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Abstract—Particle irradiation using light ions and heavy ions
is found to be an effective method to introduce flux-pinning cen-
ters into REBCO films and coated conductors. The degree of
enhanced critical current at various conditions depends upon the
size, morphology, and orientation of ion tracks. Proton irradiation
to the optimised fluence results in greater isotropic enhancement
at lower temperatures, the enhancement decreases as temperature
increases. Silver ion irradiation on the other hand gives a greater
enhancement at higher temperature but limited to particular angu-
lar ranges. We compare the results of these two types of irradiation
and then produce a mixed pinning landscape with a combination of
the two. We find a nearly isotropic enhancement in Ic at lower tem-
peratures and an enhancement about the c-axis direction, similar
but broader than silver irradiation alone, at higher temperatures.

Index Terms—REBCO coated conductors, ion irradiation,
critical current anisotropy, vortex pinning, intrinsic pinning,
composite pinning landscape, maximum entropy.

I. INTRODUCTION

IN RECENT years, high temperature superconducting (HTS)
wires based on REBa2Cu3O7 (REBCO, RE: rare earth ele-

ments) have been employed in many devices and technologies
contributing to high energy efficiency and low carbon energy
[1]. Achieving high critical current density and reducing the
magnetic field anisotropy of critical current are current research
goals [2], [3]. Pinning flux lines through engineered nano-scale
defects has been extensively studied [4], [5]. Particle irradiation
is one effective way to introduce additional pinning centers in a
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controlled way and with minimal disruption to the pre-existing
defect landscape. Irradiation with protons [6], [7] and with heavy
ions [8], [9] such as silver [10] can give quite distinct changes
to the material and therefore have different effects on pinning
over different conditions of temperature, magnetic field and field
orientation.

Proton irradiation creates defects which act as effective pin-
ning centers especially at lower temperature, high magnetic
field. Transmission electron microscopy (TEM) has shown that
MeV-range protons produce point-like defects [7] and would
therefore be likely to produce a nearly isotropic Ic enhancement.
Silver irradiation in the range 75 MeV–100 MeV is found to be
better than proton irradiation in creating perpendicular-field Ic
enhancement. TEM studies have shown that irradiation in this
energy range produces discontinuous columnar tracks [10], [11],
[12]. At low temperatures these tracks have also been found
to give strong isotropic enhancement to pinning through co-
operative pinning with intrinsic pins and point defects, however,
this isotropic lift is lost at higher temperatures [12]. Here, we
directly compare irradiation by 1.2 MeV protons and 125 MeV
silver ions each individually and then in a combined irradiation.

II. MATERIALS AND EXPERIMENTAL DETAILS

The tape under investigation was obtained from the AMSC
production line prior to lamination [13]. It has a 1.4 μm
thick HTS layer with nominal composition YBa2Cu3O7 +
0.25 Dy2O3 deposited by metal-organic deposition and is capped
with a 1 μm thick silver layer. The material is consistent in
its properties along the length and already engineered for high
performance at low temperature and high field.

Samples for irradiation were patterned using a nanosecond
pulsed laser to a bridge 5 mm long and 0.5 mm wide to fa-
cilitate uniform irradiation throughout the measurement area
and to maintain the critical current within a convenient range.
Irradiation with 125 MeV Ag ions was carried out at the ANU
Heavy Ion Accelerator Facility (Australia) and 1.2 MeV proton
irradiation was performed at the GNS Van de Graaff positive
ion accelerator (New Zealand). Annealing was performed in a
tube furnace under a flowing O2 atmosphere at a temperature of
300 °C for 1 hour after silver irradiation and/or 200 °C annealing
for 1 hour after proton irradiation. The lower temperature for pro-
ton irradiation avoided annealing out the smaller pinning defects
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Fig. 1. Angle dependence of the critical current of the sample before irradiation
and samples with proton, silver, and combined irradiation at temperature range
of 20 K–65 K and magnetic field of 5 T.

created with this irradiation. The combined sample was annealed
at both 300 °C (after silver irradiation) and at 200 °C (after
proton irradiation). This treatment improves the critical current
performance without annealing out the core defects created by
proton and silver irradiation [14], [15]. The critical current was
measured over a range of temperatures (20 K–77.5 K), magnetic
fields up to 8 T and magnetic field angles on a SuperCurrent
four-probe transport measurement system [16], [17] available at
Robinson Research Institute, New Zealand.

