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Abstract 

The morphology and structure of damaged regions (tracks) produced by swift heavy 167, 77 

and 46 MeV 132Xe23+ ions in YBCO-based second generation industrial high temperature 

superconductors wires (2G HTS) were studied using transmission electron microscopy. It was 

shown that ion produce tracks aligned along the ion trajectory but of morphology depending on 

their energy: continuous, nearly continuous or discontinuous tracks like prolate ellipsoids 10-15 nm 

in length and spheroids 5 nm in diameter. The damaged regions of about 5 nm in diameter contain 

an amorphous material with a lower density compared to pristine YBCO. The material density 

drops from 6300 kgm-3 for YBCO matrix to 3600 kgm-3 inside the tracks. Barium enrichment was 

found in the vicinity of the track at a distance of about 10 nm from the center of the defect. Ion 

damage tracks with different morphology showed different effectiveness as pinning centers. Tracks 

composed of discontinuous pinning centers – spheroids of about 5 nm in diameter – bring the best 

enhancement of the critical current density. It occurs for the lowest ion energy (46 MeV) in the 

range of energy loss 8.9 keV/nm-4.7 keV/nm for Xe ions. The samples showed highest critical 

current density of 56 MA/cm2 (4.2K) and 3 MA/cm2 (77K) in self-field while in magnetic fields of 

8T the values of 17 MA/cm2 (4.2K) and 1.6 MA/cm2 (77K) were achieved. The reduction of the 

superconducting volume corresponding to the amorphous radiation defects did not exceed 4% from 

the total sample volume. 

 

 

 

Keywords: 2G HTS coated conductors, YBCO, ion irradiation damage, structure, critical current 

density, transmission electron microscopy. 

 

 

 

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t.

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I: 

10
.10

63
/1.

51
20

89
4



3 
 

I. INTRODUCTION 

We report on the study of chemical composition, density, morphology and nanostructure 

down to the atomic level of damaged regions (tracks) in YBa2Cu3O7- (0.1) created with the Xe 

ions with energy below 1 MeV/nucleon using transmission electron microscopy (TEM), electron 

energy loss spectroscopy (EELS) and energy dispersive X-ray spectrometry (EDXS).  Our 

experiments also aimed to find some correlation between morphology of tracks and their efficiency 

as flux pinning centers to improve conducting properties of 2G HTS wires in magnetic fields.  

The amorphous structure of tracks created by high-energy Xe ions in polycrystalline sintered 

YBCO samples or thin epitaxial films was described using HRTEM in the first papers by H. 

Watanabe et al. [1] and D. Bourgault et al. [2], with the volume fraction of amorphous material 

depending on used fluences [1]. The volume expansion associated with the amorphization causes 

strains in the surrounding matrix [3]. Observations of a change in TEM contrast allowed Bursill and 

Braunshausen [4] to conclude that the density within the amorphous tracks made by 

14MeV/nucleon Pb ions in zircon decreases. As well molecular dynamics simulations and radial 

distribution functions calculations showed a decrease of the track core density in BaTiO3 after 

irradiation with 635 MeV 238U+ [5].  

However, for YBCO, experimental data on the density and composition of ion tracks are 

still missing. We consider that it is important to get the knowledge and to improve understanding of 

the material properties modified by heavy ion irradiation. Thanks to the research of Kwon et al. [6], 

it is known that the amount of oxygen and copper is decreased at the interface between the 

irradiation track and the YBCO matrix over a length of ∼3 nm. Our previous TEM study [7] showed 

that 107 MeV Kr ions left damaged regions having a shape close to spherical with a significant 

decrease in the amount of material up to the void. It is necessary to understand the fate of Ba, which 

is the heaviest element in YBCO and determines its density.  

As known, the morphology of the tracks is strongly dependent on the electronic energy loss 

dE/dx influenced by several parameters, including the mass and the energy of the irradiating ion. 
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Tombrello [8] collected the data indicating that ion tracks in YBCO tend to be continuous for 

dE/dx30 keV/nm, for 20dE/dx30 keV/nm they are nearly continuous with small gaps between 

sections and for 10dE/dx20 keV/nm the damaged regions are isolated and extend along the ion’s 

path in the form of prolate ellipsoids or spheres below 10 keV/nm. 

Marwick et al. [9] claimed that if the length of defects is large, the pinning force should be 

large. The effectiveness of point defects and small aggregates of impurity atoms or vacancies in 

pinning the flux lines is not high in HTS cuprates with the short superconducting coherence length  

and important thermal fluctuations. The strong pinning of flux lines by the columnar damage should 

occur if the flux lines lie in the damage columns for much of their length. However, it was not 

specified whether these columns are continuous or discontinuous. The ion energy range used in this 

work implies the formation of continuous and discontinuous tracks in YBCO. Weinstein et al. [10, 

11] gleaned evidences supporting a view about the advantages of discontinuous tracks as pinning 

centers due to less damage and the important contribution to the entanglement of fluxoids. All their 

results showed a five times higher critical current density Jc than can be achieved with continuous 

columnar PCs.  

