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Abstract

Rare-earth-barium-copper-oxide based coated conductors exhibit a relatively low radiation
robustness compared to e.g. NbszSn due to the d-wave symmetry of the order parameter,
rendering impurity scattering pair breaking. The type and size of the introduced defects
influence the degrading effects on the superconducting properties; thus the disorder cannot be
quantified by the number of displaced atoms alone. In order to develop degradation mitigation
strategies for radiation intense environments, it is relevant to distinguish between detrimental
and beneficial defect structures. Gadolinium-barium-copper-oxide based samples irradiated
with the full TRIGA Mark II fission reactor spectrum accumulate a high density of point-like
defects and small clusters due to n - v capture reactions of gadolinium. This leads to a 1415
times stronger degradation of the critical temperature compared to samples shielded from slow
neutrons. At the same time both irradiation techniques lead to the same degradation behavior of
the critical current density as function of the transition temperature J; (7). Furthermore,
annealing the degraded samples displayed the same 7 recovery rates, indicating the universality
of the defects responsible for the degradation. Since the primary knock on atom of the n - v
reaction as well as the recoil energy is known, we used molecular dynamics simulations to
calculate which defects are formed in the neutron capture process and density functional theory
to assess their influence on the local density of states. The defects found in the simulation were
mainly single defects as well as clusters consisting of Oxygen Frenkel pairs, however, more
complex defects such as Gd* antisites occurred as well.
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molecular dynamics simulations, defect structures, rare-earth-barium-copper-oxide,
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1. Introduction

Advances in conductor technology and an influx of venture
capital have ushered a second golden age in nuclear fusion
research, exemplified by an ever-growing number of startups,
spin-offs and consortia aiming to prove the commercial feasib-
ility of magnetic confinement fusion power plants within this
decade [1, 2]. This ambitious goal requires the design of fusion
reactors, which need to be affordable to build and maintain in
order to ensure their economic viability.

This requirement is translated by modern designs into
a decrease of the overall volume with respect to earlier
designs like International-Thermonuclear-Experimental-
Reactor (ITER) and DEMO (DEMOnstration reactor). To
reduce the size while preserving a high production of fusion
power, these proposed compact fusion plants rely on stronger
magnets, currently only achievable by using coated conductors
(CCs) based on rare-earth-barium-copper-oxide (REBCO).
This is due to their characteristic high upper critical field B,
and superior critical current density J. at high fields, that is
required for the construction of high field magnets (>20 T)
leading to better confinement and higher fusion power density
(Prusion < BY) in comparison to using conventional supercon-
ductors such as Nb3;Sn and NbTi.

However, the advantages of small reactor designs come
at a price. A recent study evaluating the radiation damage
in REBCO expected from the neutron flux and spectrum of
ARC (achievable-robust-compact) class reactors [3], indic-
ates that the lifetime of its REBCO based magnet system
would be as short as a few months under full power operat-
ing conditions. The calculations showed that within 10 years
of operation, the introduced defect density would reach val-
ues as high as 0.52 dpa (displacement per atom) in the super-
conducting coils [4]. This value vastly exceeds the reported
data for neutron irradiated samples which were exposed to
a cumulative fast neutron fluence of 3.3 x 1022 m~2 corres-
ponding to ~3—15 mdpa [5], which already leads to a degrad-
ation of the critical current at 15 T and 30 K below its pristine
values [6].

Although the simulations by Torsello et al used an early
prototype model of ARC, which can still be optimized in
regards of shielding and size, the necessary improvement of
2 orders of magnitude in terms of cumulative damage on the
REBCO coils might likely not be achievable without severely
increasing the diameter of the reactor. Simulations carried out
by Ledda et al [7] predict that 50 cm of ZrH; shielding would
be necessary in order to reduce the expected damage at the
toroidal field (TF) coils in 10 full power years to 3 mdpa. In
fact, such a neutron shield would increases the TF size, mak-
ing it more expensive and also difficult to reach the required
field in the plasma. Another mitigation strategy would be to
anneal the magnets in-situ [8], however the recoverable dam-
age is limited at reasonable temperatures. Though the situation
is more promising, understanding precisely the radiation hard-
ness and damage processes of high temperature superconduct-
ors becomes even more crucial in order to find the optimal bal-
ance between achievable radiation robustness, reactor size and
mitigation strategies like annealing.

While, as depicted in figure 1(a), the critical temperature
(T.) of REBCO based commercial CCs was shown to mono-
tonously degrade upon irradiation, the critical current dens-
ity (Jo.(B > 0)) initially increases due to improved pinning,
before starting to degrade. The fast neutron fluence at which
J. degrades below its pristine value was shown to be depend-
ant on temperature, field and the initial defect density in the
samples [6, 9—12]. The behavior of a variety of samples at 30 K
and 15T is visualized in figure 1(b).

Impurity scattering in d-wave superconductors, such as
REBCO, is most likely the main reason for their low radi-
ation resistance [13]. Extensive studies have been conducted
on evaluating the defect structure and density of large cascades
caused by fast neutron (E > 0.1 MeV) irradiation [14, 15]. It
was found that their mean diameter of approximately 2.5 nm
fits well the coherence length of yttrium-barium-copper-oxide
(YBCO) (YBa;Cuz07_,) &(T=0) ~ 1.4nm, that explains
the increase in pinning force. The low reported density of
1 x 10" —5x 102m~3 per 10%? fast neutrons/m? of these
defects, however, does not explain the observed degradation
of J. after its initial increase. Linden et al estimated the con-
tribution of the large collision cascades to a reduction of the
overall superconducting cross section to be in the region of
only 0.01% [14], thus the degradation of the critical cur-
rent was attributed to small defects [16] not directly visible
in conventional scanning transmission electron microscopy
images. Statistical analysis of high angle annular dark field
lattice images showed an increase of the lattice parameter in
heavily He™ irradiated samples, which is consistent with this
assumption [5, 17].