III. RESULTS AND DISCUSSION

A. Angle Dependence of Critical Current

The temperature dependences of the critical current Ic(θ)
between 20 K and 65 K at magnetic field of 5 T are shown in
Fig. 1. An unirradiated sample (pristine) and samples irradiated
with individual ions (silver irradiated or proton irradiated) and
combined sample (Proton+silver irradiated) are compared. Dis-
tinctly different angular features are seen to arise for the different
types of pinning centres arising and there is also a clear trend of
peak widths across the range of temperatures.

The pristine sample used in the current investigation has an Ic
anisotropy that varies across this temperature range. At low tem-
peratures it has a dominant and quite sharp ab-peak (90°) and a
flat background across the c-axis. The ab-peak becomes sharper
but relatively weaker going to higher temperatures until at 65 K
it is barely seen leaving the Ic almost completely isotropic. The
flat background represents the presence of isotropic pinning cen-
ters (point defects and nanoparticles) while the strong ab-peak
arises from intrinsic pinning which diminishes with increasing
temperature [18].

The proton irradiated sample using 1.2 MeV protons with
fluence 1.3 × 1016 protons/cm2 creates point defects [19], [20],
[7] which give enhanced isotropic pinning over the entire tem-
perature range. At 20 K, 5 T proton irradiation gives a factor 2.3
of c-axis Ic enhancement. Notably, the width of the ab-peak is not
significantly affected by proton irradiation. As the temperature
increases, the c-axis enhancement reduces reaching 1.38 at 65 K,
5 T. This is due to the point defects becoming less effective in
pinning as temperature increased due to the increased coherence
length of vortices [12], [20].

The introduction of columnar defects by 125 MeV silver
irradiation to a fluence of 4 × 1011 ions/cm2 results in a sig-
nificant c-axis enhancement at all temperatures. Unlike proton
irradiation, the c-axis enhancement is not reduced with increas-
ing temperature, maintaining approximately a factor of 3 at all
temperatures at 5 T from 20 K to 65 K. At low temperature the
columnar defects also produce a quite isotropic enhancement
[11] through broadening of the ab and c-axis peaks. However,
at higher temperatures the enhancement is concentrated at the
c-axis direction and at intermediate angles the enhancement of
the Imin

c decreases with temperature to the point that there is
a slight reduction in Imin

c value at 65 K relative to the pristine
sample. The silver irradiation also results in significant broad-
ening of the ab-peak at lower temperatures relative to either the
pristine or the proton irradiated samples. However, from 40 K
onwards, this broadening does not occur, and the width of the
ab-peak is approximately unchanged with silver irradiation.

The sequential irradiation of silver ions followed by protons
results in a combined pinning landscape with large number of
point defects and linear tracks parallel to the c-axis. At lower
temperatures of 20 K and 30 K, there is an overall benefit with
the combination. The introduced point and columnar defects
result in a broader c-axis peak, maintaining the same peak
enhancement as silver irradiation as well as the same isotropic
enhancement by proton irradiation. From 40 K onwards the
point defects help in broadening the c-axis peak reducing the
anisotropy relative to silver irradiation alone and maintaining
higher enhancement in c-axis direction with silver irradiated
tracks as well as a better enhancement of the angular minimum
Ic, Imin

c , than for silver irradiation alone.
Fig. 2(a) shows Ic along the c-axis for all the four different

samples with increasing temperature. The c-axis peak strength is
observed to be same for silver and combined irradiation at lower
temperature, giving no benefit of addition of protons along with
silver in bring up the 0° peak. However, the angular minimum
Ic, the Imin

c , dependence on temperature shown in Fig. 2b shows
that Imin

c is improved by the combination, a 13% increased value
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Fig. 2. Temperature dependences of the critical current in a 5 T magnetic field
for (a) perpendicular field, and (b) the angular minimum, for the unirradiated
and irradiated samples.

over silver irradiated at 20 K. From 30 K onwards individual
proton irradiation shows the greater enhancement of Imin