Leroux et al. [12] and Rupich et al [13] have demonstrate that 3.5-MeV oxygen and 18-MeV 

Au ions irradiation with the optimal dose markedly enhances the in-field critical current of 

commercial 2G HTS tapes. The main scientific target in these works was the creation of a mixed 

pinning landscape composed of a large number of relatively small irradiation-induced defects 

coexisting with preexisting defects (oxide precipitates, twin boundaries, point defects). 

Furthermore, quantifying the local density of pinning sites utilizing the Voronoi diagram showed 

the advantages of a random pinscape over ordered arrays of defects in a wide magnetic field range 

[14]. It is worth to note that this study opens a cheaper road to the irradiation pining approach for 

production large length 2G wire using a roll-to-roll irradiation process by using relatively low ion 

energies (under 20 MeV) with electrostatic generators available on the market. However, the nature 
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and structure of radiation defects created by ions, as well as the state of the crystal structure of the 

YBCO layer after irradiation were not considered.  

It was shown that ion tracks produced by Xe and Kr ions with energy in the range between 

46 MeV and 167 MeV in a 1-m YBCO film and in Y2O3 nanoprecipitates were detected when the 

specific ionization energy loss dE/dx is 4.7 keV/nm or higher [15]. The value of 4.7keV/nm is the 

stopping power threshold for the formation of amorphous tracks in YBCO, which is almost three 

times less than the value presented by Zhu et al. in [16]. 

The irradiation induced damaged regions in YBCO play an important role in the 

improvement of the superconductivity properties under magnetic fields. The most important barrier 

to obtain the highest critical density current Jc values is in the behavior of vortex matter – vortex 

lines in superconductor (YBCO in this study) appeared in relatively high magnetic fields. Vortices 

moving under the electric current applied dissipate energy what resulted in a large loss of current 

carrying capabilities of the superconductor. 

In an effort to shed light on atomic-level processes occurring during the formation of ion 

tracks of different morphology, the present work combines TEM study of the YBCO microstructure 

and measurements of the conductive properties of 2G HTS wires in magnetic fields. The TEM 

methods were used to determine the change in chemical composition, structure and density of 

damaged regions in YBCO layers in 2G HTS wires irradiated with 167, 77 and 46 MeV 132Xe ions 

(from 0.13 to 0.76 MeV/nucleon). We analyze and compare the relative importance of the 

morphology of tracks on conductive properties in magnetic field up to 8 T at different temperatures 

from 4.2 to 77 K to support the idea of higher efficiency of discontinuous tracks to increase the 

critical current density. 

II. METHODS AND MATERIALS 

The 2G HTS coated conductor wires (Super Power Inc.) used in this work have a layered 

structure made of an YBCO layer of 1 m thick grown on a multilayer buffer (LaMnO3 / MgO / Y2O3 

/ Al2O3) on a 100 µm thick Hastelloy substrate and with a 2 m of silver cap on its other face. 
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Several specimens were cut from the wire into pieces 1.0 x 0.5 cm2 prior to irradiation. Then 

specimens were mounted on copper water-cooled holders (20C) and were uniformly irradiated at 

room temperature by scanning the ion beam over their whole surface at an average ion flux of 

2×108 cm-2s-1 at the IC-100 FLNR JINR cyclotron facility. Irradiation time and absorbers of suitable 

thicknesses inserted between the Xe ion source and the sample were used to select the ion fluence 

and energy for sample irradiation: 167 MeV (fluence of 1x1011 cm-2), 77 and 46 MeV (fluence of 

5x1011 cm-2 for these two latter). 

The electronic (Se) stopping power of Xe ions, range and changes in the ion energies as they 

pass through the successive layers in the conductor wire were calculated using the SRIM2013 

(Stopping and Range of Ions in Matter) code [17]. 

Figure 1 sketches the layered structure of the coated conductor sample used in this study, the 

direction of the Xe ion irradiation with the primary energy values and values reduced after ion 

passing the Ag coating. For simplicity we will use 167, 77 and 46 MeV to denote the energy of Xe 

ions, however, we have to keep in mind that the actual ion energy has been reduced before 

proceeding in the YBCO layer after passing through the 2 m silver cap (see Table 2 below in the 

text). 

The YBCO matrix and ion track morphologies and structures were investigated on TEM 

samples prepared by focused ion beam cutting (FIB) in plan-view (3 samples in plan-view for each 

ion energy) and cross-section orientations (3 cross-sections for each ion energy) under a FEI Helios 

Nanolab 600i and a FEI Versa 3D DualBeam. Information was gathered (200kV and 80 kV 

accelerating voltage) under a field emission Tecnai Osiris/FEI microscope in conventional Bright 

(BF), Dark (DF) and Selected Area Electron Diffraction modes in TEM and in High Angle Annular 

Dark Field (HAADF) modes in Scanning TEM (STEM). Chemical microanalysis was performed by 

Energy Dispersive X-Ray Spectrometry (EDXS) under a high collection angle (4 diodes/ 0.9 sr) 

ChemiSTEM/FEI) detector coupled to an Esprit/Bruker data processing software in a Tecnai Osiris 
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(FEI) and electron energy loss spectroscopy (EELS) using a Gatan parallel EEL spectrometer  (0.7 

эВ energy resolution and 0.1 nm spatial resolution) in a Titan 80-300 (FEI).  

