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W e discuss changes in properties of Gd-based high-temperature superconducting (HTS) tapes induced by 250 keV
Ne+ ions irradiation. HTS tapes are used in devices operating in extreme radiation conditions with the prospectof
using them in space industry. lonizing radiation, including heavy ion bombardment, can introduce defects (e.g.
Schottky, Frenkel ones) to the microstructure of tapes, leading to deterioration of the superconducting param-
eters. Therefore, the superconducting layer of the tape was implanted with fluences from 1012to 1014 Ne+/cm2

to determine the cosmic ray irradiation effect. Comprehensive studies of the microstructural, structural, mag-

netic, and electrical properties of the irradiated tapes prove the microscopic origin of their deterioration. It is

mainly due to oxygen deficiency and microstructural as well as structural defects. The critical current densities

are reduced by 33% - 60% (depending on the external magnetic field) compared to the reference sample.

1. Introduction

The widespread application of high-temperature superconducting
(HTS) materials is currently at a watershed moment. Recently, there has
been agrowing interestin new superconductors with higher parameters,
such as critical current and critical temperature, with lower production
costs, which is crucial from the applicability point of view [1]. Prior to
the discovery of HTS by Bednorz and Miller in the La-Ba-Cu-0O, which
historically was the first HTS superconductor with a critical temperature
(Tc) close to 36 K, in the pioneering phase of superconductivity research,
the practical application of the type-Il superconductors was already
envisioned by Geballe and Hulm [2,3]. Later, by applying hydrostatic
pressure, Chu et al. [4] increased the superconducting critical temper-
ature of the La5_xBaxCu505(3_y) up to 50 K, showing experimentally
how various parameters can affect Tc. Substituting La with Y atoms or
other lanthanides (e.g., Eu, Gd, Dy), the critical temperature was suc-
cessfully increased to around 90 K [5-8].

The development of superconducting materials, among others HTS
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tapes, enables a wide range of applications such as motors [9,10],
generators [11-13], transformers [14,15], cables [16,17], high field
magnets [18], accelerator magnets [19], and new generation super-
conducting tapes [20]. Such HTS tapes enable the flow of high-intensity
electric current without the disadvantageous phenomenon of power
dissipation. The second generation (2G) high-temperature supercon-
ductor (HTS) tapes in a superconducting state at the temperature of
liquid nitrogen (77 K) can conduct an electric current of about 300 A in
the self field. Superpower 2G HTS tape with an HTS layer thickness of
0.7 pm (tape thickness of 55 - 65 pm) and a width of 12 mm and an
average critical currentat 77 K in the self-field is approx. 300 A 7 12 mm
[21]. During the operation of superconducting devices, 2G HTS tapes are
exposed to ionizing radiation and the formation ofradiation defects. The
above process leads to the gradual degradation of structural and critical
parameters of the 2G HTS tapes. It has been shown that the critical
current is more sensitive to radiation defects than the critical tempera-
ture [19].

2G HTS tapes can be used to construction ion motors or magnetic
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Fig. 1. The cross-section of the 2G HTS SF 12050 superconducting tape by SuperPower Inc. [52,53]. The superconducting GdBCO layer was irradiated with the Ne+

ions after the Ag layer removal.

screens, e.g. protecting a spacecraft crew against cosmic radiation [22]
due to the small dimensions and weight. However, the mechanism of
high-energy radiation propagation and induced defects in the 2G HTS
superconducting materials has not been sufficiently researched at the
fundamental level and requires further theoretical and experimental
studies.

As well known, high-energy ions in the solar wind could generate
structural and microstructural defects in superconductors, leading, e.g.,
to eddy currents and superconductivity deterioration. Therefore, it
should be emphasized that the proposed topic is a starting point for
research of the space industry development and for the other innovative
solutions that could potentially be exploited in future space missions
operating in a high-energy radiation environment. Furthermore, the
proposed topic could also stimulate the invention of new modules of
software describing radiation propagation through a superconducting
system (Geantd4 [23], Fluka [24]).

