; for every positively charged V..

O, two Ce3+ cations are necessary for
charge compensation. Under reducing conditions, oxygen vacancy formation is expressed
in Kröger-Vink notation as:

2CeCe + OO →
1
2

O2(gas) + V..
O + 2e/ + 2CeCe (1)

The two excess electrons (e/) liberated by the formation of molecular oxygen can sub-
sequently be captured by surrounding cerium atoms, causing a reduction in the oxidation
state of tetravalent cations {Ce(IV)→ Ce(III)} as expressed in:

2CeCe + V..
O + 2e/ → V..

O + 2Ce/
Ce (2)

The accommodation of these V..
O and Ce3+ defects in the fluorite structure yields

an average expansion of the unit cell, due to the larger cationic radius of Ce3+ cations
compared with Ce4+ cations (1.14 Å and 0.97 Å, respectively [4]) and local distortions
around the VO and aliovalent cations [5,6]. As these Ce3+

Ce –VO defect complexes accumulate
to sufficiently large concentrations, the oxygen vacancies begin to order and arrange
themselves according to Pauling’s 1st and 2nd rules [7,8]. This leads to transformations
into various trigonal fluorite-derivative phases such as Ce11O20 and Ce7O12 as a function
of decreasing oxygen content [9,10].

The flexibility of the fluorite structure and the complex redox behavior of cerium oxide
compounds make them attractive for use in a number of engineering applications, such as
oxygen sensors [11], catalysts in chemical processes [12], and electrolyte materials in solid
oxide fuel cells [13]. Being isostructural with the nuclear fuel materials UO2, ThO2, and
PuO2, CeO2 is also an important analogue for studies of radiation effects in actinide oxides,
as it obviates the need for handling of radioactive or highly regulated compounds. Due to
these applications involving operation under extreme conditions, CeO2 has been studied
in great detail in recent decades, particularly focusing on its behavior in harsh chemical
environments, as well as during exposure to high temperature and intense irradiation.
Perhaps the most extreme and least understood of these conditions is high energy heavy
ion irradiation.

Swift heavy ions (SHIs), having energies >0.5 MeV/u, can be produced at large ac-
celerator facilities and are used for a wide range of applications. The highly transient
energy deposition associated with swift heavy ion irradiation leads to far-from-equilibrium
material conditions, similar to those induced in nuclear fuels by the slowing down of
energetic fission fragments. SHIs are therefore used to study radiation effects in nuclear
materials under well-controlled experimental conditions [14]. SHIs are also used to mimic
the effects of galactic cosmic rays in electronic materials [15], to study degradation mech-
anisms in accelerator components [16], and for medical treatment purposes [17]. Finally,
SHIs can be harnessed to tailor materials by inducing modifications to their structures
and properties that are not attainable by conventional processing techniques. Examples
include the production of nanostructures [18–21] and the tuning of optical properties [22]
for engineering applications.

Highly energetic heavy ions deposit energy to a material’s electrons primarily via
excitation and ionization processes [23]. This energy dissipates radially in the electronic
subsystem and is then transferred to the atomic system through electron–phonon coupling,
leading to high energy densities on the order of eV/atom. This results in rapid heating in
the material over picosecond time scales [24,25] within a nanoscale region around the ion
path (1–10 nm in the radial direction), which causes a thermal spike and possibly localized
melting, followed by rapid quenching [26]. These processes result in complex structural and
chemical modifications along the ion path, leaving behind cylindrical damage zones with
radii of a few nm and lengths of 10 s of µm, known as ion tracks. The type of irradiation
damage that is induced within ion tracks depends on the target material and can include the
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formation of defects [27], disorder [28], amorphization [29], and crystalline-to-crystalline
phase transitions [30].

Fluorite-structured binary oxide materials are generally resistant to the structural
modifications induced by swift heavy ion irradiation. Irradiation-induced defect formation
is commonly limited to isolated point defects and extended defect clusters. This is often
accompanied by the build-up of heterogeneous microstrain and, at sufficiently large defect
concentrations, longer-range material modifications such as unit cell swelling. Still the
long-range fluorite structure is commonly maintained.

As ion tracks accumulate with increasing ion fluence, the swelling and microstrain
typically increase in a linear fashion at relatively low fluences, then saturate at higher
fluences when tracks eventually overlap. This behavior is described by the so-called single
impact mechanism [31]. The mathematical description of this mechanism is shown in
Equation (3) for the increase in unit cell parameter as a function of increasing ion fluence:

∆a
a0

=
a(φ)− a0

a0
=

asat − a0

a0

(
1− e−σφ

)
(3)

where a is the measured unit cell parameter at a given ion fluence φ, a0 is the reference
unit cell parameter of the unirradiated material, asat is the saturation value of the unit cell
parameter at high ion fluence, and σ is the cross-sectional ion track area.

Understanding the intermediate mechanisms by which electronic excitation and the
subsequent atomic displacement yield changes to the long-range structure and chemistry
of CeO2 is critical to its performance in various engineering applications. However, these
processes are complex, multiscale, and difficult to fully characterize. To bridge the gaps
between SHI irradiation-induced electronic excitation, atomic displacement, defect produc-
tion, and bulk material modification, we review here in detail the unique response of CeO2
to swift heavy ion irradiation, as revealed by a wide range of characterization techniques.
After initially summarizing the most important characterization techniques, this article
first reviews work investigating the fundamental structural and electronic modifications
induced by swift heavy ions that lead to the formation of ion tracks in CeO2. This is
followed by a description of how these radiation effects are influenced by the irradiation
conditions (ion energy, ion stopping power, temperature, and pressure) and sample char-
acteristics (chemical composition and microstructure). The manuscript concludes with a
brief comparison of swift heavy ion effects in CeO2 with those in related fluorite-derivative
oxides, followed by a summary and outlook.

2. Methods
2.1. Irradiation Conditions

The controlled production of SHIs requires large, dedicated user facilities, rather
than the more prevalent and accessible laboratory-based tandem ion accelerators. SHI
irradiation of CeO2 materials has been performed at several large accelerator facilities
worldwide [23]. However, these facilities cover different ranges of ion species and energies.
The energy deposited in a material per unit length (known as energy loss, dE/dx) depends
on ion mass and energy and is a key parameter in SHI irradiation experiments. For highly
energetic ions, energy is deposited primarily to a material’s electronic subsystem (electronic
energy loss, dE/dxe), with only minor contributions from nuclear collisions (nuclear energy
loss, dE/dxn).

The effects of SHI energy deposition parameters on the induced structural modifications
in CeO2 has been investigated over a broad dE/dx range between 15 and 45 keV/nm,
as shown in Figure 2. Ions of specific energy ranging from 0.5–30 MeV/u (with u being
the number of nucleons) and species ranging from 127I–238U have been utilized in these
experiments [32–56]. The strong dependence of the energy loss on the ion energy leads to
continuous change in dE/dx along the ion’s penetration path in the material (Figure 2), which
must be considered for characterization in order to accurately relate irradiation effects to the
specific dE/dx within the volume probed by a particular characterization technique [57].
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Other experimental parameters that are typically controlled in SHI irradiation studies
include the ion flux, fluence, irradiation angle relative to the sample surface, and in
situ environmental conditions (e.g., temperature and pressure). The many irradiation
studies previously conducted on CeO2 differ also with respect to sample properties. For
example, various microstructures have been employed, ranging from single crystals [58]
to polycrystalline pellets [32] to loose powder compacts [14]. As this review will show,
all of these parameters greatly influence the response of CeO2 to SHI irradiation. To gain
further insight into radiation damage mechanisms, the impact of all ion-beam conditions
and sample properties on the induced structural and chemical modifications must be
understood at a holistic level.

2.2. Characterization

A wide range of characterization techniques have been employed to investigate the
complex structural and chemical effects induced in CeO2 by SHI irradiation. Such measure-
ments are performed either ex situ (after ion irradiation) or in situ (directly at accelerator
beamlines with various dedicated characterization infrastructures). Analytical methods
used in prior work include various forms of scattering, spectroscopy, calorimetry, and
electron microscopy. Some of these techniques provide direct insight into the damage
structure within individual ion tracks (e.g., electron microscopy), while others are based on
net damage accumulation and fluence-dependent measurements (e.g., X-ray diffraction).
Characterization is commonly performed on materials after irradiation at ambient condi-
tions to study damage formation, yet select works on irradiation at high temperatures and
post-irradiation thermal annealing provide insight into damage recovery and defect dy-
namics. The following section gives a brief overview of the most prevalent characterization
techniques used to investigate SHI irradiation effects in CeO2 and other fluorite-structured
oxide materials.

Scattering techniques provide information on the short-and long-range structural
modifications to materials following SHI irradiation. Highly penetrating X-ray and neutron
probes are commonly used for this purpose. X-ray scattering, which is sensitive to changes
in the cation sublattice, is performed with either laboratory-based diffractometers or at
large synchrotron facilities. Neutron probes are useful for investigating the structure of
light (low-Z) atomic constituents in a material (e.g., O in CeO2) because, unlike X-rays,
neutrons scatter efficiently on atoms of low atomic mass (Z of the atomic constituent).

Two scattering techniques have been most extensively used in the study of irradiated
CeO2: diffraction and total scattering. Diffraction experiments allow for quantification
of the long-range volumetric changes (unit cell swelling) caused by the production of de-
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fects [14,36,38,39,41,45–47,52,54,56,59,60], as well as heterogeneous microstrain and phase
transformations, should they occur. Total scattering experiments are used to study the
local defect structure using real-space analysis. Recently, intense spallation neutrons have
become available for materials research at dedicated facilities, such as the Nanoscale Or-
dered Materials Diffractometer (NOMAD) at the Spallation Neutron Source, Oak Ridge
National Laboratory (ORNL). High-resolution pair distribution function (PDF) analysis
is utilized at NOMAD [61] to investigate short-range structural changes associated with
irradiation-induced defects, which are inaccessible to conventional long-range diffraction
methods [50,53].

Spectroscopic techniques provide insight into the local damage structure and changes
to the chemistry of irradiated materials. X-ray absorption spectroscopy (XAS) has been used
to probe cation oxidation state changes in irradiated CeO2 and associated modifications
to the local bonding environment [35,46,54,60]. X-ray photoelectron spectroscopy (XPS)
provides insight into the electronic structure of cations by X-ray induced electron excitation
and the consequent emission of characteristic photons during de-excitation [34,35,51,58].
Both XAS and XPS are valuable characterization tools for CeO2 due to its tendency to
chemically reduce under highly ionizing irradiation. Raman spectroscopy reveals the
impact of defects on correlated atomic vibrations [38,49,55]. Structural modifications in
fluorite-structured materials lead to a breakdown of selection rules and the appearance of
so-called Raman forbidden modes in the spectra. Quantitative analysis of these forbidden
modes provides information on defect concentrations. Raman spectroscopy further reveals
the formation of Ce–VO defect complexes in irradiated CeO2 [62]; thus, this technique is
also useful for studying the material’s redox response under SHI irradiation.

Electron microscopy (EM) is a powerful tool for the analysis of radiation effects in ma-
terials, as it provides direct imaging of the damage structure and its spatial distribution.
High-resolution transmission electron microscopy (HRTEM), using state-of-the-art micro-
scopes, has recently provided valuable insight into the atomic-scale nature of defects in
irradiated CeO2 [32,33,37,40,42,44,48]. This technique has provided new information on the
size and damage morphology of individual SHI tracks. In modern microscopes, imaging
capabilities are often coupled with other modes of operation such as electron diffraction and
spectroscopy, which are utilized to determine complementary structural and electronic defect
properties. Finally, heating stages in electron microscopes are useful to monitor changes in
the damage structure and defect recovery as a function of increasing temperature.

Thermodynamic techniques like differential scanning calorimetry (DSC) provide
information on the heat capacity of a material through comparison of its thermal behavior
with that of an unirradiated reference sample under a precisely controlled high-temperature
environment. With respect to irradiated samples, DSC is used to quantify the stored defect
energy [53], providing insight into the nature of the initial defects and their kinetics during
thermally induced recovery processes. When DSC is used in concert with complementary
structural characterization techniques, the structure–energetics relationship of defects can
be directly established. For example, in situ scattering measurements show how the defect
structure recovers at high temperature, while DSC measurements yield the associated
energetics of these processes [53].

3. Radiation Effects in CeO2 Induced by Swift Heavy Ions
3.1. Impact on Structure and Chemistry

DSC measurements on SHI irradiated CeO2 by Shelyug et al. [53] revealed that only
~1% of the energy deposited by ions is subsequently stored in irradiation-induced defects
within the structure. XRD measurements of irradiated samples display distinct changes
in Bragg peak position, intensity, and width in CeO2 after SHI irradiation, indicative
of unit cell expansion and an increase in structural distortions around defects (micros-
train) (Figure 3a) [14,36,38,39,41,45–47,52,54,56,59,60]. The original fluorite structure peaks
are retained, and no diffuse scattering is apparent, indicating a very high resistance to
irradiation-induced amorphization. The observed changes in the XRD patterns are consis-
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tent with the formation of point defects and defect clusters. HRTEM measurements suggest
that oxygen Frenkel pairs are the primary defect produced following SHI irradiation [42], a
finding supported by molecular dynamics simulations [63]. Dislocation loops have been
observed in SHI irradiated CeO2 above a threshold stopping power of 12 keV/nm [40].
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Figure 3. Structural and chemical changes in CeO2 after irradiation with 946 MeV 197Au ions, as
adapted from Tracy et al. [46]. (a) Relative change in unit cell parameter (red) and heterogeneous
microstrain (blue) based on X-ray diffraction measurements as a function of ion fluence and (b) corre-
sponding X-ray absorption spectroscopy measurements of an unirradiated (blue) sample and after
irradiation to a fluence of 5 × 1013 ions/cm2 (red).

XAS and XPS measurements on SHI irradiated CeO2 reveal that structural changes
are accompanied by partial reduction of nominally Ce4+ cations to Ce3+ [34,39,46,51,54,58].
XAS spectra show a shift in the K-edge absorption energy of approximately −2 eV
(Figure 3b), which suggests a partial reduction to the trivalent state rather than the transi-
tion of all cerium cations to the trivalent state, which corresponds to a shift of −7 eV [64].
This evidence of SHI irradiation-induced reduction is corroborated by magnetic measure-
ments that display ferromagnetism in SHI irradiated CeO2, indicative of the magnetic
moments produced by the 4f electrons in Ce3+ cations [39,56]. Iwase et al. [34] observed a
saturation of this redox behavior at a Ce3+/Ce4+ ratio of ~12% at a maximum fluence of
6 × 1013 ions/cm2 using 200 MeV 132Xe ions. Coupled XRD and XAS measurements by
Tracy et al. [46,59] revealed that the observed redox changes are directly linked with unit
cell swelling and microstrain buildup, as the fluorite structure must distort to accommo-
date larger trivalent cations (1.14 Å versus 0.97 Å of initial tetravalent cations), as well as
oxygen vacancies [4]. In certain cases, irradiation induced reduction occurs to a sufficient
extent that the formation of a secondary phase is observed at high fluences [43,46,52]. This
hypostoichiometric trigonal Ce11O20 phase consists of Ce4+ and Ce3+ cations along with
ordered oxygen vacancies.

While changes in unit cell parameter and microstrain of CeO2 (Figure 3a) follow a
behavior that is consistent with a single impact model [31,46] (Equation (3)), it remains
unclear whether or not the induced redox changes follow the same trend. XPS data
from Iwase et al. [34] suggest a single impact mechanism for redox effects, based on the
increase in Ce3+ cations as a function of ion fluence. Still, additional research is needed
to accurately monitor the structural and chemical changes over a range of irradiation
conditions, ideally using coupled XRD and XAS measurements to better understand the
formation and accumulation of Frenkel-type defects (linked to structural changes) and
redox-type defects (linked to chemical change).

3.2. Defect Formation and Ion Track Morphology

Irradiation induced unit cell expansion and the accumulation of heterogeneous mi-
crostrain are typically studied with XRD experiments designed to track net damage accu-
mulation in a series of samples irradiated to increasing ion fluences. This is useful for the
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determination of ion track cross sections and effective track diameters, but provides no
direct insight into the morphology of individual ion tracks. Electron microscopy, on the
other hand, allows for direct imaging of tracks.

A recent HRTEM investigation by Takaki et al. [42] provided detailed insight into the
size and damage morphology of 200 MeV 132Xe ion tracks in CeO2. This provides the basis
for more fundamental understanding of the defect mechanisms leading to the formation
of SHI tracks. A core-shell track morphology was observed, wherein the interior of the
track is oxygen deficient and the annular shell oxygen rich (Figure 4a). This suggests that
SHI traversal and associated energy deposition causes the radial expulsion of oxygen from
the ion path region. Since cerium’s electronic structure is flexible, the oxygen vacancies
within a core region are stabilized by charge compensation from partial cation reduction
(Ce4+ to Ce3+). These measurements also showed that oxygen anions are displaced up
to 17 nm from the center of the ion track [42]. Neutron total scattering measurements of
CeO2 irradiated with 2000 MeV 197Au ions showed that a fraction of the displaced oxygen
atoms form peroxide-like defect clusters (Figure 4b) [50]. These defect clusters may act as a
structural and chemical compensation mechanism to balance the oxygen interstitials with
their counterpart oxygen vacancies stabilized through cation reduction.
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(single-impact model, Equation (3)). The comparison of effective track diameters reveals 

Figure 4. (a) HRTEM image of a single 200 MeV 132Xe ion track in CeO2 with a core-shell damage
morphology, consisting of an oxygen depleted core (red) and oxygen interstitial rich shell (blue).
(b) Neutron pair distribution functions (PDFs) of CeO2 before and after irradiation with 2000 MeV
197Au ions up to 5 × 1012 ions/cm2. A loss of structural order is indicated by the symmetric peak
broadening and the decrease in the intensity of correlation peaks. A structural feature at ~1.45 Å is
observed after irradiation (inset) indicative of the formation of peroxide-like defects. Adapted from
(a) Takaki et al. [42] and (b) Palomares et al. [50].

