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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.
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Editor
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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 CeO, 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 x 10'® Ar* cm~2. In the unirradiated copper oxide layer, the copper valence state of Cu?* and Cu*
and/or Cu® 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 Cu?* to Cu* and/or Cu®. Furthermore, nuclear reaction
analysis using a 1°0(d, p)!7O reaction with 0.85 MeV deuterons revealed a significant loss of oxygen
(5 x 10 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 SiO,
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 Al,O3 (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 x 1074 Pa,
the shiny beam spot could be clearly recognized after irradiation with 5 keV Ar* ions
to a fluence of 1 x 10" Ar* cm~2. Surprisingly, in the other irradiation equipment with
base pressure of 2 x 107 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 x 10 x 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 x 10" ¢cm~2 using a 5 kV-ion gun installed in a vacuum chamber with a base pressure of
2 x 107 Pa. The ion incidence was normal with respect to the sample surface.
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Figure 1. Temperature measured on the sample surface with chromel-alumel thermocouple
during oxidation.

X-ray photoelectron spectroscopy (XPS) using Mg Ka radiation (hv = 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 160(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 SiO, layer formed on a Si wafer (510, /5i), which contains 5.8 x 10" 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 x 10" 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 10'* cm~2. On the sample
surface irradiated to a fluence of 10'* 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 x 10 em~2 (a) and 1 x 10" 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 CuOgp 4 and 1.9 x 10" CuOp4 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 x 10" CuOp4 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 x 1022 CuOp4 cm 3. The
chemical composition CuQy 4 indicates that the oxide layer contains the mixture of metallic

copper and copper oxides.
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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 1°0O(d, p)!”O
reaction. The peak intensities are (2.15 £ 0.05) x 10% and (2.01 + 0.04) x 10% counts
for the unirradiated and irradiated samples, respectively. The oxygen content in the
irradiated sample was determined to be (7.1 + 0.2) x 10'® O atoms-cm 2 by the SiO, /Si
standard sample, smaller by 6% than that in the unirradiated sample ((7.6 & 0.2) x 10 O
atoms-cm~2). Thus, oxygen atoms were found to be released from the CuOy 4 layer by the
irradiation with 5 keV-Ar* ions to a fluence of 1 x 10 cm 2. The SRIM simulation [17]
predicts the sputtering yield of O in CuOg4 to be 4.9 O atoms-ion~!, which means that
the sputtered O atoms will be approximately 5 x 10'> 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 CuOy 4 bombarded with 5 keV-Ar* ions,
approximately 1.4 x 10> Cu atoms-cm~?2 as calculated by the SRIM will be lost, leading to
the change in chemical composition from CuOy 4 to CuQOy 3g in the layer.
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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 x 10! cm~2.

Figure 5 shows XPS Cu 2p core level photoemission spectra (PS) of the CuQOy 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 Cu?* and it was transformed into Cu* and/or Cu’
(Cu*/CuP) by irradiation. Thus the 5 keV-Ar* irradiation reduced Cu®* to Cu*/Cu’. The
irradiation-induced reduction observed in the present work could be seen in the change in
the shape of the Cu 2p3/; 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 x 10'® cm~—2.

Figure 6a,b depicts Cu 2p3,; 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 CuyO. The BE of Cu (932.6 eV) [22-24] is very close to that of
Cup0O (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);, [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 Cu?* (CuO and Cu(OH),) decrease,
while the fraction of Cu*/Cu® (CupO/Cu) increased by irradiation, indicating that the Ar*
irradiation reduced Cu?* to Cu*/Cu’. This was consistent with the result deduced from
the decrease in intensity of shake-up satellite line as described above.
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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 x 10'® em~2. Each
spectrum was decomposed into three components denoted by I, II, and III
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Table 1. Compositions of Cu, Cu20, CuO and Cu(OH); determined by Cu 2p3,, photoemission
spectra (PS) lines for the unirradiated and irradiated samples.

Compositions (%)

Samples
Cu Cu,O CuO Cu(OH),
. . 73.8
Unirradiated (65.7) 1 8.1)1 16.5 9.7
. 94.1
Irradiated 65.7) 1 (28.4)1 55 04

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

The concentration ratio of CuyO 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 CuyO/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 CuOy 33 determined by the combination of RBS and
NRA could not be used to calculate the fraction of CuyO/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 Cu,O, while the oxide Cu,O 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 Cu,O/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 Cu?t
to Cu*/Cu’ in the cuprate. This result is consistent with the previous studies that CuO
thin films were transformed into Cu,O 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 (CuyO) powder is red. In addition,
Cuy0O 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 Cu,O. Fredj and
Burleigh [39] showed that the color of a copper oxide layer in which Cu,0O is primarily
included varied from bare copper color to green depending on its thickness. Thus, they
demonstrated the possibility that the Cu,O layer exhibited the color other than red. One
possibility for the chromatic change is the presence of CuyO 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 x 10" Ar* cm 2. Nu-
clear reaction analysis revealed that a significant amount of oxygen (5 x 10> O atoms-cm~2)
was released from the irradiated layer. The reduction of cupric oxide (CuO) to cuprous
oxide (CuyO) 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,, line in
photoemission spectra. The reduction led to the compositional change in the mixture of
Cu/CuyO/CuO, which would result in the chromatic change.
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Abstract: Evolution of depth profiles of the refractive index in Y3Al501, (YAG) crystals were studied
under 200 MeV 136Xe!#t jon 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 um in depth, which is attributed to the nuclear stopping
Sn peak, (ii) a plateau near the surface between 0 and 3 um 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 um in
depth. Since the last peak is ascribed to neither of Se nor S, peak, it could be attributed to the synergy
effect of Se and Sy,

Keywords: swift heavy ion; YAG (Y3Al5015); 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 (np), is sandwiched with materials A (cladding layer: 1) and C (substrate layer: nc),
both having lower indices than the material B (the guiding layer), i.e., n, nc < ng. 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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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 An/n is described as the following relation [3],

an (=1 +2)r AV Aa
2 N e

V+a+F (1)

or approximately

An AV

STV @
where AV/V, Aaja, 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 (AV > 0), which results in the index reduction (An < 0) in some transparent solids. Moreover,
lattice expansion and contraction (AV > 0 and < 0) results in the index reduction and enhancement
(An > 0 and < 0), respectively.

Of course, ion irradiation could exchange atomic arrangements so that newly formed chemical
bonds may change the (bond) polarizability «, 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 (An < 0) around the
Bragg peak depth due to serious damage, i.e., AV > 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.,, AV <0, i.e.,, An >0 [8].