In order to examine the effect of point-like defects
on the superconducting properties of REBCO, CCs
containing  gadolinium-barium-copper-oxide  (GdBCO)
(GdBa,Cu30O7_,) were irradiated with the full neutron spec-
trum of the TRIGA Mark II (Training, Research, Isotopes,
General Atomic) reactor of TU Wien instead of shielding
them from slow neutrons with cadmium. The high flux of
thermal neutrons (E < 0.5 eV) leads to the formation of a high
density of point-like defects [18]. This is enabled by the high
absorption cross section of gadolinium for thermal neutrons.
Since the energies of this reaction are well known, we use
molecular dynamics (MD) simulations based on a recently
developed interatomic potential [19] to analyze the typology
and distribution of lattice defects formed in the recoil pro-
cess together with their formation probabilities. We employ
these configurations as an input for density functional the-
ory (DFT) calculations to obtain the effect of such small
defects on the electronic density of states (DOS) at the Fermi
level, which gives hints about the degradation process of the
superconducting properties.

2. Methods

2.1. Neutron irradiation

In previous neutron irradiation experiments performed at TU
Vienna, CCs were usually shielded with cadmium foil during
irradiation to screen low energy neutrons. This was done to
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(b) Normalized critical current at 15 T and 30 K

Figure 1. Dependence of superconducting properties on the fast neutron fluence—all data has been evaluated by the authors, however, some
measurements were conducted in the scope of the publication [6]; Sample identifiers are given in table 1

better imitate the expected neutron spectrum at the coils of
a future fusion power plant [20], which is predicted to con-
tain little to no thermal neutrons. This measure was taken
since the irradiation of samples containing gadolinium with
the full fission reactor spectrum was observed to produce high
defect densities even at low fluences [18]. In irradiation exper-
iments with neutron fluences of up to 10> m~2 this effect
strongly suppressed 7. and J. in GABCO CCs compared to
YBCO samples [21]. This results from the high absorption
cross section of two gadolinium isotopes. When a neutron

is absorbed, one of the following capture processes occurs:
155Gd —13%Gd* and "’Gd —'38Gd*. In both cases, the gad-
olinium enters an excited state, which decays by the emis-
sion of a v, transferring 29-33 eV of recoil energy to the
primary knock on atom (PKA) [18]. In addition to knowing
the energy range, the well defined position of the PKA Gd
involved in this process allows us to perform standard MD col-
lision cascade simulations [22] to identify the different spe-
cies of resulting defects and to estimate the probability of
their formation.
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Defects are subdivided in two rough classes in this study,
namely large defects, also called collision cascades introduced
by fast neutrons with energies >100keV [15], which upon col-
lision with the crystal lattice deposit enough energy to leave
behind an amorphous defect. Under the second class, the small
defects, we subsume all defects that do not completely destroy
the local order of the crystal lattice. These defects are induced
by the neutron capture reactions mentioned above, direct col-
lisions of neutrons (Exj, ~ 100eV—100keV) and by ionised
atoms (e.g. low energy PKAs) colliding with other atoms of
the lattice. The latter two processes also occur in the shielded
samples and lead to the build up of small defects.

The experiments were conducted on samples which were
pre-characterised in their pristine state to ensure the comparab-
ility of results avoiding sample to sample variation. The invest-
igated samples were divided into two sets. One was irradiated
with the full reactor spectrum and the second was shielded
from slow neutrons with an energy below 0.55 eV by wrapping
the samples into a 0.5 mm thick cadmium foil, which proved
to be effective in a prior study [12].

The samples were prepared for irradiation by placing them
into a quartz tube, which was pumped to a vacuum of 0.1 mbar
and thereafter flushed with 1 bar helium. This procedure was
applied to reduce residual liquids and gases potentially becom-
ing aggressive during irradiation to a minimum. The thus pre-
pared sample containers were welded shut and placed in an
aluminum capsule for irradiation. The effectiveness of this
procedure was validated after the irradiation: the typical dis-
colorations of the copper stabilizer arising from oxidation
amplified by neutron irradiation did not occur on samples
helium atmosphere.

The irradiation steps were carried out in the central irradi-
ation facility of the TRIGA Mark II research reactor of TU
Wien located at the Atominstitut. In this position, the neut-
ron spectrum has two peaks, one at approximately 1 MeV
and the second below 0.1eV. The flux density sums up to
6.1 x 10'® m~2 s~! for thermal neutrons with an energy Eyj, <
0.55eV and 7.6 x 10"*m=2s~! for fast neutrons with an
energy greater than 0.1 MeV [23]. Recent measurements of the
fast flux after the core renewal showed a decrease by 55% com-
pared to the published data. Therefore, the fast neutron fluence
was quantified in each irradiation step by adding Ni foil to the
irradiation capsules and measuring the activity of >*Co follow-
ing the transmutation of Ni by the capture of high energy
neutrons.

One sample in this study, denoted with SP SCS09 P,
was irradiated to a cumulative fluence of 4 x 102 m~—2 with
1.2 MeV protons at MIT. The copper layer was removed for
proton irradiation and a 2 x 0.1 mm? wide bridge was laser-
cut into the surface. Only the bridged area was thereafter
irradiated at room temperature, the full details are explained
elsewhere [24].

2.2. Samples and characterization

A complete list of all sample identifiers used in the over-
view figures 1(a) and (b) is given in table 1. The main focus
of this work, however, lies on the two samples SuperPower

Table 1. Sample identifiers, S - shielded sample, U - unshielded
sample, P - 1.2 MeV proton irradiated; SP is short for the supplier
SuperPower.

Identifier Tape

SP SCS09 U SP SCS4050 2009

SP SCS09 S SP SCS4050 2009

SP SCS09 P SP SCS4050 2009

SP SCS10 S SP SCS4050 2010 AP
SP SCS10P SP SCS4050 2010 AP
SP SCS13 S SP SCS4050 2013 AP
SuNAM HCN S SuNAM HCNO04150
Theva TUW S Theva TUW007

DNano Opt S DNano Optrium Ni9-04

SCS4050 2009 and SuUNAM HCNO04150. Both samples are
based on GdBCO with a 1 yum and 1.35 um thick supercon-
ducting layer, respectively. These tapes have no added artifi-
cial pinning centers and exhibit high pristine critical temper-
atures of approximately 93 K (SP SCS4050 2009) and 93.5K
(SuNAM HCNO04150). The behavior of these tapes under fast
neutron irradiation is very similar, see figure 1(b), which is
why these samples were chosen to compare how different
irradiation techniques influence the recovery achievable by
annealing. Our experiments were conducted on 27 mm long
samples, which were cut from the provided commercial tapes.