A combination of the results from XRD and EM measurements provides more com-
prehensive information on SHI tracks in CeO2, including size, morphology, and internal
damage structure. The areal extent of changes in unit cell parameters and microstrain
within a single ion track can be deduced from the fitting of fluence-dependent XRD data
(single-impact model, Equation (3)). The comparison of effective track diameters reveals a
systematic discrepancy between those determined from unit cell expansion (3.9–5.8 nm)
and microstrain (4.6–10.5 nm) over a range of irradiation conditions (132Xe and 197Au ions
of 167 and 946 MeV energies) [46,52]. Relating these XRD-based results with diameters
obtained by HRTEM investigation of SHI tracks (core diameter: ~4 nm and core + shell:
~17 nm) suggests that most of the swelling induced in CeO2 occurs in the core region, since
this matches well with the track diameter determined from analysis of unit cell expansion
data. Thus, the unit cell expansion can be attributed to defects within the track core, which
are predominantly oxygen vacancies and reduced Ce3+ cations. Microstrain can instead
be attributed to distortions arising from all defects within the core and shell, such that the
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effective diameter associated with the region of increased microstrain represents the total
ion track size, including both the core and shell periphery.

Besides complex ion tracks, SHIs have been shown to also induce interesting surface
damage morphologies in CeO2, as described by Ishikawa et al. [44]. For ions incident
in oblique directions relative to sample surfaces, the formation of hillocks was observed.
These hillocks are spherical in shape and crystalline, with an ideal fluorite structure of
similar atomic spacing to that of the unirradiated matrix. The spherical hillocks are located
above ion tracks and have a mean diameter of 10.6 ± 1.3 nm for irradiation with 200
MeV 197Au ions. Currently, CeO2 and Gd2Zr2O7 are the only materials in which SHI
irradiation-induced hillocks have been shown to exhibit a fully crystalline structure with
no amorphous component [44,65]. This is consistent with the exceptionally high radiation
tolerance of CeO2.

The spherical, droplet-like shapes of these hillocks imply the influence of surface
tension in a liquid phase, such that the observation of hillocks on the surface of SHI
irradiated CeO2 supports the conclusion that a thermal spike and localized melting occur
within ion tracks. In this scenario, all atoms are displaced from their original sites over
picosecond time frames, with oxygen anions moving further away from the location of
the original ion path than cerium cations. Rapid quenching restores the initial crystal
structure, but some defects and defect clusters remain. The core-shell damage morphology
is therefore a remnant of these highly transient processes, and the separation of oxygen
anions from the track core and incomplete recovery result in the observed oxygen defect
clusters and cation oxidation state reduction. This is supported by the molecular dynamics
modeling of Devanathan et al. [63], who showed that the rapid increase in temperature
within ion tracks in CeO2 and the subsequent quenching process do not result in complete
restoration of the initial atomic arrangement.

4. Effects of Varying Irradiation Conditions

The types of modifications that are induced in CeO2 by SHI irradiation depend on a
number of parameters that are individually adjusted in each irradiation experiment. These
can be grouped into (i) ion beam settings: ion species, energy, energy loss, fluence, and
flux; (ii) environmental conditions: irradiation temperature and pressure; and (iii) sample
properties: grain size and impurity content. The following sections briefly summarize the
effects that each parameter can have on the radiation response of CeO2.

4.1. Ion Beam Conditions

The irradiation response of CeO2 has been studied using a wide range of ion species
(127I–238U), energies (0.5–30 MeV/u), dE/dx (~15–45 keV/nm), ion fluxes (10–1010 ions/cm2s),
and ion fluences (1011–1016 ions/cm2) [32–56]. The ion energy and energy loss strongly influ-
ence the induced structural damage as seen in unit cell parameter changes with increasing
fluence for various irradiation conditions (Figure 5a). For SHI irradiations within the elec-
tronic dE/dx regime, there typically exists a material dependent energy loss threshold above
which ion tracks will form [23]. Track formation has been documented by TEM in SHI irradi-
ated CeO2 for an energy loss of ~16 keV/nm [37], which suggests a lower threshold when
compared with other fluorite-structured materials. For example, UO2 exhibits a threshold
between ~22–29 keV/nm [66]. However, the dE/dx threshold for track formation has not
been accurately determined for CeO2 over a wide range of ion species and energies; this
should be the subject of future research.
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Figure 5. (a) Relative change in unit cell parameter based on XRD pattern analysis as a function of
fluence for CeO2 irradiated with 200 MeV 132Xe (green, dE/dx = 27 keV/nm), 946 MeV 197Au (red,
dE/dx = 44 keV/nm), and 167 MeV 132Xe (blue, dE/dx = 27 keV/nm). (b) X-ray absorption spectra
of the cerium K-edge in CeO2 before irradiation (blue) and after irradiation to a fluence of 5 × 1013

ions/cm2 (red) with 167 MeV 132Xe (top) and 946 MeV 197Au (bottom). (c) Relative change in the
unit cell parameter, determined by XRD pattern analysis, for CeO2 irradiated with 1694 MeV 197Au
ions at ion fluxes of ~109 ions/cm2/s (red) and ~1010 ions/cm2/s (blue). Dashed lines in (a,b) are
fits based on a single-impact model. These data are based on work published by Tracy et al. [46]
(a,b) and unpublished work (a,c).

The energy loss governs the nature and extent of the radiation damage induced in
a material. In most cases, a higher energy loss induces a higher energy density within
the track region, which produces more defects and results in the formation of defect
clusters [53]. Sonoda et al. [37] demonstrated that the track size increases with increasing
dE/dx in CeO2, which agrees well with thermal spike calculations [67] based on the Szenes
model [68], indicative of a quadratic relation between track diameter and dE/dx value.
While the amount and type of defects, as well as track size, show a clear dependence on
energy loss, redox changes of the cerium cations appear to be only weakly dependent on
the dE/dx (Figure 5b). This behavior is not well understood, and it remains unclear if
cation reduction also has a critical dE/dx threshold akin to track formation and whether or
not they are the same.

The energy loss alone cannot fully explain the observed radiation behavior, as demon-
strated by the large change in unit cell parameter values in CeO2 (Figure 5a) induced
by two different ion irradiation experiments using nearly the same dE/dx (~27 keV/nm
for both 167 MeV 132Xe and 200 MeV 132Xe ions). This is explained by the additional
impact of ion energy, also known as the velocity effect [23,69]. SHIs lose their energy to the
electron subsystem by collisions with electrons, exciting them to high-energy states that are
sometimes sufficient for ionization from the target atoms. The maximum energy imparted
to these so-called delta electrons is determined by the ion velocity: higher velocity ions
yield electrons with higher kinetic energies, allowing them to travel further away from
their initial positions. For irradiations with comparable energy loss values, ions with higher
velocities (kinetic energies) will deposit their energy over a larger volume. This results in
larger ion tracks, but lower energy densities within those tracks, yielding less pronounced
in-track material modifications (Figure 5b) [46,54].

Differential scanning calorimetry measurements by Shelyug et al. [53] further illus-
trated this velocity effect. A comparison of the enthalpy of radiation damage (the energetic
difference between pristine and irradiated samples) in CeO2 irradiated with 1100 and
2200 MeV 197Au ions revealed that the higher velocity ions produced tracks with lower
defect concentrations, although the track diameters were larger than those produced by the
lower velocity ions. These results were corroborated by neutron total scattering measure-
ments and fitting of a single impact model to the measured damage accumulation. To date,
no dedicated studies of the velocity effect have been performed on CeO2. Future research
should further investigate the influence of SHI velocity on the induced damage structure.

In addition to ion mass and energy (i.e., dE/dx), as well as ion velocity, the ion flux on
the sample has a substantial effect on the observed radiation response. Irradiation-induced
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material modifications are often studied in CeO2 by irradiation to high fluences, at which
ion tracks overlap (e.g., ~1013 ions/cm2). To reach these fluence values within reasonable
irradiation times, high ion fluxes (fluence per unit time, given in ions/cm2/s) are often
used. The flux used in a given experiment also depends on the accelerator and the beam
mode utilized (e.g., pulsed versus continuous); these can vary greatly among facilities.

During irradiation with a high ion flux, relatively large amounts of energy are de-
posited in the sample over a short time interval. For sufficiently high fluxes, the resulting
increase in thermal energy can outrace its dissipation, yielding high sample temperatures.
As shown in Section 4.3, the irradiation temperature can influence the radiation behavior
in insulators like CeO2. In contrast, a lower ion flux allows more time for the dissipation of
thermal energy, and therefore produces less bulk sample heating and reduced mobilities of
irradiation induced defects. This impedes the recovery processes, yielding higher defect
concentrations and more extensive material modifications. This is demonstrated by the
swelling behavior of CeO2 irradiated with 1694 MeV Au ions at two different fluxes but
otherwise identical irradiation conditions (Figure 5c). The higher flux irradiation leads to a
faster unit cell parameter increase as a function of ion fluence, consistent with a larger ion
track (ion track size is proportional to the slope of the initial linear region). However, the
saturation value of swelling, which is caused by the concentration of defects within tracks,
is greatly reduced compared to the low-flux irradiation (Figure 5c). This shows that the
ion-beam flux is an important parameter that must be considered when comparing results
from different irradiation experiments. It remains unclear how ion-matter interactions are
impacted over a large range of fluxes, whether there is an effect beyond the increase in
temperature, and whether or not there is a critical flux value below which thermal effects
can be neglected. Systematic studies are needed to quantify the effect of ion-beam flux on
defect formation and recovery processes.

4.2. Sample Microstructure

Swift heavy ion irradiation of CeO2 has been performed on samples produced by vari-
ous synthesis and processing procedures, resulting in a range of microstructures with grain
sizes from the nm-scale to bulk. The microstructure of a material influences its properties,
including mechanical behavior, transport properties, and radiation response. For example,
grain boundaries serve as defect sinks during irradiation with low-energy ions, leading
to an enhanced radiation tolerance of nanocrystalline materials due to their high grain
boundary densities [70]. This is in contrast to the reduced stability of nanocrystalline CeO2
reported for SHI irradiation experiments [43]. Tracy et al. [46] and Cureton et al. [52] have
shown that upon irradiation with 946 MeV 197Au ions, nanocrystalline CeO2 (grain size:
20 nm) exhibits greater unit cell swelling [52] (Figure 6a) and redox changes [46] compared
with microcrystalline CeO2 (grain size: 2 µm).

The grain size also has an influence on the phase stability of ceria. The irradiation-
induced formation of hypostoichiometric Ce11O20 has been observed for both micro- and
nanocrystalline materials, but to a much larger extent for the latter (Figure 6b,d) [43,46,52].
This phase transition is linked to the reduction of cerium cations and associated oxygen
expulsion processes described in Section 3.2 [52]. The unit cell parameter in Ce11O20 is
larger than that of the initial fluorite phase and further increases with ion fluence, indicating
that defects continue to accumulate in this hypostoichiometric phase (Figure 6a). The phase
transition is apparent in nanocrystalline CeO2 at much lower fluences, and Ce11O20 grows
at a faster rate compared with microcrystalline CeO2 (Figure 6d).

The greater unit cell swelling in nanocrystalline CeO2 (Figure 6a) can be explained by
the ion-track formation mechanism discussed in Section 3.2. SHI tracks form in CeO2 via
expulsion of oxygen anions in the radial direction, away from the ion path. This causes
reduction of cerium cations in the track core where oxygen is depleted, while the track shell is
enriched with oxygen point defects and small defect clusters. As shown by Takaki et al. [42],
oxygen can be expelled by tens of nm, which corresponds to the grain size of samples used
in the study shown in Figure 6. During quenching of the excited track region, some of the
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oxygen will diffuse back to the core and recombine with oxygen vacancies, eliminating
defects and decreasing the number of reduced cerium cations. In nano-ceria, however, the
fraction of oxygen that diffuses back can be assumed to be reduced due to losses to grain
boundaries. For a given fluence, this leads to a larger unit cell increase as compared with
microcrystalline CeO2. This scenario is supported by previous X-ray absorption measure-
ments (Figure 6c) [46], revealing increased redox changes in nanocrystalline ceria (edge shift
of 4.3 eV compared with 2.0 eV in the microcrystalline material). It further explains the
enhanced formation of hypostoichiometric Ce11O20 in nano-ceria. This discussion shows
that the microstructure of CeO2 must be considered when comparing results from different
SHI irradiation experiments. Systematic research is needed to quantify the swelling and
redox changes of CeO2 as a function of grain size, particularly in the 1 nm–1 µm range, for
which oxygen diffusion may control the radiation response.

Quantum Beam Sci. 2021, 5, x FOR PEER REVIEW 11 of 24 
 

 

 
Figure 6. (a) Fluence-dependent change in unit cell parameter based on XRD pattern analysis for microcrystalline CeO2 
(blue, grain size = 2 μm), nanocrystalline CeO2 (red, grain size = 20 nm), and the Ce11O20 phase produced in nanocrystalline 
samples (black), all relative to the unit cell parameter of unirradiated CeO2. (b) X-ray diffraction patterns of irradiated 
nanocrystalline CeO2 as a function of fluence, displaying the emergence of new peaks corresponding to the Ce11O20 phase, 
as indicated with arrows. (c) X-ray absorption spectra of the cerium K-edge in CeO2 before irradiation (blue) and after 
irradiation to a fluence of 5 × 1013 ions/cm2 (red) in nanocrystalline (top) and microcrystalline (bottom) samples. (d) Phase 
fraction of Ce11O20 relative to the fluorite phase as a function of ion fluence for microcrystalline (blue) and nanocrystalline 
(red) CeO2. Irradiation was performed with 946 MeV Au ions. These data were adapted from Cureton et al. [53] (a,b,d) 
and Tracy et al. [47] (c). 

The grain size also has an influence on the phase stability of ceria. The irradiation-
induced formation of hypostoichiometric Ce11O20 has been observed for both micro- and 
nanocrystalline materials, but to a much larger extent for the latter (Figure 6b,d) [43,47,53]. 
This phase transition is linked to the reduction of cerium cations and associated oxygen 
expulsion processes described in Section 3.2 [53]. The unit cell parameter in Ce11O20 is 
larger than that of the initial fluorite phase and further increases with ion fluence, indicat-
ing that defects continue to accumulate in this hypostoichiometric phase (Figure 6a). The 
phase transition is apparent in nanocrystalline CeO2 at much lower fluences, and Ce11O20 
grows at a faster rate compared with microcrystalline CeO2 (Figure 6d). 

The greater unit cell swelling in nanocrystalline CeO2 (Figure 6a) can be explained by 
the ion-track formation mechanism discussed in Section 3.2. SHI tracks form in CeO2 via 
expulsion of oxygen anions in the radial direction, away from the ion path. This causes 
reduction of cerium cations in the track core where oxygen is depleted, while the track 
shell is enriched with oxygen point defects and small defect clusters. As shown by Takaki 
et al. [42], oxygen can be expelled by tens of nm, which corresponds to the grain size of 
samples used in the study shown in Figure 6. During quenching of the excited track re-
gion, some of the oxygen will diffuse back to the core and recombine with oxygen vacan-
cies, eliminating defects and decreasing the number of reduced cerium cations. In nano-
ceria, however, the fraction of oxygen that diffuses back can be assumed to be reduced 
due to losses to grain boundaries. For a given fluence, this leads to a larger unit cell in-
crease as compared with microcrystalline CeO2. This scenario is supported by previous X-
ray absorption measurements (Figure 6c) [47], revealing increased redox changes in nano-
crystalline ceria (edge shift of 4.3 eV compared with 2.0 eV in the microcrystalline mate-
rial). It further explains the enhanced formation of hypostoichiometric Ce11O20 in nano-
ceria. This discussion shows that the microstructure of CeO2 must be considered when 
comparing results from different SHI irradiation experiments. Systematic research is 
needed to quantify the swelling and redox changes of CeO2 as a function of grain size, 
particularly in the 1 nm–1 μm range, for which oxygen diffusion may control the radiation 
response. 

Figure 6. (a) Fluence-dependent change in unit cell parameter based on XRD pattern analysis for
microcrystalline CeO2 (blue, grain size = 2 µm), nanocrystalline CeO2 (red, grain size = 20 nm), and
the Ce11O20 phase produced in nanocrystalline samples (black), all relative to the unit cell parameter
of unirradiated CeO2. (b) X-ray diffraction patterns of irradiated nanocrystalline CeO2 as a function
of fluence, displaying the emergence of new peaks corresponding to the Ce11O20 phase, as indicated
with arrows. (c) X-ray absorption spectra of the cerium K-edge in CeO2 before irradiation (blue) and
after irradiation to a fluence of 5 × 1013 ions/cm2 (red) in nanocrystalline (top) and microcrystalline
(bottom) samples. (d) Phase fraction of Ce11O20 relative to the fluorite phase as a function of ion
fluence for microcrystalline (blue) and nanocrystalline (red) CeO2. Irradiation was performed with
946 MeV Au ions. These data were adapted from Cureton et al. [52] (a,b,d) and Tracy et al. [46] (c).