The SAED patterns, (S)TEM images were processed using DigitalMicrograph (Gatan) 

software and interpreted using the JEMS [18] diffraction and image simulation for sake of 

comparison with the experimental data. 

The measurements of the critical current density in applied magnetic field (1 - 8 T) and at 

different temperatures (4.2, 20, 35, 50, 65 and 77 K) were performed using a Physical Property 

Measurement System (PPMS, Quantum Design Inc.) of the samples, which were then used to study 

the microstructures. The magnetic field was applied along the c-axis of YBCO (normal to the flat 

surface of the tape) with a sweep rate of 10 mTs–1 on samples of (3.5 x 3.5 x 0.14) mm3. The 

critical temperatures Tc of the samples after irradiation were estimated from the temperature 

dependence of the residual magnetic moment when it vanishes. 

 

III. RESULTS AND DISCUSSIONS 

 

A. TEM/HRTEM of Xe ion track structures 

Xe ions with the highest energy (167 MeV at the Ag coated surface and 101 MeV at the 

YBCO surface) created continuous (or nearly continuous) tracks what corresponds to the calculated 

electronic energy loss of 22 keV/nm.  The discontinuous tracks appeared when samples were 

irradiated with 77 (34.4 MeV at the YBCO surface) MeV Xe ions what corresponds to the 

calculated electronic energy loss of about 15.0 keV/nm. All these values are below the numbers 

reported in [19, 20] for YBCO. Table 1 shows the actual upper and lower energy and electronic 

energy loss values calculated using the SRIM2013 code for each primary ion energy and 

summarized the track morphology characteristic for the specific ion energies.  
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Table I. The Xe ion energy, electronic stopping power dE/dx, morphology and the specific features 

of radiation induced ion tracks observed by TEM.  

Ion energy (MeV) dE/dx (keV/nm) Track 

morphology 

Track features 

entering 

Ag 

coating 

entering 

YBCO 

exiting 

YBCO 

Entrance 

YBCO 

Exit  

YBCO 

167 101 80.6 29.8 16.1 Continuous 

(nearly 

continuous) 

Diameter of columnar tracks: 3 – 

5 nm, 

average distance between tracks: 

40 nm 

77 34.4 23.3 15.3 7.5 Discontinuous  Diameter of fragments: 3 – 5 nm, 

5 nm x 5 – 20 nm ellipsoids and 3 

– 5 nm spheres, 5 – 10 nm gaps 

along tracks 

average distance between tracks: 

20 – 25 nm 

46 17.4 11.0 8.9 4.7 Discontinuous  Diameter of fragments: 3-5 nm, 

3 – 5 nm spheres, 5 – 10 nm gaps 

along tracks 

average distance between tracks: 

20 – 25 nm 

 

The contrast of tracks on TEM images strongly depends on the diffraction conditions which 

are changing because of the foil deformation under the electron beam and grain structure of the 

sample. While the contrast of tracks on HAADF STEM images depends on chemical composition 

(average atomic number or the difference in density of track material and the matrix) and in less 

extent on the diffraction conditions as well. Therefore, the absence of track images does not mean 

the absence of tracks in the samples, and their visibility is determined by imaging conditions and 

material properties.  

Continuous (or nearly continuous) and discontinuous Xe ion tracks of about 5 nm wide in 

YBCO in [100] TEM/HRTEM cross-sections are shown in Figs. 2 – 4. The direction of Xe ions is 

parallel to the [001] YBCO axis for the presented in Figs. 2 – 4 TEM cross-sections. Continuous 

tracks of about 5 nm wide from 167 MeV Xe ions are visible from the Ag cap (black areas at the 

top of low magnification image in Fig. 2a) to the buffer layers and well aligned parallel to the [001] 

YBCO axis.  
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The tracks formed with the 77 MeV Xe ions contain ellipsoids with the long diameter up to 

20 – 25 nm and the spheroidal damaged regions with the gaps between defects of about 10 nm (Fig. 

3).  

Less energetic Xe ions (46 MeV) produce discontinues tracks made up of spheroidal 

damaged regions (“string-of-beads”) with the gaps between spheroids in the range from 3 to 10 nm 

along the track direction parallel to the [001] YBCO (Fig. 4). Thus, the long axis of ellipsoids (77 

MeV Xe ions) decreases with Se (i.e. with decreasing ion energy). The small sizes of the defects 

created by less energetic ions and the low contrast of the defects make it difficult to observe the 

radiation tracks and study their morphology. 

The amorphous structure of tracks in HRTEM cross sectional images is revealed if the cut of 

the sample passes through its center (for instance, Fig.3 c). Otherwise, when the radiation defect is 

buried in the matrix, the YBCO crystal lattice is visible, and only a change in TEM contrast due to 

strains in matrix indicates the presence of tracks.  

