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Abstract—TIon irradiation of REBCO films and coated conduc-
tors, in which the ions pass completely through the REBCO film,
produces damage tracks which form near-ideal flux-pinning de-
fects. The radius and aspect ratio of the tracks depends on the mass
and energy of the incident ions. We have investigated the effect of Ag
ion irradiation, at different incident energies and incidence angles,
on REBCO production-quality coated conductors from American
Superconductor Corp. Transmission electron microscopy and in-
field transport critical current anisotropy analysis indicates that
the ion-energy threshold for the formation of elongated tracks is
around 50 MeV. At this energy tracks are not readily identifiable in
low-resolution TEM, and enhancement of critical current is nearly
isotropic. For a higher ion energy of 100 MeV, on the other hand,
clear elongated (but still not fully continuous) tracks are visible in
TEM, and the critical current is anisotropic with strong enhance-
ment occurring when the applied field is parallel to the ion incidence
angle. We particularly analyze the case of 60° inclined irradiation.
This produces a clear peak in the field-angle dependence of critical
current for 100 MeV irradiation, but only an incipient peak for
50 MeYV irradiation. The incipient peak can be identified by curve
fitting using a minimal number of maximum-entropy functional
components.

Index Terms—Coated conductors, critical current anisotropy,
ion irradiation, REBCO.

1. INTRODUCTION

IGH temperature superconducting (HTS) wires based on
REBa;Cu30; (REBCO, where RE = rare-earth elements
or yttrium) thick films on metal foil substrates can readily be
modified to introduce flux-pinning defects to improve critical
current (I.) performance in the presence of a magnetic field.
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The interaction between the vortex lattice and multiple popu-
lations of pinning defects is extremely complex, and a deeper
understanding of this is critical to the goal of engineering an
optimized critical current anisotropy [1], [2].

Secondary-phase or dopant inclusions and growth defects
with suitable dimensions to provide flux pinning can be engi-
neered during deposition or growth of the film [3]-[5]. Huge
gains have been made in improving flux pinning through these
methods, which can often be implemented with negligible extra
cost other than development time. A disadvantage of this ap-
proach s thatitis generally not possible to change the prevalence
or dimensions of one type of defect without having significant
knock-on effects on other defect populations or on the YBCO
matrix itself. /. enhancements are often attributed to one modi-
fication when several other factors may also be important.

Ton beam irradiation can form a useful complement to the
modifications produced in production [6]-[14]. As usual, “ir-
radiation” implies that the ions pass completely through the
REBCO film and it is the amorphized damage tracks left by
their interaction with ions in the film that serve as additional
flux pinning centers. These tracks typically have radii up to a few
nanometers, making them a close match to the superconducting
coherence length and therefore excellent pinning centers in RE-
BCO. The process of irradiation also nominally does not disrupt
the existing defect landscape, so it is nearly a perfectly additive
process. In contrast, the flux pinning that arises from the new
landscape, manifested in the critical current, is not additive in a
simple way — for example splayed irradiation columnar defects
can combine to produce a single peak that does not correspond
to an additive combination of the two individual peaks alone
[7], [10]. Thus, with ion irradiation we can create pinning
landscapes with controlled defect densities and dimensions, and
we can begin to quantify the structure-property relationship to
understand how defects combine to produce a given critical
current anisotropy.

II. EXPERIMENTAL METHODS

The starting material for this study was a long-length coated
conductor taken from the American Superconductor Corp. pro-
duction line [15]. This tape was finished with a thinner-than-
usual silver cap layer of only 1 pm thickness to minimize the
impact on the energy of the incident ion beam. No further plating
or lamination layers were added. The HTS layer, deposited by
metal-organic deposition, was approximately 1.4 pm thick and
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Fig. 1. The reduction in (a) energy and (b) the energy loss of Ag ions passing

through a Ag — (Y,Dy)BCO film stack, calculated for incident ion energies of
100 MeV and 50 MeV.

had the nominal composition YBasCuszO7 + 0.25 Dy»Og. The
excess rare-earth oxide forms incoherent nanoparticles within
the REBCO matrix and it is understood that the Y and Dy sub-
stitute for one another between the matrix and the nanoparticles.

Short samples cut from the long tape were patterned to form a
0.5 mm X 5 mm current bridge using photolithography and wet
chemical etching to match the ion beam irradiation area and to
limit the current required for characterization.

Irradiation with 50 MeV or 100 MeV Ag ions to a fluence of
2 x 10" ions/cm? was undertaken at the Heavy Ion Accelerator
Facility at the Australian National University.

Sample cross sections were prepared with a FEI Scios focused
ion beam system and images were taken with a Hitachi HF 5000
transmission electron microscope (TEM).