4.3. High-Temperature Conditions

Irradiation temperature is a key parameter to consider for cerium dioxide as an
analogue for nuclear fuels. Nuclear light water reactor (LWR) fuel operating conditions
range from room temperature at reactor startup to a typical maximum of ~1200 ◦C under
normal operation. In general, increased temperature enhances defect recovery due to higher
defect mobility, but it might also enhance defect production and promote more complex
defects due to higher initial temperatures within an ion-induced thermal spike. The
profound effect of irradiation temperature on defect production in CeO2 is demonstrated
by the flux effect discussed in Section 4.1 (Figure 5c). During ion-beam experiments, high
temperatures are typically achieved by mounting samples on stages with resistive coils
that heat the material.

Prior SHI irradiation studies of CeO2 have demonstrated a systematic decrease in
the saturation level of swelling [54] and the ion track diameter [32,33] with increasing
irradiation temperature (Figure 7a,b). Both changes are consistent with thermally-driven
defect recovery due to enhanced defect mobility; however, a more comprehensive under-
standing is provided by consideration of the thermal-spike model of track formation. This
mathematical model describes the interaction of swift heavy ions with a material in terms
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of a rapid increase in temperature over picosecond timescales induced by the high energy
deposition within a nm-sized track region, followed by rapid quenching that freezes in
structural damage [67,71]. The initial sample temperature is an input parameter in the
thermal-spike model [49] that is added to the transient temperature spike and affects the
final track diameter; higher temperatures typically yield larger ion tracks.
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Figure 7. (a) Change in unit cell parameter from XRD pattern analysis as a function of irradiation
temperature for CeO2 irradiated with 200 MeV 132Xe ions, relative to unirradiated reference samples
heated under identical conditions [54]. (b) Ion track diameters determined by inelastic thermal-spike
calculations [54] (red) and measured based on TEM images [32,33] (black) as a function of irradiation
temperature. (c) Effect of thermal annealing on the relative change in unit cell parameter in CeO2

previously irradiated with 946 MeV 197Au ions [45]. Dashed and solid lines are to guide the eye. This
figure was adapted from (a,b) Cureton et al. [54], (b) Sonoda et al. [32,33], and (c) Palomares et al. [45].

In CeO2, the thermal spike model predicts an increase in track diameter as a function
of increasing irradiation temperature up to 700 ◦C [54] (Figure 7b). This prediction is
not supported by TEM characterization, which shows an opposite trend [32,33]. This
discrepancy either indicates that the thermal-spike model does not fully capture all aspects
of ion-matter interactions at elevated temperatures, or that the model and experiment
describe two different track regions. The thermal spike approach accounts for the entire
track region (i.e., the full range of delta electron pathways and associated electron-phonon
coupling), and the deduced track diameter represents the size of the track core plus the
shell (see Section 3.2). TEM characterization, on the other hand, is sensitive to changes
in electron density, and the measured track diameter mostly represents the smaller track
core, which is enriched in (high-Z) cerium cation defects [32,33]. Under these assumptions,
the discrepancy between TEM data and thermal spike calculations could indicate that
the track core shrinks with increasing irradiation temperature, while the shell thickness
increases. This is consistent with XRD results and the reported reduced unit cell expansion
at higher irradiation temperature, since the track core is primarily responsible for ion-
induced swelling (oxygen vacancies and associated Ce3+ cations). Systematic ion-beam
studies over a range of temperatures (including cryogenic) are required to gain further
insight into the manner in which track formation is modified by increases in the irradiation
temperature. For example, conventional scanning transmission EM imaging (which is
more sensitive to changes at cation sublattice) coupled with annular bright-field (ABF)
imaging (which more sensitive to changes at anion sublattice) could reveal changes in ion
track core and shell sizes at various irradiation temperatures.

In addition to the in situ heating experiments described above, where temperature is
applied during ion-beam exposure, samples can be thermally annealed after irradiation to
elucidate defect kinetics and damage recovery mechanisms [45]. Synchrotron XRD mea-
surements of CeO2 irradiated with 946 MeV 197Au ions and subsequently annealed within a
hydrothermal diamond anvil cell [14] revealed a two-step defect recovery mechanism with
corresponding activation energies of 1.0 and 2.1 eV (Figure 7c). These activation energies
were attributed to O-interstitial migration and Ce-vacancy migration, respectively, but the
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reoxidation of Ce3+ to Ce4+ after oxygen vacancy annihilation was not considered [72].
Unlike isostructural ThO2, the damage recovery in ceria remained incomplete up to 800 ◦C,
with a unit cell parameter increase of ~0.03% relative to an unirradiated reference sample
remaining at this highest achieved temperature [45]. This suggests that defect clusters with
relatively high binding energies, such as 2Ce3+–VO

2− complexes, are stable up to 800 ◦C
and require higher annealing temperatures for recovery.

High-temperature calorimetry measurements of previously irradiated CeO2 (using
1100 MeV and 2200 MeV 197Au ions) revealed that defect recovery is enhanced within an
oxygen atmosphere compared with heating in an inert environment [53]. This suggests that
recovery processes related to the reoxidation of ion induced Ce3+ cations to Ce4+ play an
important role in the annealing of SHI damage in CeO2 and must be considered [53]. Thus,
ex situ annealing experiments are useful for identifying and characterizing the different
defects that form in CeO2 during SHI irradiation.

4.4. Combined Pressure and Ion Irradiation

Pressure is another parameter which can be adjusted during SHI irradiation. While
irradiation is typically carried out in vacuum conditions, a limited number of investigations
have focused on the combined effects of ion irradiation and high pressure. The use of
SHIs, as opposed to ions of lower energies, is essential in such efforts, as energies on the
order of 200 MeV/u are required to penetrate the mm-thick anvils of a conventional high-
pressure cell. The synergistic effects of pressure and ion irradiation often yield material
modifications that cannot be obtained otherwise [73].

The high-pressure response of CeO2, in the absence of irradiation, is characterized by
a sluggish phase transformation above ~30 GPa to the PbCl2-type cotunnite phase [74,75].
This transformation is typical of fluorite-structured materials, and in ceria it reaches com-
pletion at ~50 GPa. When irradiation is conducted at high pressure, this transformation is
modified. Figure 8 illustrates the effects of separate and coupled pressure and irradiation,
revealing that pressure significantly modifies the response of CeO2 to SHI irradiation and
vice versa.
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Figure 8. X-ray diffraction patterns of CeO2 exposed to 4 × 1012 946 MeV 197Au ions/cm2 at ambient
conditions (blue), pressurized to 21.7 GPa in a diamond anvil cell (DAC) in the absence of irradiation
(red), and exposed to a combination of pressure and irradiation, utilizing compression in a DAC to
21.8 GPa and irradiation with 7100 MeV 238U ions to a fluence of 4 × 1012 ions/cm2 (violet).

Irradiation with 7100 MeV 238U ions to a fluence of 4 × 1012 ions/cm2 at a pressure of
only 21.8 GPa (roughly 10 GPa below the typical transformation onset pressure) triggers a
complete fluorite-to-cotunnite transformation. The highly localized and dense electronic
excitations produced by SHIs provide a means of overcoming the energy barrier for
cotunnite high-pressure phase formation. According to ab initio calculations, hyper-
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and hypo-stoichiometry increase and decrease, respectively, the critical phase transition
pressure in fluorite-structured oxides [76,77]. The hypostoichiometry observed in CeO2
ion track cores might therefore explain the transformation to the cotunnite phase at a
lower-than-expected pressure. Moreover, the formation of the cotunnite phase is proposed
to proceed through buckling of the (111) cation planes into adjacent anion planes in the
fluorite structure, effectively increasing cation coordination [76]. Expelling anions from
the track core during SHI irradiation at high pressure should reduce the resistance of
cation-plane buckling and enhance the efficiency of cotunnite formation. An interplay of
thermal and dynamic pressure effects during the highly transient ion irradiation process
could also play a role in the observed transformation behavior. This was supported by
compression experiments on pre-irradiated ceria samples that did not find any evidence of
an accelerated fluorite-to-cotunnite transformation. More systematic research is needed to
fully understand the effects of coupled extremes of irradiation, pressure, and temperature.

5. Effects of Chemical Composition

This review has so far focused on SHI irradiation effects in pure CeO2 having ideal or
near-ideal stoichiometry. However, the study of related materials that deviate from this
ideal composition can also provide valuable insight into its radiation response. First, swift
heavy ion irradiation has been shown to induce local nonstoichiometry in CeO2, such that
later ion impacts will interact not with ideal CeO2, but rather with a nonstoichiometric
phase. Second, since CeO2 is used as a surrogate for nuclear fuel materials, doping with
different atomic species (mimicking the accumulation of fission products) is an important
aspect to consider in SHI irradiations. Finally, because the redox chemistry of Ce appears
to play a key role in the radiation response of CeO2, a comparative study of structurally-
related materials featuring cations with distinct redox behavior can help to isolate the
effects of cation chemistry on the response of this material to SHI irradiation.

5.1. Effects of Doping

In addition to trivalent cerium cations, CeO2 can incorporate a number of dopant
species while maintaining the fluorite structure [78]. To date, only a few studies have
focused on the effects of doping on the response of CeO2 to ion irradiation. These studies
investigated CeO2 doped with trivalent lanthanide cations, given their similarity to the
lanthanide Ce. Doping with the lanthanide sesquioxides Gd2O3 and Er2O3 has been shown
to enhance irradiation-induced swelling and structural disorder in CeO2 irradiated with
200 MeV 132Xe ions, compared with an undoped reference sample [60,79–81]. This was
explained in terms of defect stabilization by localized strain fields around the dopant
cations, but changes to the redox behavior of the cerium cations by chemical doping were
not considered.

Ab initio modeling by Lucid et al. showed that incorporation of dopants alters the ener-
getics of cerium cation redox processes in CeO2, with certain dopants inhibiting reduction
(e.g., Sm) while others (e.g., Eu) facilitate it [82]. Since redox behavior plays a crucial role
in SHI induced material modifications (particularly in nanocrystalline ceria), doping with
certain lanthanide sesquioxides may provide a means of tuning ion-matter interactions and
radiation stability. This should be addressed in future studies by comparing, for example,
SHI induced unit cell changes in CeO2 containing a range of dopant species (e.g., varying
dopant sizes, masses, charge states, and redox energetics).

5.2. Dependence of Radiation Response on the A-Site Cation Species

As CeO2 is utilized as an analogue to study radiation effects in nuclear fuel materials
(e.g., UO2 and ThO2), it is particularly important to compare the SHI irradiation responses
of these materials. Despite all three having the same fluorite structure, each A-site cation
has a distinct electronic structure, resulting in varying behavior under highly ionizing
irradiation. As mentioned previously, the track formation is very different between CeO2
and UO2, with the latter exhibiting no observable ion tracks after irradiation with fission
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fragments (dE/dx ~18–22 keV/nm) [66]. This suggests that UO2 is able to dissipate the
energy deposited by a SHI much more efficiently than CeO2 under similar irradiation
conditions. This behavior may be related to differences in the types of defects formed, as
suggested by a molecular dynamics (MD) investigation [64]. In MD simulations 99% of SHI
irradiation-induced defects were produced on the oxygen sublattice in UO2, in contrast to
CeO2, where cerium and oxygen defects are produced in stoichiometric quantities after ion
impact (redox changes not considered). The production of appreciable quantities of both
cation and anion defects in CeO2 led to a larger quantity of surviving defects after track
quenching [64].

While the radiation responses of ThO2 and CeO2 are more similar, with both exhibiting
a core-shell type track morphology, the extent of structural changes within individual ion
tracks differs between these materials due to the accessible cation valence states (monovalent
Th4+ versus Ce4+/Ce3+) [83]. The formation of Ce3+ cations with larger ionic radius and the
correspondingly complex oxygen defect structure in CeO2 yields more pronounced swelling
and microstrain build-up in this material, relative to ThO2, for which this redox-driven defect
mechanism is inactive (Figure 9) [46,52,83]. Instead, the SHI radiation response of ThO2
appears to be based solely on the accumulation of point defects and small, simple defect
clusters [83]. The situation is more complex in UO2, given its multiple accessible U cation
oxidation states (U3+, U4+, U5+, and U6+), enabling cation reduction or oxidation. Raman
spectroscopy and XRD measurements have shown that UO2 undergoes some oxidation
during SHI irradiation, which causes minor unit cell contraction (Figure 9) [52].
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Figure 9. Relative change in unit cell parameter from XRD measurements as a function of fluence
for microcrystalline (squares) and nanocrystalline (circles) UO2 (green), ThO2 (red), and CeO2 (blue)
irradiated with 946 MeV 197Au ions. The shading displays the variation in irradiation-induced unit
cell parameter changes between microcrystalline (2 µm) and nanocrystalline (20 nm) samples for
each material. Adapted from Cureton et al. [52].

Changes in radiation behavior among CeO2, ThO2, and UO2 are particularly evident
when structural modifications are compared between microcrystalline and nanocrystalline
materials. As shown in Figure 6c, ion-induced redox processes are more efficient in
nanocrystalline CeO2 (as discussed in Section 4.2), leading to a larger saturation level of
swelling at high ion fluences (Figure 9). Since such redox effects are absent in ThO2, its
overall swelling behavior is very similar for both nano- and microcrystalline materials.
The largest discrepancy in unit cell parameter changes after SHI irradiation is found in
microcrystalline and nanocrystalline UO2 (Figure 9). The former oxidizes under SHI irradi-
ation, yielding unit cell contraction, while the latter exhibits a significant degree of swelling.
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Characterization by X-ray diffraction and Raman spectroscopy suggest that the increase in
structural disorder in nanocrystalline UO2 results from oxygen loss to grain boundaries,
implying that pronounced redox changes are induced during SHI irradiation [53].

These results highlight the manner in which the electronic structure of the cation dramat-
ically changes the response of fluorite-structured oxides to swift heavy ion irradiation. This
raises concerns about the use of CeO2 as an analogue material for UO2 in radiation-damage
studies, at least for swift heavy ion (or fission-fragment) irradiation. The data shown in
Figure 10 again emphasize that the grain size of a material plays a crucial role in ion-matter
interactions, with its specific effects showing a strong dependence on composition.
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Figure 10. Ce-bearing oxides with fluorite, bixbyite, and pyrochlore structures viewed along the (100)
direction (top) and the corresponding (222) plane anion layers (bottom). Blue and green spheres
represent cations, while red spheres represent oxygen anions. Unit cells are delineated with black
lines. The bixbyite structure can be characterized as a fluorite-derivative with 1/8 of the anions
replaced by constitutional vacancies, while the pyrochlore structure is a fluorite-derivative with
ordering of two cation species and 1

4 of the anions replaced by constitutional vacancies.

5.3. Radiation Effects in Structurally-Related Lanthanide Oxides

If aliovalent dopants are added to CeO2 in sufficiently high concentrations, ordering
of these new cations can occur alongside ordering of the defects produced on the anion sub-
lattice to maintain charge neutrality. Even in undoped CeO2, defects can order and change
the symmetry of the material if they accumulate in large quantities. Thus, dopant and
defect ordering can yield new fluorite-derivative structures [84], with bixbyite-structured
lanthanide sesquioxides and pyrochlore-structured lanthanide/transition metal oxides
being two commonly-studied examples. These materials can be considered as defect-rich
(sesquioxides) and heavily doped (pyrochlores) variants of CeO2, and both exhibit anion-
deficient fluorite-derivative structures (Figure 10) [85]. The following section summarizes
the main SHI irradiation effects observed in these materials, which provide further insight
into the radiation response of CeO2.

The bixbyite structure is characteristic of most lanthanide oxides for which the lan-
thanide element is in the trivalent oxidation state (Ln3+). This structure is a derivative of
the fluorite structure, but with ordered constitutional vacancies replacing 1

4 of the anion
sites and the remaining atoms relaxed towards these vacant sites (Figure 10) [86]. The re-
sponses of bixbyite materials to SHI irradiation have been characterized using a range of
ion energies and masses [30,87–90]. This prior work revealed a strong dependence of the
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radiation response on the cation ionic radius. The magnitude of the induced structural
changes generally increases with cation size (and therefore decreases with cation mass,
due to the contraction that occurs across the lanthanide series). Sesquioxides with small
cations tend to retain their bixbyite structures under swift heavy ion irradiation, those
with medium cations tend to undergo transformations to high temperature polymorphs,
and those with large cations tend to amorphize. These modifications, which are generally
proportional in magnitude to dE/dx, are attributed to the displacement of anions into
constitutional vacancies which, when sufficiently extensive, can yield collective atomic
relaxation to form accessible polymorphic or amorphous structures [30].

These processes provide insight into the likely behavior of anion-deficient CeO2−x
materials under irradiation. While Ce2O3 preferentially adopts a hexagonal structure,
unlike most of the lanthanide sesquioxides, it is stable in cubic bixbyite-like phases starting
at slightly higher oxygen contents [91,92]. Radiation damage mechanisms similar to those
observed in the lanthanide sesquioxides have been reported for CeO2, with the displace-
ment of oxygen being a dominant mode of defect production (see Section 3.2) [50]. To date,
the response of Ce2O3 to swift heavy ion irradiation has not been characterized. However,
based on the ionic radius of Ce, which is large among the lanthanides, amorphization is
expected to be the dominant response of this material. This suggests that cerium reduction
and the concomitant introduction of oxygen vacancies will reduce the radiation tolerance
of CeO2 by making possible the oxygen displacement-driven transformation mechanisms
previously observed in several lanthanide sesquioxides. To clarify this behavior, a detailed
study of the swift heavy ion irradiation response of CeO2−x materials as a function of x
would be useful.