The dE/dx 4.7 keV/nm is found to be the threshold value of energy loss at which the 

radiation damaged regions (tracks) are visible in plan-view samples. The sizes and densities of 

damaged regions were measured in TEM and STEM plan-views (Fig. 5) using the homemade 

program AnNa [21]. About 1000 tracks for each ion energy were examined, and their densities of 

11011 cm-2 and 4 -71011 cm-2 are in good agreement with the ion fluences applied. This means that 

one track was created by one ion.  

The TEM plan-views and the corresponding SAED patterns are shown in Fig. 5. The 

distances measured in plan-views between tracks are in the range from 10 to 100 nm and the 

average spacings are about 40 nm and 20 – 25 nm for the fluencies 11011 cm-2 and 51011 cm-2, 

respectively. The SAED patterns (Fig. 5 b, f, d) and nanodiffraction (Fig. 5h) clearly show that after 

irradiation to fluences of 1 – 51011 cm-2 YBCO keeps the crystalline orthorhombic structure. While 

electron nanodiffraction patterns obtained from the ion track (Fig. 5i) with probe diameter of about 

2 nm (Fig. 5d) evidenced that material of the track is amorphous.   
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If we compare the damaged regions in the Figures 5a and 5e, the sizes of the defects formed 

by irradiation with the 46 MeV Xe ions seems at a first glance smaller than the sizes of defects 

produced with more energetic 167 MeV Xe ions. Actually, in low or intermediate magnification 

TEM plan-views we can measure the size of projections of defects buried at different depth of the 

sample. The variation of the contrast of circular damaged regions in discontinuous tracks (46 MeV 

and 77 MeV Xe ions) depends on their depth in the thin TEM sample. The maximum diameter of 

defect projections with the best contrast can be measured if the sample is cut in the middle of the 

defect. The true sizes of tracks can be measured in the HRTEM/HRSTEM images (Fig. 6 – 8). As 

well, HRTEM study in the present work serves the purpose of clarifying the details of the formation 

of tracks and understanding whether solidification or (re)crystallization in the track can occur. 

Atom lattice has completely disappeared in continuous tracks created with high energetic Xe 

ions to let a structureless circular area of about 5 nm in diameter (Fig. 8). However, we can see 

some lattice fringes in the tracks made with less energetic ions of 77 and 46 MeV (Fig. 6 a and 7 c). 

Comparison of experimental HRTEM images obtained from the samples irradiated with ions 

of different energies with HRTEM image simulations (Figs. 6 – 8) made with the multislice method 

allows to estimate the TEM sample thickness in the regions of interest. HRTEM simulation of 

pristine YBCO areas was performed using the YBCO perfect crystal structure [22] and several zone 

axes [001], [101], [011] and TEM sample thickness up to 40 nm. The microscope parameters were 

the following: accelerating voltage is 200kV, spherical aberration Cs =1.2 mm, beam convergence 

semi-angle is 0.5 mrad, and objective underdefocus is ranging from 0 to 75 nm. 

Insets in Figures 6 – 8 correspond to the best fits with experimental HRTEM images using the 

sample thickness as an open parameter in each image and the crystal orientation measured on Fast 

Fourier Transforms (FFT diffractograms) of HRTEM images. The small difference between the 

YBCO a and b parameters (0.3824 and 0.3888 nm, respectively) requires a precise calibration to 

differentiate the grain orientations [001] or [011] or [101].  
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The results of HRTEM simulation can be interpreted if we suggest that the radiation defects 

as fragments of discontinuous tracks in Fig. 6 – 7 being spheroids or ellipsoids were not buried 

completely in the matrix in our thin TEM sample and their circular cross-sections are partly covered 

with the remaining YBCO crystal giving the lattice fringes contrast. The partially (or completely) 

covered damaged regions are always slightly brighter compared to the surrounding matrix on 

HRTEM images. If the track passes through the entire thickness of the TEM sample, as is usually 

the case for samples irradiated with high-energy ions, although this can occur in samples irradiated 

with lower-energy ions, then only a structureless region is observed without any lattice fringes 

contrast on the image (Fig. 8c). The HRTEM imaging coupled with simulation clearly shows that 

only solidification of the molten material inside the tracks takes place.  

B. Chemical composition and density of the material inside the tracks 

1. EELS 

Electron energy loss spectroscopy (EELS) was applied first to ascertain the local 

orientation and oxygen content using the O1s (531 eV) and Cu 2p3/2 (931-934 eV) in the vicinity 

of tracks in samples irradiated with 46 and 167 MeV Xe ions. Comparison of the experimental EEL 

spectra with the orientation-dependent EELS measurements for YBa2Cu3O6 and YBa2Cu3O7 films 

in [23] led to the conclusion that our results were obtained for YBCO with composition of 

YBa2Cu3O6.8-6.9 in crystal orientation [001].   

