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Impact Article

The effect of in situ irradiation 
on the superconducting performance 
of REBa2Cu3O7−δδ‑coated conductors
Will Iliffe, Kirk Adams, Nianhua Peng, Greg Brittles, Rod Bateman, 
Aidan Reilly, Chris Grovenor, and Susannah Speller* 

Commercial fusion power plants will require strong magnetic fields that can only 
be achieved using state-of-the-art high-temperature superconductors in the form 
of REBa2Cu3O7−δ-coated conductors. In operation in a fusion machine, the magnet 
windings will be exposed to fast neutrons that are known to adversely affect the 
superconducting properties of REBa2Cu3O7−δ compounds. However, very little is 
known about how these materials will perform when they are irradiated at cryogenic 
temperatures. Here, we use a bespoke in situ test rig to show that helium ion 
irradiation produces a similar degradation in properties regardless of temperature, 
but room-temperature annealing leads to substantial recovery in the properties 
of cold-irradiated samples. We also report the first attempt at measuring the 
superconducting properties while the ion beam is incident on the sample, showing 
that the current that the superconductor can sustain is reduced by a factor of three 
when the beam is on.
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Impact statement
REBa2Cu3O7−δ high-temperature superconductors 
are an enabling technology for plasma confinement 
magnets in compact commercial fusion power plants, 
owing to their ability to carry very high current densi-
ties when processed as quasi-single crystals in the form 
of coated conductors. In service in a fusion device, 
the magnet windings will be exposed to a flux of fast 
neutrons that will induce structural damage that will 
adversely affect the superconducting performance, but 
very little data are currently available on the effect 
of irradiation at the cryogenic temperatures relevant 
for superconducting magnets. Moreover, even room-
temperature annealing substantially affects super-
conducting properties after irradiation, so to obtain 
key technical data for fusion magnet designers, it is 
important to measure these properties in situ, under 
irradiation. This work shows that for the first time, it is 
important to consider how energetic particles directly 
influence superconductivity during irradiation because 
we observe a reduction in zero-resistance current by 
a factor of as much as  three when an ion beam is 
incident on the sample. Although neutrons will not 
interact with the material in the same way as charged 
ions, primary knock-on ions from neutron damage are 
expected to have a similar effect to the He+ ions used 
in our study.

Introduction
One option for the long-term decarboniza-
tion of electricity generation is to utilize the 
energy released when atoms with low bind-
ing energy fuse. Research into nuclear fusion 
reactors began in the 1950s and continues at an 
increasing pace in both private companies1–4 
and national and international laboratories.5,6 
Current fusion reactor demonstrators, most of 
which are based on the tokamak concept,7 use 
strong magnetic fields to confine plasmas of 
deuterium and tritium. Because the physical 
space for magnet windings is often extremely 
limited, these magnets require conductors that 
can transport very high current densities (J), 
making superconducting materials the only 

viable option. Coated conductors (CCs) made 
with a biaxially textured layer of the aniso-
tropic high-temperature superconductor (HTS) 
REBa2Cu3O7 (RE = rare-earth, REBCO) 
compounds are seen as a key-enabling  
technology for small fusion reactors,8,9 owing 
to their large engineering critical current  
densities (Je) in high magnetic fields and at 
temperatures well above 4.2 K. However, in 
service, the electromagnets in a tokamak are 
exposed to fluxes of fast neutrons10 even with 
the addition of shielding materials,11,12 and it is 
known that the performance of superconduct-
ing materials degrades as a result of the damage  
created by neutron irradiation.13–15
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As with all Type II superconductors, the critical current 
density (Jc) of the REBCO layer in a CC is determined by the 
flux pinning landscape,* produced in part by microstructural 
defects and is influenced by temperature (T), applied magnetic 
field vector (B), and strain ( ε ). As irradiation with energetic 
particles modifies the defect landscape,16,17 Jc also evolves 
with fluence ( φ)—number of incident particles per unit area—
and depends on the particular type and energy of the irradiat-
ing particles. The resultant damage level in a given material is 
often reported in units of displacements per lattice atom (dpa), 
as this unit has been shown to correlate well with macroscopic 
changes in material properties.18