The tape supplied by SUNAM (HCNO04150) are based on
a Hastelloy substrate. The GABCO superconductor is depos-
ited by the reactive co-evaporation by deposition and reaction’
method. The superconducting thin film is thereafter coated
with 1 um of silver and stabilized with a copper layer. All
annealing data presented in this study on the SUNAM tape has
been previously published [8].

The SCS4050 2009 tape was supplied by SuperPower,
its superconducting GABCO layer is applied by the ‘metal-
organic chemical vapour deposition method’ on a 50 um
Hastelloy substrate. The GABCO film is coated with ~1 yum
Ag and stabilized electrically by a copper layer [25, 26]. To
texture the REBCO superconductor, both tapes rely on a thin
MgO layer which was deposited with the ion-beam-assisted
deposition technique.

The samples were characterised by standard four probe
transport measurements (SFPTM) conducted in the helium
flow cooled variable temperature insert of a liquid helium
cooled 17 T cryostat with the applied field H orthogonal to
the tape surface. The critical current density J. was measured
at temperatures ranging from 20 K to 77 K and fields from O T
to 15 T. J. was determined by fitting the function

I n
U=E.d <1> (1

to the measured data. U refers to the measured voltage, / the
applied current, d the distance between the voltage taps, E.
the chosen electrical field criterion of 1xVcm™'. I, and n
are fit parameters representing the critical current and n-value,
respectively.
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Figure 2. Remnant field of a sample visualized by SHPM.

Dissipation due to poor current contacts can lead to a large
error due to the introduction of thermal voltages in these meas-
urements; thus, the temperature of the sample was constantly
monitored. A temperature change during the measurement of
0.1 K was defined as upper limit for sufficient thermal stability.
This value was experimentally verified and leads to an accept-
able error of less than 1% in the critical current measurements.

The resistive transitions were measured by applying 10 mA
and fields between 0 and 15T to the sample and recording
the voltage between the voltage taps in delta mode [Keithley
Current Source 6220 and Nanovoltmeter 2182A] to elimin-
ate offsets by thermal voltages or chemical potentials. The
sample temperature was ramped from high to low temperat-
ures at a rate of only 0.1 Kmin~! to minimize the lag between
the sample temperature and temperature sensor.

In this study, T, is defined as the temperature where the
measured voltage drops to the noise level. Comparing the
changes of T, obtained by this ‘offset” method revealed no
deviation when compared to the changes of 7. calculated by
the conventional tangent criterion. The chosen method, how-
ever, proved to render more comparable results for etched and
pristine samples.

To ensure the homogeneity of the superconducting layer
of all samples, they were investigated by means of scanning
Hall probe microscopy (SHPM) [27]. For the SHPM meas-
urement, the samples were submerged in liquid nitrogen at
77K and fully magnetized by applying a magnetic field per-
pendicular to the tape surface with a 0.5 T permanent magnet,
which leads to the formation of a Bean profile [28]. The result-
ing remnant field was scanned by a Hall probe with an active
area of 30 x 30 sm? at a distance of 30 um from the surface of
the sample.

The SHPM setup has a spatial resolution of 50 ym. Samples
showing macroscopic damage in the area between the voltage
taps were removed from the sample set to improve sample
to sample comparability. A scan of a pristine sample can be
seen in figure 2, where the position of the voltage taps in the
SFPTM setup is also indicated. The method was further used
to ensure that changes observed in SFPTM after irradiation are
not due to introduced macroscopic damage e.g. cracks, which

would be clearly visible in these scans, for an example see
appendix C.

Following the irradiation experiments, samples were
annealed in a tube oven to test the defect stability. To ensure an
ideal doping state, the copper stabilizer was removed by wet
chemical etching with sodium persulfate and samples were
annealed in pure O, at atmospheric pressure. The sample pre-
paration and annealing protocol was kept unchanged to prior
work [8] to guarantee comparability of the results. The anneal-
ing process was started by heating the sample up to the set
annealing temperature T, at the highest possible rate, which
peaks at 2°Cmin~! and keeping the temperature constant
for 24 h. Thereafter, the samples were cooled to 150°C at
0.5°C min~! and then the oven was turned off. The temperat-
ure of the samples was measured with a Pt100 sensor to mon-
itor the stability of the process.

2.3. Computational methods

The computational investigation in the present work is aimed
at identifying which kind of small, point-like defects might
play an important role in the strong suppression of supercon-
ducting properties after irradiation with the full fission reactor
spectrum (and resulting from neutron capture by Gd). In order
to achieve this goal, we develop a workflow that involves clas-
sical MD simulations and quantum-mechanical DFT calcula-
tions. The MD simulations are used to generate the defect-
ive lattice structures of GdBCO expected to be produced in
the irradiation experiments. These simulations are performed
in relatively small supercells (3 x 3 x 2 unit cell repetitions,
supercell edges ~12 A x 12 A x 24 A, 234 atoms) which are
then used as an input to DFT calculations to obtain the rel-
ative stability of different defects, as well as to estimate the
electronic properties at the Fermi level. In addition, we extract
information on the generated defects from collision cascade
MD simulations in larger cells (16 x 16 x 8 unit cell repeti-
tions, supercell edges ~60 A x 60 A x 95 A, 26 624 atoms) to
enable a more appropriate dissipation of energy.

The MD simulations are used to model the Gd recoil pro-
cess after the absorption of a neutron and subsequent emission



Supercond. Sci. Technol. 37 (2024) 105008

R Unterrainer et al

of a gamma-ray with recoil energy of ~30 eV. The main
ingredients of MD simulations are the interatomic potential
used to represent the interaction between atoms, and the sim-
ulation methodology.