Exposure to radiation remains one of the most challenging problems
for long-term human space exploration missions, including voyages to
Mars [25]. The risks associated with long-term exposure to Galactic
Cosmic Rays (GCR) [26] and acute exposure to Solar Wind Particle (SPE)
events are one of the most critical barriers to planning interplanetary
voyages in a crewed spacecraft [27]. The corpuscular part of the radi-
ation consists mainly of protons (90% of particles), a particles (9%),
electrons (about 1%), and a few heavier nuclei. The changes in transport
properties of 2G HTS tapes under irradiation of neutrons [28-30], pro-
tons [31-33], He ions [34-36], heavy ions as oxygen [37,38], or noble
gas ions (Ar, Kr, and Xe) [39,40] have been studied [39-42].In contrast,
changes in superconductivity under Ne ions irradiation have not yet
been investigated.

Recently, a new method to increase the critical current of these
coated tapes at high magnetic fields with ionic irradiation was shown
[43]. The proton implantation with an energy of 4 MeV and fluence of
8-1016 protons/cm?2 twice increased the critical currents forH = 6 kOe at
T = 27 K [43]. Further reports confirmed that the critical current en-
hances due to proton implantation [44-46]. Since protons are light
particles, their influence on superconductors differs from thatof heavier
ions. In a solid state, the free path of protons is one order of magnitude
greater than that of heavy ions. As a result, columnar defects, so-called
pinning centres, are not generated by protons.

Further studies showed that oxygen ions with an energy irradiation
of 3.5 MeV through a protective Ag layer of a 2G HTS superconducting
tape could also reproduce the doubling of the critical current density in
high magnetic fields [47]. Ag ion implantation can easily create struc-
tural defects in a 2G HTS tape, which are highly uniform along the tape
length [48]. The controlled implantation can elucidate vortex dynamics
and distribute the ions uniformly in the REBa2Cu307_g (REBCO) layer. It
is possible to estimate the size of implantation-inducted defects (e.g.,

Frenkel defect [49]) which serve as the pinning centres of the Abikosov

vortices [50] by using SRIM (Stopping and Range of lons in Matter)
[51,52].

Also, high-speed and heavy ions of 132Xe23+ with energy from 46
MeV to 167 MeV for implantation of the YBa2Cu307_g (YBCO) 2G HTS
were researched [42]. Different morphology ion destruction pathways
demonstrate different efficacy as the pinning centres. The highest crit-
ical current density (Jc) intensification occurs for the lowest ion energy
(46 MeV) in the energy loss range 0f8.9 keV/nm - 4.7 keV/nm for the Xe
ions. The samples showed the highestJcof56.0 MA-cm~2 (4.2 K) and 3.0
MA-cm~2 (77 K) in the self-field, while in a magnetic field of 80 kOe
values of 17.0 MA-cm~2 (4.2 K) and 1.6 MA-cm~2 (77 K) [39]. Similarly,
increased Jc, improved adhesion between the superconducting layer and
the substrate, and reduced internal stresses are observed under exposure
to low doses of Ar and Kr ions irradiation [39]. The critical temperature
(Tc) and the critical current density (Jc) decrease as an irradiation flu-
ence increases. It was evidenced that the superconducting phase disap-
pears for the fluence of 5-1012 for 132Xe27+ ions/cm2 and 1013 for
86Kri17+ ions/cm2 [39]. For protons irradiation of2.5 MeV, the radiation
resistance of the GdBa2Cu307-g(GdBCO) 2G HTS tape is higher than that
of the YBCO tapes [39]. Compared to the YBCO tapes, the 2G HTS tape
(GdBCO-based) exhibits better irradiation resistance due to the higher
density of the GABCO than the YBCO. The threshold for a decrease of the
critical current densities is 6.2-1015 protons/cm2 for the GdBCO tapes
and 2.7-1015 protons/cm2 for YBCO tapes [39].

This work reports the analysis of the microstructure, structure,
superconducting, and magnetic properties of the GdBCO 2G HTS tapes
after the Ne+ ions irradiation. The 2G HTS of the type SF (Stabilizer
Free) 12050 superconducting tapes (Fig. 1), manufactured by Super-
Power Inc. made using the thin-film technology based on the non-
magnetic Hastelloy C276 alloy 50 pm thick substrate, were used for
the investigation [52,53] The thickness of the investigated super-
conducting layer equaled to 0.70 pm (based on the producer data and
the SEM investigation). In the original, an Ag film of about 5 pm covered

the HTS tape, which was removed for the experiment.