The EELS drift corrected scans across radiation tracks showed a strong decrease in the Ba 

content inside the continuous tracks (after irradiation with 167 MeV ions, Fig. 9) and a less 

significant drop in the damaged regions buried in the sample (mainly after irradiation with 46 MeV 

ions, Fig. 10). Figure 9a shows a STEM image with a track across which the spectra were obtained 

at points 1 - 7, and a reference area with an yttria precipitate (highlighted in square) relative to 

which the sample drift was corrected. The diameter of the electron probe was 1 nm. EEL spectra 

with two Ba-M5,4 edges (804 eV and 788 eV, correspondingly) are present in Fig.9 b, c. The lines 

intensity inside the track significantly decreased compared to the pristine YBCO crystal. A much 
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smaller decrease in line intensity in points 2 and 3 compared to 1 and 2 was observed for damaged 

regions located inside the matrix (Fig. 10). 

The EELS measurements did not give an unambiguous answer to the question about the 

change in the O, Cu, and Y content in the tracks, since the intensity fluctuations averaged over 

several tracks were within the measurement error. Solving this problem requires additional research, 

including the preparation of samples with graded thicknesses.  

 There was also no answer to the question of where the barium is localized after leaving the 

track area.  This task was solved using energy dispersive X-ray spectrometry. 

 

2. EDXS 

Energy dispersive X-ray spectrometry (EDXS) in a transmission electron microscope is the 

straightest way to get the chemical composition of the materials filling continuous tracks through 

the TEM sample or around them. For tracks consisting of small ellipsoidal or spheroidal defects, 

partially or entirely buried in the samples, quantitative analysis would require an accurate 

measurement of the partition between the defect material and pristine YBCO inside each track.  

The simplest way to turn this issue is to focus the attention on tracks where nanodiffraction 

does not show any remaining traces of crystal structure that allows to consider that the track 

contains only the defect material. YBCO is sensitive to electron irradiation and care was taken to 

reduce damage while performing microanalysis with enough statistical relevancy. Therefore, EDXS 

study was carried out at 80 kV accelerating voltage and the total electron dose was kept below the 

value of 210-11 Cb/nm2 (~ 1108 electrons/nm2). 

Quantitative EDXS analysis was carried out using the Cliff-Lorimer standard-less method 

with thickness correction on thirty damaged areas. The thickness was estimated to match the 

Y:Ba:Cu to 1:2:3 in pristine YBCO next to the track. EDX spectra and element maps were acquired 

for different specimen thicknesses in the range from 10 to 200 nm and different acquisition times.   

Figure 11 shows the HAADF image of tracks (Fig. 11 a) and the corresponding EDXS map 

(Fig. 11 b). Element net counts along pairs of orthogonal line scans are compared in Figures 11.1 to 
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11.4 for the two tracks pointed out by arrows. Comparing the net peak intensity (intensity of the 

characteristic X-ray above background) of damaged areas to that of the YBCO matrix, shows that 

all element counts are lower in the track areas than in the matrix. However, Y is reduced to a less 

extent than Ba and Cu. The bumps (arrows in Fig. 11.3) on the Ba profile shows that the white 

contrast around the track core on HAADF image comes from enrichment in the track surroundings 

within 10 nm from the center. The trend of intensity change of oxygen is not so clear due to 

uncertainties on the O-K/Ba-M deconvolution and Bremsstrahlung background subtraction. 

Samarium is an impurity present in YBCO (average 1.4 at%). Red areas around 10nm in diameter 

are yttria precipitates.  

The two defects analyzed in Fig 11 a (arrows) show similar net counts behaviors though 

their lengths (sample thickness) are quite different. This allows to attribute the lowering of net 

counts in defects to a change of density at contrary of a surface effect. Assuming that the 

interatomic distances in the amorphous defect is close to that in the YBCO matrix the density Dtrack 

of the defect material can be derived from its atom concentration:  

  Dtrack = DYBCO  Wtrack/WYBCO            

 with W = NYAY + NBaABa + NCuACu + NOAO +NSmASm, 

where N is the EDXS net counts and A is the atomic weight. 

In thick sample part of the electron beam scatters out of the track into pristine YBCO due to 

i) electron elastic scattering, ii) a possible misorientation between ion and electron beams 

trajectories. This bias makes the apparent density to reach around 5.6 g cm-3 for the worst cases. 

The most reliable estimate of density in defect Dtrack = 3600 kgm-3 was obtained in thin sample 

areas and is significantly lower than the YBCO density DYBCO = 6300 kgm-3. 

 C. Note on ion track formation mechanism. 

High energy Xe ions of 0.76 MeV/nucleon (E=101 MeV) in this work formed straight 

continuous ion tracks throughout the entire 1 m YBCO layer. While at intermediate energies of Xe 
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ions of 0.26 and 0.13 MeV / nucleon (34.4 and 17.4 MeV, respectively), discontinuous tracks 

consisting of defects in the form of elongated ellipsoids and / or spheroids were observed.  

According to Komarov et al. [24 - 26] the mechanism of formation of discontinuous tracks 

should take in account the statistical fluctuations of ion charge caused by the atomic stripping and 

trapping electrons. Such fluctuations become very important when the ion energy is close to the 

energy threshold required for a track formation and may change the energy released to the electron 

subsystem changing continuous tracks in discontinuous ones along certain parts of the ion 

trajectory. The path length between ion charge changes will determine the length of the defective 

region in the discontinuous track and the distance between such defects. Therefore, it was argued 

that the model of charge fluctuations makes it possible to estimate quantitatively the longitudinal 

size of the defects in discontinuous tracks. However, his comparison with experimental TEM 

images led him to use additional parameters and coefficients to his approach in order to get a 

satisfactory agreement with the experimental data. 