Since an interatomic potential for GABCO is presently not
available, we employed the potential developed in [19] for
YBCO in our MD simulations. The validity of this choice is
motivated by the fact that YBCO and GdBCO are very similar
materials in terms of chemistry and properties, and we fur-
ther validate our assumption by showing that the two materials
have very similar defect formation energies (see appendix A).

To model the recoil process, we employ the standard meth-
odology for collision cascade simulations [22]: after an ini-
tial thermalization of the simulation box and atomic posi-
tions (20 ps at constant pressure and temperature employing a
Nose—-Hoover thermostat and barostat), constant-energy simu-
lations are performed assigning to a rare earth (RE) atom in the
supercell, i.e. the PKA, a velocity corresponding to the recoil
energy. The simulations in the small supercells are carried out
completely at constant energy, whereas in the larger super-
cells we rescale the velocities of the outmost layer of atoms
in the simulation box every 10 ps to keep them at the experi-
mental temperature (50 °C) and therefore simulate the extrac-
tion of heat from the damaged area. This stage of the simu-
lations is carried out with an adaptive timestep [29, 30] for
100 000 steps, corresponding to approximately 100 ps simula-
tion time. For the PKA initial velocity, we consider symmetry-
nonequivalent directions in the octant formed by the a, b, and ¢
lattice vectors, sampling uniformly the directions in this space
(in spherical coordinates, 6, ¢ = 0° — 90° in steps of 15°, see
figure 3). For each direction, we employ initial velocities of
10-50 eV in steps of 10 eV when using the small supercell,
and for each velocity vector we carry out 10 statistically inde-
pendent runs. Since this potential has been shown to have a
threshold displacement energy of 33 eV for Y atoms [19],
which is very close to the experimental recoil energy of Gd, we
employ a range of energies rather than just the experimentally-
determined recoil energy to avoid possible inaccuracies in the
potential and to obtain a more varied data set of defects. For
the MD simulations in the large supercell, instead, we carry
out collision cascades with energies close to the experimental
recoil energies, namely 30, 35, and 40 eV initial PKA energy,
for a total of 430 simulations for each energy. The MD simu-
lations were performed with the LAMMPS software [31], and
the defects were detected with the Wigner—Seitz analysis as
implemented in Ovito [32].

The DFT calculations are carried out with the Vienna ab ini-
tio simulation package [33-35] with the projector-augmented
wave method [36, 37] and the generalized-gradient approx-
imation of Perdew et al [38]. The unit cell of GdBa,Cu;04
is relaxed to obtain the equilibrium, 0 K lattice parameters
employing an energy cutoff for plane waves of 600 eV and
sampling the first Brillouin zone with a 8 x 8 x 4 Monkhorst-
Pack k-point mesh [39]. The atomic positions of the output
defect configurations obtained from MD are initially relaxed
with the interatomic potential at O K, and then rescaled accord-
ing to the equilibrium lattice parameters obtained from DFT.
Further relaxation of atomic positions with forces from DFT

O1 Cu1

Figure 3. Unit cell of GdBayCu307 (Gd cyan, Ba green, Cu brown,
and O red). Arrows indicate the initial direction of the velocity of
the RE atom in the MD simulations (black arrows). Image generated
with Ovito [32].

ensures that the defect configurations are at a minimum in
the potential energy landscape. Since the supercells used here
consist of 3 x 3 x 2 repetitions of the unit cell, we employ
a less dense k-point mesh of 3 x 3 x 2 for the sampling of
the Brillouin zone. The final, relaxed structures are then used
to calculate the formation energy of the Frenkel pairs as
E/(defect) = E(defect) — E(ideal) and the DOS, with the lat-
ter calculated with the tetrahedron method using a denser
4 x 4 x 2 k-point mesh.

3. Results and discussion

Irradiation is known to reduce the critical temperature in d-
wave superconductors, due to the pair breaking effect of the
newly introduced defects. It was shown in prior studies that
the degradation of T is linear with fast neutron fluence [6]. In
this study, we observed the same linear behavior as well, how-
ever, samples irradiated with the full reactor spectrum showed
an approximately 15 times larger degradation at the same fast
neutron fluence compared to samples shielded with cadmium,
which is shown in figure 4. Furthermore, our MD simulations
show that a large number of point like defects are formed by
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Figure 4. Suppression of T by fast and slow neutron irradiation; unshielded (U), shielded (S).

the recoil of the gadolinium nucleus, which is in agreement
with the large T, degradation rates we experimentally observed
in unshielded samples.

In GdBCO based samples irradiated with the full reactor
spectrum, small defects are induced from both the n— reac-
tions and the collision of fast and epithermal neutrons. Since
the production of small defects by neutrons colliding with the
lattice scales linearly with fluence, their density in the unshiel-
ded samples is 15 times lower than in the shielded ones at
the same AT.. The contribution of small defects and cascades
from the collisions of neutrons with the lattice to the degrada-
tion of 7. in unshielded samples can therefore be assumed to
be in the range of %%, while the small defects induced by
n—y reactions cause the remaining ~93%.

Furthermore, in a prior study, additional defect formation
processes induced by neutrons Eyj, < 0.55eV besides the
n—y reactions were ruled out by shielding YBCO CCs from
slow neutrons with cadmium and gadolinium foils. The super-
conducting properties after irradiation were then compared to
data of YBCO based samples irradiated with the full reactor
spectrum and no deviation was observed [12]. Consequently,
the introduction of small defects in GABCO by the neutron
capture reactions, which are studied in this work with MD
simulations, dominates the irradiation induced change of the
superconducting properties.