Like the bixbyite-structured oxides, the responses of pyrochlore-structured materials
to SHI irradiation have been extensively studied, due in large part to their potential
applications in the immobilization of nuclear wastes [93]. These materials exhibit the
general formula A2B2O7, where A is a large trivalent cation and B is a smaller tetravalent
cation [94]. While Ce most often occupies the A-site position due to its relatively large
ionic radius, it can occupy the B-site if paired with a larger A-site cation such as La [95].
Pyrochlore materials adopt a fluorite-derivative superstructure, differing from the fluorite
structure in that two cations are ordered on the face-centered cubic cation sublattice, while
1/8 of the anions are replaced with constitutional vacancies, and the remaining anions
are relaxed towards these vacant sites (Figure 10). The potential utility of these materials
for nuclear waste immobilization arises, in large part, from their chemical flexibility, since
a wide range of aliovalent cations of various sizes can be incorporated onto the two
cation sites. Due to this compositional variability, research on the radiation responses of
pyrochlore materials proves instructive with respect to the possible effects of extensive
chemical doping on the radiation responses of cerium oxides.

Pyrochlore materials show clear compositional trends in radiation tolerance. Like
the lanthanide sesquioxides, cation ionic radii are the primary determinant of these
trends [28,96–99]. For pyrochlore materials the ratio of the A- and B-site cation radii,
rA/rB, governs radiation tolerance. When this ratio is large, due to the inclusion of rel-
atively large A-site cations or small B-site cations, the energy of cation antisite defect
formation is large and the irradiation-induced disorder on the cation sublattice cannot
easily be incorporated into the material’s crystalline structure [100]. This typically yields
amorphization in response to SHI irradiation. In contrast, for materials with small cation
radius ratios, cation antisite defects are relatively easily accommodated by the structure
and disordering to a highly radiation tolerant defect-fluorite structure is typical [100]. This
order-disorder transformation entails the mixing of A- and B-site cations onto a single
face-centered cubic cation site and the mixing of oxygen and constitutional vacancies onto
a fluorite-like anion sublattice.

Since Ce is relatively large among the lanthanides, pyrochlore materials that include this
element on the A-site usually feature large cation ionic radius ratios, making amorphization
a likely response to swift heavy ion irradiation. This indicates that doping of CeO2 with
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additional cations, particularly smaller transition metal elements, such as the fission frag-
ments found in nuclear fuels and nuclear wastes, might reduce the radiation tolerance of this
material. This doping, if sufficiently extensive, could make accessible irradiation-induced
phase transformation pathways to amorphous phases, as well as short-range structural
modifications resulting from local defect ordering [98,101,102]. Thus, deviation from the
ideal CeO2 chemical composition due to the introduction of other atomic species appears
likely to have a deleterious effect on radiation tolerance in this system.

5.4. Implications for CeO2

Comparison of the SHI irradiation response of CeO2 to those of closely-related fluorite
and fluorite-derivative materials suggests that deviation from the ideal fluorite chemistry
and crystallography tends to reduce the radiation tolerance of cerium oxides. Both Ce-
bearing, bixbyite-structured materials (which can be considered anion-deficient fluorite
derivatives) and Ce-bearing, pyrochlore-structured materials (which can be considered
heavily doped, anion-deficient fluorite derivatives) are susceptible to irradiation-induced
amorphization, a radiation response that has not previously been observed in pristine
CeO2. Likewise, doping with relatively low levels of lanthanide cations has been shown to
reduce the radiation tolerance of CeO2.

Substantial alterations in chemistry and crystallography are likely to occur in many of
the harsh nuclear environments in which the use of CeO2 has been proposed. For example,
use of this material as a nuclear fuel matrix will necessarily entail the introduction of new
cation species, including a diverse array of fission fragment elements. The accompanying
exposure to highly ionizing radiation of fission fragments will induce redox changes and
modification from ideal stoichiometry. As discussed in Section 5.2, substitution of Ce with
Th or U greatly alters the redox response under SHI irradiation, and therefore impacts
the induced structural changes. Similarly, doping with cation species that modify the
energetics of redox processes [82] may yield a radiation response that is strongly dependent
on the electronic structure of the dopant element.

6. Summary and Outlook

Fluorite-structured CeO2 is generally resistant to structural modification by SHI irra-
diation. Defect production accompanied by unit cell expansion and microstrain constitute
the dominant observable radiation responses. Ion tracks with core-shell morphologies are
observed in this material, a remnant of the induced atomic-scale structural and chemical
changes. The highly transient conditions along the SHI path lead to oxygen movement in
radial directions. This results in an oxygen-depleted core region, where Ce4+ cations are
partially reduced to Ce3+. This core is surrounded by an oxygen rich shell that contains
small peroxide-like oxygen defect clusters.

These redox driven processes under SHI irradiation are an important characteristic of
CeO2 and are very sensitive to alterations in sample microstructure and chemistry (grain
size, stoichiometry, and dopants), as well as ion-beam parameters (ion mass, energy, fluence,
flux, irradiation temperature, and pressure). This makes CeO2 a suitable model material
to study fundamental aspects of ion-matter interactions over a wide range of conditions.
On the other hand, this complex behavior poses a challenge in terms of disentangling the
individual contributions of each parameter and comparing results from different research
groups and experiments.

Future ion irradiation studies should systematically examine the radiation response
of CeO2 under a wide range of experimental conditions, including coupled effects that are
of relevance for nuclear applications. Such efforts should also cover the mostly unexplored
irradiation regime between low energy ions (predominately nuclear dE/dx) and swift
heavy ions (predominately electronic dE/dx) to gain insight into the material response
under simultaneous contributions from both types of energy deposition.
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Abstract: A Monte Carlo method was used to simulate the two-dimensional images of ion-irradiation-
induced change in lattice structures and magnetic states in oxides. Under the assumption that the
lattice structures and the magnetic states are modified only inside the narrow one-dimensional
region along the ion beam path (the ion track), and that such modifications are affected by ion track
overlapping, the exposure of oxide targets to spatially random ion impacts was simulated by the
Monte Carlo method. Through the Monte Carlo method, the evolutions of the two-dimensional
images for the amorphization of TiO2, the lattice structure transformation of ZrO2, and the transition
of magnetic states of CeO2 were simulated as a function of ion fluence. The total fractions of
the modified areas were calculated from the two-dimensional images. They agree well with the
experimental results and those estimated by using the Poisson distribution functions.

Keywords: high energy irradiation; ion track overlapping; oxides; Monte Carlo simulation for
two-dimensional images; lattice structures and magnetic states; binomial and Poisson distribu-
tion functions

1. Introduction

It is well known that, in a lot of polymers, the energetic ion irradiation and the
subsequent chemical etching produce one-dimensional holes with small diameters [1].
Resultant perforated membranes have been used as filters for small particles [1,2]. In
some ceramics irradiated with swift heavy ions, one-dimensional areas, in which the
lattice structures and the physical properties are strongly modified, are produced along
the ion beam path. Such one-dimensional structures are called “ion-tracks” [3]. The ion-
tracks originate from the energetic ion induced high-density electronic excitation, and their
production mechanisms have been explained by using the thermal spike models [4–6] and
by the Coulomb explosion model [7–9]. A lot of studies have been performed in order
to investigate the individual ion-track structures and their dependence on the electronic
stopping power, Se, of the irradiating ions [10–15]. The effects of the ion-track overlapping
on lattice structures of target materials, which appear for the high fluence irradiation, have
also been investigated so far [10,16–22].

Ishikawa et al. have explained the ion track overlapping effect on the TiO2 amorphiza-
tion by using the binomial distribution function [23]. In our recent study, we analyzed the
ion-track overlapping effect on the magnetization of CeO2 by using the Poisson distribution
function, and succeeded in the reproduction of the experimentally observed ion-fluence
dependence of the magnetization [24]. As shown later in this report, the Poisson distri-
bution function, which is the approximated formula of the binomial distribution function
under some extreme condition, can also describe the ion-track overlapping effects on the
evolution of the amorphization in TiO2 and the lattice structure change in ZrO2. Such
analytical methods, however, only reproduce the total fraction of the areas modified by
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high energy ions as a function of ion fluence. In the present study, we used the Monte
Carlo method in order to simulate the two-dimensional images of the lattice structures and
the magnetic states as a result of the ion -track overlapping for TiO2, ZrO2 and CeO2. The
total fractions of the modified area were calculated from the two-dimensional images, and
were compared with the experimental results and those estimated by using the Poisson
distribution function.

2. Binomial and Poisson Distribution Functions for the Analysis of the Ion Track
Overlapping Effect

The binomial distribution function,

f (n, k, p) =
n!

k!(n − k)!
pk(1 − p)n−k, (1)

generally presents the discrete probability distribution of the number of successes, k, in a
sequence of n independent trials, where p is the probability of the success and 1 − p, that of
the failure for each trial. The paper of Ishikawa et al. [23] and our previous report [24] have
shown that the probability of the ion-track overlapping can be described by the binomial
distribution function. When the fluence of ions is Φ and the total area of the target is S0, the
number of irradiating ions, n (=ΦS0) corresponds to the trial number. The ratio of the cross
section of each ion track, S, to S0 (s = S/S0) and the number of track impacts, r, correspond
to p and k in Equation (1), respectively. The probability of r times track impacts is given as

a(n, r, s) =
n!

r!(n − r)!
sr(1 − s)n−r (2)

If the ion track overlapping is discussed for the unit irradiation area (S0 = 1 cm2), n is
replaced by the ion fluence, Φ, and s is replaced by the track cross section itself, S. Then,
the fraction of the area for the r times track impacts in the unit area of the target, A(Φ,r) is,

A(Φ, r) =
Φ!

r!(Φ − r)!
Sr(1 − S)Φ−r f or r = 1, 2, 3, · · ·Φ (3)

Although the dimensions of Φ and S are cm−2 and cm2 as experimental parame-
ters, these parameters can be treated in Equation (3) and other equations in this paper
as dimensionless.

For the usual irradiation experiments of the ion tracks in materials, as a value of
Φ is very large and a value of S is very small, the binomial distribution function can be
approximated by the following Poisson distribution function [25],

A(Φ, r) =
(ΦS)r exp(−ΦS)

r!
(4)

We have confirmed that the result calculated by the Poisson distribution function
(Equation (4)) is completely the same as that calculated by the binomial distribution function
(Equation (3)) in the case of the irradiation studies referred in the present report [16,21,24].
Equation (4) will be used later for the comparison of the analytical result with that by the
Monte Carlo simulation.

3. Monte Carlo Method for Two-Dimensional Imaging of Ion Track
Overlapping Effect

We have developed the following Monte Carlo algorism for the present study. The
target square for the Monte Carlo calculation consisted of 1000 × 1000 grid of cells. Its
dimension was defined to be 100 nm × 100 nm throughout this work; a single impact on
the target square was equivalent to the ion fluence of 1010 cm−2. The target was randomly
bombarded with energetic ions until the ion fluence reached the given value, Φ.
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Numbers of ion impacts for all cells were examined after every single bombardment to
visualize the two-dimensional impact map and to calculate the fraction of ion overlapping
area, A(Φ, r) for all the number of the impacts by the ion-track, r, to compare the results
by using the Poisson distribution function. It is worth noting here that the analysis by
using the Poisson distribution function ignores temporal decay and spatial distribution of
an effect of an impact. Hence, these conditions can also be included in the Monte Carlo
calculations.

All the Monte Carlo calculations were carried out with the homemade code written in
LabVIEW 2019 (32 bit) for Windows.

4. Results of the Monte Carlo Simulation and the Analysis Using the Poisson
Distribution Function
4.1. Amorphization of TiO2 by High Energy Heavy Ion Irradiation

Here, we refer the result of anatase TiO2 by Ishikawa et al. as an example of the ion
irradiation induced amorphization [21]. They irradiated TiO2 films with 230 MeV Xe+15

ions and measured the x ray diffraction (XRD) spectra. They have shown that the XRD peak
intensity decreases in an exponential manner as a function of ion fluence. This experimental
result can be explained as a result of the overlapping of amorphous ion tracks. Along the
ion beam path in TiO2, the crystal structure becomes amorphous, and the amorphous areas
still remains amorphous irrespective of the number of impacts by ion-tracks. As only the
non-amorphized area contributes to the x ray diffraction, the intensity of the XRD peak is
proportional to the fraction of zero impact (r = 0) area, A(Φ, 0), which is not amorphized
by the irradiation. By using Equation (4), the relative XRD peak intensity, I(Φ)/I(0), is
related to the ion-fluence, Φ, by the following function,

I(Φ)/I(0) = A(Φ, 0) = exp(−SΦ) (5)

or
ln(I(Φ)/I(0)) = ln A(Φ, 0) = −SΦ (6)

where I(0) is the XRD peak intensity for the unirradiated target and I(Φ), the XRD peak
intensity after the irradiation with the fluence of Φ. From the slope of ln(I(Φ)/I(0))−Φ
plot, the cross section of the ion track, S, has been determined as 72.3 nm2, which cor-
responds to the track diameter of 9.6 nm. Because the total fraction of amorphized and
non-amorphized areas is unity, the fraction of the amorphized area is expressed as,

1 − A(Φ, 0) = 1 − exp(−SΦ), (7)

which is well known as “the Poisson law”.
The above model that TiO2 sample is amorphized only inside the ion -track, and the

amorphized region never contributes to the XRD diffraction seems to be too simple. The
previous TEM (transmission electron microscope) observations, however, clearly show that
just inside the ion-track in TiO2, the structure becomes amorphous, and outside the ion-
track, the crystal structure is maintained [26,27]. The XRD peaks for TiO2 samples which are
almost completely amorphized by high energy heavy ion irradiation are much smaller than
for the unirradiated crystalline TiO2 and are scarcely observed [22]. These experimental
results, therefore, justify the above model for the analysis of ion track overlapping in TiO2,
and the fraction of amorphized area can be estimated by the decrease in XRD peak intensity.

The result of the Monte Carlo simulation for the Xe ion induced amorphization of TiO2
is shown in Figure 1. The figure represents the two-dimensional images of amorphized
(yellow) and non-amorphized (blue) areas for the ion-fluences of 5 × 1011, 1 × 1012,
2 × 1012 and 2.5 × 1012 cm−2. The track diameter is 9.6 nm which has been determined by
the experiment.
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Figure 1. Two-dimensional images of amorphized (yellow) and non-amorphized (blue) areas for various ion fluences; (a) 
0 cm2 (unirrradiated), (b) 5 × 1011 cm2, (c) 1 × 1012 cm2, (d) 2 × 1012 cm2 and (e) 2.5 × 1012 cm2. The diameter of ion track is 
assumed to be 9.6 nm. 

Figure 2 shows the fraction of the non-amorphized area as a function of ion-fluence, 
which has been calculated from the two-dimensional images. The figure also shows the 
experimental result [21] and the result calculated using Equation (6). The result of the 
Monte Carlo simulation well agrees with the experimental result and that estimated by 
the Poisson distribution function. Figure 3 confirms that the ion fluence dependence of 
the fraction of the amorphous area is expressed by the Poisson law (Equation (7)). 

Figure 1. Two-dimensional images of amorphized (yellow) and non-amorphized (blue) areas for various ion fluences;
(a) 0 cm2 (unirrradiated), (b) 5 × 1011 cm2, (c) 1 × 1012 cm2, (d) 2 × 1012 cm2 and (e) 2.5 × 1012 cm2. The diameter of ion
track is assumed to be 9.6 nm.

Figure 2 shows the fraction of the non-amorphized area as a function of ion-fluence,
which has been calculated from the two-dimensional images. The figure also shows the
experimental result [21] and the result calculated using Equation (6). The result of the
Monte Carlo simulation well agrees with the experimental result and that estimated by the
Poisson distribution function. Figure 3 confirms that the ion fluence dependence of the
fraction of the amorphous area is expressed by the Poisson law (Equation (7)).
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4.2. Lattice Structure Change of ZrO2 by High Energy Heavy Ion Irradiation

Next, one of the experimental results of the lattice structure transformation by high
energy ion irradiation is referred. Benyagoub et al. irradiated monoclinic zirconia with
135 MeV Ni ions, and the lattice structures of the irradiated samples were characterized by
XRD [16]. They have found that the lattice structure of monoclinic ZrO2 gradually changes
to the tetragonal structure by the ion irradiation. They have also shown that the evolution
of the fraction of the tetragonal phase with the ion fluence shows a sigmoidal shape. This
experimental result suggests that only one impact of the ion track does not cause the lattice
structure transformation, but two or more impacts of the ion tracks are needed for the
lattice structure transformation. This phenomenon can be explained by using the Poisson
distribution function (Equation (4)) as follows. Since the total fraction of areas which are
affected and not affected by ion tracks is unity:

Φ

∑
r = 0

A(Φ, r) = A(Φ, 0)+A(Φ, 1) +
Φ

∑
r = 2

A(Φ, r) = 1. (8)

According to Equation (4),

A(Φ, 0) = exp(−SΦ) (9)

and
A(Φ, 1) = SΦ exp(−SΦ) (10)

Therefore, the fraction of two or more impacted areas, or the area of the tetragonal
structure is,

Φ

∑
r = 2

A(Φ, r) = 1 − exp(−SΦ)− SΦ exp(−SΦ). (11)

The result of the Monte Carlo simulation is shown in Figure 4 for the lattice structure
transformation of ZrO2. The figure represents the two-dimensional images of monoclinic
(blue) and tetragonal (yellow) areas for the ion-fluences of 2.5 × 1012, 5 × 1012, 1.5 × 1013

and 3 × 1013 cm−2. The track diameter is assumed to be 4.4 nm. This value was determined
by the comparison of the experimental data and the result calculated by Equation (11).
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Figure 4. Two-dimensional images of tetragonal (yellow) and monoclinic (blue) areas for various ion fluences; (a) 0 cm2

(unirrradiated), (b) 2.5 × 1012 cm2, (c) 5 × 1012 cm2, (d) 1.5 × 1013 cm2 and (e) 3 × 1013 cm2. The diameter of ion track is
assumed to be 4.4 nm.