The transport critical current (I.) of each sample was char-
acterized over a range of temperatures, applied magnetic fields
and field angles on a SuperCurrent Measurement System [16].
The magnetic field was applied in the maximum Lorentz force
configuration, i.e., rotated in the plane perpendicular to the
transport current and the field angle 6 is here defined to be relative
to the tape normal. The electric-field criterion for determining
1. was taken as 1 pV/em.

III. ION ENERGY PROFILES

The energy E; of the ions decreases as it passes through
first the silver cap layer and secondly the REBCO film itself.
The nature of the defects generated depends on the rate of
energy loss § = dE;/dx which itself is a function of E; and
the target material. The form of S(E;) for different ions and
target materials can be calculated by Monte-Carlo simulations
and is available from the SRIM software package [17]. From
this form it is straightforward to determine both the energy and
energy loss as functions of depth through the composite sample.
This is shown in Fig. 1 for 100 MeV and 50 MeV Ag ions
incident on the sample consisting of a 1 pum silver layer on
top of a 1.4 um REBCO layer. Because of the silver layer, the
ion energy incident on the REBCO layer is significantly lower
than the initial energy and reduces further as it passes through.
The energy in the REBCO film ranges from about 73 MeV to
50 MeV and from 32 MeV to 17 MeV for incident energies of
100 MeV and 50 MeV, respectively. Similarly the energy loss
reduces from 15 MeV/umto 18 MeV/pm and from 8 MeV/pm to
12 MeV/pm for 100 MeV and 50 MeV starting ions respectively.
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(b) 50 MeV..

Fig.2. Low-resolution TEM micrograph of part of the REBCO film following
irradiation with (a) 100 MeV and (b) 50 MeV Ag ions. The ion beam was
incident from the top of the image and for 100 MeV produced the discontinuous
columnar tracks indicated by arrows. Irradiation-induced defects have not yet
been identified in the 50 MeV sample. (Y,Dy)20Os3 nanoparticles and ab-planar
defects also evident are typical of the pristine non-irradiated samples.

These energy loss ranges suggest that 100 MeV ions should pro-
duce elongated discontinuous columnar tracks, while 50 MeV
ions would produce a trail of only slightly-elongated point-like
defects [18].

IV. RESULTS
A. Microstructure

Low-resolution cross-sectional TEM micrographs of
100 MeV and 50 MeV irradiated samples are shown in Fig. 2.
The large number of 10-50 nm particles visible in the sample
are (Y,Dy)2Og3 precipitates which act to improve isotropic
flux pinning at 77 K [19]. Several horizontal extended defects
are also visible, corresponding to ab-planar defects including
Y124-type stacking faults [20]. Both the nanoparticles and
planar defects are typically present in the pristine as-received
samples. Following irradiation with 100 MeV Ag ions, extended
ion damage tracks are visible as vertical linear features. These
tracks are not continuous throughout the thickness of the film
but instead form series of co-linear columns. Similar tracks
have previously been observed for 74 MeV Ag ions [7].

In contrast, such extended tracks were not observed following
irradiation with 50 MeV Ag ions. This is consistent with the
expectation arising from the ion energy profile of Fig. 1 and Ref.
[18] that damage tracks should consist of only slightly-elongated
nanometer-sized particles for this incident energy.
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Fig. 3. Angular dependences of the critical current at 1 T applied field for
temperatures ranging from 20 K to 77 K for a pristine (as-received) sample and
samples irradiated with 50 MeV and 100 MeV Ag ions, both at a fluence of
2 x 10! jons/cm?.

B. In-Field Critical Current, Normal Incidence Irradiation

Flux pinning is most simply manifested in the DC critical
current and critical-current anisotropy, which are functions of
temperature 7 and magnetic field B. The temperature depen-
dence reflects the variation of the superconducting coherence
length which increases with increasing temperature suggesting
that smaller pinning centers should be more effective at lower
temperatures. The field dependence relates to the number density
of pinning centers, which in the case of irradiation is linked
mainly to the ion fluence, although different ion species or
energies producing different sizes of defects may play into this
as well. We show the critical current anisotropy for a pristine
sample and samples irradiated at 50 MeV and 100 MeV, both
at a fluence of 2 x 10'! ions/cm? corresponding to a matching
field (at which each ion track pins one vortex) of By = 4 T. At
this fluence, the superconducting transition temperature 7, was
suppressed by less than 0.5 K. In Fig. 3 we show /() for arange
of temperatures from 20 K to 77 K, all at a relatively low field
of 1 T, and in Fig. 4 we show the same for a moderate field of
5T
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Fig. 4. Angular dependences of the critical current at 5 T applied field for
temperatures ranging from 20 K to 77 K for a pristine (as-received) sample and
samples irradiated with 50 MeV and 100 MeV Ag ions, both at a fluence of
2 x 10" jons/cm?.