2. Experimental details

2.1. Preparation of the irradiated tapes

The 2G HTS SF 12050 superconducting tapes with the critical current
densities (Jc) of 3.7 MA-cm~2 at T = 77 K, a width of 12 mm, and a
thickness of about 55 pm were used. At first, the protective Ag layer was
removed in a catalytic process before irradiation of the superconducting
material by noble gas ions. Then, irradiation with an energy of 250 keV
and with four selected fluences (1012, 5-1012, 1013, 1014 Ne+/cm2) was
performed using the UNIMAS-79 implanter at the Institute of Physics of
the Maria Curie-Sktodowska University in Lublin (Poland). An arc

discharge ion source produced the Ne+ ion beam [54,55], extracted



Fig. 2. (a) Depth distribution of Ne+ introduced into the 2G HTS layer (solid line) and depth distribution of vacancies (dashed line) produced during the

bombardment; (b) Dpa - displacements per atom (logarithmic scale) for Ne+ and comparison at the same fluences for H+ [39], and 40Ar8+ [40], 84Krl17+ [40],

132Xe27+ [40], at the same fluences.

Fig. 3. SEM images of the superconducting layer surfaces for the non-irradiated sample (a) and different levels of the Ne+ irradiation (b-f). Elemental distribution

maps for the irradiated tape with the fluence of 5-1012 Ne+/cm2 (g-j).

using 25 kV voltage, then mass-separated using a 90° sector electro-
magnet and accelerated to 250 keV. In the target chamber was the
pressure of 10“7 mbar, and irradiation was performed at 298 K. The
irradiation current for the two lowest fluences (1012 Ne+/cm2 and
5-1012 Ne+/cm2) was ~20 nA/cm2 and by order of magnitude larger for
the other two fluences (1013 Ne+/cm2 and 1014 Ne+/cm 2).

Fig. 2a presents the depth distribution of Ne+ introduced into the 2G
HTS layer (solid line) and the depth distribution of vacancies (dashed
line) produced during the bombardment. Distributions were calculated
using SRIM software [56]. The simulation was performed in the full
damage cascade regime, with default SRIM displacement energy values,
i.e., 25 eV for Gd, Ba, Cu, and 28 eV for O. As one can see, the depth

profile is relatively wide, with mean ion range 270 # 100 nm. Some

parts of Ne+ ions enter the sample regions lying at a depth of 500 nm.
The even wider vacancy distribution profile is shifted towards the 2G
HTS layer surface. Nevertheless, the highest possible depth of
implantation-induced damage is ~450- 500 nm. The produced damage
could be estimated as 0.00034, 0.00170, 0.00340, 0.03400 dpa (dis-
placements per atom) for fluences 1012, 5-1012, 1013, 1014 Ne+/cm2,
respectively [57] (Fig. 2b). In Fig. 2b, apart from Ne+, displacements per
?tom l;/l/_lilth the same fluences for H+ [39], 40Ar8+ [40], 84Kr17+ [40], and

Xe + [40] are shown for comparison.

2.2. Characterization methods

The microstructure and energy dispersive X-ray spectroscopy (EDS)



Fig. 4. The X-ray diffraction (XRD) studies of the non-irradiated and irradiated HTS tapes: (a) wide 20 range patterns; (b) the magnification of the 001 reflections; (c)

temperature dependence of the 003 reflection for the tape irradiated with the fluence of 1013 Ne+/cm2; (d) the c lattice parameter derived from the low temperature

XRD studies.

studies were performed using the JEOL 5900 LV Scanning Electron
Microscope (SEM). The structural properties of the samples modified by
the Ne+ ions were examined by Fourier-Transform infrared spectroscopy
(FT-IR) and X-ray diffraction (XRD) methods. Phase homogeneity, defect
formation, and the influence of the Ne+ ions on the parameters of the
orthorhombic superconducting phase were determined. Measurements
ofthe samples by X-ray diffraction were performed using the Panalytical
Empyrean powder diffractometer with a Cu-Ka radiation source. For
low-temperature tests (15 - 300 K), the helium closed-circuit PheniX
refrigerator by Oxford Instruments was used. The sample position was
automatically corrected for thermal expansion. The obtained diffraction
images were refined using the FullProf Rietveld software [58]. The
Fourier Transform Infrared (FT-IR) spectra were collected using the
Nicolet iS5 Thermo Scientific spectrometer equipped with the 1-reflec-
tion ATR diamond crystal and the DTGS detector. The spectra were
collected in the range of 4000 - 500 cm~1, with a 4 cm~1 spectral
resolution.