Figure 5 shows the fraction of the tetragonal structure area as a function of ion-fluence,
which has been calculated from the two-dimensional images. The figure also shows the
experimental result and the result estimated using Equation (11). The result of the Monte
Carlo simulation well agrees with the experimental result and that calculated by using the
Poisson distribution function with the track cross section, S, of 1.5 × 10−13 cm2, or the track
diameter of 4.4 nm. Benyagoub et al. have shown that the similar equation to Equation (11)
can reproduce their experimental result for ZrO2 [16]. The equation used in ref. [16] was
deduced through a quite complicated manner [28]. Meanwhile, in our case, Equation (11)
can be simply given as an approximated formula of the binomial distribution function.
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4.3. Change in Magnetic States of CeO2 by High Energy Heavy Ion Irradiation

Concerning the appearance of magnetism in CeO2 at room temperature, a lot of
experimental and theoretical studies have been performed [29]. Although the mecha-
nism of the appearance of the magnetism has never been fully clarified, previous studies
have suggested that defects of O anions and Ce3+ state of cations somehow contribute to
the magnetism of CeO2 [29]. The measurements of EXAFS (extended x-ray absorption
fine structure) and XPS (X-ray photoelectron spectroscopy) using synchrotron radiation
facilities have revealed that 200 MeV Xe ion irradiation induces the oxygen deficiency
around Ce cations in CeO2, and the resultant change in valence state of cations from Ce4+

to Ce3+ [30,31]. The change in Ce valence state due to oxygen disorders has also been
confirmed by the first principles calculation [32]. The SQUID (super quantum interference
device) measurement shows that the irradiation with 200 MeV Xe ions induces the ferro-
magnetic state in CeO2 [24,33]. These experimental and theoretical results imply that the
appearance of the magnetism is attributed to the magnetic moment of localized 4f electrons
on Ce3+ cations. Takaki and Yasuda have shown by the TEM observations that 200 MeV Xe
ion irradiation produces one-dimensional defective regions (ion-tracks) in CeO2 samples,
and that only inside the ion-tracks, the arrangement of oxygen atoms is preferentially dis-
ordered [11]. Based on such previous results, we use the following model for the analysis
of the ion-track overlapping effect on the magnetic state of Xe+14 ion irradiated CeO2. Only
inside the ion track, disorders of oxygen atoms and the resultant Ce3+ valence state are
produced, and the ferro magnetic state appears. Outside the ion track, the sample is still
nonmagnetic. With increasing Xe ion fluence, arrangements of not only oxygen atoms,
but also cerium atoms become disordered by the ion track overlapping, resulting in the
decreases in magnetization [24,33]. The effect of the ion track overlapping on the magnetic
states for CeO2 irradiated with 200 MeV Xe+14 ions is, therefore, more complicated than
the cases of TiO2 or ZrO2. Our previous paper has shown that if the following effect of
track overlapping on the saturation magnetization is assumed, the ion fluence dependence
of the saturation magnetization calculated by using the Poisson distribution function well
reproduces the experimental result [24]. The saturation magnetization is M0 = 0 emu/g,
M1 = 0.1 emu/g, M2 = 0.05 emu/g, M3 = 0.025 emu/g and M4 = 0.005 emu/g for the non-
impacted area (r = 0), one-impacted area (r = 1), two-impacted area (r = 2), three-impacted
area(r = 3), and the area for four or more impacts (r > =4), respectively. From Equation (4),
A(Φ, r) for r = 0, 1, 2, 3 and for r of 4 or more impacts, are given by,

A(Φ, 0) = exp(−SΦ)

A(Φ, 1) = (SΦ) exp(−SΦ)

A(Φ, 2) = (SΦ)2

2 exp(−SΦ)

A(Φ, 3) = (SΦ)3

6 exp(−SΦ)

A(Φ, r > = 4) = 1 −
3
∑

r = 0
A(Φ, r)

(12)

and the irradiation induced saturation magnetization as a function of ion fluence is given as,

M(Φ) = M1 · A(Φ, 1) + M2 · A(Φ, 2) + M3 · A(Φ, 3) + M4 · A(Φ, r > = 4) (13)

Equation (13) will be used later for the comparison with the result of the Monte
Carlo simulation.

The result of the Monte Carlo simulation is shown in Figures 6 and 7 for the transition
of the magnetic states of CeO2. The figure represents the two-dimensional images of
areas having different saturation magnetization for the ion-fluence of 2.5 × 1012, 5 × 1012,
1.5 × 1013 and 3 × 1013 cm−2. The track diameter is 4.7 nm which has been determined by
the experiment [24].
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Magnetization

(emu/g) Mi
black 0 0
green 1 0.1
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red 3 0.025
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Figure 7. Two-dimensional images of irradiation-induced magnetization for ion fluences of
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be 4.7 nm. The correspondence relationship for colors and the values of magnetization is shown in Table 1.
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The correspondence relationship for colors in Figures 6 and 7, the number of ion track
impacts, and the saturation magnetization is shown in Table 1.

Figure 8 shows the saturation magnetization of CeO2 as a function of ion-fluence,
which has been calculated from the two-dimensional images. The figure also shows the
experimental result [24] and the result calculated using Equation (13). The result of the
Monte Carlo simulation well agrees with the experimental result and that calculated by
using the Poisson distribution function.
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5. Discussion

In the previous section, by using the Monte Carlo method, we have simulated the
two-dimensional images for the three kinds of the ion track overlapping effects on the
oxides irradiated with high energy heavy ions. In the case of the amorphization of TiO2,
as can be seen in Figure 1, the target is dotted with disk-shaped amorphized areas with
the same diameter for small ion fluence, because only one impact of the ion-track can
make a target amorphous. With increasing the ion fluence, the overlapping of amorphous
tracks occurs more frequently, and for higher ion fluences, most part of the target becomes
amorphous. For the crystal phase transformation of ZrO2, Figure 4 shows that the areas
of the tetragonal phase, which are surrounded by the monoclinic area, appear for the
small ion fluence. The tetragonal phase areas have various shapes, which are far from
disk-shape. This is due to the fact that only one ion-track impact does not cause the crystal
phase transformation, but two or more ion-track impacts are needed for the crystal phase
transformation. As can be seen in Figure 1, Figure 4, Figure 6, and Figure 7, the overlapping
of ion -tracks leads to the modulated lattice and magnetic structures with a nanometer scale.
Therefore, the Monte Carlo simulation provides a good first approach for understanding
the nanometer-sized two-dimensional structures of oxides, which are produced by the
overlapping of the ion-tracks. Moreover, the complementary usage of the Monte Carlo
simulation with some experimental techniques of precise imaging, such as TEM, AFM
(atomic force microscope), MFM (magnetic force microscope), and PEEM (photo-emission
electron microscope), will also be useful in order to promote the study of the effect of high
energy ion irradiation in materials.

In the present report, we have only mentioned the lattice structure and magnetic prop-
erty changes by the ion-track overlapping. If the electrical conductivity appears inside the
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ion–tracks in insulators, and the overlapping of the ion–tracks affects their electrical conduc-
tivity, the formation of continuous electron paths or the conducting network will drastically
change the macroscopic electrical property of the insulators. The two-dimensional images
of ion track overlapping, which are simulated by the Monte Carlo method, may also be
helpful for the understanding of such the percolation behavior in ion-irradiated insulators.

The ion-track overlapping effects have been analyzed so far by using complicated
manners [20,28,34]. In the present study, the Monte Carlo method has confirmed that the
effects of the ion-track overlapping can surely be described by a much simpler formula,
the Poisson distribution function, which is the approximated formula of the binomial
distribution function.

6. Summary

The two-dimensional images of the ion-track overlapping effects on the amorphization
of TiO2, the crystal phase transformation of ZrO2, and the transition of the magnetic
states of CeO2 were simulated by the Monte Carlo method. From the two-dimensional
images, the fractions of the areas which are modified by ion-tracks were calculated as a
function of ion fluence. They agree well with the analytical result by using the Poisson
distribution function.
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Abstract: The nanopore formation process that occurs by supplying a thermal spike to single crystal
CeO2 has been simulated using a molecular dynamics method. As the initial condition, high thermal
energy was supplied to the atoms in a nano-cylinder placed at the center of a fluorite structure. A
nanopore was generated abruptly at around 0.3 ps after the irradiation, grew to its maximum size at
0.5 ps, shrank during the time to 1.0 ps, and finally equilibrated. The nanopore size increased with
increasing effective stopping power gSe (i.e., the thermal energy deposited per unit length in the
specimen), but it became saturated when gSe was 0.8 keV/nm or more. This finding will provide
useful information for precise control of the size of nanopores. Our simulation confirmed nanopore
formation found in the actual experiment, irradiation of CeO2 with swift heavy ions, but could not
reproduce crystalline hillock formation just above the nanopores.

Keywords: nanopore structure; ceria; irradiation; molecular dynamics; simulation; structural analysis;
defects

1. Introduction

When oxide metals are irradiated by high-energy heavy ions, nano-sized protrusions
and pores are produced on the surface and inside the specimen, respectively. For ex-
ample, in an irradiated NiO specimen, nano-sized protrusions and cylindrically shaped
nanopores were generated simultaneously [1]. Using transmission electron microscopy
(TEM), Jensen et al. [2] observed hillocks at both ends of tracks in Yttrium Iron Garnet
(YIG) induced by high-energy -C60 ions. They believed that the matter was emitted from
the ion track, leaving the spherical hillocks on the sample surface at the entrance and exit.
Recently, Ishikawa et al. [3] found that hemispherical protrusions and nanopores were also
generated in CeO2 by high-energy ion beam irradiation. Subsequently Ishikawa et al. [4]
observed ion tracks and hillocks produced by swift heavy ions of different velocities in
Y3Fe5O12 by TEM. They found the dimensions of the hillocks increase as a function of
stopping power, Se. The data can be interpreted by the lifetime of the melt region pro-
duced by irradiation. Ion-irradiated CeO2 was studied extensively regarding its optical
reflectivity [5] and spectroscopic characteristics [6], defects [7–10], grain size effects [11],
X-ray Photoelectron Spectroscopy (XPS) [12], and effects of irradiation temperature on final
structure [13].

Nanopore formation is an interesting phenomenon from the viewpoint of nano-order
fabrication of materials and can lead to the realization of highly functional materials such
as catalysts [14]. Therefore, it is crucial to clarify the formation mechanism of nano-sized
protrusions and cylindrically shaped nanopores. Since high-energy beam irradiation is a
non-equilibrium process and its relaxation time is very short, it is difficult to clarify such a
mechanism only by an actual experiment. Molecular dynamics (MD) simulation provides
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a useful tool for the analysis of such a process because it can calculate the trajectories of
individual atoms during a short time period.

In our previous papers, using computer-aided simulations, we studied the effects of
high-energy, heavy-ion irradiation [15–19] as a theme in the development of a new genera-
tion of nuclear fuels with a high burn-up ratio. Employing MD simulations, we evaluated
the disorder of a single crystal structure of specimens irradiated by fast particles. Our MD
simulations elaborated the structural change followed by the high-energy dissipation of a
nano-scale region in a single crystal of CeO2 after irradiation [18,19]. Yablinsky et al. [20]
analyzed the structure of ion tracks and investigated thermal spikes in CeO2 with energy
depositions using MD simulation. Medvedev et al. [21] developed the Monte-Carlo code
TREKIS (Time-Resolved Electron Kinetics in swift heavy-ion Irradiated Solid) which mod-
els how a penetrating swift heavy ion (SHI) excites the electron subsystems of various
solids, and the generated fast electrons spread spatially. Subsequently, the same group pro-
posed a hybrid approach that consisted of the Monte-Carlo code TREKIS and the classical
molecular dynamics code LAMMPS (Large-scale Atomic/Molecular Massively Parallel
Simulator) for lattice atoms to simulate the formation process of a cylindrical track of about
2 nm diameter in Al2O3 irradiated by Xe 167 MeV ions [22]. Then, Rymzhanov et al. [23]
simulated a structure in overlapping swift heavy-ion track regions in Al2O3 and found
good coincidence with observation results of irradiated Al2O3 by high resolution TEM.
Another paper by Rymzhanov et al. [24] examined swift heavy-ion irradiation of forsterite
(Mg2SiO4) and the effects of the ion energy and its energy losses on the track radius were
explained, and the track formation thresholds was determined [24]. Rymzhanov et al. [25]
also clarified that different ion tracks were produced in MgO, Al2O3, and Y3Al5O12 (YAG)
by irradiation with Xe (176 MeV) ions, whereas no ion tracks in MgO, discontinuous dis-
torted crystalline tracks in Al2O3 and continuous amorphous tracks in YAG were detected.
Recently, Rymzhanov et al. [26] studied the irradiation process of MgO, CaF2, and Y3Al5O12
(YAG) with fast ions. They found MgO and CaF2 showed recovery of transient damage in
the surface region, forming a spherically shaped nano-hillock, whereas YAG showed al-
most no recovery of the transient disorder, forming an amorphous hillock. The movie they
attached as supplemental material demonstrates nano-hillock formation of CaF2 irradiated
by 200 MeV Au. Some of the above same researchers teamed with Karlušić et al. [27] to
research Al2O3 and MgO irradiated under grazing incidence with an I beam of 23 MeV.
In this study, they found grooves surrounded with nano-hillocks on MgO surfaces and
smoother, roll-like discontinuous structures on the surfaces of Al2O3.

In the present study, we used an MD method to simulate the nanopore structure
formation process in a single crystal CeO2 with two free surfaces by supplying a thermal
spike. Structural analysis was done for the obtained specimens. We evaluated the number
of Frenkel pairs as a function of the thermal energy deposited per unit length in the
specimen, gSe, which represents the beam strength. We classified various types of oxygen
Frenkel pairs by the distance between the vacancy and the corresponding oxygen atom.

2. Simulation Method
2.1. Molecular Dynamics

Concerning the MD simulation method, we adopted the same method as our previous
work [19], except that the specimens have a free surface. Therefore, the calculation method
is only outlined as follows. The Ce and O atoms were laid out to form the fluorite structure
unit cell. Then, the unit cell was cloned 6 times each in <010> and <100> directions and
4 times in the <001> direction. The dimensions of the CeO2 crystal were 3.25 nm × 3.25 nm
× 2.33 nm, whereas those of the calculation region were 3.25 nm × 3.25 nm × 3.25 nm.
There was a free space on the upper and lower sides of the CeO2 crystal along the <001>
direction to mimic the free surface. Figure 1a shows the unit structure of the CeO2 fluorite
structure and Figure 1b shows the whole system for calculation.
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Figure 1. (a) The unit structure of CeO2 fluorite. (b) The whole system for calculation.

In order to calculate the interaction between the atoms, we used the potential type
proposed by Inaba et al. [28]. This is the Born–Mayer–Huggins potential type, which has a
function form as

φi
(
rij
)
=

zizje2

rij
+ f0

(
bi + bj

)
exp

(
ai + aj − rij

bi + bj

)
− cicj

rij
6 (1)

where rij is the distance between ions i and j, zi is the effective valence of an ion i, e is
the electron charge, f 0 is a constant to adjust the unit, ci and cj are the parameters of the
molecular interaction term, and ai and bi are the parameters of the repulsion term. For the
electrostatic interactions, the Ewald method was applied. The potential cut-off was 1.37 nm
for short range interaction and for the real part of the Ewald summation. The potential
parameters were determined to reproduce the lattice parameters at various temperatures
and the bulk modulus of CeO2. The fitted parameters for CeO2 are presented in Table 1.

Table 1. Potential parameters for CeO2 [28].

Parameters Ce 4+ O 2−

z 2.700 −1.350
a (nm) 0.1330 0.1847
b (nm) 0.00454 0.0166

c (J0.5(nm)3mol−0.5) 0.00 1.294
f0 4.07196 4.07196

A cylindrical region with a diameter of 1.0 nm located at the center of the calculation
region in the <001> direction was considered as the irradiation beam trajectory. Using a MD
method, we initially relaxed the structure at the temperature of 298 K before a high thermal
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energy was applied to the cylindrical region. This temperature was set as typical ambient
temperature, or room temperature. Thermal energy is a part of the energy deposited by
the heavy-ion irradiation. The present study names this thermal energy as an effective
stopping power, and it is described as gSe. The parameter g in gSe signifies the ratio of
thermal energy transferred from stopping power to the lattice as the vibration energy. In
the MD simulation, the high thermal energy was applied to the cylindrical region by setting
the velocity of the atoms in the region to values ranging from gSe = 0.0 to 1.6 keV/nm
with 0.1 keV/nm energy bins according to the Maxwell distribution. According to the
experiment by Ishikawa et al. [3], Se = 32.0 keV/nm for 200 MeV Au ion. The maximum
value of gSe for our simulation is gSe = 1.6 keV/nm, thus the energy transfer ratio g = 0.05.
According to TREKIS, a 167 MeV Xe ion gives Se = 21, 24.9 and 25 keV/nm for MgO,
Al2O3 and YAG, respectively, and it gives a radial distribution of the excess lattice energy
density around the trajectory of the irradiated ion (see Figure 2 in reference [25]). A rough
estimation of gSe can be made from the excess lattice energy of MgO and Al2O3 as gSe = 2
keV/nm and the value of g is the same order as ours. The temperature of the region outside
the cylindrical region with a diameter of 2.0 nm was kept at 298 K by the velocity scaling
method [29]. In <010>, <001> and <100> directions, the periodic boundary condition was
considered. The simulation duration was 10,000 molecular dynamic intervals, each taking
0.3 fs, summing up to 3 ps.

