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1. INTRODUCTION

S e c ond- gener a t ion  h i g h  t em p er a t u r e 
superconductor wire (2G HTS) is a film of HTS 
with a thickness typically of a few micrometers [1]. 
The superconductor ReBa2Cu3O7−δ (where Re is a 
rare earth element) is deposited on a flexible metal 
substrate coated with buffer layers. The formation of 
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buffer layer texture, necessary for oriented growth 
of the HTS film, is achieved either through the use 
of a RABiTS (Rolling Assisted Biaxially Textured 
Substrate) textured substrate or through IBAD (Ion 
Beam Assisted Deposition) technology. The HTS 
layer is covered with protective and shunting layers 
on top. The vast majority of modern applications of 
HTS wire involve their operation in strong external 
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magnetic fields, which significantly reduce the 
superconducting capabilities of the tapes [2]. The 
deterioration of HTS superconducting properties 
in the presence of magnetic fields is caused by the 
drift of Abrikosov magnetic vortices, which requires 
the creation of artificial pinning centers to prevent 
such vortices [3]. For this purpose, defects that 
locally suppress superconductivity are deliberately 
introduced into the superconductor [4]. When the 
non-superconducting core of a vortex encounters 
such a defect, the vortex becomes pinned. Various 
approaches to creating artificial pinning centers are 
known, involving the use of different types of defects 
[5–8]. One of the most studied methods is the 
introduction of non-superconducting phase nano-
inclusions with perovskite structure in the form 
of so-called nanocolumns BaZrO3 [9] or BаSnO3. 
This work examines the features and prospects of 
radiation pinning application with emphasis on 
flux optimization for various external conditions of 
temperature and magnetic field. The samples used 
were 4 mm wide sections of industrial 2G HTS 
wire manufactured by S-Innovations [11] with a 
silver protective layer. The irradiation technique 
is described in detail in works [12, 13], which also 
address the determination of optimal irradiation 
energy for tapes manufactured by Superpower.

2. SAMPLES AND EXPERIMENTAL 
METHODOLOGY

Square-shaped samples 3 mm × 3 mm were cut 
from industrial 2G HTS wire with a width of 4 mm. 
The tape manufactured by S-Innovations consisted 
of a flexible substrate (Hastelloy), buffer layers, a 
superconducting layer YBa2Cu3O7 with a thickness 
of about 2 μm and an upper protective Ag layer with 
a thickness of about 0.5 μm. The manufacturing 
technology is detailed in [1, 11].

The samples were irradiated with ions 132Xe with 
energy of 167 MeV. The fluence value varied from  
3 · 1010 to 1 · 1012 cm−2. Irradiation with Xe ion flux 
of about 2 · 108 cm−2 · s−1 was carried out at room 
temperature using the IC-100 cyclotron at the 
Laboratory of Nuclear Reactions, JINR.

X-ray structural analysis was performed using 
a Rigaku SmartLab diffractometer with a rotating 
copper anode. All measurements were carried 
out in parallel beam geometry with Ge(220)×2 
monochromator (wavelength λCuKα1 = 1.541 Å). 

Phase analysis and out-of-plane film orientation 
analysis were performed using 2Theta/Omega 
scanning. Omega scanning (so-called "rocking 
curves") was measured for (005) reflections of 
phase YBa2Cu3O7 in the rolling direction (RD) and 
transverse direction (TD). Analysis of rocking curve 
widths allowed evaluation of the HTS film texture 
sharpness out of the substrate plane. Determination 
of the superconducting film texture sharpness in the 
substrate plane was performed using Phi- scanning 
for the (103) reflection of phase YBa2Cu3O7 
(2Theta = 32.5◦, sample tilt angle Chi=45.3◦). For 
each sample, preliminary spatial alignment was 
performed (maximizing reflection position for 
YBCO (005) reflection). The measurements and 
subsequent processing of results (determining 
FWHM parameter for rocking curves and Phi-
scans) were carried out using standard software 
packages SmartLab Guidance and Integral Intensity 
Calculation.

Microstructural studies were carried out using 
a Tecnai Osiris transmission/scanning electron 
microscope at an accelerating voltage of 200 kV. 
Cross-sectional and planar sections for the studies 
were prepared using focused ion beam Ga+ on 
focused ion beam scanning electron microscope 
Helios Nanolab 600.