Olivares et al. clarified that not only the nuclear energy loss (Sp) 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 Au°" irradiation to 8 X 10'* ions/cm?, and found that the amorphous
phase showed a lower index [11].

air n~1 cladding layer

less damage
An~0,n=n, lieh
guiding layer / 'ght

damaged Embedded
|v An <0 Low Index
=> n<n,
Layer

damaged by ion irradiation

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 Xe!#* ions, at various fluences ranging from 1 x 10!! to 5 x 10'3 ions/cm?.

2. Materials and Methods

2.1. Material

Single crystals of undoped yttrium-aluminum-garnet (Y3Al;012, 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 (Y3Al501) 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
136Xe!4* jons from the tandem accelerator in the Japan Atomic Energy Agency (JAEA), Tokai Research
and Development Center. The fluence ranged from 1 x 10! to 5 x 10'3 ions/cm?, with maintaining the
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beam current density at ~60 nA/cm?, except the fluences of 1 x 10! and 3 x 10 jons/cm? at ~5 nA/cm?
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/cm?, 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
136Xe!4+ jons in yttrium-aluminum-garnet (YAG) crystal, calculated by SRIM 2013. The track formation
threshold and the X-ray penetration depth of the Cr K« line used for fixed incident angle X-ray

diffractometry (FIA-XRD) are also shown.

200 MeV 136Xe!4* => Undoped YAG

Electronic stopping power (keV/nm) 243
Track formation threshold (keV/nm) 7.5
Nuclear stopping power (keV/nm) 0.091
Projected Range (um) 13.2
X-ray penetration used for FIA-XRD measurements at 15 incidence (pm) 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
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 (FLIA-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 Ko line (A = 0.22896 nm) from an X-ray source. Different from the conventional 6-26 method,
the penetration depth of the incoming X-ray is constant for FIA-XRD, irrespective of the scattering
angle 20. 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 um 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/cm® 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 O, the effective refractive index np, is usually used in this community,

Nm = 11 SinOy, 3

where 17 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 (IM). 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 Oy, 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.

dark-mode
a .
detector rotating table

A Laser

1N
U

Polarizer

WG substrate

60
L (b) 200 MeV Xel#* => YAG

50 5 x 1013 jons/cm?

Relative Intensity Light (%)

1.80 1.79 1.78 1.77 1.76 1.75
Effective Refractive Index

(C) Half-wave

plate Waveguide Detector
Laser
Objective 1 Objective 2

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 3¢, 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 Xe!#* ions
to various fluences ranging from 0 to 5 X 10'3 ions/cm?. Before the irradiation, relatively strong four
peaks were observed, all of which were assigned to diffractions from the garnet structure: 55.8° for
(4 22),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 x 10" ions/cm?, the same peaks were observed, while the intensity ratios and the diffraction angles
slightly changed. At the fluence of 1 x 10'? ions/cm?, 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 X 10'3 ions/cm? 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].

200 MeV Xe " => YAG

m _
=
=
_E- unirrad i 7
S _
)
';—: ions/em 2 ]
a 2| 1x 10" }\ .
ﬁ. _ 1x10" |
E 1L 1x10" 1
- 5x10™
50 100 150

20 (deg.)

Figure 4. FIA-XRD patterns of undoped YAG samples in unirradiated state and irradiated with 200 MeV
Xe'#* ions to various fluences ranging from 1 x 10! to 5 x 103 ions/cm?. The patterns are shifted for
vertical direction for clarity.
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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 x 10" ions/cm?, a very weak and broad
enhancement peak was observed at 6 um in depth with the full width at half maximum (FWHM)
of ~4 pm. Since the deviation from the unirradiated value was so small for the data at 1 x 10!
and 3 x 10'! jons/cm? that the deviation from the unirradiated value was plotted with five times
magnification around the unirradiated value.

[ 200 MeV Xe => undoped YAG

1.84- 1E11 x5 -

3E11 x5

1.82

1.8

1.78

1.76

Se, Sn (keV/nm)

1 ] 1
0 5 10 15
Depth (x m)

Figure 5. Depth profiles of refractive indices of YAG irradiated with 200 MeV Xel** jons to various
fluences ranging from 1 x 10! ions/em? to 5 x 1013 ions/cm?, 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 x 10" and 3 x 10!! jons/cm?, 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 Sy, 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 x 101, 1 x 10'2, 1 x 10'3,
and 5 x 10'3 ions/cm?). 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 x 10!, (b) 1 x 10'2, (¢) 1 x 10'3, and (d) 5 x 10'3 ions/cm?. 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 x 10! ions/cm?,
since the guided light is buried beneath the surface. The irradiation made index enhancement of
0.001 around the depth of 6 um 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 um reduced the height at the fluence of 3 x 10! ions/cm?2. At 1 x 10'2 ions/cm?,
the peak further decreased and turned to a dip. Simultaneously, the index at the surface region
(0-3 pm 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 x 10'2 ions/cm?.
Likewise, the bottom value at the dip at 6 um further decreased. Since the index at the surface region
steeply decreased at 1 x 10'3 ions/cm?, the low index region near the surface and the 6 um dip were
almost merged. The WG function of SHI-irradiated YAG crystals is also confirmed at 1 x 10'2 and
1 x 10'3 ions/cm?, 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 X 10'3 ions/cm?, the index further decreased. Moreover, a new dip appeared at
13 um 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 X 103 ions/cm? 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 x 10! and 1 x 10'2 ions/cm?) 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 x 10'® and 5 x 10'3 ions/cm?) 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 x 10" and 1 x 10'? ions/cm?) are cubic symmetry crystals but the high fluence samples (1 x 10! and
5 X 10'3 ions/cm?) 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 Xel** ions at four different fluences; 1 x 1011, 1 x 1012, 1 x 1013,
and 5 x 1013 jons/cm?.

4. Discussion

As shown in Figure 5, the index dip at 13 um in depth was only observed at the high fluence
of 5 x 10'® jons/cm? and higher fluence (not shown in this paper) by end-face coupling, which well
matches at the peak of the nuclear energy loss S,,. Consequently, the index reduction at 13 um in depth
is ascribed to the damage induced by the nuclear energy loss. Since Sy, is much lower than S, 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 um can be ascribed to the
electronic energy loss Se, which has the highest at the surface. Consequently, both S. and Sy, contribute
the index reduction. However, the origin of the dip/peak at 6 pm in depth is not clear. Neither of Se
nor Sy has a peak around 6 um. Rather, Se decreases and S, increases around 6 um.