3.1. Irradiation experiments

The stronger T suppression by a factor of ~15 in GABCO
based samples irradiated with the full reactor spectrum com-
pared to those irradiated with a cadmium shield is visualized
in figure 4. To allow for better data comparability the critical
temperature was normalized to its pristine value T¢

TP = ™ @)

The vertical red lines in figure 4 indicate the fast neut-
ron fluences required to obtain a 7, degradation of about
9K in shielded and unshielded samples. Furthermore, it was
observed that the measured 7. at 10*2m~2 shows a devi-
ation from the linear trend in the unshielded samples. This
matches well the expected behavior at high fluences, since
the abundance of the "’Gd and '>°Gd isotopes is steadily
decreasing with increasing fluence. At the highest fluence
point (1022 m~2) of the unshielded sample, we estimate the
concentration of the isotope '37Gd being reduced by roughly
20% and the isotope ' Gd by 5% leading to a reduction of the
n—y reaction probability. Considering the thermal flux, cross
sections of the Gd isotopes and approximate defect formation
probability of ~1 — 2 per capture reaction calculated by MD
simulations, see 3.2, we estimate the n—y reaction to roughly
produce 0.3-0.6 mdpa per 10*! m~2 of fast neutron fluence
corresponding to a measured degradation of 7, by 4.2K. It
has to be emphasized at this point, that the dpa which are
estimated by MDS are stable displacements since recombin-
ation is accounted for. To put this into perspective, the dam-
age done to shielded samples was calculated to be in the range
of approximately 1.3—5 mdpa per 10> m~2 [4, 5], leading to a
measured 7. suppression of ~3 K. The significantly lower T,
suppression per mdpa of 0.6-2.3 K in fast neutron irradiation
experiments compared to AT, /mdpa =7 — 14 K induced by
n— reactions in GdBCO samples, shows clearly that not
only the dpa, but the type of defect and distribution signific-
antly influences the degradation of the superconducting prop-
erties. However, since the applied methods are different, the
results might deviated from one another and therefore have to
be treated with caution.

In this study, we focus on the results of unshielded samples
irradiated with a fast neutron fluence of up to 2 x 10> m—2,
corresponding to 0.6 mdpa. Due to the low number of dis-
placements per atom in these experiments, saturation effects
and burn up can be neglected and the defect density ng grows
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linearly with the irradiation time while 7. degrades in a lin-
ear fashion at the same time. Therefore we may establish the
relation AT, < ng with

AT, =TP —T,,

C

3

thus, most data will be plotted against AT, and not the fast
neutron fluence ®¢ in this study. This allows a better compar-
ability of the data of shielded and unshielded samples, because
our fluence measurement only accounts for the fast neutron
flux but not thermal neutrons, which also cause formation of
defects via n— reactions and thus a degradation of 7.

From MD simulations we know that a large number of point
like defects are formed by the recoil of the Gd nucleus, which
is in agreement with the large 7, degradation rates we observed
in unshielded samples. While we already established that AT,
is proportional to the fluence, and thus the defect density, for
both shielded and unshielded samples, we observed a distinct
behavior of J..

As can be observed in figure 5(b), J.(B= 15T, T =30K)
of a shielded SuperPower SCS4050 2009 sample increases
by approximately 60% before starting to degrade and falling
below its pristine value at a 7, reduction of ~7.8 K corres-
ponding to a fast neutron fluence of 3.3 x 102 m~2. The J,
enhancement can mainly be attributed to the improvement of
pinning by large defects introduced to the superconducting
layer by fast neutrons. These cascades were shown to have a
mean radius of 2nm, which is comparable to the coherence
length £(T=0) = 1.4 nm [15].

T. of the unshielded samples degrades at a 14—15 times
faster rate, therefore the pair breaking scattering rate in this
sample is larger by about one order of magnitude than in
the shielded sample. Nevertheless, The high density of small
defects leads to a substantial increase of the critical current
at high fields. One observes a lower overall maximum in
J.(AT,), which is a consequence of these pinning centers
being less effective than the large defects introduced by fast
neutrons and their stronger degrading influence on 7.

Unshielded samples contain only 7% of large defect cas-
cades at the same AT.. The unshielded samples increase in
Je, which has to be mainly attributed to the introduced small
defects. The maximum in J.(B=15T,T = 30K) with 30%
enhancement is less pronounced and its peak is at a lower AT,
compared to the shielded samples of the same type. The fact
that the J. enhancement strongly decreases with increasing
temperature confirms that the introduced small defects have
a lower pinning energy compared to the larger cascades intro-
duced by fast neutrons. The enhancement of J; is still signi-
ficant and could be explained by the formation of multi defect
clusters. Our simulations predict these clusters to grow to dia-
meters of up to 10 A, which would lead to much higher pinning
energies than single point defects, see section 3.2.

The peak position of J. shifts with operation temperature
in the shielded sample as shown in figure 5(b). This is due
to the pinning energy of large defects being able to compete
with the rising thermal energy, while the peak position in J; of
the unshielded sample set does strongly move towards lower
AT, for higher operation temperatures and almost disappears

at 50 K. This result is in agreement with the defect structures
found in MD, since small defects are expected to loose their
pinning capabilities at increased temperatures, not being able
to compete with thermal energies anymore.

The thorough pre-characterisation allowed us to choose
two samples, with practically the same pristine J. for a dir-
ect comparison of the influence of fast and slow neutron irra-
diation at low fluences. The nearly identical behavior of the
samples is shown in the appendix in figure A4. The two points
referring to these two samples 30 K are encircled in figure 5.
The unshielded sample was irradiated to a cumulative fast
neutron fluence of 2.5 x 10?° m~2 and the shielded sample to
3.36 x 102 m—2. The shielded sample is therefore expected
to contain approximately one third more large defect cascades
than the unshielded sample. Nevertheless, the additional large
number of small defects, dominant in the unshielded sample,
lead to 3 times the J. increase (30%) as the cascades in the
shielded sample (10%).

The full J.(B) curves of these two samples are plotted in
figure 6 to show that the contribution of small defects to pin-
ning is clearly visible up to 40 K; for the above mentioned
reasons, the increase can nott be attributed to larger defects. At
64 K, one observes no increase or reduction of the critical cur-
rent density of the unshielded sample compared to the pristine
value. This may be due to the pinning force enhancement being
just enough to compensate the suppression of superfluid dens-
ity capping the critical current. At lower temperatures, the
increased pinning force seems to be the dominating factor,
since an increase of J. is observed.