The extreme conditions experienced in the toroidal field 
(TF) magnet19 in a tokamak make this a particularly chal-
lenging application for REBCO CCs, especially because of 
the smaller scale of the latest generation of tokamak reac-
tors (e.g., References 1, 4, 6). Designing these magnets for 
long-term operation will require detailed information on how 
the superconducting performance of REBCO CC at the oper-
ating temperature is influenced by simultaneous irradiation 
with both fusion spectrum neutrons and gamma rays, ideally 
with the superconductor carrying its full rated current and 
subject to high applied fields and strain. Given that no source 
of DT fusion neutrons of the appropriate fluence currently 
exists, experiments to determine J

c
(B, T , ε,φ) values under 

true fusion conditions have not been possible. The majority of 
published experimental measurements have involved irradiat-
ing the CC samples at room temperature or above, followed 
by transferring them to a cryogenic measurement system to 
evaluate the effect of the irradiation on J

c
 as a function of 

temperature and applied magnetic field. Notable examples 
of this kind of ex situ experiment include exposure of CC to 
fission-spectrum neutrons by Fischer et al.14,20 and energetic 
ions (e.g., References 21, 22). These experiments all showed 
a systematic decrease in both critical temperature (Tc) and Jc 
in low field, accompanied by a decrease in anisotropy. How-
ever, in higher applied fields, Jc values initially increase with 
irradiation damage, before decreasing with further irradiation 
until eventually there is a complete loss of superconductivity. 
The fluence at which the peak in Jc occurs has been shown to 
be dependent on the sample temperature, the type of radiation, 
the direction of the applied field, and the nature of the original 
pinning landscape in the CC.20 A more thorough description of 
these experiments can be found in Reference 23.

More recently, steps toward testing REBCO CC under 
fusion relevant conditions, such as cryogenic temperatures, 
have been undertaken. The first such experiment was reported 
by Sorbom24 who used 1.2-MeV protons to irradiate YBCO 
CCs up to ≈0.003 dpa (3 mdpa) at 80 K, 323 K, and 423 K 
before allowing the samples to return to room temperature for 
an extended period prior to performing cryogenic transport 

measurements. Sorbom’s key conclusions were that irradiating 
REBCO at a lower temperature led to a slower decline in Jc 
value with increasing fluence. It was inferred from supporting 
molecular dynamics (MD) simulations that a higher propor-
tion of the radiation-induced lattice defects formed at lower 
temperatures remained as isolated point defects because the 
slower diffusion kinetics restricted migration to and accumu-
lation at the numerous low-angle grain boundaries present in 
these materials.24 We have recently reported the first in situ 
Jc measurements on CC samples at 40 K in self-field, taken 
in between sequential irradiation doses with 2 MeV He+ ions 
without the samples being warmed to room temperature. By 
comparing the degradation in performance, when the sam-
ples were both irradiated and measured in situ at 40 K with 
samples irradiated at room temperature and then cooled for 
ex situ measurement,23,25 we showed that, although the Jc of 
both sets of samples seemed to degrade at approximately the 
same rate with increasing fluence, the Jc and Tc values of the 
cold-irradiated samples could be recovered to some extent 
after “annealing” at room temperature, whereas the supercon-
ducting properties of the room-temperature-irradiated samples 
declined slightly on further aging at room temperature. Most 
recently, Fischer et al. used proton irradiation at 77 K to inves-
tigate how annealing at 80–300 K affected the Jc and Tc values 
of damaged REBCO CC samples. Their results showed that 
there was no change in Ic values up to 110 K, suggesting that 
the irradiation-induced damage in REBCO is stable up to this 
temperature, but even short exposures to temperatures above 
110 K led to improvements in both Jc and Tc values.26 In light 
of these new in situ experiments, the apparent improvement 
in damage tolerance of CCs at low temperature reported in the 
original Sorbom study24 can now be understood to result from 
the annealing out of some of the irradiation-induced defects 
during the room-temperature excursion before the supercon-
ducting properties were measured. The recovery of CC prop-
erties upon room-temperature annealing after cold irradiation 
and the importance of establishing whether the life of fusion 
magnets can be extended by annealing, led Unterrainer et al. 
to study the effects of annealing samples after neutron irradia-
tion in a fission reactor. They found that both Tc and Jc values 
recovered on annealing at temperatures up to 200°C, with fur-
ther property recovery at higher annealing temperatures when 
an oxygen atmosphere was used.27 Even after this relatively 
small number of publications, it is already clear that irradiation 
with neutrons and ions creates lattice damage that results in a 
reduction in both the key superconducting parameters (Tc and 
Jc), and that the temperature history of the sample during and 
after irradiation is important in determining the superconduct-
ing properties and hence predicting the magnet performance 
under real service conditions.