Fig. 1. Dependence of the normalized critical temperature 
of the superconducting transition of 2G HTS samples versus 
the normalized fluence value of Xe ions with energy of 
167 MeV. Points – experimental data, dashed curve – dependence 
Tc ≈ TcO(1 − k(φt)), k ≈ 0.14 · 1012, where, TcO – critical temperature 
of non-irradiated sample
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 3. RESULTS AND DISCUSSION

The dependence of the normalized value of 
the critical temperature of the superconducting 
transition, shown in Fig. 1, demonstrates a 
monotonic decrease Tc with increasing fluence. 
The dependence of the critical temperature on 
the irradiation dose is noted Tc ≈ TcO(1 − k(φt)), 
k ≈ 0.14 · 1012, where TcO – critical temperature of 
non-irradiated sample. The decrease in Tc begins 
at fluence 8 · 1010 cm−2 and at fluence 1 · 1012 cm−2 
decreases by 4 percent to 84.5 K (see table). Such 
behavior is associated with the formation of ion 
tracks, which cause deterioration in the sharpness of 
sample texture. At the same time, the created ion 
tracks are effective pinning centers for the vortex 
structure, which leads to an increase in the current-
carrying capacity of the samples.

Fig. 2a shows the experimental dependencies 
of normalized (to non-irradiated sample under 
conditions of 77 К, 0T) critical current values on the 
normalized Xe ion fluence at temperatures of 77, 65, 
and 20 K in a field of 1 T. The nature of dependencies 
for the presented temperatures is similar, with curve 
maxima corresponding to the optimal fluence for the 
given field of about 2 · 1011 cm−2.

At T = 20 К (see Fig. 2 b) in a field of 1 T, the 
critical current peak is in the fluence region , and 
with increasing field noticeably shifts and at 8 T 
corresponds to the fluence region 3 · 1011 cm−2, and 
with increasing field noticeably shifts and at 8 T 
corresponds to the fluence 5 · 1011 cm−2. The observed 
behavior of the critical current is associated with an 
increase in the concentration of ion tracks acting as 
effective pinning centers. Thus, irradiation leads to 
the formation of a higher density of ion tracks with 
length of the order of HTS film depth (the Bragg 
range of such ions is several μm). With increasing 
fluence, the number of formed ion tracks increases, 
and the distance between them becomes comparable 
to 2λ (λ – penetration depth). It is at this distance 
that the maximum increase in collective pinning 
force occurs, i.e., the peak effect in critical current. 
According to work [15], for non-irradiated samples 
YBa2Cu3O7 penetration depth at T = 0 К is 150 nm. 
According to our data for the sample irradiated with 
Xe ions with fluence 3 · 1011 cm−2, the penetration 
depth is 30 nm. The estimation was made from 
the relation for the second Fig. 4. critical field 
(Hc2 = ΦO/(πλ2)), which value was obtained from 

experimental data by plotting the superconducting 
transition temperature versus external magnetic 
field. The sample exhibits elastic inter-vortex 
interaction state, which contributes to maximum 
increase in current- carrying capacity. For clarity, 
the table shows maximum critical current values Ic , 
obtained for three characteristic external conditions:  
at B = 0, T = 77 К fluence 1·1011 cm−2 gives Ic = 274 А,  
at B = 2T, T = 50 K, optimum shifts to fluence  
2 · 1011 cm−2 (735 А), and at B = 8 T, T = 20 К, – up 
to 5 · 1011 cm−2 (critical current 921 A). The table 
shows that at high fluences, the critical current Ic 
at 77 K in self-field and critical temperature begin 
to decrease significantly due to superconductor 
structure degradation.

Figure 3 shows microstructure images of the 
sample irradiated with Xe ions with fluence cm  
3 · 1011 cm−2, at different magnifications. The full-
size cross-section image (Fig. 3a) clearly shows high 
film uniformity without any defects. In the magnified 

Fig. 2. Dependencies of the normalized critical current of 2G HTS 
wire samples on the normalized value of Xe ion fluence with energy 
of 167 MeV: a – in a field of 1 T and at temperatures of 77, 65 K and 
20 K; b - in fields of 1, 3 and 8 T and temperature of 20 K
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 Fluence,
 cm−2

Ic, А 
(4 mm, 
B = 0,
77 K), 

Ic, А 
(4 mm, 

B = 2 T, 
 50 K) 

Ic, А 
(4 mm, 

B = 8 T, 
 20 K) 

 Tc, 
K 

 XRD RD 
 FWHM, 

 deg. 

 XRD TD
 FWHM, 

 deg. 

 XRD Phi 
 FWHM, 

deg. 