Figure 7 presents J.(AT,.) of samples irradiated with dif-
ferent techniques, namely slow and fast neutrons, as well as
1.2 MeV protons. They are found to degrade with nearly the
same slope at AT, > 6. This is particularly interesting, since
the defect formation processes are substantially different in
these three experiments. Especially the proton irradiation is
expected to create a large number of randomly distributed
point like defects, due to the charged nature of the incident
particle and its energy and mass. This result shows that in all
these experiments the same mechanism, or even defect type is
responsible for the degradation, since all samples, including
the unshielded sample, degrade uniformly, as shown exem-
plary in figure 7 with J, at T=30 K and B = 15 T. This plot
visualizes the influence of small defects on the lifetime of CCs
in radiation environments.

In order to further study the influence of slow and fast neut-
ron irradiation on the distribution of different defects in the
superconductor, also called the pinning landscape, the irre-
versibility field up to 15 T was measured for shielded and
unshielded samples, see figure 8. The irradiation with fast
neutrons (®f = 2 x 10> m~?) introduces new pinning centers,
increasing the irreversibility field at high fields. The introduc-
tion of small defects by irradiation with thermal neutrons, on
the other hand, only leads to a degradation. In order to visual-
ize these results, two pairs of curves with almost the same 7,
degradation were chosen for 8.

The pair of curves exhibiting the lower T, degradation of
approximately 6 K, shows that the slope of the irreversibil-
ity lines (IL) are quite distinct. While the unshielded sample
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Figure 5. Influence of neutron irradiation on J. at 15 T-30K, 40 K and 50 K;; the drawn lines serve to visualize the position of the peak

critical current.

shows a similar slope as the pristine curve but shifted to lower
temperatures, the slope of the shielded IL increases, which
agrees with the introduction of beneficial defects to the preex-
isting pinning landscape. The thermal neutrons on the contrary
only introduce small defects, however their pinning energy
cannot compete with the high thermal energies near the irre-
versibility field. Focusing on the second pair of curves shows
that at higher fluences the slope of the fast neutron irradiated
sample is reduced, which leads to a tilting backwards of the IL,
towards the pristine form. This indicates that the condensation

energy gained by pinning a flux core on a defect is reduced
at higher fluences, either due to the overall loss of superfluid
density, or the degradation of the interface between pinning
defects and the undisturbed lattice. The interfacial strain is
known to have a strong influence on the pinning force [40]. It is
conceivable that the migration and clustering of small defects
at these interfaces lead to a change of the interfacial strain and
thereby to a reduction of J;. Since the curves approach each
other at high fluences, one may assume that the degradation is
determined by the same mechanism in both samples.
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Annealing fast neutron irradiated samples at temperat-
ures up to 400°C in O, atmosphere was shown to par-
tially recover their properties [8]. Since defect mobility
increases with increasing temperature and distinct defects
should exhibit different activation barriers for recombination,
annealing provides information on the relevant defects. While
for example oxygen should be rather mobile and therefore easy
to anneal at lower temperatures, amorphous cascades are only
expected to anneal at temperatures close to the melting point
of the crystal lattice.

The available critical temperature data was normalized to
its pristine value and fitted with the linear function f(x) = kx +
d, to extrapolate to higher annealing temperatures and to visu-
alize the mean slope of the recovery of 7. in figure 9. Though

6 10

ATc (K)

Figure 7. J."(B = 15 T) curves of shielded (S), unshielded (U) and proton irradiated (P) samples at 30 K

the samples irradiated with slow neutrons and even more so
protons, should lead to a completely different defect size dis-
tribution compared to the samples irradiated with fast neut-
rons, the slope only depends on the reduction of 7 after irra-
diation, resulting in the observed linear behavior demonstrated
in figure 9(b). Since large cascades were shown not to anneal
at temperatures up to 400° [15], the recovery only comes from
removing small defects and strain in the lattice. The AT, pro-
portionality of the slopes can therefore be explained with a
uniform accumulation of the same 7, degrading defect species
in all examined irradiation experiments.

Though the here described damage processes to CCs by
thermal neutrons will not occur in fusion applications due to
the absence of a thermal peak in the neutron energy spectrum,
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Figure 8. Bi.(T) of a pristine, shielded (S) and unshielded (U) sample

the experimental results clearly show that J. and 7. of CCs in
fast neutron irradiation environments degrade due to the accu-
mulation of small defects.

3.2. Computational modeling of induced defect structures

MD simulations of the recoil process that follows thermal
neutron capture show a defect formation probability of 45, 60
and 70% for 30, 35 and 40 eV recoil energy, respectively, con-
sidering all PKA directions. As can be seen from figure 10,
the vast majority of these defects is O Frenkel pairs (intersti-
tial and vacancy pairs) at all energies, and in particular at E; =
30 eV, where these are almost the only defects generated. At
higher energies, more diverse defects are generated with an
increasing relative occurrence as compared to O Frenkel pairs,
although their density is still about one order of magnitude
lower. For what concerns vacancies, we observe a strong pre-
dominance of O1 and O4 vacancies, due to the openness of the
structure around the CuO chains, which enables the displace-
ment of atoms from the chain (O1) or from the apical site (O4)
into interstitial positions in between the chains.

The increase in total number of defects does not rise lin-
early with energy due to the fact that the threshold displace-
ment energy for the rare earth element is reached in this range.
E; = 35 eV is the closest energy to the recoil energy of Gd,
therefore these results are the most relevant for comparison
with experiments; nonetheless, the investigation of a range of
energies gives a clearer picture of the defect formation pro-
cess, keeping in mind that the potential might fail in the precise
representation of recoil processes that differ of only 5-10eV.
From these results, we obtain an average of 1-2 defects gen-
erated per PKA recoil process, as mentioned in section 3.1.