c .
Fig. 3 shows the 20 K angle dependence of four samples at a

range of magnetic field, 1 T–8 T. At lower magnetic field of 1 T,
silver irradiated sample and combined sample shows more than
40% increased performance over proton irradiated samples. In
this work, silver irradiation is done at lower fluence compared
to proton irradiation which results in a low density of columnar
defects compared to density of point defects. In the low magnetic
field regime, a lower density of strong pinning centers is favored
which is reflected in Fig. 4 as a better Ic performance for silver
irradiated sample in a magnetic field below 4 T. As magnetic field
increases, 5 T and above, a high density of pinning centers is
favored which results in a higher performance of the combined
irradiated sample which has a greater number of flux pinning
centers than individual irradiation. Silver irradiated sample and
combined sample shows more than 40% increased performance
over proton irradiated samples. In this work, silver irradiation
is done at lower fluence compared to proton irradiation which
results in a low density of columnar defects compared to density
of point defects. In the low magnetic field regime, a lower density
of strong pinning centers is favored which is reflected in Fig. 4 as
a better Ic performance for silver irradiated sample in a magnetic
field below 4 T. As the magnetic field increases, 5 T and above,
a high density of pinning centers is favored which results in a
higher performance of the combined irradiated sample which
has a greater number of flux pinning centers than individual
irradiation.

B. Maximum Entropy Model

The structure-property relationship between defects and crit-
ical current can be quantified by fitting the pinning profile
using maximum entropy distributions of the vortex path model

Fig. 3. Angle dependence of the critical current of the sample before irradiation
and samples with proton, silver, and combined irradiation at 20 K and magnetic
field range of 1 T–8 T.

Fig. 4. Field dependences of the critical current at 20 K (a) perpendicular field,
and (b) the angular minimum, for the unirradiated and irradiated samples.
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TABLE I
PARAMETERS OF FIT COMPONENTS IN FIG. 5

Fig. 5. Decomposition of the angular dependence of Ic into maximum-entropy
components at 30 K, 5 T for a) pristine b) sample irradiated with protons
c) sample irradiated with silver ions d) sample irradiated with silver and proton
ions.

[21], [22] as shown in Fig. 5. Two Lorentzian components (ab-
Lorentzian, broad c-axis Lorentzian) are needed for the fitting
of pristine and proton irradiated samples whereas in silver and
proton+silver irradiated samples an additional sharper c-axis
Lorentzian is also required. The peak intensity I0 and peak width
parameter Γ of the fitted components are listed in Table I, where
the Lorentzian functional form is as used in [18]. The location of
the peak reflects a dominant pinning defect while other defects
can contribute to broadening the peak through accommodating
staircase vortices [23], [24], [25], [26].

The ab-Lorentzian at 30 K represents pinning dominated
by intrinsic pinning by the YBCO structure. Interactions with
as-grown defects (isotropic pinning centers and c-axis pinning
centers give some width to this peak in the pristine sam-
ple. The addition of more point defects by proton irradiation
doesn’t change the line shape function (Γ value). However, the
addition of c-axis columnar defects by silver irradiation results

in strengthened interactions between planar pins and columnar
defects, accommodating a wider distribution of staircase vortices
and resulting in a broadening of the ab-Lorentzian peak and a
larger Γ. The combination of proton and silver irradiated defects
reduces the relative contribution of the c-axis defects and thus
reduces Γ relative to silver alone. The broad Lorentzian compo-
nent (Γ ≈ 1) in the pristine sample represents pinning by point
defects and nanoparticles already present in the sample which
are formed during the growth process as part of the optimization
of the conductor for critical current at low temperature and high
magnetic field. The addition of extra point defects by proton
irradiation results in dramatic increase of this isotropic intensity
in proton irradiated sample.

The addition of columnar defects introduces a new Lorentzian
with a strong c-axis (0°) peak in silver irradiated sample and the
combined sample. Addition of protons and silver ions results in
a slight broadening of the c-axis Lorentzian while sharpening
the ab Lorentzian relative to silver alone. The almost-isotropic
Lorentzian function has a slight c-axis bias for the pristine and
proton-irradiated samples and a slight ab-plane bias for the silver
irradiated samples with columnar defects. This is a minor shift
that can be regarded as a result of a simplified fitting process
where we use 3 components to model a hugely complex real
system.

IV. CONCLUSION

Individual proton irradiation and silver irradiation to the opti-
mized fluence results in significant enhanced c-axis pinning. The
decreased c-axis peak enhancement of proton irradiated defects
at higher temperature and limited angular range pinning benefit
of columnar defects by silver irradiation can be improved by
combining the two types of irradiations to the same fluences.
The analysis by maximum entropy model gives a comparison
of individual irradiation and combined irradiation in terms of
available vortex paths and the effective vortex pinning by differ-
ent types of pinning centers. The overall increase in the c-axis
Ic at higher magnetic field (5 T–8 T) over a broader angular
range gives an overall benefit of combining irradiations relative
to irradiations especially at lowest temperatures. At 20 K the
combination retains the low-field benefit of columnar defects
and the high-field benefit of point defects.
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