At 1T and 77 K (Fig. 3) there is a clear qualitative difference
between 50 MeV and 100 MeV irradiation. At 100 MeV a large
and distinct peak appears in I.(0) at 0° (perpendicular magnetic
field) corresponding to the irradiation direction. This reflects the
presence of highly anisotropic pinning centers—the ion tracks—
and has been well demonstrated with high-energy ion irradiation.
This gives a significant enhancement of /.. for a limited range of
angles near 0°, but then there is a reduction in /. for a range of
angles orthogonal to this direction. Taking the minimum value
of I.. for each of these curves, I.™", as a useful metric [21], there
is a clear reduction in this quantity at 77 K, 1 T for 100 MeV
irradiation. At 50 MeV on the other hand, the 0° peak is so broad
as to be barely discernible and now I, is enhanced, or at least
not reduced, over the entire angular range relative to the pristine
sample. In particular, I.™" is improved by 12%.

As the temperature is reduced, the 0° peak for 100 MeV
irradiation broadens, but also ,™" improves relative to the
pristine sample. Interestingly, by 30 K the /.(f) enhancement
is almost isotropic and I.™" is now significantly improved by
60%, becoming better even than the 50 MeV case (30%). 1.(0)
enhancement remains very nearly isotropic for 50 MeV over the
full temperature range, consistent again with the expectation that
this energy of irradiation introduces point-like defects.
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Fig.5. (a) Comparison of critical current anisotropy at 65 K, 5 T of a pristine
(as-received) sample, and samples irradiated with 50 MeV and 100 MeV Agions
at a 60° inclination to the sample normal, and at a fluence of 2 x 10'! jions/cm?.
(b)-(d) Fits to each of the data sets using maximum entropy functional forms.

At 5 T (Fig. 4), 100 MeV irradiation now gives an improve-
ment in 7.™" at 77 K, reflecting the greater importance of flux
pinning at this field and especially the fact that we are increasing
the irreversibility field for perpendicular field orientation. Again,
100 MeV irradiation produces peaks at 0° whereas 50 MeV
irradiation produces a very flat /.(0) except near the ab plane,
reflecting the columnar and point-like defects respectively. At
20 K both 50 MeV and 100 MeV irradiation produce nearly
isotropic /.(¢) enhancement. I.™" of these commercial wires is
enhanced at 20 K by 60% for 100 MeV and by 45% for 50 MeV
irradiation. The field here is greater than the matching field, so
it is likely that higher ion fluences are required to fully optimize
the pinning enhancement.
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C. Inclined Irradiation

To further examine the differences between 50 MeV and
100 MeV irradiation, we have irradiated samples with a 60°
inclination relative to the normal, again with a fluence of 2 x 10!
ions/cm?. I,(0) at 65 K, 5 T for each of these samples, compared
to the pristine sample is shown in Fig. 5(a). A clear peak is
observed at 60° for the 100 MeV case, but the peak is again
barely discernible for 50 MeV. Further, at 50 MeV there is a
similar but unexpected peak at 120°. This is explained by fitting
the pinning profile in Fig. 5(b)—(d) using maximum entropy
functions of the vortex path model [22]. For 100 MeV irradiation
the 60° peak dominates the anisotropy (Fig. 5(b)). The peak
is slightly asymmetric so requires two Lorentzian components
to fit; the broad component centered at 50° may arise as an
interaction between the multiple pinning populations present
in the sample. The “extra” peak in the 50 MeV sample is
explained in Fig. 5(c). There is a broad Lorentzian component
at 60° corresponding to the irradiation angle, then there is also a
very broad Gaussian component centered at 0° (and 180°). The
Gaussian form bifurcates when very broad giving the appearance
of two shoulders at intermediate angles. This enhances the peak
at 60° and also produces the unexpected peak at 120°. We can
see that this bifurcated Gaussian function is also present in the
100 MeV sample and even in the pristine sample (Fig. 5(d)); it
represents a population of slightly anisotropic pinning centers
with an overall c-axis alignment. The fit for 50 MeV shows
that irradiation at this energy does produce slightly anisotropic
pinning suggesting that the point-like defects are indeed slightly
elongated along the irradiation direction.

V. CONCLUSION

We have performed Ag-ion irradiation of commercial REBCO
wires at energies of 50 MeV and 100 MeV. Due to the silver
cap layer the ion energy is calculated to be reduced to 32 MeV
and 73 MeV respectively at the REBCO surface. By comparing
TEM imaging and the critical current anisotropy over a range
of temperatures and magnetic fields, we can identify a threshold
incident energy of around 50 MeV above which the ion-damage
tracks form columnar defects and below which they form point-
like defects. At a fluence of 2 x 10'" ions/cm? (matching field
4 T), the critical current at the “worst angle”, I.™" is enhanced
by up to 59% for 100 MeV ions and by up to 46% for 50 MeV
ions at 20 K. The ion fluence is not optimized and greater
enhancements can be produced at higher fluence [23].
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