In order to assess the transferability of the interatomic
potential in the representation of GdBCO, we carried out sim-
ilar collision cascades simulations in smaller cells (3 x 3 x 2
unit cell repetitions), which were then employed as input of

DFT calculations. The obtained defect formation energies are
shown in figure 11 and selected configurations are compared
to formation energies in YBCO in appendix A. As obvious
from this plot, the defects involving only O Frenkel pairs have
a much lower formation energy than defects involving other
species, even when several O Frenkel pairs are present. In
the case of defects involving other species, O Frenkel pairs
are often present at the same time. Among all the computed
defects, two configurations were included manually because
they did not result from MD simulations. These configurations
are an O Frenkel pair involving an O2 vacancy and an O inter-
stitial in the Gd plane (E = 1.25 eV) and a swapping of Ba
and Gd atoms (Ba®d-GdB? antisites, Ef = 1.54 eV): the latter
configuration was included in the set because it was chemic-
ally reasonable to display a low formation energy, although it
might be dynamically difficult to form because the formation
process would involve the displacement of several atoms in a
concerted mechanism; the former was included because it has
been proposed as an important defect with some theoretical
and experimental basis [17], but the interatomic potential pre-
dicts it unstable. The formation energies reported here should
not be understood as the energy needed to generate the defects
in a dynamic process, but rather in a thermodynamic sense at
equilibrium conditions. Nonetheless, a high formation energy
indicates a highly unfavorable defect configuration, which can
be expected to anneal at short timescales, although an estima-
tion of annealing times and temperatures would require know-
ledge of diffusion barriers and prefactors and it is beyond the
scope of the present work.

It is difficult to assess the different pair-breaking poten-
tial of these small defects since the superconducting proper-
ties of REBCOs cannot be calculated from DFT. In addition,
several effects concur in the scattering of Cooper pairs [41]
which are currently impossible to calculate from first prin-
ciples. Nonetheless, we found that the reduction of DOS at the
Fermi level correlates well with the experimental reduction in
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T. of YBCO chemically substituted with different elements
(see appendix B), as this is strongly correlated with the super-
fluid density (see, e.g. [42]). We therefore can get hints of
which defects have a strong effect on the superfluid density by
calculating the projected DOS in the CuO, planes and com-
pare it with the defect-free DOS, see figure 12(a). From the
present calculations, the Frenkel pair involving an O2 vacancy
and an O interstitial in the Gd plane [02" — O'(Gd plane), blue
line] seems to have a stronger effect on the local DOS of the
plane as compared to O1 and O4 vacancies with O interstitial
in between the CuO chains (orange and green lines, respect-
ively), and comparable to the effect of a Gd®" antisite in the

CuO; plane (pink line). Structural models of these defects
can be seen in figure 12(b). This last defect can be intuitively
understood as the most disruptive in terms of local DOS of
the plane, so it is interesting to notice that the 02" — O (Gd
plane) defect is as effective in suppressing the DOS at the
Fermi level. Of course, in a macroscopic sample, the frequency
of occurrence of a defect is also very important, therefore
the 01" /04" — O/(chain) defects could play an important role
in the worsening of superconducting properties just because
they are more common. We would like to notice in passing
that the Gd atom is magnetic, however magnetic impurities
are not expected to be stronger Cooper pair breaking than
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Figure 12. Projected DOS of CuO planes for selected defect configurations and examples of structural models.

non-magnetic ones in d-wave superconductors [41]. Further
DOS calculations with an O2 vacancy and an O interstitial in
between the CuO chain (yellow line in figure 12(a)) show a
negligible effect on the local DOS (they still could be effi-
cient pair breaking scattering centers), therefore stressing the
importance of the O interstitial in the Gd plane which can be
understood as drawing out electrons from the CuO, plane. In
addition, we calculated the DOS in the planes in the presence
of several O1 and O4 vacancies and O interstitials in between
the chains (not shown), with distances between defects of more
than one a lattice vector, but the effect on the DOS in the CuO,
planes is comparable with the single Frenkel pairs.

All the computational results up to this point are connec-
ted with the decrease of T, in the system, but we have shown
in section 3.1 that there is an effect of small defects also on
J... For this reason, we analyzed the defect clusters generated
in our MD simulations considering a cutoff of 3.8 A (wider
spaced defects are not counted), approximately correspond-
ing to the a lattice parameter, and the results are shown in
figure 13. With this cutoff, defects belonging to adjacent lay-
ers in the structure are counted as part of the same cluster,
which should be a good criterion for the definition of a cluster
in this system. This choice is also motivated by the fact previ-
ously mentioned that Frenkel pairs placed in different layers
in the cell do not strongly affect the DOS of the other lay-
ers. We observe that single defects and pairs of defects are the
most frequent, although clusters with up to 10 defects are quite
common (figure 13(a) top). Typical gyration diameters of the
clusters are often in the order of 10 A, suggesting that these
clusters might be involved in pinning and therefore increase
of J.. It should be noted that the clusters considered here can
encompass also several atoms in ideal positions (see shaded
areas in figure 13(b)), therefore they should not be thought as
completely amorphous cascades resulting from fast neutrons

as seen in TEM (transmission electron microscopy) images
[14], also hinting at a lower pinning power.

4. Conclusions

Our experimental results show clearly the influence of small
defects on the superconducting properties of REBCO. Though
in fusion devices capture reactions of thermal neutrons are of
no concern due to the low abundance of low energy neutrons,
small defects are certain to form from other collision reactions
and lead to the same degradation, only at a slower rate. GABCO
samples were irradiated both, with the full reactor spectrum
including low energy neutrons (E < 0.55eV), as well as shiel-
ded by cadmium foil in typical irradiation experiments to pro-
tect the samples from degradation induced by capture reac-
tions. 7, (®¢) and J.(P¢) of unshielded samples were found to
degrade 14—15 times faster when compared to samples irra-
diated in shielded conditions. The fast degradation of unshiel-
ded samples stems from n— reactions of the naturally occur-
ring 1>3Gd and '3’ Gd isotope exhibiting large absorption cross
sections for thermal neutrons. This capture reaction transfers
29-33 eV of recoil energy to the Gd PKA, leading to the intro-
duction of small defects.