The next step in emulating real operational conditions is 
to measure the superconducting properties while the lattice 
damage is being created (i.e., when neutrons or ion beam is 
interacting with the sample). Here, we report new experiments 
in which a GdBCO CC sample is cooled below Tc and then 

*  The size, shape, and distribution of defects relative to the char-
acteristic penetration and coherence lengths of the superconducting 
material.48
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exposed to He+ ion irradiation while transporting a supercur-
rent. This has required a substantial redesign of our original 
experimental protocols. In addition, we have increased the 
number of cold and room-temperature-irradiated samples 
measured with the beam-off, added measurements taken after 
much shorter room-temperature anneals and explored the 
effect of a sequence of cold irradiation damage and room-
temperature recovery cycles.

Experimental setup
The material used for this work was a GdBCO-based CC with 
a 2-µm-thick superconducting layer manufactured by Fujikura 
in 2018 using a combination of ion-beam-assisted deposition 
and pulsed laser deposition.28,29 Full details of the experimen-
tal setup are described in References 23 and 25. Briefly, in 
collaboration with the Surrey Ion Beam Centre (SIBC), an 
apparatus was built to measure the current–voltage (I–V) char-
acteristics of 40–50-µm-wide tracks prepared in CCs using wet 
etching and photolithography while the sample is maintained 
at 40 K and exposed to irradiation damage by 2 MeV He+ ions. 
To minimize heating of the sample, transport measurements 
were taken using square current pulses of duration <0.12 s, 
with intervals between the pulses of  >0.5 s. I–V curves were 
constructed by gradually increasing the amplitude of the cur-
rent pulse and measuring the voltage during the duration of 
the pulse. The curves were fitted to a power law to determine 
I
c
 and n-values using

where L is the track length and E
c
 is the electric field criterion. 

In line with other similar experiments (e.g., References 30, 
31), a criterion of E

c
 = 1 µV cm−1 was used to extract Ic val-

ues. Quenches that could damage the tracks were avoided by 
increasing the pulse amplitude by the smallest possible incre-
ment allowed by the power supply (0.02 A) and stopping the 
experiment when only a small voltage was measured across 
the superconducting track ( V  ≈ 30 μV). Here, T

c
 is defined as 

the temperature where the resistance of the sample is 50% 
of that measured at 100 K and the transition width ( �T

c
 ) is 

defined as the temperature range over which the sample resist-
ance changes from 10 to 90% of the 100 K resistance value. T

c
 

measurements were performed with a constant current of ≈0.1 
A ( J  ≈ 0.1 MA cm−2).

Because this study is aimed at mimicking neutron damage 
in REBCO, analysis using the SPECTRA-PKA code32,33 was 
used to define suitable irradiation parameters for our sample 
based on the neutron irradiation experiments of Fischer et al.20 
In these experiments, a GdBCO CC was irradiated in the Cen-
tral Irradiation Facility of the Vienna TRIGA reactor34 with 
fission-spectrum neutrons up to a total fluence of ≈4 × 1018 nf 
cm−2, where nf is the number of fast neutrons (defined as neu-
trons with energy >0.1 MeV). This is equivalent to a damage 
level of 4.4 mdpa accumulated at a rate of 8.3 × 10–9 dpa s−1, 
and the SPECTRA-PKA calculation suggests that oxygen 

V = E
c
L

(

I

I
c

)

n

,

primary knock-ons contribute the largest proportion (59.2%) 
of the total damage.25 SRIM┼ analysis35 was then used to 
define a suitable ion-energy combination that would allow us 
to excite the oxygen ions in the REBCO lattice. Selecting a 
dpa rate similar to that achieved in the TRIGA reactor would 
occupy the SIBC beam line for unacceptably long periods, 
so a rastered beam of 2 MeV He+ ions at a beam current den-
sity of 100 nA cm−2 was selected to provide a damage rate of 
6.4 × 10–7 dpa s−1 (≈77 times faster than the TRIGA damage 
rate) and requiring a total cumulative irradiation duration of 
≈130 min to reach damage levels similar to the maximum flu-
ence reached by Fischer et al. (4.4 mdpa).20

Following the method described by Unterrainer et al.,27 a 
furnace annealing study on one of the cold-irradiated samples 
(C4) was performed in flowing oxygen in a tube furnace. The 
sample was heated at 20°C min−1 to 150°C and held at this 
temperature for 24 h, after which the sample was allowed to 
cool naturally inside the furnace.