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 S. gradually decreases with making a track. The S, finally becomes
below the threshold value of 7.5 keV/nm [13] and stops forming the tracks around the depth of ~10 pm.
The threshold value of 7.5 keV/nm is indicated by a broken line in Figure 5. Deeper than the depth of
~10 um, tracks are no longer formed. As shown in Figure 5, no index changes are induced in the region
deeper than ~10 um, except the dip at 13 um. This is another evidence that the dip at 13 um is not due
to Se but S,,.

Consequently, the index reductions at the surface plateau region and the dip at 13 um can be described
to the electronic and nuclear energy losses, because either of them matches with the maximum depths of
Se and Sy, respectively. However, the origin of the dip/peak at 6 pm is not clear. Neither of S. nor
Sn has a peak around 6 pm. Since the enhancement of the index was firstly observed, the irradiation
introduces density increase around 6 um depth. The density enhancement soon turns to the density
reduction probably introduction of defects. Further the index at 6 um decreases combined with the
reduction in the surface plateau. Since the 6 um peak matches neither of the peaks of Se and Sy,
a possible candidate could be the synergy effects between S. and Sy. Since the synergy effects are not
included in SRIM code, the deviation at 6 pm 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 SHISs,
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 x 10! ions/cm?, a weak index
enhancement, i.e., compressive stress, is generated around 6 um in depth due to the synergy effect.
At 1 x 102 jons/cm?, 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 um by S, but turns to decrease at higher fluences, i.e., the defect formation. At5 x 1013 ions/cm?,
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 !36Xe!4* 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 X 10!! jons/cm?, a weak index enhancement was induced at the depth
of 6 um, which does not match either of S¢ maximum nor S, maximum. With increasing the fluence,
the peak turns to decrease. At 1 x 10! ions/cm?, 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

013 ions/cmZ,

plateau and the 6 um dip reduce the index with the fluence. At the highest fluence of 5 x 1
a new dip appeared at the depth of 13 um, which matched to the peak of S.

Index changes were perceived at three different depth regions; (i) a sharp dip at 13 pm in depth,
which is ascribed to the nuclear stopping S, peak, (ii) a plateau near the surface at 0-3 pm, 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 pm in depth. Since the last peak is ascribed to neither of Se nor Sy, peak, it could be attributed

to the synergy effect of Se and S,
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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 (3]) space solar cell and a high-efficiency silicon
(5i) 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 x 2 cm.
The typical efficiency of a 3] cell is 27%; for a Si cell, it is 17%.

Anti-reflecton coating

N-side electrode metal N*-emitter layer

~100 um

P-side electrode metal P*-back surface field layer

SiO, passivation Layer
(a)

Figure 1. Cont.
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N-side electrode metal ~ Anti-reflecton coating

P*-back:surfacefield layer

Tunnel junction

P-side electrode metal N-Ge layer
(b)

Figure 1. Cross-section of (a) a high-efficiency silicon solar cell and (b) an InGaP/GaAs/Ge triple-
junction solar cell. Note that the figures are not to scale.

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 (AMO0) 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.

Current/ 1
Power
—Dark I-V Open-circuit
—Light |-V voltage: Voc
—Light P-V
0 Voltage
Short-circuit || Photo
current: Isc current
I Maximum power: Pmax

Figure 2. A typical solar cell’s current-voltage characteristics in the dark (“Dark I-V”) and under
illumination (“Light I-V”). Three typical output parameters are indicated: the short-circuit current
(Isc), open-circuit voltage (Voc), and maximum power (Pmax).
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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 x 10'2 cm 2 1.0 x 10" em 2

8 9
Fluence rate 16(.)?0><6léJ >,<11.81(>)< io(),xl.foi<1 17 x 10™,1.0 x 10'2 4.0 x
e 10'2,1.7 x 108 em =2 571

cm™“ s

Institute QST Takasaki

In addition, the effects of fluence rate with low-energy protons (50-150 keV) were
examined for the 3] solar cell. A 3] 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 x 1012 cm~2
Fluence rate 1.4 x 109,35 x 1019, 1.4 x 1011, 4.2 x 10 cm 2 571
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

26



Quantum Beam Sci. 2021, 5, 15

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
x 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
1.0 x 10'1,3.0 x 101, 6.0 x 101, 1.0 x 10'2,2.0 x 10'2,3.0 x
Fluence (P) 10'2,5.0 x 10'2,7.0 x 10'2, 1.0 x 1013, 2.0 x 10'3, 3.0 x 10'3, 5.0
x 1013 cm—2
Beam-area expansion method Scan Defocus
Beam area 100 mm x 100 mm 80 mm x 100 mm
Scan frequency Horizontal: 50 Hz, Vertical: B
0.5 Hz
Beam spot size ~10 mm ¢ -
1.0 x10° em 25 1 (@ < 1.0
x 1012 cmfz),
50 x 10° cm—2 g1
Fluence rate (1.0 x 1012 < ® < 2.0 x 1013 8.8 x 1010 cm 2571
cm?),

1.0 x 100 em 2571 (& > 2.0
x 1013 em~2)
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 x 1012 cm~2
Beam area 30 mm x 30 mm
Beam-area expansion method Scan Defocus
Scan frequency Horizontal: 89 Hz, Vertical: 3
502 Hz
Fluence rate 35 % 10° cm—2 g1 1.0 x 101t em =251
Beam spot size ~2mm ¢ -
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) AMO
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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I-V Signal

Vacuum
chamber

Watercooled

iacket Proton beam

Solar cell

Figure 3. Schematic top view of the 10 MeV-proton irradiation vacuum chamber. A test solar cell can
be illuminated by simulated solar light (AMO) 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) 3] solar cells before and
after 10 MeV proton irradiation with a fluence of 5.0 x 10'> cm 2. The fluence rates for the
blue and red curves are 6.6 x 108 and 6.6 x 10° cm~2 s~1. The Si cell shows noticeable
degradation, but there is no difference in LIV after irradiation. On the other hand, the 3] 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) 3] 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 3] 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.

200 70
60
<é 150 g 50
5 [ & 40
5100 | 5 +
(@) [ O 30
2 —Initial 2 - [—Initial
o L [e)
£ 50 [ |==mirradiated (6.6E8) & 20 [ |—lradiated (6.6E8)
[ | —Irradiated (6.6E10) 10 | |—Iradiated (6.6E10)
0 01 02 03 04 05 06 0.7 0 0.5 1.0 1.5 2.0 25 3.0
Voltage (mV) Voltage (mV)
(a) (b)

Figure 4. Light current—voltage characteristics of (a) high-efficiency silicon and (b) InGaP/GaAs/Ge triple-junction solar
cells before and after 10 MeV proton irradiation with a fluence of 5.0 x 10'? cm~2. The adopted fluence rates for blue and
red curves are 6.6 x 108 (6.6E8) and 6.6 x 100 (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
fluence is 5.0 x 102 cm 2.