MD simulations of this process for 30, 35 and 40eV
of recoil energy predict a high defect formation probabil-
ity of 45%, 60% and 70% respectively. Not distinguish-
ing between the diverging influence on the superconducting
properties of different defects and only taking recoil ener-
gies of 30-35¢eV into account which are closest to the ener-
gies derived from experiments, our simulations predict the
formation of approximately 1-2 defects per incident neutron.
Considering the neutron spectrum of the TRIGA Mark II fis-
sion reactor, we estimate the introduction of 0.3-0.58 mdpa
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Figure 13. Properties of defect clusters from MD simulations and
an example of such clusters.

per ®; = 102! m~2. The absorption of low energy neutrons
in unshielded tapes causes a suppression of AT, of 7-14K
per mdpa. This compares to only AT, /mdpa= 0.6 —2.3 K in
samples irradiated with fast neutrons. The 3-23 times stronger
degradation per mdpa of unshielded GABCO samples under-
lines the significantly diverging influences of different defects
on the superconducting properties.

Results from MD simulations show the most probable
defects to form are oxygen Ol and O4 vacancies, with the
displaced oxygen most commonly forming an interstitial in
the CuO chains. Additionally, 02/03 vacancies were found to
occur, but at a 5-9 times lower abundance. In our simulations,

antisites only start to form at energies larger than 30eV of
recoil energy. In order to determine the influence of different
defect types on the superconducting properties, the reduction
of the local DOS at the Fermi level was calculated using DFT.
The defects found to have the highest abundance (01"/04" —
Oi(chain)) show the lowest influence on the DOS; however,
their large number might still lead to a strong suppression
of the superconducting properties. The 02" — O/(Gd plane)
was found to be the oxygen defect with the highest influ-
ence on the DOS and comparable to an Gd® antisite defect.
This defect is so disruptive to the local DOS not because
an oxygen atom is removed from the superconducting CuO,
plane, but because an interstitial oxygen is placed in the Gd
plane. The influence of Frenkel pairs on the DOS was found
to be spatially limited to approximately one a lattice vec-
tor, however defect clusters with a size of up to 10 A were
found to be quite common in our MD simulations. This could
provide an explanation for the unexpected high increase of
~30% of J. at 30K and 15T observed in our unshielded
samples.

The defects predicted here to be responsible for the degrad-
ation of the unshielded GABCO samples are likely responsible
in general for the degradation of samples in radiation envir-
onments. We derive this from the almost identical degrad-
ation rates of J.(AT,) at all fields and temperatures in our
samples, which were irradiated differently, with fast neutrons,
slow neutrons or 1.2 MeV protons. Furthermore, we observed
the recovery of T.(®, T,) to only be dependent on the defect
density upon annealing, which indicates that defects with the
same activation barrier and influence on the superfluid density
anneal in all investigated samples.
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Appendix A

All REBCOs show similar physical properties, however it is
in principle not correct to employ an interatomic potential
developed for one system to represent another. Development
of an interatomic potential for GdBCO is a long and tedi-
ous job which goes beyond the scope of the present work,
we therefore employed the potential developed by Gray et al
[19] for YBCO in the representation of GABCO. To motiv-
ate our choice, we calculate the formation energy of selec-
ted defects calculated with DFT for the two systems: this is
a good benchmark of the transferability of the potential, since
it was shown to reproduce fairly well the Frenkel pair form-
ation energies in YBCO [19] and we are only interested in
defect properties for what concerns the classical MD simu-
lations. The resulting formation energies, shown in figure A1,
are indeed very similar between the two systems, with differ-
ences in formation energies ranging between 0.4 and 15% of
the GABCO values.

Appendix B

We present in this section DFT calculations of the DOS
of the CuO; planes where a Cu atom has been substituted

10

GdBCO - only O Frenkel pairs

£ v GdBCO - also Ba, Gd, Cu
8 \ YBCO - only O Frenkel pairs
YBCO - also Ba, Gd, Cu
\

6_
S
)
M':u v

44 ¥ v

6 8 10

Number of defects

4 12

Figure A1. Defect formation energy from DFT in GABCO and
YBCO for configurations involving different numbers of displaced
atoms. Blue full (pink empty) circles are defects involving only O
Frenkel pairs, orange full (yellow empty) triangles involve also
other species in GABCO (YBCO).

with another transition element (Fe, Ni, and Zn). The atomic
coordinates of the substituted systems have been relaxed
according to DFT forces, while keeping the lattice vectors
fixed as to model a single impurity substituted in a per-
fect crystal. The results of our DFT calculations are shown
in figure A2(a), and the experimental reduction of T, as a
function of composition [43-45] is presented in figure A2(b).
Focusing on the lowest concentration (x ~ 0.0025), we see
that the order of T, reduction correlates well with the order
in our DOS calculations. For higher concentrations of sub-
stituting element, we see that T, for Fe substitution falls
below the Ni value, but substitution with Fe is accom-
panied by a structural transition to tetragonal symmetry
which affects even further the superconducting properties
of YBCO, and which we do not take into account in our
calculations.

Appendix C

The magnetic profile of our samples was scanned with SHPM
in liquid nitrogen at atmospheric pressure prior to and after
irradiation to exclude that macroscopic damage is responsible
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Figure A2. (a) DOS of the CuO; planes of YBCO chemically substituted with Fe (yellow), Ni (blue), and Zn (orange) as compared to the
pure DOS (black). (b) Experimental reduction of 7 from chemical substitution of Cu with Fe, Ni, and Zn taken from literature (circles:

[43], triangles: [44], squares: [45]).

for the change of the superconducting properties observed in To directly compare the influence of shielded and unshiel-
SFPTM. One example of such a scan is shown in figure A3, ded irradiation in section 3.1 two samples with practically
the difference of the maximum magnetization observable in  identical pristine J., at all fields and temperatures, were chosen
the scan correlate with the suppression of J, at 77K in self from the set. The pristine data of these two samples is shown
field. in figure A4.
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