The samples reported in this work were tested under two 
distinct conditions, referred to as “beam-on” and “beam-
off,” respectively. An additional protocol (see Figure 1) was 
developed for the beam-on experiments to protect the sample 
from thermal runaway in the event that the beam dramatically 
degraded the superconducting properties. The beam-on proto-
col involved increasing the magnitude of the current pulses in 
coarse steps (to minimize the time taken) to determine a rough 
beam-on Ic value at which the voltage exceeds the overvoltage 
limit (i.e., V  > 30 μV). After a short delay of  >60 s to allow 
the temperature equilibrium to reestablish, a series of repeated 
current pulses of constant magnitude below this initial beam-
on Ic estimate were applied to the sample as irradiation pro-
gressed, and the stability of the voltage was monitored.

Results
Beam‑off experiments
Details of the superconducting properties of all the samples 
discussed in this work, including those for the six samples 
reported in Reference 23, are shown in Table I. These show 
that Tc > 90 K—similar to the value determined using mag-
netometry—and ΔTc < 2 K for all samples except the anoma-
lous sample RT2.ǂ Scanning electron microscopy (SEM) was 
used to determine the actual width of each track and confirms 
that the new samples reported in this work are free from cracks 
at the track edges that were commonly seen in the original 
samples reported in Reference 23 and can be attributed to extra 
care taken in the processing of the tracks (see Supplemen-
tary information Figure 1).

Figure 2 illustrates the change of Tc, ΔTc and the critical 
current density normalized to the unirradiated value for each 
sample (Jc/Jc(initial)) measured at 40 K as a result of He+ 
ion irradiation at room temperature (red) and in situ at 40 K 

┼  For parameters, see footnote 5 of Reference 23.
ǂ  Discussed in Reference 23.
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(blue). All three of these superconducting parameters degrade 
systematically with increased damage level, with the cold-
irradiated samples showing roughly the same damage rate as 
the room-temperature-irradiated samples. However, the sam-
ples that were irradiated cold show a significant increase in Tc 
and Jc/Jc(initial) and decrease in ΔTc when allowed to anneal 
at room temperature for periods of ≈1 day and then more 
gradually for much longer periods, whereas the properties 
of the samples irradiated at room temperature do not change 

significantly. This confirms our preliminary results reported 
in Reference 23 and strongly supports our original conclu-
sion that sample RT2 was anomalous. The time-dependent 
recovery of superconducting properties on holding at room 
temperature after cold irradiation is illustrated for samples C4 
and C5 in Figure 3. This shows that, for both samples, there 
is a rather rapid increase in the Tc and Ic values as a result of 
room-temperature annealing in the first 24 h for sample C5, 
but that the recovery continues more slowly over much longer 
periods ( �150 days).

In addition, a cold-irradiated and room-temperature 
annealed sample (C4) has been subjected to a further cycle 
of in situ irradiation and room-temperature annealing (Fig-
ure 3a). To allow a direct comparison with the room-temper-
ature annealing steps, the second cold irradiation experiment 
was stopped when the Ic value reached that obtained dur-
ing the first cycle of cold irradiation of ≈0.71 A (equivalent 
to Jc/Jc(initial) ≈0.05. The results shown in Figure 2 (and 
summarized in Supplementary information Table I) sug-
gest that the Jc degradation in the second irradiation follows 
a similar trajectory as during the first cold irradiation, with 
Tc and ΔTc returning to the same values that they had after 
the first cold irradiation. However, a key difference is that 
the rate of recovery of the superconducting properties after 
room-temperature annealing is substantially slower after the 
second cold irradiation step, despite them being damaged 
to the same Tc, ΔTc and Jc/Jc(initial) values prior to anneal-
ing. However, the sample cold-irradiated twice does seem to 
eventually recover to a similar degree, with Tc and Ic(40 K) 
values increasing to ≈95% and 80% of their pre-second 
cold irradiation values, respectively (although this conclu-
sion is based on only one datapoint). Finally, C4 was sub-
jected to a furnace anneal at 150°C in flowing oxygen for 
24 h. This led to further recovery of Tc, ΔTc, and Ic to values 
slightly higher than after the first room-temperature anneal, as 
shown in Figure 2 and Supplementary Table I.