(b) InGaP/GaAs/Ge triple-junction solar cells as a function of 10 MeV proton fluence rate. The

Figure 6 presents the LIV characteristics of the (a) Si and (b) 3] solar cells before and
after 1 MeV electron irradiation with a fluence of 1.0 x 10'® cm~2. The fluence rates for
blue and red curves are 1.7 x 10'! and 1.7 x 103 cm~2 s~!. Again, the Si cell shows
considerable degradation. Furthermore, there is a clear difference between the blue and red
curves. The 3] 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) 3] 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 3] 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 x 10'! and 1.7 x 10® em 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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Figure 6. Light current-voltage characteristics of (a) high efficiency silicon and (b) InGaP/GaAs/Ge triple-junction solar
cells before and after 1 MeV electron irradiation with a fluence of 1.0 x 10'® cm 2. The adopted fluence rates for blue and

red curves are 1.7 x 1011 (1.

7E11) and 1.7 x 1013 (1.7E13) em 2 s~ L.
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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 x 101 em~—2.

The remaining factors of Isc, Voc, and Pmax of the 3] 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 3] 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.

100
90
S e
£ 70
i A
60 7AN
()]
£ - A A
£ 50 & A
€ 40 [ |@lsc
x - | AVoc
o0 [ | APmax
20 S S
1010 1011 1012
Fluence Rate (cm=2-s71)

(@)

Figure 8. Cont.

30



Quantum Beam Sci. 2021, 5, 15

100
9
S
(&)
©
L
()]
£
C
g |
@lsc
S 40
o2 AVoc
30 A Pmax
20 s s
1010 1011 1012
Fluence Rate (cm=2-s71)
(b)
100
90
X
< 80
5 | A A Y CER— A
5 70 (] e @
L
o 60
£ s
-% 50 o ﬁ e Y —
qE> 40 @lsc
= AVoc
30 APmax| |
20 s —
1010 1011 1012

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
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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 x 10'3 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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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)
3] solar cells due to 10 MeV protons. All the degradations in the remaining factors are
nearly the same except for Isc of the 3] solar cell. However, the degradation of Pmax, the
product of current and voltage, of the 3] 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 x 10! 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 3] solar cells,
respectively. The fluence was 1.0 x 102 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 um from the surface. Therefore, 50 keV protons induce
greater degradation especially on the photocurrent.
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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 x 10'> 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 x 102 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 J., 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-T. superconductors. Heavy-ion irradiation introduces nanometer-scale irradiation
tracks, i.e., columnar defects (CDs) into high-T, superconducting materials, which can modify both
the absolute value and the anisotropy of J. in a controlled manner: the unique structures of CDs,
which significantly affect the J. properties, are engineered by adjusting the irradiation conditions
such as the irradiation energy and the incident direction. This paper reviews the modifications of
the J. anisotropy in high-T. 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 . in high-T. superconductors: CDs
crossing at 4-6; relative to the c-axis of YBa;Cu3Oy films induce a broad peak of . centered at B
I'l ¢ for 0; < +45°, whereas the crossing angle of 6; > +45° cause not a J. peak centered at B | | ¢
but two peaks of ] at the irradiation angles. The anisotropy of J. 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 J. in a wide magnetic field angular region. The modifications of the J.
anisotropy are discussed on the basis of both structures of CDs and flux line structures depending on
the magnetic field directions.

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

1. Introduction

High-T. 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 T. enable
us to operate zero-resistance devices at liquid-nitrogen temperature. Nowadays, coated
conductors based on biaxially textured REBa,Cu3O, (REBCO, RE: rare earth elements) thin
films have been significantly developed as second generation high-T. superconducting
tapes and have become commercially available now [1,2].

The critical current density J. in magnetic field (in-field J.), 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 |. 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 CuO,
planes for high-T. superconductors induces a large anisotropy of J. 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 J., which is usually located at the
magnetic field B parallel to the c-axis, limits the operation current [5,6].

The in-field J. 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
BaMOs (M = Zr, Sn, Hf, etc.) and RE;O3 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 J. 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-T. 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 J. in high-T. 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 S, 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 ], anisotropy in high-T. superconductors,
as well as the direction-dispersion of CDs.

(a) 1D-PCs columnar defects, (b) 2D-PCs twin boundaries, (c) 3D-PCs nano-particles
dislocations grain boundaries

Flux lines

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-T. superconductors can provide the design criteria for the supreme pinning landscape
making the most of the potential for flux pinning, which leads to J. close to the theoretical
limit of critical current density, i.e., the pair-breaking critical current density.
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(a) Standard irradiation (b) Tuning irradiation directions (c) Tuning irradiation energy
along the c-axis (lower energy)
Heavy-ions & . .
, O0O00O0
caxis Discontinuous l l l
REBCO CDs ——8 H
thin films

B B B B
B B B B8

Figure 2. Schematic illustration of various configurations of CDs designed by heavy-ion irradiation:
(a) continuous CDs parallel to the c-axis produced by standard irradiation, (b) direction-dispersed
CDs installed by tuning the irradiation directions, (¢) discontinuous CDs formed by adjusting
irradiation energy to lower value.

In this paper, we describe the results of the modification of the J. 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 J. at B | |
¢ where J. 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 J. anisotropy in high-T.
superconductors by using heavy-ion irradiation: our aim in this review is to improve J.
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 J. without heavily damaging
crystallinity even at a large amount of doses, 5.0 x 10'! ions/cm? [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 J. 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 J. properties near B | | ab, which
is one of key factors to improve J. in all magnetic field directions. In particular, we show
the influence of CDs along the ab-plane on J. 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 SrTiO; 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 GABCO layer is 2.2 um and the self-field
critical current I of this tape with 5 mm width is about 280 A. The samples were cut from
the tape of the GABCO 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 GABCO coated conductor were patterned into a shape of about 40 um 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 S for the Xe-ion irradiation energies
above 200 MeV are above 2.9 keV/ A, 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 GABCO coated conductors, where the projectile length was
longer than the thickness of 2.2 um. 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.

-

(a) 270 MeV

e

Figure 3. Cross-sectional TEM images of GABCO coated conductors irradiated with (a) 270 MeV and
(b) 80 MeV Xe ions, respectively. The irradiation dose is 1.94 x 10! ions/cm?. 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 0;, 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
By: By is the magnetic field where the density of flux lines is equal to that of CDs, e.g., the
fluence of 4.84 x 10 ions/cm? corresponds to B, =1 T.