0 195 207 291 88  1.129 1.350 2.86 

3 × 1010 195 257 336 88  1.144  1.887 3.39 

8 × 1010 233 368 400 87.8  1.163 2.33  3.81

1 × 1011 274 455 496 87.7  1.175 2.413 4.53

2 × 1011 270 735 734 87.4  1.227 5.346 5.03

3 × 1011 198.5 635 725 87  1.179 3.079 4.39

5 × 1011 171 644 921 86.5  1.192 4.359 5.29

1 × 1012 63 397 906 84.5  1.268 5.294 5.89

Fig. 3. Bright-field scanning transmission electron microscope (STEM) images of HTS wire full-size cross-section (a); inset shows 
magnified image of substrate/buffer layers/HTS interface. Transmission electron microscope (TEM) images of cross-sectional (b) and 
planar (c) sections of HTS layer. White arrows in the images indicate defects forming in the HTS matrix after Xe ion irradiation

Table 1: Parameters of non-irradiated and Xe ion-irradiated samples with different fluences. XRD RD and XRD TD are the rocking 
curve half-widths (005) YBCO along and across the tape, respectively. The XRD Phi column corresponds to the YBCO (103) reflection 
during Phi scanning. Maximum values are highlighted in bold with underline for various external condition

500 nm500 nm

100 nm100 nm

YBCOYBCO

YY22OO33 MgOMgO
LaMnOLaMnO33

AlAl22OO33

HastelloyHastelloy

YBCOYBCO

001001

100100
YBYBCCOO20 nm20 nm

010010

100100
YBYBCCOO20 nm20 nm
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TEM image of the cross-section of HTS film, ion 
tracks can be noticed, appearing as amorphous 
vertical nanocolumns with diameter of about 6 nm 
(Fig. 3b). For better track visualization, TEM images 
of the planar section of HTS layer were obtained, 
which clearly show rounded amorphous regions  
(Fig. 3c). It should be noted that there is a small 
variation in track diameters and their partial overlap.

Figure 4 shows diffraction patterns taken 
in symmetric mode on a Rigaku Smart Lab 
diffractometer. In Fig. 4a it is evident that the peak 
positions of the initial and irradiated samples (as 
an example, the diffraction pattern is shown for 
a sample irradiated with Xe ions with a fluence 
of 3 · 1011 cm−2) are practically indistinguishable, 
meaning that the crystal lattice parameter c does 
not change under irradiation. However, the peak 
widths increase significantly, indicating a decrease 
in texture sharpness, see the approximated area in 
Fig. 4b. Comparison of diffraction peak widths and 
their amplitudes is correct considering the same 
sample thickness and performed normalization by 
the substrate (Hastelloy) reflection amplitude. The 
deterioration of texture sharpness with increasing 
fluence is also confirmed by the Phi-scan (103)
YBCO (see Fig. 4c). Notable is the different 

character of peak width increase in rocking curves 
(005)YBCO in parallel (RD) and perpendicular 
(TD) directions to the tape depending on the fluence 
value: in the non-irradiated sample, the rocking 
curves in two perpendicular directions (RD and 
TD) have approximately the same width, while in 
irradiated samples, there is a definite broadening in 
the TD direction. Such behavior confirms that an 
amorphous structure of regular tracks with a slight 
inclination relative to the crystallographic plane ab 
is realized in the sample.

4   CONCLUSION

Thus, systematic studies of electrophysical 
parameters and microstructure of samples before 
and after irradiation with Xe ions with previously 
determined [12] energy of 167 MeV and fluences up 
to 1 · 1012 cm−2 have been conducted. The optimal 
fluence values at which peak of critical current 
values are observed for various external conditions 
have been established. It has been found that 
with increasing fluence, the critical current peak 
shifts towards stronger magnetic fields. Based on 
microstructural studies, it was revealed that ion 
tracks with a diameter of about 6 nm are formed as a 
result of irradiation. The formed tracks are effective 

Fig. 4. a – X-ray diffraction patterns taken in symmetric Theta/2Theta mode for initial (non- irradiated) and Xe ion-irradiated samples 
with fluence of 3 · 1011cm−2 . "Norm. peak" is the substrate reflection used for intensity normalization. b - Magnified area of figure a, 
which shows in detail the significant change in intensity of YBCO (005) and (006) reflections before and after irradiation. c - Average 
FWHM values of YBCO (103) reflection during Phi-scanning depending on fluence value. d - FWHM of rocking curve (005)YBCO in 
parallel (RD) and perpendicular (TD) directions to the tape depending on fluence value
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pinning centers, which is confirmed by the analysis 
of hysteresis magnetization curves of irradiated 
samples and the results of their morphology studies. 
A decrease in texture sharpness is observed with 
increasing fluence. The obtained results are planned 
to be used for calculating the necessary tape winding 
speeds directly through the ion beam, which will 
allow creating 2G HTS wires with increased current-
carrying capacity due to the conducted radiation 
pinning.
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