2.2. Structure Analysis

A vacancy is defined as the vacant site in the CeO2 fluorite structure, such that the
distance between the vacant site and the nearest atom from the site is larger than the atomic
radius of O or Ce originally set at the vacant site, 0.097 nm (for O) and 0.138 nm (for Ce).
This is what we call the “Lindemann criterion”, and it may overestimate the number of
vacancies. An oxygen Frenkel pair is defined as the pair of a vacant site and the oxygen
atom which escaped from the site. Oxygen Frenkel pairs can be classified according to the
distance between the vacant site and the oxygen atom that was originally located at the site,
such as 1NN (1st nearest neighbor) Frenkel pair, 2NN Frenkel pair, and so on [30]. Figure 2
shows an example of a 1NN Frenkel pair, and Table 2 lists the distance between the vacant
site and the oxygen atom for iNN Frenkel pairs (i = 1, 2, . . . , 7). We evaluated the number
of vacancies and Frenkel pairs in the irradiated specimen as a function of time and as a
function of gSe.
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Table 2. Distance between the vacant site and oxygen atom for iNN Frenkel pairs (i = 1, 2, . . . , 7).

Type (NN: Nearest Neighbor) Distance (nm)

1NN 0.234
2NN 0.449
3NN 0.590
4NN 0.703
5NN 0.800
6NN 0.887
7NN 0.966

3. Results and Discussion

Structural changes of the CeO2 systems after the irradiation, as viewed from <001> and
<100> directions, are shown in Figures 3 and 4 for the values of gSe = 0.0 and 0.8 keV/nm,
respectively. The number of ejected atoms increased with increasing gSe value.
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Figure 3 indicates that the surface of the specimen showed disorder even when
gSe = 0.0 keV/nm. This means that the disorder on the surface is not generated by irradia-
tion. Therefore, we neglect the surface atoms for the structural analysis in order to clarify
the formation process of the nanopore. In this case, no defects were found in the interior of
the specimen; however, there is the possibility that defects are created at gSe = 0.0 keV/nm.
The thermal energy provides the system necessary for the creation of defects. However, the
ambient temperature is room temperature that is around 1/40 eV, which is low compared
with the defect formation energy. Therefore, the defect creation event is rare, and no defects
were found in the calculated system. We see the creation of defects among many specimens
prepared, but this is out of our scope in the present study. As can be seen from Figure 4,
a nanopore was formed in the specimen by ejection of the atoms located in the central
region. In the case of gSe = 0.4 keV/nm, a nanopore was also produced but its diameter
was smaller than that of gSe = 0.8 keV/nm.

It is interesting to compare this figure with our previous result for computer simulation
of irradiation of CeO2 single crystals with no free surface. The Ce sublattice was stable up
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to gSe = 1.5 keV/nm, and even at gSe = 2.0 keV/nm only several interstitial atoms were
found as defects (see Figure 4 in reference [19]). It can be considered that the Ce sublattice
damage is confined near the surface of the irradiated region compared with the O sublattice
damage. To elaborate the nanopore formation process, the time change of the total number
of vacancies for the various values of gSe was calculated.

Figure 5a,b show the results for gSe = 0.1–0.8 and 0.8–1.6 keV/nm, respectively.
(No defect was found in the interior of the specimen at gSe = 0.0 keV/nm because of
the low temperature 298 K.) For all these gSe cases, the number of vacancies increased
abruptly up to 0.2 ps after the irradiation. It increased further and reached the maximum,
then gradually decreased until 1.5 ps and equilibrated to a constant value after that. The
equilibrated number of vacancies increased as gSe increased for the low values of gSe less
than 0.8 keV/nm and converged to a constant value around 200 when gSe was larger than
0.8 keV/nm. It is noteworthy that the number of atoms in the region where vacancies
were counted is 1296. In the range of gSe = 0.1–0.8 keV/nm, the more thermal energy
given, the more disordered the structure. However, in the range of 0.8–1.6 keV/nm, the
additional thermal energy cannot change the structure drastically because the structure is
already disordered. If the same amount of energy is given to an ordered and a disordered
structure, the increment of entropy of the ordered structure is much larger than that of the
disordered structure.

The distributions of vacancies in the CeO2 systems viewed from <001> and <100>
directions are shown in Figures 6 and 7 for the values of gSe = 0.2 and 0.8 keV/nm,
respectively. The nanopore was formed abruptly at around 0.3 ps after the irradiation and
grew to its maximum size at 0.5 ps, then it shrank during the time to 1.0 ps and finally
became equilibrated. The size of the nanopore increased as gSe increased, but it saturated
when gSe was 0.8 keV/nm or more. This finding will provide useful information for precise
control of the size of the nanopore.
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Figure 8 shows the time change of oxygen Frenkel pairs for gSe = 0.4, 0.8, 1.2, and
1.6 keV/nm. The number of oxygen Frenkel pairs could be separated into two categories,
higher gSe (0.8, 1.2 and1.6 keV/nm) and lower gSe (0.4 keV/nm). The number of oxygen
Frenkel pairs in the higher gSe category was larger than that of the lower gSe category;
however, there was no clear correlation between the Frenkel pairs and gSe in the higher
category. This behavior was similar to that for the number of vacancies and the radius of
the nanopore. It should be noted that the number of oxygen Frenkel pairs is one order of
magnitude lower than the total number of vacancies shown in Figure 5. This difference
comes from the difference of definition of vacancy and Frenkel pairs. As shown in Table 2,
the distance between the vacant site and the escaped oxygen atom should be larger than
0.234 nm. In contrast, the corresponding distances defined for the vacancy are much
smaller than that for oxygen Frenkel pairs, 0.097 nm (for O) and 0.138 nm (for Ce). The
time averaged distribution of the iNN oxygen Frenkel pairs, where i = 1, 2, . . . , 7, is shown
for the values of gSe = 0.4, 0.8, 1.2, and 1.6 keV/nm in Figure 9a–d, respectively. As seen
from these figures, the short-distance Frenkel pairs, 1NN to 4NN, were in the majority for
lower gSe (0.4 keV/nm), whereas the long-distance Frenkel pairs were found for the higher
values of gSe (0.8, 1.2 and1.6 keV/nm).
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In the case of CeO2, the displacement threshold energy for O is 20–30 eV, much smaller
than that for Ce 50–60 eV [30]. Therefore, oxygen-induced defects are a sensitive indicator
for the ion irradiation process. Oxygen Frenkel pairs are important because the aggregation
of multiple oxygen Frenkel pairs acts as a source of dislocation loops [31]. The dislocation
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loops create a high-strain energy region, which becomes an initial point of crack formation
and propagation in the irradiated specimen.

As can be seen from Figure 4, no hemispherical protrusion was observed on the
surfaces; only disordered atoms were seen. In our simulation, the outside of the CeO2
is a free space, thus cooling by adiabatic extension could not occur. As Schattat et al. [1]
pointed out, cooling by adiabatic extension is critical to obtain the hemispherical protrusion,
especially for crystallizing as in the CeO2 case. We considered that the protrusion was
in a vapor-like state initially and then was cooled significantly by adiabatic expansion
into a hemispherical-shaped crystal (see Figures 2 and 5 in reference [3]). This process
is significant and resembles the cluster formation process in the cluster-beam deposition
method; the cylindrical region (the nanopore) acts similar to a nozzle in the cluster-beam
deposition apparatus [32,33].

The animation of the formation process of the nano-hillock of CaF2 presented by
Rymzhanov et al. [26] suggests that a strong Coulomb interaction plays an important
role in forming the nano-hillock structure with single crystalline form. Karlušić et al. [27]
simulated the formation process of the nano-hillock of MgO and Al2O3 with two different
charge states, equilibrium charge state Zeff = +8.47 and fixed charge state Zeff = +6. They
showed that the nano-hillock was formed for the equilibrium charge state, whereas a very
small nano-hillock (Al2O3) or no nano-hillock (MgO) was formed for the fixed charge
state. This finding also supports the importance of the strong Coulomb interaction. For the
present case of CeO2, the equilibrium charge state of Ce is Zeff = +2.7 and the fixed charge
state is Zeff = +4, indicating a weak Coulomb interaction. In addition, it should be noted
that hillock formation experiment/simulation for the system with a free surface was done
with 23 MeV I ion giving Se= 8.53 keV/nm (MgO) and 9.1 keV/nm (Al2O3), estimated by
the SRIM code [27], whereas the irradiation experiment/simulation for the bulk system
was done with 167 MeV Xe ion giving Se= 21 keV/nm (MgO), 24.9 keV/nm (Al2O3) [25].
This leads to another possible mechanism for nano-hillock formation: moderately strong
beam irradiation to a strong Coulomb interaction system with a free surface.

4. Conclusions

Using the MD method, we simulated the nanopore formation process by applying a
thermal spike to single crystal CeO2. The nanopore was formed abruptly at around 0.3 ps
after the irradiation and grew to its maximum size at 0.5 ps. Then, it shrank in the time to
1.0 ps and was finally equilibrated. The nanopore size increased with increasing effective
stopping power gSe (i.e., the thermal energy deposited per unit length in the specimen),
but it saturated when gSe was 0.8 keV/nm or more. This finding will provide useful
information for precise control of the size of the nanopores. We classified oxygen Frenkel
pairs into seven types using the distance between the vacant site and the corresponding
oxygen atom. Irrespective of the value of gSe, the number of interstitial ions became
the maximum immediately after irradiation. Subsequently, interstitial ions occupied the
vacancies to lower the system energy. When gSe was low, the vast majority of Frenkel pairs
were the short-distance type and when gSe was high, both short-distance and long-distance
types of Frenkel pairs were produced.

The present study has clarified the essence feature of the nanopore formation process
by irradiation; however, there are several issues that should be addressed in further
investigations: (i) the MD simulation box is small compared with the radius of cylindrical
hole. (ii) The length to width ratio of the track deviates from that of actual experiment. (iii)
Several MD simulations per Se are required to confirm quantitative information.
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Abstract: The core facility of the Wakasa Wan Energy Research Center (WERC) consists of three ion
accelerators: a synchrotron, a tandem accelerator and an ion-implanter. Research on the irradiation
effects using these accelerators has been performed on space electronics such as solar cells, radiation
detectors, image sensors and LSI circuits. In this report, the accelerator facility and ion-irradiation
apparatuses at WERC are introduced, focusing on the research on irradiation effects on space
electronics. Then, some recent results are summarized.

Keywords: ion accelerators at WERC; ion beam; irradiation effects on space electronics; single event;
total ionization dose; displacement damage

1. Introduction

The Wakasa Wan Energy Research Center (WERC) opened in November 1998, and
from July 2000, an accelerator facility which forms the core of WERC became available.
The accelerator facility consists of three accelerators: a synchrotron, a tandem accelerator
and an ion-implanter [1,2]. Using these accelerators, we have been involved in research
on the destruction of tumor cells in human bodies (proton beam radiotherapy) [3,4], the
transmutation of DNAs in plants and bacteria (ion beam breeding) [5–7], ion beam material
modification [8–10] and ion beam analysis for materials [11–13]. The accelerators at WERC
have also been utilized to simulate the radiation effects on materials which are related to
nuclear power plants [14–16] and those of space electronics [17–25]. Electronic systems are
severely affected by the radiation environment in space. There are three main irradiation
effects on space electronics: the single event effect (SEE), the total ionizing dose effect
(TID) and the displacement damage dose effect (DDD) [26–31]. Before the operation of
electronic devices in space, these effects from the radiation environment in space have
to be evaluated on earth. Recently, the space industry has been widespread; therefore,
the radiation tolerance of space electronics has been actively investigated using electron,
gamma-ray, and ions. In this report, we describe the specification of each accelerator, beam
lines, and irradiation apparatuses at WERC, focusing on the research of the radiation effects
for space electronics. Since the three accelerators can cover a wide energy range of ions
from 10 keV to 660 MeV, we can simulate the space radiation field well. Finally, several
recent research results of the ion irradiation effects on solar cells, LSI circuits, radiation
detectors and image sensors are summarized.

2. Overview of Ion Accelerators at WERC

Figure 1 shows the layout of two ion sources, the tandem accelerator, the synchrotron,
the ion-implanter, and their beam transport lines at WERC [1,2]. The tandem accelerator is
interfaced to the synchrotron, and used as an injector for the synchrotron. The synchrotron
can accelerate protons up to 200 MeV. Such a high energy proton beam has been used
mainly for the study of SEE on space electronic devices at irradiation room 4. The tandem
accelerator has also been used independently to accelerate protons up to 10 MeV. This
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medium energy proton beam has been used for the study of TID and DDD on image
sensors at irradiation room 2. The ion-implanter provides 10 to 200 keV ions with high
beam current. This low energy and intense beam has been used for research of DDD on
solar cells at irradiation room 1. The detailed specification of each accelerator will be
explained in the following subsections.
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Figure 1. Layout of two ion sources, the tandem accelerator, the synchrotron, the ion-implanter, and
their beam transport lines at WERC [1,2].

2.1. Tandem Accelerator at WERC

The tandem accelerator at WERC (Figure 2) accelerates negative ions which are injected
from the two ion sources alternatively. One of the ion sources is a plasma sputter type
source, and it generates hydrogen ions and heavy ions such as carbon ions. The typical
peak intensity of pulsed negative hydrogen ions, which are used for the proton acceleration
by the synchrotron, is 4 mA with a 20 Hz period and 25 µs duration. The other ion source
is a kind of charge exchange type for the ionization of gas elements. Especially, the highly
intense 4He negative ion beam, the current of which amounts to 40 µA, enables α particle
irradiation with a high-density energy deposition into target materials.

The acceleration voltage of the tandem accelerator amounts up to 5 MV. The high
tension is generated by the Schenkel circuit with a 58-step voltage doubler rectifier, which
rectifies 40 kHz RF power by a resonant transformer and an oscillator. The Schenkel
rectifier, the acceleration tube, the high-tension terminal, and the resonant transformer are
sustained by the insulation column support in the pressure tank. The pressure tank is filled
with SF6 insulation gas at 0.6 MPa gauge. In order to enable the acceleration of the highly
intense beam from the ion sources, the conveyor current through the Schenkel rectifier
amounts to 1 mA at the terminal high tension of 5 MV. The voltage ripple is 0.4 kVpp at the
terminal high tension of 5 MV.
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The charge exchange canal in the terminal has an inner diameter of 15 mm and a
charge exchange effective length of about 1 m. Although the diameter of 15 mm seems
to be large, the geometrical transmission efficiency is about 70% because of the large
emittance of the negative ion from the ion sources. Argon gas for the charge exchange
(stripper gas) is introduced into the middle of the canal. A differential pumping and the
recirculation by four turbo-molecular pumps, each with a pumping speed of 50 L/s, enable
the concentration of stripper gas in the canal with a large inner diameter. Such a stripper
gas system realizes the 99% conversion of negative ions to positive at a gas thickness
of 4 Pa·m. Additionally, the transmission efficiency along the following transport beam
line to the synchrotron is achieved to be almost perfect. Therefore, a pulsed proton beam
with peak intensity of 3 mA can be injected into the synchrotron. Table 1 summarizes the
specifications of the tandem accelerator at WERC.
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Table 1. Specifications of tandem accelerator.

Categories Specifications

Generation of high voltage Cascade of voltage doubler rectifiers
(Schenkel Rectifier)

Max terminal voltage 5 MV
Max conveyer current 1 mA

Voltage ripple 0.4 kVpp @ 5 MV
Insulation gas SF6 0.6 MPa gauge

Accelerator tube Glass–metal organic bonding

Charge exchange Ar–gas stripper, recirculation and
concentrationby 4 TMP (50L/s/pump)

Injected ion ME (mass·energy value) 6 MeV·amu

2.2. Synchrotron

A proton beam with a maximum energy of 10 MeV is injected from the tandem
accelerator into the synchrotron and is accelerated up to 200 MeV. Recently, for the proton
acceleration, the injection energy has been set at 7 MeV.
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The overview of the synchrotron at WERC is shown in Figure 3. The circumference of
the synchrotron is 33.2 m. The super periodicity is 4. Each lattice has a QF-BM-QD-BM
permutation, and is operated in separated function style. Here, QF and QD are focusing
and defocusing quadrupole magnets in the median plane, respectively, and BM means a
bending magnet. Horizontal and vertical tunes are 1.75 and 0.85, respectively. A period
of 2 s for the synchrotron acceleration consists of four modes of “injection and capture”,
“acceleration”, “extraction”, and “deceleration, then return to injection”. The injection is
performed in a multi-turn injection style. The RF knock out system slowly extracts the
accelerated beam out of the separatrix in the horizontal phase space. The separatrix is
generated by the excitation of sextupole magnets. By adjusting the RF strength by time, the
variation in the intensity of the extracted beam by time is controlled to be reduced for event-
by-event mode experiments such as a counter performance test and SEE investigations on
semiconductor devices. The usual range of the beam intensity for the irradiation of space
electronic devices is from 0.1 to 3 nA. Table 2 tabulates the principal specifications of the
synchrotron at WERC.
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Table 2. Specifications of synchrotron.