Tombrello [8] followed a different approach to determine the size of defects in 

discontinuous track. He assumed that tracks are formed mainly because the ionization of the inner 

shells what leads to an intensive production of secondary -electrons. Again, this requires the 

introduction of different coefficients proper to the material in order to fit calculations on 

experimental data. Application of his empirical formulas [8] to the data obtained in our work 

showed some overestimation of the calculated transverse sizes of damaged regions in the 

discontinuous tracks. In addition, for more than 200 defects, we did not observe a significant 

difference in the radii of the tracks formed by Xe (0.13, 0.26, 0.76 MeV/nucleon) ions, which 

should follow from the formulas. 

The mass transport during ion track formation and the reduction of material density inside 

Au ion tracks were investigated using small angle x-ray scattering (SAXS) and modeled using 

molecular dynamics simulations in amorphous and crystalline SiO2 by Klutz et al. [27]. The 

electronic energy lost by heavy ions was modeled by depositing kinetic energy in random directions 
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to the atoms in a 11.5 x11.5 x 5.8 nm3 cell. His simulations and synchrotron SAXS measurements 

reveal a fine structure of swift heavy ion tracks in a-SiO2 consisting of a core and a shell of lower 

and higher densities respectively compared to that one of pristine SiO2.  

In our work, the observed tracks which core had density almost half of that of the YBCO 

matrix surrounded by a shell enriched with Ba. Thus, it can be concluded that such structures are 

consistent with a frozen-in pressure wave originating from the center of the ion track as a result of 

the thermal spike. The experimental results obtained in this work show that the mechanism and 

computational approach of irradiation damage by swift ions still need to be refined and supported 

by more experimental evidences. 

D. Critical current and pining force measurements in magnetic fields. 

Ion fluencies of 11011 and 51011 cm-2 were chosen to create radiation defects playing the 

role of pinning centers, in addition to еру already existing yttria precipitates. The YBCO 

microstructure starts to degrade, and the critical current density Jc decreases abruptly when higher 

(1012 cm-2) fluences are applied [7]. 

Table II shows that Tc did not lower dramatically after irradiation (accuracy of temperature 

measurements was  0.2K). 

Table II. Transition temperature Tc in non- and irradiated samples 

Energy [MeV] Transition temperature,  

Tc [K] 

nonirradiated 90.5 

167 89.2 

77 88.9 

46 88.0 

 

The critical current density Jc at temperatures 4.2, 20, 35, 50, 65 and 77 K of the irradiated 

samples was determined using the hysteresis loops of magnetization applying the modified Bean 
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critical model [28] which for B //c-axis gives Jc =20 m/a(1-a/3b), where a and b are width and 

length of the rectangular film measured in cm (b>a), m [emu/cm3] is the difference between 

magnetic moments m on the descending and ascending field branches of the hysteresis loops [29]. 

Figure 10 shows the change in critical current density Jc at temperatures of 77K and 4.2K as a 

function of the magnetic field B(T) for samples irradiated with 46, 77 and 167 MeV Xe ions. As 

expected, the largest values of the critical current density are obtained at the lowest temperature of 

4.2 K for all samples and all applied magnetic fields (Fig. 10) while at high temperatures, a 

thermally activated process allows part of vortices to depin. 

A rather surprising result was the low absolute values of the critical current density 

especially under the self-field conditions for the sample irradiated with 77 MeV Xe ions (fluence 

51011 cm-2) even in comparison with the reference sample (Fig. 12 a and c). Nearly no difference in 

Jc values in the fields starting from 3T in samples irradiated with 77 and 167 MeV Xe ions. While 

the difference in Jc values reaches a twofold increase in magnetic fields from 5 to 8 T in the range 

of temperatures from 50 K to 4.2 K in samples irradiated with ions with the highest (167 MeV) and 

lowest (46 MeV) energies (Fig. 13) in favor of the latter. This observation suggests that it is not 

necessary to use high energy ions in order to obtain an enhanced critical current density in moderate 

magnetic fields. 

An increase in critical current density correlates with increasing pinning force (Fig. 14) at 

low (4.2 – 35 K) temperatures in the moderate magnetic fields. 

The plots on Figure 15 report the measurements of the so called lift-factor, which is the ratio 

of the critical current Jc at a given temperature and magnetic field to the critical current of the same 

sample at 77K in its self-field Jc s.f.. Lift-factors made a very clear comparison of the irradiation 

efficiency by Xe ions of different energies in magnetic fields of 1 and 8 T and temperatures 77 K and 

4.2 K. The maximum lift-factors can be reached in samples irradiated with the less energetic ions and 

the greatest difference occurred in 8T magnetic field (Fig. 15 b). We see a doubling of the lift-factor 
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at 4.2K for samples irradiated with ions with energies of 46 and 77 MeV and an increase of more than 

50% in samples irradiated with ions with an energy of 167 MeV compared to the pristine wires.  