B//c

Xe ions

Micro-bridge
of sample

Splay plane

Figure 4. Sketch of the experimental arrangement in this work.

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
(T¢). The strain induces the oxygen vacancies [26], resulting in the reduction of T: the
value of T, decreases when the fluence of the irradiation increases [24]. The strain also
affects the J. properties through the influence on T: ] 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 J. properties were measured
through the transport properties by using a four-probe method. The J. was defined by a
criterion of electric field, 1 uV/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 J. were evaluated as a function of the angle 6 between the
magnetic field and the c-axis of the samples (see Figure 4).

3. Results and Discussion
3.1. Modification of | Around B | | ¢ 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 J. shows a minimum, one by one:
the material processing with heavy-ions is one of effective ways to modify the J. anisotropy
in high-T. superconductors, which enables us to push up overall ], as shown in Figure 5.

Heavy-ions

. 0000 o 0 “o
e ab-plane C_aXISTl l l l b AW l Ve
REBCO - E %
thin films T
substrate substrate " substrate
JC . Jc - Jc v o » .
Bllab 0 Bl c Bllab 0 Blc Bllab 0
(a) unirradiated (b) Irradiated (c) Irradiated
in c-axis direction in three directions

Figure 5. Schematic image of modification of the ] anisotropy by controlling the irradiation directions
((a) typical ] anisotropy of unirradiated high-T. superconductors, (b) modified . anisotropy with
CDs along the c-axis, (c) modified ] anisotropy with direction-dispersed CDs).

We first examined the influence of bimodal angular distribution of CDs consisting
of CDs crossing at 16 relative to the c-axis on the J. properties in a wide magnetic field
angular range [27,28]. Figure 6 shows the magnetic-field angular dependence of J. nor-
malized by the self-magnetic-field critical current density ]y for YBCO thin films with the
crossed CDs, which were installed by 200 MeV Xe ion irradiation with B, =2 T (¢10-2: 6; =
£10°, ¢25-2: §; = £25°, ¢45-2: 0; = £45°, p06-2: parallel CD configuration of 6; = 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 J. around B | | ¢ (6 = 0°) for lower
magnetic fields: the values of the normalized . are enhanced around B | | ¢ compared to
the unirradiated one. This indicates that CDs with any crossing angle work as effective PCs,
pushing up the J. around B | | ¢. 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 J. 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 ] increases, by
controlling the crossing angle.
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Figure 6. Magnetic field angular dependence of . normalized by the self-magnetic-field critical
current density ]9 for YBCO thin films with the crossed CDs (c10-2: 6; = £10°, ¢25-2: 6; = £25°, ¢45-2:
0; = £45°, p06-2: parallel CD configuration of 6; = 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 J. around B | | ¢ for c45-2 when the magnetic
field increases across the matching field of B, =2 T: the normalized ] more rapidly reduces
at B | | ¢ with increasing magnetic field, which results in a dip structure at B | | ¢ for c45-2 at
2T, as shown in Figure 6. In general, the ], peak in the magnetic field angular dependence
of ] 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 6; =
£45°, by contrast, the influence of the long-axis correlated flux pinning is weakened at B

I ¢, since the directions of CDs are far from the c-axis direction. Thus, the dip behavior at
B || cis 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 ¢y, at which flux lines begin to be partially trapped by CDs [4]. The general

formula of ¢; is expressed as:
Pt =1\/2¢p/€ 1)

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

£1(®) x e9/7%¢(©)° 2)

where @ is the angle between the magnetic field and the ab-plane, ¢ is a basic energy scale,
7 is the mass anisotropy, and &(®) = (sin2@ + v 2 cos2@)!/2 [4]. The trapping angle ¢;
is experimentally estimated as the difference in the angle between the peak value and
the minimum one on the magnetic field angular dependence of J. [31]. For p06-2, the
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value of ¢; is ~55° at B < B, which is estimated from Figure 6a. Using this value of ¢;
as the trapping angle of CDs parallel to the c-axis approximately and y = 5 together with
equations (1) and (2), the value of ¢; for CDs tilted at 6; = 45° is about 37°. Therefore, CDs
tilted at 6; = 45° hardly contribute to trapping flux lines at B | | ¢: CDs tilted at 6; = 45°
does not work as their-long-axis correlated PCs for B | | c.

The bimodal angular distribution of CDs for 6; +45° gives rise to the drop in . 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 ; = 0° and +45°
(referred to as the “standard” trimodal-configuration), in order to obtain high J. 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 J. properties directly. Figure 8 shows
the magnetic field angular dependence of normalized J. by ] (= j.) 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 j. centered at B | | ¢ can be seen for all the irradiated
samples. In particular, both the trimodal angular configurations show a much broader
peak with larger j. than that of the parallel CD configuration. It should be noted that there
is no drop of jc at B | | ¢ for both the trimodal configurations. This result indicates that
the three parallel CD families tilted at 6; = 0° and £45° effectively work as strong PCs in
each irradiation direction: flux pinning at B | | ¢ where CDs tilted at 6; = £45° slightly
contribute to trapping flux lines, is reinforced by CDs along the c-axis.

“Another” trimodal-configuration

Figure 7. Sketch of CDs dispersed in geometry of “another” trimodal-configuration, where a splay
plane defined by the three irradiation angles is parallel to the transport current direction. Reprinted
with permission from [32], copyright 2016 by IOP.

Interestingly, the behaviour of j. around B | | ¢ strongly depends on the direction of the
splay plane for the trimodal configuration of CDs: the j. of another trimodal-configuration
shows a peak at B | | ¢, whereas standard one exhibits not so much a peak as a plateau-
shaped curve. In addition, the height of j. peak for another tirmodal-configuration is
higher than the value of j. at B | | ¢ for standard one. For standard trimodal-configuration,
sliding motion of flux lines occurs along the tilted CDs at B | | ¢ 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 | | ¢, like planar PCs. Furthermore, the j. 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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Figure 8. Magnetic-field angular dependence of J. normalized by the self-magnetic-field critical
current density ]9 for YBCO thin films with various CD configurations (Pure: unirradiated samples,
Para: parallel CD configuration of 6; = 0°, Standard: standard trimodal-configuration, and Another:
another trimodal-configuration). Reprinted with permission from [32], copyright 2016 by IOP.

3.2. Modification of J. Anisotropy by Controlling Number of Heavy-lon 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 . 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 ~ ] " in the range of 1 to 10 uV/cm. The n-value is equivalent to Uy / kgT (Up:
pinning potential energy) [37,38], representing thermal activation for flux motion. When
the number of CD directions is increased, the angular region with high . is more expanded.
Note that the height of the |. peak at B | | ¢ 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 J. over a wider magnetic field angular
region centered at B | | c.