The changes in Tcand Jcwere detected by measurements of the AC
magnetic susceptibility as a function of temperature and magnetic field
of 0.44 Oe, magnetization as a function of the magnetic field strength,
and the implantation dose. The magnetic measurements were conducted
in zero field cooling (ZFC) mode using a standard inductance bridge
operating at 189 Hz. The Stanford SR830 DSP lock-in am plifier acted as
a signal voltmeter and a source of an AC current or AC magnetic field
Hac. The Lake Shore 330 temperature controller regulated the temper-

ature with a chromelgold-iron thermocouple (accuracy of 0.3 K).

Resistance was measured by the four-point method as a function of
temperature and the intensity of the external DC magnetic field HDC. DC
magnetic field was produced in a classic copper coil powered by the
Glassman Europe Limited LV 20 - 50 DC power supply. The direction of
the magnetic field was parallel to the longest side ofthe parallelepipedal
sample and parallel to the current direction.

The DC magnetic measurements of the selected GdBCO tapes were
performed using the Quantum Design superconducting quantum inter-
ference device magnetometer (SQUID, MPMS-5) in the 5 - 120 K tem-
perature range, with a magnetic field ofup to 50 kOe. The magnetic field
was applied parallel to the c-axis of the crystal and to the ab (0 0 1) plane,
which is perpendicular to the c-axis.

The X-ray absorption spectroscopy (XAS) analyzes electronic struc-
ture, local bonding environments, and oxidation states. The XAS spectra
were collected at the PIRX (former PEEM/XAS) beamline [59] at the
SOLARIS National Synchrotron Radiation Center in Krakow, Poland
[60]. All the measurements were executed in ultra-high vacuum (UHV)
in the surface-sensitive total electron yield (TEY) mode with an energy

resolution 100 - 250 meV.

3. Result and discussion

3.1. Microstructural characterization

In Fig. 3, the surfaces of the superconducting Gd-123 layers of the

investigated tapes are presented. The superconducting layer shows a



Fig. 5. The FT-IR spectra of the GdABCO layer of the 2G HTS tapes: non-irradiated, irradiated with the fluences: 1012, 5-1012, 1013, and 1014 Ne+/cm2 recorded at

298 K.

Fig. 6. Dispersion (a) and absorption (b) components of the normalized AC susceptibility as a function of temperature for the 2G HTS GdBCO tapes: before; after

catalytical removal of the Ag protective layer; and after irradiation with the fluences of 1012; 5-1012; 1013; 1014 Ne+/cm2.

porous microstructure with pores of about 1 - 4 pm in diameter. Ac-
cording to the EDS studies, the irregular structures visible in Fig. 3a and
Fig. 3c are the residual Ag from the coating. Interestingly, the micro-
structures of the non-irradiated and moderately irradiated samples (up
to 5-1012 Ne+/cm2) are similar. The EDS maps presented in Fig. 3b-j for
the latter tape show: the traces of remains of the Ag protective layer, Ni
from the Hastelloy substrate (visible in pores of the HTS layer), and Ba
originating from the GdBCO.

For the fluence of 1013 Ne+/cm 2, the superconducting layer exhibits
exfoliation, covering the pores with the partially loose HTS material
(Fig. 3d). For the heavily irradiated tape (1014 Ne+/cm 2), the exfoliated

HTS material forms bubbles on the surface with a uniform diameter of

about 1 pm (Fig. 3e-f). According to the EDS studies, small bright spots
visible in the Fig. 3f are the Ag precipitations. The results revealed that
heavy irradiation can introduce significant modifications to the micro-

structure of the superconducting layer.