  The tendency to increase the lift-factor in the irradiated samples remains at higher 

temperatures but the difference is significantly reduced. In low fields, for example, B=1T, an increase 

in the lift-factor in the irradiated samples compared to the pristine ones is significant (Fig. 15 a). 

However, almost no difference is observed between the values of lift-factors in samples irradiated 

with high and low energetic ions. 

We estimated the damaged fraction of the YBCO material in samples with continuous tracks 

as tubes of 5 nm in diameter extending through the whole layer with a surface density of 1011 cm-2 

and for discontinuous tracks as a raw of spheres of 5 nm in diameter, 10 nm long gaps between them 

and with a surface density of 51011 cm-2. These calculations give approximately 2% value of damaged 

volume for the sample with continuous tracks (167 MeV Xe) and 3.3% for the sample with 

discontinues tracks (46 MeV Xe). The fraction values of 2 % and 10 %, respectively, one can obtain 

using the exponential dependence −−=
2

1 reN  , where N is the damaged fraction, r is track radius 

from TEM observation and  is the ion fluence. It is clear that the exponential formula does not take 

into account the discontinuity of tracks and thus overestimated the radiation damage. 

We can conclude that there is no conflicting effect of increasing Jc due to a larger number of 

pinning centers and decreasing Jc due to the reduced superconducting volume fraction arising from 

columnar continuous tracks, besides our damaged fractions are much lower than those shown in 

[10, 11].  Therefore, the critical current density measured in our experiments 3 MAcm-2 at 77K (0 

T, 46 MeV Xe ions) is one order of magnitude higher than obtained in [10, 11].   

Numerous small damaged regions – the aligned in the ion beam direction spheroids from 

discontinues tracks – with sizes around 3 ( in ab plane is the coherence length ranged from 5 nm to 

2 nm between 77K to 10K respectively [30]) usually considered as weak pinning centers. 
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However, they become an increasing element to pin magnetic flux lines providing the high 

current density due to the large pinning force (Fig. 12) at low (4.2 – 35 K) temperatures in the 

moderate magnetic fields compared to the continuous tracks. 

The sample irradiated with 77 MeV Xe ions didn't bring the expected pinning effect and 

critical current increase though it contains discontinuous tracks with spheroids and ellipsoids, but 

which number is less and size larger than in sample irradiated with 46 MeV Xe ions. Therefore, a 

mixture of such pinning centers occupies an intermediate position between strong large pinning 

centers (continuous tracks) and numerous weak small pinning centers and - how it was mentioned 

in [31] - this behavior supports the assumption that different structural defects complements each 

other in a mixed-pinning landscape. Nevertheless, in opposite to the absolute values of Jc measured 

in the 77 MeV Xe irradiate sample, its lift-factors better highlight the improvement of conducting 

properties in magnetic fields compared to the reference. Thus, our measurements showed the 

benefit of the use of the least energetic ions among energies considered in this work (about 0.13 

MeV/nucleon).  

III. CONCLUSIONS 

We have studied the effect of irradiation with Xe ions of different energy in the range from 

0.13 to 0.76 Mev/nucleon on the microstructure and critical current density of YBCO based 2G 

HTS wires under magnetic fields up to 8T and temperatures from 4.2 to 77K. 

Continuous or discontinuous tracks with disordered (amorphous) structure produced by Xe 

ions with primary energies 167, 77 and 46 MeV were observed in a 1µm thick YBCO layer under a 

2 µm thick Ag cap. HRTEM showed that only solidification of track material occurs. Quantitative 

EDXS evidenced that amount of all elements inside tracks is reduced compared with the 

composition of the matrix crystal and the material density of the continuous tracks drops from 6300 

kgm-3 for YBCO to 3600 kgm-3. 
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The reduction in superconducting volume corresponding to the disordered structure does not 

exceed 4% from the total sample volume. The tracks act as pinning centers for the magnetic flux 

lines. An enhancement of the critical current density is observed for every ion energy.  

The largest critical current density occurs in the samples irradiated with the lowest one that 

corresponds to the highest number of pinning centers (spheroidal defects) along discontinuous 

tracks.  These numerous pinning centers increase the Jc in the low and intermediate magnetic fields 

– 56 MA cm-2 (0 T, 46 MeV Xe ions) and 16 MA cm-2 (8 T, 46 MeV Xe ions) at 4.2K; 3 MA cm-2  

(0 T, 46 MeV Xe ions) and 1.6 MA cm-2 (8 T, 46 MeV Xe ions) at 77K. If uncoated YBCO wire 

was considered, the energy of ions could be reduced to a level as low as 17.4 MeV.  
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Figure captions 

FIG.1. Irradiation of the 2G HTS coated conductor wire with 46, 77 and 167 MeV Xe ions at 

the surface of Ag coating. The primary energies of Xe ions after passing the Ag layer reduced 

to 17.4, 34.4 and 101 MeV at the Ag/YBCO interface. 