The J. around B | | ab, on the other hand, does not seems to be affected by flux pinning
of the direction-dispersed CDs: both |. and n-value at 8 = 90° rather tend to decrease
with increasing the degree of the direction-dispersion of CDs. One of the reasons for the
reduction of . 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., 6; = £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 J. for YBCO thin films including
bimodal angular configurations of CDs with 6; = £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 J. over a wide angular region centered at B | | c. The crossing of CDs at +30° relative
to the ab plane, i.e., 6; = £60°, by contrast, is ineffective in pushing up the J. at the mid-
direction of the crossing angle, i.e., at B | | ab, whereas the peak of ]. emerges at 6 = £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 J. anisotropy.

Figure 9. Bright field TEM image showing CDs tilted at 6; = 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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Figure 10. Magnetic-field angular dependence of ] (upper, (a)) and n-value (lower, (b)) for YBCO thin
films with various CD configurations (Unimodal: parallel CD configuration with 6; = 0°, Trimodal:
trimodal-configuration with 6; = 0° and £30°, and Quintmodal: quintmodal-configuration with 6; =
0°, £30° and £60°). The arrows indicate the peaks or the shoulder on the #(0) curve for Quintmodal.
Reprinted with permission from [37], copyright 2013 by IEEE.
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Figure 11. Magnetic-field angular dependence of J. at temperature of 60 K and magnetic field of
3T to7 T for YBCO thin films with CDs crossing at (a) 6; = £30° and (b) £60° relative to the c-axis,
respectively. Reprinted with permission from [36], copyright 2018 by IOP.

3.3. Modification of | Around B | | ab by Controlling Heavy-Ion Irradiation Directions

A significant enhancement of J. at B | | ¢ has been caused by the introduction of
artificially PCs, which is much higher than J. 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 J.. The
influence of CDs on the flux pinning at B | | ab, however, has not been well studied so
far, because the J. at B | | ab is the highest innately due to the electronic mass anisotropy
in high-T. 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 ©; 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 GABCO-coated conductor irradiated at ®; = £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 S. changes from 29.1
to 7.40 keV/nm through the GdBCO layer for the oblique irradiation at ®; = 10°.

Figure 13 shows the magnetic field angular dependence of . for the irradiated sam-
ples with ®; = £5°, £10°, and £15°, respectively. The CD crossing-angles of ®; < £15°
significantly affect the magnetic field angular variation of J. around B | | ab. The intro-
duction of crossed CD at ®; = £15° provides a triple peak of |, centered at B | | ab, where
a large J. peak exists at B | | ab and the other two J. peaks emerge around 6 = 75° and
105°, independently each other. This behavior is in contrast to the case of CDs crossing
at §; < £30° relative to the c-axis, which shows a single peak of J. centered at B | | ¢, as
represented in Figures 6 and 11. As the crossing-angle of ©; decreases, the two divided
peaks of ] at £0; overlap with the central | peak at B | | ab: a single peak centered at 6 =
90° occurs for the crossing angles of ®; < +10°. In particular, the crossing angle of ©; =
+5° provides the large and sharp J. 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 J. at B | | ab.
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Figure 12. Cross-sectional TEM images of a GABCO coated conductor irradiated with 270 MeV
Xe ions at ®; = £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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Figure 13. Magnetic-field angular dependence of J. at 77.3 K, 1.5 T in GABCO coated conductors
with crossed CDs at £0; relative to the ab-plane ((a) ®; = +£15°, (b) ®; = £10°, and (c) ®; = +5°).
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 I'l 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 ¢; of CDs tilted toward the
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ab-plane. In general, the value of ¢; for CDs along the c-axis (i.e., at ®; = 90°) is about 65°
in GdBCO coated conductors [25]. The ¢; for CDs tilted at small angle of ®;, on the other
hand, can be evaluated by substituting the value of ¢; ~ 65° for ®; = 90° and -y = 5 together
with equations (1) and (2): ¢; ~ 6.6° for ®; =5°, ¢; ~ 8.7° for ®; = 10°, and ¢; ~ 11.9° for
®; = 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
®; > 10° is smaller than the CD tilt-angle ©;, suggesting that the tilted CDs hardly affect
the flux pinning at B | | ab. Therefore, CDs tilted at ®; > 10° and the ab-plane correlated
PCs provide flux pinning independently. The CDs tilted at ®; = 5°, on the other hand, can
fully contribute to the improvement of J. at B | | ab, because the trapping angle exceeds
the value of ©;.

3.4. Modification of | at B | | ab by Heavy-lon 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 g-axis-oriented YBCO film by a PLD technique with an ArF excimer
laser, where a (100) SrLaGaOy substrate with Gd,CuO, 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 CuO, plane,
providing deeper insights on the nature of flux pinning of CDs along the ab-plane.

a -axis
Seoh 1
= +7 ./'/l)
/ b -axis
V4 /
c -axis ab plane

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 6-26 diffraction pattern, as shown in Figure 15.
In addition, X-ray diffraction ¢ 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-T. 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 15. X-ray diffraction 0-268scan of the in-plane aligned a-axis oriented YBCO thin film before
the irradiation. Inset: X-ray ¢ scan using (102) plane of the YBCO thin film before the irradiation.
Reprinted with permission from [43], copyright 2019 by IEEE.

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 ] at 72 K for the a-axis oriented
YBCO film before and after the irradiation. The J. at B | | ¢ 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 | | ¢, 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 J. at B | | a, even though the J. is affected by the local irradiation damage
to the CuO; planes as well as the J. at B | | ¢. It should be noted that the normalized ],
by J.o 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 J.. 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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Figure 17. Magnetic field dependence of Jc at B | | cand at B | | a in the a-axis oriented YBCO thin
film before and after the irradiation. Inset: J. normalized by self-field critical current density ] as
a function of magnetic field along the a-axis. Reprinted with permission from [43], copyright 2019
by IEEE.

3.5. Modification of the ] Anisotropy by Controlling the Heavy-Ion Irradiation Energy

The modification of the J. anisotropy in high-T. superconductors is sensitive to
direction-dispersions of CDs, as mentioned in the previous sections. Another way to
modify the J. 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 J. 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 J. [47-49]. The morphology of CDs in high-T.
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: GABCO-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/ A through the
superconducting layer with the thickness of 2.2 um 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 S, changing from 2.0 to 1.4 keV /A 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 J. in comparison with
continuous CDs.