Categories Specifications

Incident energy H+ 10 MeV (Bρ = 0.46 Tm)
Heavy Ions 2.08 MeV/u (Bρ = 0.42 Tm)

Acceleration energy H+ 200 MeV (Bρ = 2.15 Tm)
Heavy Ions 55 MeV/u (Bρ = 2.15 Tm)

Acceleration period 0.5 Hz
Lattice QF-BM-QD-BM

Injection Multi-turn injection
RF cavity Asynchronous RF cavity
Extraction Resonance-RF knockout

Superperiodicity 4
Circumference 33.2 m
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Table 2. Cont.

Categories Specifications

Tune
Horizontal νx 1.75

Vertical νy 0.85

Bending magnet
Bending angle 45 deg
Maximum field 1.12 T

Radius 1.91 m

Momentum compaction 0.31

Natural chromaticity x −0.34
y −0.36

2.3. Ion-Implanter

A high current ion beam irradiation equipment named the 200 kV ion-implanter
has been installed at WERC for research on the radiation effects of materials related to
atomic power plants and of space electronics. This accelerator has also been utilized for the
modification of semiconductors and metallic alloys. The schematic diagram of the 200 kV
ion-implanter are shown in Figure 4.
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The 200 kV ion-implanter consists of a microwave ion source, a 50 kV first acceleration
tube, a mass separation magnet, and a 150 kV second acceleration tube. The microwave ion
source supplies positive ions from gas targets, such as H2, He, N2, Ne, Ar, etc. Positive ions
generated in the ion source are accelerated up to 50 keV by the first acceleration tube. Then,
they are sorted by mass with the mass separation magnet. In the case of the H2 gas target,
we can select H+ or H2

+ by changing the magnet field of the mass separator. After the mass
separation, the ions are accelerated again up to 200 keV by the second acceleration tube.
The ion energy can be changed from 10 to 200 keV. The maximum beam currents available
from the first and the second acceleration tubes are 50 and 30 mA, respectively. In the
actual irradiation experiments, however, the beam current is reduced to less than several
tens of micro A/cm2 to avoid beam heating of the target materials during the irradiation.

3. Beamlines and Irradiation Apparatuses for the Research on Irradiation Effects on
Space Electronics
3.1. Beamline of the Synchrotron in Irradiation Room 4

In irradiation room 4, we can perform irradiation experiments with ion beams ex-
tracted from the synchrotron. Figure 5 shows the layout of the beam line in irradiation
room 4. After an ion beam is accelerated by the synchrotron and transported to irradiation
room 4, the beam is deflected to the direction of the target samples by a bending magnet
and is shaped by two sets of quadrupole magnet doublets. Then, the ion beam is emitted
into the atmosphere through a copperized polyimide thin film window. In order to form
the appropriate irradiation field on the target surface, the ion beam is wobbled by a set
of wobbling magnets and/or scattered by a tungsten scatterer and collimated by a brass
block collimator.
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The intensity distribution of the cross section of the primary proton beam at 200 MeV
kinetic energy has almost an axially symmetrical Gaussian shape with around 1.5 cm
standard deviation about beam direction. We call this beam as “pencil beam”. The usual
irradiation area on the sample is within 2 cm by 2 cm squares; therefore, the pencil beam
covers the irradiation area with a flatness (the ratio of intensity at the edge of the irradiation
area to that at the center) of more than 80%. Sometimes, much more severe uniformity
is required to the intensity distribution. In such case, we use a tungsten scatterer with a
thickness of 0.1 mm to make a flatness of more than 94%.
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In TID experiments, the beam intensity amounts to around 3 nA, which corresponds
to a flux of 2.5 × 108 cm−2s−1 in the case of an irradiation area of 2 cm by 2 cm squares
and a scatterer thickness of 0.1 mm. In experiments for the single event effect (SEE), the ion
beam flux is required to be reduced to less than 1 × 107 cm−2s−1. Thus, the beam intensity
is reduced to 0.1 nA by adjusting the strength of the RF kicker. In order to obtain a beam
flux of less than 1 × 106 cm−2s−1, a thicker scatterer is used for the reduction in the area
density of the beam.

The proton beam can be spread to large targets, such as a 10 cm by 10 cm square
for instance. SEE experiments with a flux of less than 106 cm−2s−1 can be performed
by using only the scatterer to form a large irradiation field. In the case of 107 cm−2s−1

flux experiment, the beam is wobbled by a set of wobbling magnets to improve the beam
utilization efficiency.

In several SEE experiments, the cross section for the SEE occurrence is measured as a
function of the linear energy transfer (LET) of primary beam in the target material. In order
to perform the experiment, the energy of the projectile has to be changed for each LET
value. Although the beam energy from the synchrotron is variable, the excitation pattern
of all magnets and acceleration RF, and beam transport setup have to be changed for each
beam energy. Therefore, an energy degrader is used instead of a conventional method for
the variation of the beam energy. The degrader, made of resin which is water-equivalent in
the proton energy loss, can change its thickness in units of 1 mm from 2 to 270 mm. The
degrader is set at a position immediate upstream of the irradiation target.

An ionization chamber (shown as “dose monitor” in Figure 5) is used for the dose
control. As the ionization efficiency relates to a function of the energy deposition by
passing particles, the dose measured by the ionization chamber is calibrated for each
energy variation by measuring the beam current at the beam dump. The probability of the
recombination of ion-electron pairs is a function of density of the pairs produced in the
ionization chamber. Therefore, the calibration of the dose monitor is also performed for each
variation of beam intensity and irradiation area by the comparison between the averaged
current signals from the dose monitor and beam dump for 3~5 times measurements.
The doses are controlled with an error (standard deviation) of almost 2% and 1% for
the 100 MeV proton irradiation to the area of 10 cm by 10 cm with flux of 3 × 106 and
1 × 107 cm−2s−1, respectively.

The synchrotron beam is used to measure the radiation effects not only on space
electronics but also on radiation detectors to be used in space for astronomical phenomena.
As usual detectors count each particle and/or gamma/X-ray, the charged particle energy
and flux under the circumstances around the space probe have to be simulated. In these
experiments, the beam intensity is reduced to less than 10 kHz. The intensity is controlled by
the charged particle counting using a counter-telescope with two sets of plastic scintillators
read by photomultiplier tubes.

3.2. Beamline of the Tandem Accelerator in Irradiation Room 2

The ion beam extracted from the tandem accelerator is not only injected into the
synchrotron system but is also directly transported to irradiation room 1 and 2. Three beam
lines are installed in irradiation room 2. One of the beam lines is used for the research on
irradiation effects on space electronics. Hydrogen (H), helium (He), carbon (C), nickel (Ni),
and copper (Cu) ions are available for the irradiation experiments. The beam line consists
of two scanning magnets and two apertures; it ends with an irradiation chamber with high
and cold temperature sample stages with three-axis goniometers. Figure 6 shows the beam
line and the irradiation chamber. Ion beams are injected into the irradiation chamber from
the back to the front in the figure. A sample stage on the goniometer can be moved about
60 mm horizontally and about 45 mm vertically with a precision of less than 0.05 mm and
rotated 180◦ about the horizontal axis with a precision of less than 0.05◦. The shape of the
beam is checked using a fluorescent plate which is placed on the sample stage. The beam
diameter on the sample stage can be reduced to less than 10 mm. To ensure a homogeneous
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irradiation for large area targets, ion beams are scanned horizontally with a frequency of
50 Hz and vertically with a frequency of 0.1–5.0 Hz by the scanning magnets with the
continuous triangle waveform current. The irradiation can be performed at high (20 to
700 ◦C) or cold (−173 to 20 ◦C) temperatures. The temperature on the sample stages is
measured by a thermocouple. The maximum setting area of samples is 60 × 60 mm2 on
the sample stage. H and He beams can be scanned over the above area. The scan area
for Ni beams is narrower than the light ion cases because Ni is much heavier than H or
He. The horizontal and vertical scan widths for a 10 MeV Ni3+ beam are 24 and 20 mm
at maximum, respectively. The degree of vacuum in the irradiation chamber is less than
9 × 10−4 Pa, even during the irradiation. Electronic device samples can be wired in the
chamber via electrical feedthroughs to measure the electronic characteristics of the devices
during the irradiation.
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Figure 6. Beamline and irradiation chamber for the irradiation of space electronics in irradiation
room 2.

3.3. Beamline of the 200 kV Ion-Implanter in Irradiation Room 1

The ion beam accelerated by the ion-implanter in irradiation room 1 is manipulated
using a bending magnet and three quadrupole magnets. The beam size is defined by
X-Y slits (shown in Figure 7). The beam can be uniformly spread up to 10 cm squares.
The performances of the 200 kV ion-implanter are summarized in Table 3. An irradiation
chamber has five sample stages (Figure 8, left). Three of them have a heating system,
and the sample temperature can be controlled from room temperature to 1000 ◦C during
the irradiation. The other two sample stages have a water cooling system, which can
keep samples around room temperature even during the irradiation. To check the beam
uniformly, a fluorescence plate is set at the bottom of the target stages (Figure 8, right).
An aperture for defining the beam shape and a –500 V secondary electron suppresser are
placed in front of each sample stage. The beam current on the sample stage is measured by
a pico-ammeter.
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Table 3. Performance of the 200 kV ion-implanter.

Categories Specifications

Beam elements H, H2, He, Ne, N, N2, O, O2, Ar, CO, etc.
Beam energy 10 to 200 keV

Typical beam current <1 mA
Beam current density ~20 µA/cm2

Irradiation area Maximum 100 × 100 mm2

Target stage Heating stage 3, Cooling stage 2
Heating stage control Room temperature to 1000 ◦CQuantum Beam Sci. 2021, 5, x FOR PEER REVIEW 10 of 18 
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4. Recent Results of Ion Irradiation Effects on Space Electronics at WERC
4.1. Recent Experiments Using Accelerators at WERC

Many radioactive sources exist in space such as electrons, X/γ-ray, and ions. Protons
are the main ion component in space; thus, ion irradiation effects are investigated mainly
using proton beam. Typical beam currents for irradiation experiments are ~1 nA, ~100 nA,
and 1–10 µA, for the synchrotron, the tandem, and the ion-implanter, respectively. The
synchrotron is used usually for research on SEE because high energy proton beam can
simulate the high-density electronic excitation by the space radiation. On the other hand,
the medium energy proton beam from the tandem accelerator is used for research on
TID/DDD. The low energy ion beam with a high intensity from the ion-implanter is used
exclusively for research on DDD. A lot of irradiation experiments for space electronics have
been performed using the three accelerators at WERC. These experiments are summarized
in Table 4. We introduce some experiments in the following sections.

Table 4. Summary table of irradiation experiments for space electronics at WERC.

Accelerator Target Purpose Effect Ion and Energy

Synchrotron

Si-CMOS image sensor X-ray detector TID/DDD p, 100 MeV
ASIC Signal processing for X-ray detector TID p, 90 MeV

Silicon Photomultiplier X-ray detector SEE p, 200 MeV
Electric substrate Microcomputer SEE p, 20–200 MeV

LaBr3(Ce) scintillator X-ray detector Radioactivation p, 20–140 MeV
AlGaN/GaN HEMT Power device TID p, 11.1–66.8 MeV

Tandem
AlGaN/GaN HEMT Power device DDD p, 2 MeV

CCD Optical imager TID p, 8 MeV

Ion-Implanter InGap/GaAs/Ge solar cell Solar cell DDD p, 50–150 keV
Perovskite solar cell Solar cell DDD p, 50 keV

4.2. Research Results Using the Synchrotron

In the X/gamma ray astronomy field, various X/gamma ray detectors and electronic
circuits dedicated to the detectors, which are durable in space, have been developed.
One of the detectors uses a CMOS (complementary metal-oxide semiconductor) imaging
sensor. The CMOS sensor can be driven with a small power consumption since the signal
transmission is not accompanied by charge transfer and high voltage analog circuits are not
needed, such as CCD (charge-coupled device) sensors. The CMOS sensor is chip-integrable
together with its peripheral circuit; therefore, it is possible to reduce the size and cost of the
detector. For such a reason, the CMOS image sensor has been adopted especially for usage
in small space probes.

HiZ-GUNDAM [32] is a future satellite mission for the exploration of the early uni-
verse by detecting high-redshift gamma-ray bursts by using the wide-field X-ray detector.
The Kanazawa University group will adopt a CMOS image sensor GSENSE6060BSI fab-
ricated by Gpixel Inc. for the detection of soft X-ray [17]. The radiation tolerance test
was conducted using GSENSE400BSI-TVISB, which is close in pixel size and has the same
resistivity and epilayer thickness as GSENSE6060BSI. The test for the sensor was performed
by the irradiation of a 100 MeV proton with a flux of 1 × 107 cm−2s−1 and a fluence of
4.8 × 1010 cm−2, which corresponds to the absorbed dose of 5 krad during 6 years in orbit.
After the irradiation, the energy spectra of Mn-Kα and Kβ X-ray were obtained at tem-
peratures of +20 ◦C and −20 ◦C (Figure 9). Although the significant damage appears as
the increase in the dark noise and the worsening of the energy resolution, the background
tail of the low energy side caused by the dark noise is reduced in the operation at −20 ◦C
(Figure 9, right). Although the MOS structure seems to be affected by TID, the increase in
dark current noise is considered to be caused by bulk damage from DDD.
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A987(2021) 164843).

The Hiroshima University group has chosen a system of a CsI(Tl) scintillator and a
silicon photomultiplier (Si-PM) for the X/gamma ray detector onboard CubeSats. The
Si-PM is a kind of avalanche photodiode (APD) and the multi pixelated Si-PM (Multi Pixel
Photon Counter, MPPC) were supplied by Hamamatsu Photonics K.K. (HPK). Two types
of MPPCs (S13360-6050CS and S14160-6050HS) were irradiated with a 200 MeV proton
beam. Figure 10 shows the comparison between the gamma ray spectra obtained several
minutes and 7 months after the 300 rad irradiation. Just after the irradiation, the 22.2 keV
photo peak from 109Cd (blue line) disappears in the spectrum and the threshold level rises.
In the gamma ray spectrum measured after the MPPC that was left at room temperature
for 7 months, the recovery of 22.2 keV photo peak can be found in the spectrum. It is a
certain annealing effect against the irradiation for the MPPC [18].
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Figure 10. Gamma-ray spectra with MPPC S13360-6050CS at −30 ◦C. Left figure is acquired at several minutes after 300 rad
irradiation and right figure shows the spectra measured at 7 months after irradiation. (Reprint Figure 4 in p.3 of N. Hirade
et al., Nucl. Inst. and Meth. in Phys. Research A986(2021) 164673).

Not only radiation detectors but also electronic devices such as a power module,
integrated circuits used in an analog amplifier, a logic gate, a microcomputer, etc. have to
be evaluated for the radiation tolerance. The gate oxide structure of MOSFET (metal-oxide
semiconductor field effect transistor) and IGBT (insulated gate bipolar transistor) used
in the power module is subject to the TID effect. SEE may also be observed as the single
event upset (SEU) in the switching device by the charged particle-induced ionization in
the depletion layer. Especially, SEE in IGBT in the power module and CMOS in the logic
gate with a parasitic thyristor in themselves may generate single event latchup (SEL),
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causing the thermal runaway. Once SEE occurs in the gate region of power MOS-FET or
IGBT, the destruction of the gate may cause another thermal runaway, i.e., single event
burnout (SEB).

The Tokyo Institute of Technology group has developed APD X-ray detectors and their
dedicated ASIC (application-specific integrated circuit). The 0.35 µm CMOS technology is
used for the developed ASIC. The ASIC has dual interlock cell (DICE) circuits with a master–
slave flip-flop’s scheme to prevent malfunction due to the distortion or the noisy clock
signal and the accidental activation of CMOS, i.e., an SEU event. The evaluation test of the
radiation tolerance was performed for the ASIC with 90 MeV protons because the threshold
and saturation energies for the cross section of SEE in the logic device have been reported
to be set at around 10 MeV and 100 MeV, respectively. The proton beam was directly
irradiated on the ASIC with a flux of 4.8 × 107 s−1cm−2 and a fluence of 1.0 × 1011 cm−2,
which corresponds to the total dose for 160 years in the International Space Station (ISS)
orbit [19]. During the irradiation, the currents from the positive and negative power
supplies for the charge sensitive amplifier (CSA) on the ASIC were monitored in order to
check whether an SEL event occurred or not. The digital bit data of DICEs were duplicated
on a copy register in order to detect SEU events during the irradiation. There was no
indication of an SEL event and any SEU events were not obtained either. The ASIC has
1030-bit registers; therefore, the SEU cross-section is estimated to be 2.2 × 10−14 cm2bit−1

at most.
The Kyushu Institute of Technology group has tried to obtain the excitation function

of the SEE cross section by the variation of kinetic energy of proton [20]. The measurements
were conducted for the microchips of PIC16F877, Raspberry Pi Zero and Raspberry Pi 3B.
The obtained excitation function shows that the threshold energy for SEE in the integrated
circuits may be set at around 10 MeV.