FIG. 2. Continuous (and nearly continuous) tracks produced by 167 MeV Xe ions. The 

magnification of TEM images increases from (a) to (c); black-and-white arrows point forward 

at ion tracks and simple white arrows show rows of yttria precipitates (a). The orientation of 

the cross-section is close to the [100] YBCO and the direction of Xe ions is parallel to the 

[001] axis. 

FIG. 3. Discontinuous tracks with spheroidal and prolate ellipsoidal radiation defects left by 

77 MeV Xe ions. The magnification of TEM images increases from (a) to (c); black-and-white 

arrows indicate the ion tracks and the simple white arrow show yttria precipitates. 

FIG. 4. Discontinuous tracks with spheroidal radiation defects left by 46 MeV Xe ions. The 

magnification of TEM images increases from (a) to (c); black-and-white arrows indicate the ion 

tracks and simple black arrows show yttria precipitates. 

FIG. 5. TEM image of circular damaged regions (tracks) on plan-view samples (a, c, e) and 

corresponding SAED patterns (b, d, f) obtained along the [001] YBCO direction from the sample 

irradiated with 167 MeV Xe ions (a, b), along the [101] YBCO direction from the sample irradiated 

with 77 MeV Xe ions (c, d) and along the [001] YBCO direction from the sample irradiated with 46 

MeV Xe ions; HAADF STEM image (g) and electron nanodiffractions from the pristine YBCO 

area (h) and from the ion track (i) along the [001] YBCO direction. 

FIG. 6. HRTEM image (a) and the FFT (b) obtained along the [001] YBCO direction (arrows in 

FFT point the spot indices); insets around the radiation defect denoted as (1), (2), (3), (4), (5) are the 

HRTEM image simulation made for the defocus value of 33 nm and assumed thicknesses of 3.51nm 

(1),  5.85 nm (2),  3.51 nm (3), 5.85 nm(4), 5.85 nm (5). Sample was irradiated with 46 MeV Xe 

ions. 
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FIG.7. HRTEM image of YBCO matrix with radiation damaged regions (a), FFT (b) and the 

enlarge HRTEM image of the defect (c) obtained along the [101] YBCO direction; the insets in the  

enlarge HRTEM image denoted as (1), (2), (3), (4) are of the HRTEM image simulation performed 

for the defocus value of 66 nm and assumed thicknesses of 7.39 nm (1),  12.32 nm and tilt out of 

[101] zone axis 0.28° (2), 12.32 nm and tilt 0.66 ° (3), 13.32 nm and tilt 0.9° (4). Sample was 

irradiated with 77 MeV Xe ions.  

FIG.8. HRTEM image (a), FFT (b) obtained along the [001] YBCO direction, enlarged HRTEM 

image (c) of the defect (arrow) and the HRTEM image simulation as insets denoted as (1), (2), (3) 

performed for the underdefocus value of 63 nm and assumed thicknesses of 8.18 nm and tilt 0.91° 

(1), 10.52 nm and tilt 0.90° (2), 10.52 nm and tilt 0.64 ° (3), 13.32 nm and tilt 0.9° (4). Sample was 

irradiated with 167 MeV Xe ions. 

FIG. 9. HAADF STEM image (a) and drift corrected EEL spectrum profile across the track 

produced by 167 MeV Xe ions with points 1,2,3,4 (b) and points 4,5,6,7 (c). The area selected by 

the square is a reference for sample drift correction. 

FIG. 10. HAADF STEM image (a) and drift corrected EEL spectrum profile across the track 

produced by 46 MeV Xe ions with points 1, 2 (b) and points 3, 4 (c). The area selected by the 

square is a reference for sample drift correction. 

FIG. 11. HAADF STEM image (a), distribution of Y, Ba, Cu elements in the EDXS map, (b), 

concentration profiles in net counts (1, 2 and 3, 4) along the line scans across damaged regions 

pointed by arrows. Sample was irradiated with 167 MeV Xe ions. 

FIG. 12. Critical current density Jc values versus magnetic field B at temperatures 4.2, 20, 35, 50, 

65 and 77K for the reference sample (a) and samples irradiated with 46 MeV Xe ions and 

51011 cm-2 fluence (b), 77 MeV Xe ions and 51011 cm-2 fluence (c) and 167 MeV Xe ions and 

11011 cm-2 fluence. The error of measurements is 3 - 5%. 

FIG. 13. The difference on Jc enhancement in sample irradiated with 46MeV Xe compared to 167 

MeV Xe becomes important at large applied magnetic field. 
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FIG. 14. Field dependence of pining force for the reference sample (a), for samples irradiated with 

Xe ions of the following energies and fluences: 46 MeV and 51011 cm-2 (b), 77 MeV and 51011  

cm-2 (c), 167 MeV and 11011 cm-2 (d). 

FIG. 15. Lift-factors versus Xe ion energy with fluencies 11011 and 51011cm-2 calculated for 

magnetic fields in the range of 1 T and 8 T at temperature 77 (a) and 4.2K (b). The true energies of 

Xe ions entering the YBCO surface are displayed in the plots. 
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