Figure 19 shows the magnetic field angular dependences of . 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 J. in all magnetic field directions compared to the
270 MeV irradiation, which becomes more pronounced at lower temperature of 70 K.
The high J. at B | | ¢ 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 J..

0'04 T T T T T T T T T T T T
(@) 84K, 4T —— 80 MeV
= 0.03 —e— 270 MeV -
$0.02
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3001}
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Figure 19. Magnetic field angular dependence of J. at 4 T for the irradiated samples with 80 MeV
and 270 MeV Xe ions ((a) 84 K and (b) 70K). Reprinted with permission from [25], copyright 2015
by IEEE.
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The superior flux pinning effect of discontinuous CDs can be further modified by
tuning the direction-dispersion. We irradiated GABCO coated conductors with 80 MeV Xe
ions, where the incident ion beams were tilted from the c-axis by 6; 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 §; = £45° relative to the
c-axis, and trimodal angular configuration composed of CDs tilted at 6; = 0° and 3-45° [50].

Figure 20a shows a cross-sectional TEM image of the GdBaCuO-coated conductor
irradiated with 80 MeV Xe-ions at 6; = 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 6;: thick and elongated
CDs are formed along the ion path at 6; = 45°, whereas the 80 MeV ions at 6; = 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-T 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-T. 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.

Figure 20. (a) Cross-sectional TEM image of the GABCO coated conductor irradiated with 80 MeV Xe
ions at 6; = 0° and £45°. Several continuous CDs are indicated by the solid arrows and discontinuous
CDs along the c-axis are indicated by the dotted arrows. (b) Schematic image emphasizing the
morphologies of CDs in the cross-sectional TEM image. Reprinted with permission from [50],
copyright 2020 by the Japan Society of Applied Physics.

Figure 21 shows the magnetic field angular dependence of . for GABCO coated
conductors irradiated with 80 MeV and 270 MeV Xe ions, where the irradiation angles
are 6; = 0° for the parallel CD configurations and 6; = 0°, £45° for the trimodal angular
configuration, respectively. The trimodal angular distribution shows higher |. 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 J. 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 ;= £45°, as shown in Figure 20a. For B | | ¢, 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 0; = +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 J. [53,54]. Therefore, the combination of
discontinuous CDs and continuous ones crossing at 0; = £45° provides the enhancement

ofJcatB | | c.
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Figure 21. Magnetic field angular dependence of J. at magnetic field of 4 T and temperatures of (a)
84 K, (b) 77.3 K, and (c) 70 K for GABCO coated conductors irradiated with 80 MeV and 270 MeV
Xe ions, where the irradiation angles are 6; = 0° for parallel CD configurations and 6; = 0°, +45°
for trimodal angular configurations, respectively. The broken lines for (b) 77.3 K and (c) 70 K show
the J. 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 | | cand B | | ab, on the other hand, the contin-
uous CDs crossing at 6; = +45° predominantly trap flux lines. In addition, the flux pinning
of CDs crossing at 8; = £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 J.

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 J in high-T. superconductors. In fact, BaHfO3 nano-
rods tend to grow discontinuously and to be widely dispersed in the directions, causing
a significant improvement of J. 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-T. superconductors (e.g., Kr-ion irradiation with 80 MeV, where S = 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 J. fairly
isotropic in high-T. superconductors.

4. Conclusions

We have systematically examined the modification of the anisotropy of J. 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 . in the magnetic field angular region from B | | cto B | | ab,
by controlling the irradiation directions. When the directions of CDs were extensively
dispersed around the c-axis, the J. was enhanced over a wider magnetic field angular
region centered at B | | c. The J. 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 . at B | | ab by the introduction of CDs, where the angle of CDs relative to
the ab-plane were controlled down to ®; = 5°. These results suggest that direction-dispersed
CDs can provide the isotropic enhancement of |, 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 ], over a wide magnetic field angular region. In particular, the combination
of the discontinuity and the direction-dispersion lead to further enhancement of J.: 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-T, superconductors can provide the flux pinning
structure with higher and more isotropic /., by further tuning the irradiation process:
the systematic studies using the ion irradiation process may lead to the approach to the
theoretical limit of |, i.e., pair-breaking critical current density.
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Abstract: Raising the critical current density J. 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 ] 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 ] in magnetic fields. In this paper, we report
the effect of proton irradiation with 1.5 MeV on superconducting properties of iron—chalcogenide
FeSe(5Teg 5 films through the transport and magnetization measurements. The 1.5 MeV proton
0'6 p/cm? yields the highest J. increase, approximately 30% at 5-10 K and
below 1 T without any reduction in T.. These results indicate that 1.5 MeV proton irradiations

irradiation with 1 x 1

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 T, very high upper critical magnetic fields Hy, quite a small anisotropy 7y
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 J. 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-T. 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 /. in magnetic fields, due to the compact accelerator,
lower radioactivity and less costly operation [9-12]. Low-energy ion irradiation utilizes a
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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 Au?*
ion irradiation to 700 nm thick YBCO films yielded an enhancement in the in-field J. 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 T and J. in iron-based superconducting FeSeq 5Teg 5 (FST) thin films by low-energy
(190 keV) proton irradiation [16,17]. The 190 keV proton irradiation yields the increase in
T, due to the nanoscale compressive strain induced by cascade defects. The irradiation
also induced a near doubling of J. 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 J.
in magnetic fields <1 T with no subsequent reduction in T.. 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 (A =266 nm). We first grew a CeO, 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
CeO; bulffer layers. During the deposition of FST films, the substrate temperature and
oxygen partial pressure were kept at 300-360 °C and ~1 x 107 Torr, respectively.

Superconducting transport properties were measured using the conventional four-
probe method in a physical property measurement system (PPMS, Quantum Design). T 19
and J. were determined from the pT and [-V curves using 0.1 p, and 1 uV/cm criteria,
respectively. Here, p, 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 x 10> and 1 x 10'® p/cm?
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 x 10'2 p/cm?:s, corresponding to a beam current density of
~500 nA/cm?. 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 x 10" and 1 x 10'® p/cm? are estimated to be ~3.2 x 10~ and
~3.2 x 107 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 x 10 and
1 x 10'® p/cm? 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 x 10'® and 1 x 10'® p/cm? dose have little impact on T.™38.
However, the diamagnetic signal was enhanced with a sharper superconducting transition
in the FST film-B irradiated with 1 x 10'® p/cm? dose. A degradation of T after the
ion irradiation is commonly reported in iron-based superconductors [19], although there
have been a few reports on an increased T 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 pum thickness and irradiated with 3.5 MeV protons at doses of 2.68 x 10! and
5.35 x 10'® p/cm?, corresponding to 2.30 x 1073 and 4.59 x 10~ 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 x 10'® and 5.35 x 10'® p/cm?
slightly suppressed T, from 17.7 K for pristine film to 17.3 Kand 17.1 K, respectively. Given
these results, the primary reason of the almost same T.s before and after the irradiation in
our study would be a lower fluence than that in the previous works.