3.2. Structural characterization (XRD)

The X-ray diffraction (XRD) studies revealed that the super-
conducting layers are grown with a high degree of texture. The Gd-123
structure of the bulk or film is orthorhombic (Pmmm symmetry). Only
Bragg reflections of the 00l type were observed for the investigated

tapes, as depicted in Fig. 4a-b. This is a sign that the [00I] direction is



Fig. 7. The DC magnetic susceptibility vs. temperature for the field (H || c) of
10 Oe (a); Hysteresis loops recorded at 77 K for H |l c (b) and H + c (c); Critical
current density (Jo) as a function of magnetic field (Hint) in semilogarithmic
scale for H Jlc (d) and H = c (e). Insets show critical current density vs. fluence
at T = 77 K and Hint = 10 kOe.

normal to the plane surface. The 001 reflection shape for the heavily
irradiated sample (1014 Ne+/cm 2) differs significantly from the others. It
is much broader what can be attributed to significant strain related to
structural disorder induced by irradiation. Moreover, a gradual rise of
the 001 reflection intensity results in oxygen deficiency at the 2q
Wyckhoff site.

The Rietveld analyses of the diffraction patterns (at room and low
temperatures) derive the c lattice parameters. Fig. 4c presents the
behavior of the 003 reflection at low temperatures. It is apparent that
the reflection moves towards lower scattering angles (higher lattice
parameters) starting from 120 K. This is an expected behavior, later
confirmed by the Rietveld analyses, the results ofwhich are presented in
Fig. 4d.

Interestingly, the lattice parameter decreases with increased fluency,
possibly associated with a reduced oxygen index. Such behavior was
reported for the bulk samples [43]. Moreover, the temperature depen-
dence of the c lattice parameter, which reflects the lattice dynamics (via
the Debye temperature), is quite similar for all specimens exceptthe tape
irradiated with the fluence of 1014 Ne+/cm2.The mentioned tape shows

a substantially different curve than thatobserved for the non-implanted

sample. That is typical for softening the phonon frequencies (lowering
the Debye temperature). This result is consistent with the above-
mentioned oxygen deficiency leading to vacancies in the oxygen-

occupied sites.

3.3. Fourier-transform infrared spectroscopy (FT-IR) measurements

The IR low-frequency region (1350 - 750 cm~1) was examined to
check if the structure of the sample differs after irradiation. Itis shown in
Fig. 5 that tape exposure to the Ne+ ion beam changed the surface of the
GdBCO layer. Initially, there were no visible bands on the spectrum of
the non-irradiated sample in the 1350 - 750 cm~1 wavenumber range.
However, the bands at 1050, 1085, 1163 and 1318 cm~1 correspond to
the C-O stretching vibrations, and the bands at 1116 and 1340 cm~1
corresponding with the CuOH or C-O stretching vibrations can be seen
in the spectra of the irradiated by Ne+ samples [61]. Those new vibra-
tions could be due to formation of the carbonates or hydroxides surface
after the CO2 or H20 absorption.

The intensity of the 1163 cm~1 band decreases drastically in the
sample spectrum, irradiated with 1014 Ne+ ions. For this sample, a new
band at 862 cm~1 associated with the BaO bonding vibration was also
observed [62].

The presented results indicate degradation of the sample structure
caused by exposure of the tape to the Ne+ ion beam. Furthermore,

structural changes become more significant with increased Ne+ doses.

3.4. Magnetic investigations

The AC susceptibility as a function of temperature was measured by a
standard mutual inductance bridge operating with a frequency of 189
Hz. The measurements were conducted with aHACamplitude of0.44 Oe.
The tapes were oriented perpendicular to the AC magnetic field. Both
the dispersive and absorption components of the AC susceptibility
measured at HAC = 0.44 Oe are presented in Fig. 6.

The susceptibility curves indicate the excellent 2G HTS GdBCO tapes
before the Ne+ ions irradiation. Removing the cover from the sample
surface slightly deteriorated its superconducting properties. A slight
decrease of the critical temperature by 0.3 K is visible, while the ab-
sorption peak is still sharp. The absorption susceptibility peaks remain
narrow for the moderate irradiated tapes (1012; 5-1012; 1013 Ne+/cm 2),
indicating that the tapes maintained a homogeneous character
throughout their volume. However, their critical temperatures are lower
by about 1- 1.2 K, which suggests oxygen deficiency due to irradiation.
The exposure of the tapes to the Ne+ ion beam caused partial destruction
of the intergrain junctions, which resulted in the widening of the ab-
sorption peaks. For the heavy irradiated tape of 1014 Ne+/cm2, an
additional broad maximum in the absorption part of the susceptibility
curve was evidenced. This may indicate further destruction of the inter-
granular junctions caused by the radiation with the Ne+ ions.