The Aoyama Gakuin University and Nagoya University group have paid attention
to the radiation effect on the detectors in space from the radioactivation point of view. A
gamma-ray detector using new scintillator LaBr3 (Ce) has been developed for the CALori-
metric Electron Telescope (CALET) experiment on ISS. LaBr3 (Ce) detectors were irradiated
with 20, 70, and 140 MeV protons with fluences of 7.9 × 1010, 7.1 × 109, and 5.0 × 109 cm−2,
respectively [21]. After the irradiation, the activation of the scintillators was investigated
by measuring gamma-ray energy spectra by Ge detectors.

4.3. Research Results Using the Tandem Accelerator and the Synchrotron

An AlGaN/GaN high-electron mobility transistor (HEMT) has a lot of advantages for
space applications, such as having high efficiency, high power and being lightweight. In
order to quantify the radiation tolerance of the HEMT in space environment, Sasaki et al.
investigated the change in its device characteristics by using the 11.1 MeV, 20.6 MeV and
66.8 MeV proton beams from the synchrotron [22]. The irradiation was performed with the
proton flux of 1.7 × 108 cm−2s−1 under off-bias (Vgs = −5.0 V, Vds = 100 V) condition. No
difference was observed in the breakdown voltage at any irradiation energy (Figure 11).

To study the DDD effect on the HEMT, the change in the output power due to the
2 MeV proton irradiation was also examined by using the tandem accelerator [22]. The
2 MeV proton beam flux was 7 × 1011 cm−2s−1. The output power at last decreased by
−4 dB and −10 dB at fluences of 3 × 1014 and 1 × 1015 cm−2, respectively (Figure 12).
Sasaki et al. have explained this irradiation effect as being due to the lattice defects
produced by the proton irradiation. As the effect by proton fluence of 7 × 1011/cm2

roughly corresponds to the radiation damage of 10 years in the geostationary orbit, the
experimental result indicates that this device has a sufficient margin for proton irradiation
tolerance to operate in the geostationary orbit. They have also found that when the channel
temperature was 125 ◦C, the output power was partially recovered by radio frequency (RF)
operation or reverse bias stress (Vgs = −5 V, Vds = 30 V).
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4.4. Research Results Using the Tandem Accelerator

The Martian Moons eXploration (MMX) is a project of the Japan Aerospace Explo-
ration Agency (JAXA) to explore the two moons (Phobos and Deimos) of Mars with a
scheduled launch in the mid-2020s. A spacecraft will enter into the orbit around Mars and
will collect scientific data and gather samples from the moons’ surfaces. Unlike the Earth,
Mars does not have a global magnetic field. Therefore, electronic devices attached to the
MMX spacecraft orbiting around Mars and its moons will be exposed to interplanetary
high energy protons with the wide energy range. Ozaki et al. have performed the experi-
ments on irradiation resistance evaluation of CCD imagers, which is one of the important
electronic devices installed to the MMX spacecraft, by using an 8 MeV proton beam from
the tandem accelerator [23]. The irradiation effect has been observed as an increase in dark
current. They have performed a similar experiment using a 70 MeV proton beam at another
facility. From the proton energy dependence of the irradiation effect on CCD imagers, the
experimental data are now being analyzed in terms of the total ionization dose (TID) and
the non-ionization energy loss (NIEL).

4.5. Research Results Using the Ion-Implanter

As perovskite solar cells have beneficial features as a high-power conversion efficiency
as high as 24%, low-cost, thin-coating, lightweight, and large-area fabrication, they are
expected for the application to the space industry. To confirm the irradiation effect on
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perovskite type solar cells, Kanaya et al. performed the 50 keV proton irradiation with
total doses of 1 × 1013, 1 × 1014, and 1 × 1015 cm−2 using the 200 kV ion-implanter [24].
To investigate the irradiation effect on the grain structure and lattice structure, three types
of perovskite solar cells with different grain sizes (~240, ~340, and ~690 nm) were used
and the irradiation effects were evaluated by a scanning electron microscope (SEM), X-ray
diffraction (XRD), photoluminescence (PL), and time-resolved photoluminescence (TRPL).
From the experimental results of SEM and XRD, they have concluded that there is little
difference between the initial and irradiated samples in the grain structure or the crystal
structure. The result of the TRPL spectrum measurements is shown in Figure 13. Even
by the irradiation up to the fluence of 1 × 1014 cm−2, the TRPL spectrum curve does not
exhibit a significant decrease. After the irradiation with the fluence of 1 × 1015 cm−2, the
lifetime of TRPL spectrum decreases for each grain size. The experimental result shows
that perovskite solar cells have a high radiation resistance against the proton irradiation up
to the fluence of 1014 cm−2.
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grain (~340 nm) sample, and large grain (~690 nm) sample. (Reprint Figure 2 in p. 6992 of S. Kanaya et al., J. Phys. Chem.
Lett. 10(2019) 6990–6995).

Triple-junction (InGaP/InGaAs/Ge) solar cells are typical successors for the space
application and currently widely utilized due to their higher photovoltaic conversion
efficiency and better radiation resistance compared to conventional single-junction silicon
space solar cells. Imaizumi et al. investigated the effects of the fluence rate and the irradia-
tion mode (defocused beam or scanned beam) of 50, 100 and 150 keV proton irradiation
ground tests on the degradation of a triple-junction solar cell and a single-junction silicon
solar cell using two accelerators: the ion-implanter at WERC, and that at the National
Institutes for Quantum and Radiological Science and Technology (QST)-Takasaki. They
have found that the photovoltaic properties of both the solar cells are degraded irrespective
of the fluence rate or the irradiation mode. The details are discussed in [25].

Finally, we mention the study of the proton irradiation effect on carbonaceous chon-
drites by Nakauchi et al. [33]. Although this study is not directly related to the irradiation
effect on space electronics, the result obtained by the ion irradiation at WERC is academi-
cally quite interesting and important in the field of the astrophysics.

Airless planetary bodies, from which carbonaceous chondrites (CCs) originate, have
been mainly exposed to the irradiation with solar wind protons. To investigate the effect
of solar wind protons on the surfaces of planetary bodies, Nakauchi et al. irradiated
serpentine and saponite samples, which are two major components of CCs, with 10 keV
H2

+ ions up to the fluence of 1.7 × 1018 protons/cm2, and their reflectance spectra were
measured in the wavelength range from 1.5 to 5.5 µm. As the 10 keV H2

+ molecule ion
becomes two 5 keV proton ions at the sample surface by the Coulomb explosion process,
the 10 keV H2

+ ion irradiation corresponds to the 5 keV proton irradiation. Figure 14
shows that the absorption strength for serpentine at the wavelengths of 2.85 µm and 3.0 µm

256



Quantum Beam Sci. 2021, 5, 14

increases with increasing the proton dose. The absorption at 2.85 µm and that at 3.0 µm
correspond to Si-OH and the total amount of OH and H2O, respectively. This experimental
result is the first direct evidence of H2O formation at the surfaces of airless planetary bodies
only by solar wind protons.
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Abstract: The development of pulsed electron sources is applied to electron microscopes or electron
beam lithography and is effective in expanding the functions of such devices. The laser photocathode
can generate short pulsed electrons with high emittance, and the emittance can be increased by
changing the cathode substrate from a metal to compound semiconductor. Among the substrates,
nitride-based semiconductors with a negative electron affinity (NEA) have good advantages in terms
of vacuum environment and cathode lifetime. In the present study, we report the development of
a photocathode electron gun that utilizes photoelectron emission from a NEA-InGaN substrate by
pulsed laser excitation, and the purpose is to apply it to material nanofabrication and high-speed
observation using a pulsed transmission electron microscope (TEM) equipped with it.

Keywords: laser photocathode; pulsed electron sources; pulsed transmission electron microscope

1. Introduction

For material nanofabrication using an electron beam, a sample is irradiated with a high-
intensity electron beam using a field-emission electron gun. The development of a pulsed
electron source with high emittance in a short time is effectively used not only for material
nanofabrication but also for high-speed observation of electron irradiation-induced material
behavior and observation with reduced electron irradiation effect of polymers when used
for TEM. For example, the dislocation motion is in the scale from 1 s to 1 ms, the nucleation
and growth in the scale from 1 ms to 0.1 ps, and the magnetic switching or melting and
solidification in the scale from 10 ns to 0.1 ps. The time scale on which physical phenomena,
such as phase transitions, occur is in the scale from 1 ns to 10 fs [1].

The development of a TEM equipped with a laser photocathode electron gun has been
in progress since around 2000. As shown in Figure 1, the first machine was manufactured
at the Berlin Institute of Technology. Using the pulsed electrons emitted from a Ta cathode
excited by an Nd:YAG laser (wavelength, 266 nm; pulse width, 7 ns; current density,
700 A/cm2; brightness, ~4 × 106 A/cm2 str), a spatial resolution of ~100 nm and a temporal
resolution of ~1 ns were achieved by the pulsed electrons [2]. After that, in 2007, at
Lawrence Livermore National Laboratory in the United States, a spatial resolution of
~10 nm and a temporal resolution of ~1 ns were achieved [3]. In 2008, at the California
Institute of Technology in the United States, the temporal resolution was improved to
~10 ps in the same spatial resolution of ~10 nm [4]. Recently in 2016, at CNRS National
Laboratory in France, an atomic resolution of ~0.2 nm and a temporal resolution of ~370 fs
were successfully achieved [5].
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Figure 1. The first machine of pulsed TEM equipped with a photocathode manufactured at the Berlin
Institute of Technology [2].

In the developments mentioned above, the cathode material is a metal, but by replac-
ing it with compound semiconductors, it is possible to further increase the emittance. Using
III–V compound semiconductor substrates, such as GaAs, with a negative electron affinity
(NEA) surface is useful to generate pulsed electrons with small energy dispersion with
high emittance. However, it is difficult to handle because the usable vacuum environment
is severe, and an extremely high vacuum is required to extend the lifetime [6–11].

The advantage of using the NEA semiconductor surface is it reduces the work function.
The role of Cs in NEA surface preparation has not been clarified in detail. The NEA
treatment method involves forming a dipole layer of Cs with a positive charge on the
semiconductor surface by repeating Cs vapor deposition and oxygen adsorption at a
substrate temperature of about 550 ◦C. This dipole layer is thought to reduce the work
function. Lowering of the work function to the energy near the conduction band minimum
(CBM) on the semiconductor surface leads the electrons with an extremely narrow energy
width excited just above the CBM to be emitted from the surface by the tunnel effect.
As a result, it is possible to obtain an electron beam in which the energy dispersion is
extremely small. Even if the work function is lowered on the NEA metal surface, the energy
dispersion of electrons excited to the unoccupied level cannot be as small as that of a
semiconductor with a bandgap. NEA treatment on the semiconductor surface is extremely
effective from the viewpoint of electron energy dispersion.

On the other hand, the nitride semiconductor has an advantage in that the cathode
lifetime is long because the vacuum environment used is not so severe. However, there
are not many examples of the development of TEM using such nitride semiconductor
photocathodes with a NEA surface.

In the present study, a pulsed TEM equipped with a photocathode electron gun, in
which photoelectron emission from a NEA-InGaN substrate by pulsed laser excitation
was utilized, was developed for the purpose of high-speed observation and material
nanofabrication. In the paper, we will introduce some of the performances of the apparatus.

2. Development of the Apparatus

Figure 2 shows the appearance of a pulse TEM equipped with the developed photo-
cathode electron gun. The pulsed electron gun consists of an ultrahigh vacuum chamber
capable of NEA surface processing, an acceleration tube, an ion pump, two non-evaporable
getter (NEG) pumps, a Cs vapor deposition source for NEA surface processing, a semicon-
ductor pulse laser for pulse electron generation, and an auxiliary laser for photocurrent
measurement during NEA surface processing. The accelerating voltage is 50 kV, and the
ultimate vacuum of the chamber is ~5 × 10−9 Pa. The wavelength of the semiconductor
pulse laser for pulse electron generation is 404 nm, and it is possible to generate pulses
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from continuous wave (CW) to nanoseconds. The pulse electron gun was assembled by
installing it to the Hitachi HF-2000 TEM (Hitachinaka, Ibaraki, Japanc) from which the cold
field-emission electron gun and the acceleration tube were removed.
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Figure 2. The appearance of a pulse TEM equipped with the developed photocathode electron gun.

Figure 3 shows schematic illustrations of the operation. The cathode and acceleration
tube have a structure that slides up and down. During the pulsed electron generation,
the cathode and the anode are in a close state, and the pulsed electrons excited by the
semiconductor pulse laser are introduced into the TEM column. On the other hand, during
NEA surface treatment, the cathode moves to the upper part of the chamber, and the
cathode substrate is heated at approximately 550 ◦C in an O2 atmosphere of about 10−6 Pa
and under Cs vapor deposition. At the same time, the activation process is performed while
monitoring the state with the photocurrent generated by the auxiliary laser excitation.
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Figure 3. Schematic illustrations of the operation. The cathode and acceleration tube have a structure
that slides up and down.
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The cathode substrate is a p-type InGaN thin film. An In0.12Ga0.88N thin film doped
with Mg with a thickness of about 250 nm is deposited on the sapphire substrate via a GaN
buffer layer with a thickness of about 2.2 mm. In order to evaluate the performance of
the apparatus, a cathode substrate passed about 2 years or more from the NEA surface
treatment was used. The electron emission current immediately after the NEA surface
treatment is about 10~100 mA, but it remains 1 mA even after about 2 years or more. The
imaging conditions were a laser pulse width of 100 ms and a repetition frequency of 5 kHz.
An imaging plate was used for image recording.

3. Performance Characterization

In order to evaluate the performance of the apparatus, the exposure time required
for pulse imaging was measured. Figure 4 shows a bright-field image that was taken
by conventional TEM with a thermal emitter and size dispersion of Au nanoparticles
on an amorphous carbon film used for pulse imaging as a standard sample. The size
distribution was fitted by the lognormal distribution function, and the average particle size
was approximately 13 nm.
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Figure 4. A bright-field image and size dispersion of Au nanoparticles on an amorphous carbon
film used for pulse imaging as a standard sample. The size distribution was fitted by the lognormal
distribution function.

Figure 5 shows the results of the pulse imaging of Au nanoparticles mentioned above
by bright-field images. The contrast becomes clearer as the number of integrated pulses
increases. It is evident that the image can be identified at about 4–8 pulses under the
conditions. A factor in which laser frequency affects image quality is the amount of
specimen drift within the total exposure time. If the total exposure time is shortened, the
effect of the specimen drift will be reduced, which will lead to an improvement in image
quality. In Figure 5, even with a total of 2048 pulses, the total exposure time is about 0.2 s,
and even if an interval of 100 ms is included, it is 0.4 s, and the effect of the specimen drift
is very small.

Figure 6 shows an example of the contrast profile of Au nanoparticles on an amor-
phous carbon support film. The contrast change of the part indicated by a red line in Au
nanoparticles in Figure 6a is shown in Figure 6b. The dark contrast of the Au nanoparticle
is shown as an image signal by normalization through the bright contrast of an amorphous
carbon support film. An enlargement of the contrast in the amorphous carbon support
film is shown in Figure 6c. The deviation from the average value of the contrast is defined
as noise. Figure 6d shows the signal-to-noise (S/N) ratio as a function of the number of
pulses (exposure time).
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Based on this result, if the minimum exposure time is determined assuming that Au
nanoparticles can be identified when the S/N ratio is 1 or more, it is revealed that an image
can be recorded with an exposure time of 800 ms or more under the present condition.
Immediately after NEA surface processing, which has a high quantum efficiency of the
electron emission, it is possible to take an emission current that is one to two orders of
magnitude larger, so it is considered that the minimum exposure time will be shorter. This
performance suggests that it is sufficient for high-speed in situ observation as a pulsed TEM.

The performance of pulsed TEM mentioned above can also be applied to material
nanofabrication. When a semiconductor photocathode is utilized as the electron gun
of a semiconductor inspection device, the stability of the electron beam is extremely
important. The required performance is a small current fluctuation, which is a standard
deviation from the average current during a constant current generation for a long time.
In particular, if the current fluctuation over a long time is large, it affects the performance,
and the same accuracy as making the TEM image contrast negligibly small is required.
It is considered that the fact that sufficient performance can be obtained by applying a
semiconductor photocathode to a pulsed TEM is consistent with satisfying the necessary
and sufficient conditions for utilizing a semiconductor photocathode in a semiconductor
inspection device.

Recently, in the semiconductor manufacturing process, in order to solve the prob-
lems of low inspection throughput and drawing throughput, a new demand for higher
brightness and a multi-electron beam source in which an individual source has high bright-
ness and uniformity is searched. In order to obtain high brightness, an electron source
that generates an electron beam with a large current and low-emittance characteristics is
required. It is suggested that semiconductor photocathodes that enable the generation
of a high-current, low-emittance, and high-speed pulse multi-electron beam are also use-
ful as next-generation electron beam sources that respond to new demands of material
nanofabrication.

4. Conclusions

We developed a TEM equipped with a NEA-InGaN photocathode electron gun with
an accelerating voltage of 50 kV and evaluated its performance by imaging with a pulsed
electron beam. The cathode has a long lifetime and can be imaged even after about 2 years
of NEA surface treatment. Under the conditions, a bright-field image can provide an S/N
ratio of 1 or more with an exposure time of 800 ms. By increasing the emittance further, the
temporal and spatial resolutions can be improved.
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