1T o pristine: T™E=16.8K 7 —O— Pristine: T,"%=16.6 K

2 |—@—1x10% p/em%: T = 168K & ] | —@—1x10' p/cm? T,"¥=16.8 K
= =
E 5[ ] Eaf 1
(] ()
5 g
S 4t 1 2l 1
s s

ZFC 20e,H//c sl 20e,H//c |
-7r FST film-A g FST film-B
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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 x 10 and (b) 1 x 101 p/cm? dose, respectively.

Figure 2 shows the magnetic field dependence of ] for the FST film-B at 5, 8, 10 K be-
fore and after 1.5 MeV proton irradiation at a dose of 1 x 10'® p/cm?. The ], 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 . P in the magnetic field parallel to the c-axis as ] = 20AM/(a(1 — a/3b)),
where AM is the difference in magnetization M(emu/cm?) 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 x 10'® p/cm? is plotted. A large irreversibility is no-
ticeable up to around 4 T at 5 K. We attained a 30% increase in | 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 J. 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 x 10'® p/cm? dose
(corresponding to 2.27 x 1073 dpa) yields J. improvement of about 40% at 4.2 K and 7 T
with respect to the pristine film almost without a decrease in T, [22]. On the contrary, /. of
3.5 MeV proton irradiated Fe(Se,Te) films covered with 80 um thick Al foil decreased by up
to 80% after irradiation at 4.2 K. The in-field . 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 J®(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 x 10'® p/cm? 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 x 10" p/cm? 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 x 10'® p/cm? 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 x 10! Au/cm?, corresponding to 6.42 x 107 dpa [11].
We observed no change in T 19 (=17.5 K) before and after the 1.5 MeV protons irradiation
with 1 x 10'® p/cm? dose. This could be due to the low fluence, i.e., low dpa.

0.7 T T T T
FST film-A
0.6 - 1.5MeV H" irradiated
—O— Pristine
=05} —0— 1x10% p/cm?
g 0.45 e
G 0.40} —o— Pristine
Eo04 o] ——opent  ZTIBve
> € 74
£ §o3of
303 Eoasf | 7
L Z
> £ 0.20f
9] 2
e 0.2 ‘8 015} E
&
0.10}
0.1 0.05} J
0.00 m—————————_L L L1
10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
0.0 ! Temperatyre (K)

0 50 100 150 200 250
Temperature (K)

Figure 3. Temperature dependences of electrical resistivity at 0 T for the FST film-A before and after
1.5 MeV proton irradiation with 1 x 10'® p/cm? dose. Inset shows a magnified temperature region
near T..
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Figure 4 presents the magnetic field dependence of transport critical current density J.
with H/ /c for the FST film-A before and after irradiation with 1.5 MeV protons to a dose
of 1 x 10'° p/cm? at 4.2 K. Comparing Jcs obtained from magnetization and transport
measurements, the values of J. obtained from transport measurement are larger than those
of J. calculated from magnetization measurement. This would come from the difference of
criterion to determine the J. values. The positive effect of the proton irradiation on J. 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 J.(H) (calculated from magnetization measurement in Figure 2) for FST
film-B irradiated with 1 x 10'® p/cm? dose.

10° . . .

—O— Pristine
—0—1x10% p/cm?

J_(A/em?)
e
.//

.\.
42K H//c °
10° - FST film-A %
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0.01 0.1 1 10

Magnetic Field (T)

Figure 4. Magnetic field dependence of critical current density J. obtained from transport mea-
surement at 4.2 K for FST film-A pre- and post-1.5 MeV proton irradiation with 1 x 10'® p/cm?
dose.

A more detailed representation of the pinning efficiency can be obtained from the
angular dependence of |.. We show J(6) for the FST film-A irradiated with 1 x 10> p/cm?
dose of 1.5 MeV proton beam under 1 and 3 T at 4.2K in Figure 5. The pristine film
has a less-anisotropic J. angular dependence at 1 and 3 T without a prominent J. peak
at H//c, which is often observed in YBayCu30O, films [28]. A small J.-anisotropy, /e
(JH//ab 1 HI/ey 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 (yjc = 2.6) [29] while it is larger than the value
of Fe(Se,Te) films grown on CaF, substrates [30,31]. These differences might arise from the
difference of the substrate and buffer layer. Upon irradiation with 1.5 MeV proton, the J.
increases for most of the field orientations, retaining a small 7). 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 . 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, J.(8) 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 J. suppression at around
H/ /ab would occur because of the reduction in the density of intrinsic pinning upon the
irradiation.

61



Quantum Beam Sci. 2021, 5, 18

References

0.6 Hy/c . : H//ab
‘ *®
—O——0O— Pristine o
05 o i

—o——m— 1x10% p/cm?

°
»

J_(10°A/cm?)

FST film-A

1.5 MeV H* irradiated 4.2K
0.0 i ! !
-30 0 30 60 90 120

6 (deg.)

Figure 5. Angular field dependence of the critical current density ] obtained from transport measure-
ment for FST film-A before and after 1.5 MeV proton irradiation with 1 x 10> p/cm? dose measured
at4.2Kunder1and 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 x 10'® p/cm? dose, T remains
virtually unchanged in magnetization as well as in transport measurement. An approxi-
mately 30% enhancement of ] in the magnetic field below 1 T is observed using 1.5 MeV
proton irradiation with 1 x 10'® p/cm?. Transport properties of a pristine film and an
irradiated film with a fluence of 1 x 10" p/cm? show a small anisotropy of ] in the applied
magnetic field range at 4.2 K. The enhancement of ] for almost all the field orientations
was accomplished by the irradiation at a dose of 1 x 10'® p/cm? 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 X 2 mm x 0.2 mm were cut out and annealed for 2 h at 1000 °C in a vacuum
(~2 x 10~* Pa). The samples were irradiated with 2-MeV *He ions using a tandem accel-
erator at the Wakasa Wan Energy Research Center. Sectional shapes of the ‘He?* 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 x 13 mm for the former beam and
13 mm x 17 mm for the latter beam. Time-averaged current densities were 0.4 pA/cm?
and 0.9 pA/cm?, 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 pm 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 (0) 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-