Fig. 7 presents the results of the DC magnetic measurements of the
selected tapes of GABCO. The dimensions a x b x ¢ (in cm) of these tapes
were the following: for the non-irradiated tape — 0.3170 x 0.2250 Xx
0.0065; for irradiated with the fluence 1012 Ne+/cm2 — 0.3340 x
0.2050 x 0.0065; for irradiated with the fluence 5-1012 Ne+/cm2 —
0.3390 x 0.2660 x 0.0065; for irradiated with the fluence 1013 Ne+/
cm2 —0.3080 x 0.3100 x 0.0065; for irradiated with the fluence 1014
Ne+/cm2 — 0.3360 x 0.1630 x 0.0065. Based on the corrections for
demagnetization, according to Ref. [63], the quantities such as
magnetization and critical current density, were presented as a function
of internal magnetic field (Hint) [63].

Fig. 7a shows the M (T) dependence, measured using zero-field-
cooling (ZFC) procedure, in the DC external field of 10 Oe, oriented
parallel to the c-axis, for all the investigated samples. A strong
diamagnetic response around 93 K is observed for all the analyzed (non-
irradiated and irradiated) samples (Fig. 7a). A sharp transition from the

normal to superconducting state noticed for all the investigated samples



Fig. 8. The normalized resistivity (R/Rzo0 k) as a function of temperature (T) near the superconducting transition.

with almost perfect Meissner effect confirms good quality of the tapes.
Below Tc, one can observe slight degradation of the Meissner screening
with increased Ne+ fluence (Fig. 7a). A slight decrease of Tc can be
observed for the tape subjected to the fluence of 1014 Ne+/cmz,
compared to the reference sample and that subjected to the weaker Ne+
fluence.

Fig. 7b shows the hysteresis loops of the studied samples, recorded at
77 K for the magnetic field oriented parallel to the c-axis. Using Bean'’s
model for the rectangular shape sample, one can estimate the super-
conducting critical current density (Jc) [64-66]. In the case of H |l c, we
have Jca—Jd—Jcab, where current flows in the ab plane. The following
formula was used to derive the critical current density J b:

(D

Here, AM (in Gauss) is the width of the hysteresis loop (Fig. 7c), a
and b are the sample dimensions (in cm) and the critical current density
(Jo is in A-cm~2. In the case of H |lab (H £ c), when the current flows in
the cb plane, we have Jcc—Jdbh —Jodh. The following formula was used to
derive the critical current density Jeb:

(2

The magnetic field dependences of the critical current density (Jc) for
all the investigated tapes, in the magnetic field geometries H || c and H
+ c, calculated according to Equations (1) and (2), are presented in
Fig. 7d and Fig. 7e, respectively. The values of Jc for H £ c¢ are by two
orders of magnitude higher than that for H |] c and agree with the data
reported recently [29]. Furthermore, suppression of the estimated crit-
ical current density value for the irradiated tapes can be noted when
compared to the reference one for both magnetic field geometries. This
can be seen clearly for the particular case determined at 77 K for Hint —
10 kOe (the insets of Fig. 7d and Fig. 7e) for which a decrease of Jc by
three times was noticed for the irradiated samples in comparison with
the non-irradiated one.

3.5. Resistivity measurements

The resistivity measurements as a function of temperature let to
determine the critical temperatures of the superconductive transitions

[67-70]. Tco was discriminated by observing the gradient of the po-
tential between the measuring contacts lesser than E — 10~s V-cm~1.
The evidenced Tco values were: 92.7 K for the reference (non-irradiated)
sample, 91.5, 91.1, 90.7, and 90.5 K for the tapes irradiated with the
fluences of 1012, 5-1012, 1013 and 1014 Ne+/cmz, respectively.

The changes in the width of the superconducting transition ATc were
assumed to be proportional to the FWHM of the gaussian peak fitted to
the first derivative of the resistivity, while the centre of that peak was
taken as a measure of Tc. The corresponding values are presented in
Fig. 8. Similarly to the Tco, the Tc shows a decrease with the fluence of
about 2 K only. However, the differences are much higher when
analyzing the transition width. Therefore, a factor of 3 must be
considered to describe differences between the reference and the highly
irradiated (1014 Ne+/cmz) samples. This indicates introducing in-
homogeneities into the superconducting layers of the 2G HTS tapes.

3.6. X-ray absorption spectroscopy

The XAS spectra for the investigated tapes are presented in Fig. 9.
The changes after irradiation affect mostly the O K-edge. This is
consistent with the XRD studies that revealed oxygen deficiency after
irradiation. According to the Fig. 9a, the Zhang-Rice singlet (ZRS) at
529 eV and the upper Hubbard band (UHB) at 529.9 eV can be observed
clearly for the non-irradiated sample. The ZRS is dominant over the UHB
for the superconducting REBCO materials [70]. Those contributions
became smaller for irradiated samples, and their ratio also changed. The
third contribution, associated with chain holes (CH), is distinguishable
only for raw sample.

As apparent from Fig. 9a, the ZRS was not evidenced in heavily
irradiated samples, which indicates deterioration of the super-
conducting properties. The spectrum regions of 532 - 535 eV originate
from the hybridized Gd-5d and O-2p orbitals, with two apparent features
arising from the oxygen deficiency in irradiated specimens. The strong
Gd-5d - O-2p hybridization is reflected in Gd M45lines shift towards
higher energies after the Ne+ irradiation, as discussed later.

The Cu L23-edges (Fig. 9b) look similar, but for raw tape and one
irradiated with a fluence of 1012 Ne+/cm2, screening effects can be
noticed as the 2p63d10L contribution. This contribution originates from
the so-called ligand hole and indicates the charge movement along the
Cu-0 chains and Cu-02 planes, which is proportional to observed O K-



Fig. 9. The X-ray absorption spectra (XAS) for the GdBCO 2G HTS tapes: O K-edge (a); Cu L23-edges (b); Gd M4,5edges (c). CH - chain holes; ZRS - Zhang-Rice

singlet; UHB - Upper Hubbard band.

edge (ZRS) screening effects.

For the Gd M 45-edges, all the samples exhibit the spectra typical of
the trivalent configuration of the Gd3+ ion (Fig. 9c). This proves that
irradiation does not change the Gd valence. However, the spectrum for
the non-irradiated sample is apparently shifted towards lower energies
than the irradiated samples. This indicates that the Gd states also reflect

oxygen depletion due to irradiation.

The limited penetration depth of soft X-rays, giving the information
only from several nm, allows to observe the signal just from the surface
of the sample, which was most affected by ions bombardment. There-
fore, the results cannot be considered as meaningful for the entire bulk
of the tape. However, the proposed mechanism of deterioration super-

conducting properties is entirely supported by XAS measurements.



4. Conclusions

Irradiation with high energy ions, simulating severe radiation dam -
age, is significant for possible usage of the 2G HTS tapes for demanding
applications in the space industry or nuclear applications (accelerators,
reactors, etc.), The XRD and XAS results point to oxygen deficiency in
the irradiated samples. Mainly, altering changes in the 001 reflection
intensity together with a decrease of the c lattice parameter, the disap-
pearance of the ZHR and UHB in the O K-edge aswell as the 2p63d10L in
the Cu L2,3-edges are proofof this mechanism. According to our results,
the mechanism of the HTS tape deterioration is related to introducing
oxygen vacancies rather than changing the microstructure of the HTS
layer for the lower fluences (up to 1013 Ne+/cm2). The HTS layer starts
to exfoliate for the highest doses; hence, the degradation mechanism is
of microstructural origins. In the absence of a magnetic field, the
decrease of critical current densities of about 33% was noticed when
compared to the reference tape, while thatreduction reaches 60% (at 10
kOe) for higher magnetic fields. Despite heavy damage caused by the
highest fluence to the surfaces of HTS layers, the tape still preserves

decent properties in bulk.
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