Figure 1.   Schematic for beam-on testing protocol. The beam-off Ic 
is measured before and after ion irradiation (□) and the dotted line 
illustrates an extrapolation of how the Ic value could decrease gradu-
ally under irradiation. During the irradiation period, the current pulses 
are applied to the sample in two stages. First, the current is increased 
in coarse steps until an overvoltage or quench response is detected 
(A). After a short delay to allow reestablishing of the temperature 
equilibrium, several current pulses of constant magnitude just under 
this peak current value are applied so that, as the sample Ic degrades 
under irradiation, an overvoltage will be measured when the applied 
current exceeds this gradually decreasing Ic value (B), eventually 
leading to the sample quenching (C).

Table I.   Pristine sample properties.

a Only 1 I–V data set collected as sample quenched and post-quench the Ic had changed.

Track Measured Width 
(µm)

Length (mm) Tc (K) ΔTc (K) Ic (40 K)  ±  0.1 n (40 K)  ±  1 Jc (40 K)  
(MA/cm2)

C1 36 4 90.8 0.7 5.1 21 7.1

C2 38 4 90.2 1.3 12.3 24 16.2

C3 46 2 90.3 0.9 14.2 26 15.4

C4 46 2 90.5 0.9 14.1a 30a 15.3a

C5 48 2 91.0 1.3 15.8 26 16.5

RT1 34 4 90.2 0.9 9.2 23 13.5

RT2 37 4 89.6 1.6 7.2 21 9.7

RT3 40 2 90.8 1.2 8.9 30 11.1

RT4 49 2 90.7 1.7 12.2 25 12.7

RT5 54 2 90.5 0.9 15.0 27 13.9

RT6 42 2 90.6 1.2 14.3 17 17.0
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Beam‑on experiments
Figure 4 shows the results of the beam-on experiments per-
formed on sample C5 using the protocol shown in Figure 1. 
Beam-on tests were not performed during the first irradia-
tion steps to ensure that this sample was reacting to the 
irradiation in a manner similar to previous in situ-irradi-
ated samples, thus, minimizing the potential of blowing up 
the track. During the second irradiation step, the magnitude 
of the current pulse was increased to 6 A before an over-
voltage (>30 µV) was detected. The current pulse ampli-
tude was then reduced to 5 A and maintained at that level 

for 13 consecutive 0.12 s pulses as the ion beam gradually 
added damage to the sample. Of these 13 pulses, three led 
to no measurable voltage response, three to a noisy voltage 
response (<30 μV), five to an overvoltage (>30 μV), and 
the final pulse led to a resistive quench (≫30 μV). A beam-
off measurement was then performed, which confirmed 
that the sample had recovered from the quench, because 
the beam-off degradation of Jc followed the expected trend 
from the previous in situ beam-off measurements. Further 
beam-on measurements were performed during subsequent 
irradiation stages. The maximum current that could be 

Figure 2.   Evolution of the critical temperature Tc (a), the transition width ΔTc (b), and the critical current density (Jc) (c) relative to its initial, unirradi-
ated value [Jc(initial)] at 40 K. Samples C1–5 were irradiated and measured in situ at 40 K without a warming step and samples RT1–6 were irradi-
ated at room temperature and then cooled for measurement. Filled blue arrows indicate changes due to room-temperature annealing. The top axis 
shows the cumulative fluence of 2 MeV helium ions to the sample. Specific to sample C4 is “reIrr,” which indicates data collected during and after a 
second cold irradiation step, and “furn,” which indicates data collected after furnace annealing at 150°C.

Figure 3.   Evolution of the critical temperature—Tc,50% and normalized critical current density at 40 K—Jc/Jc(initial)—of cold-
irradiated samples (a) C4 and (b) C5 on annealing at room temperature. Both Tc,50% and Jc/Jc(initial) values show an initial quick 
recovery over 1–2 days after cold irradiation followed by a further slower recovery over extended periods.
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applied without a voltage being detected in the third irra-
diation stage was significantly lower than in the second 
irradiation stage (3 A compared to 5 A). Moreover, as the 
overall damage level increased during the third and fourth 
irradiation stages, pulses that led to voltage noise, over-
voltages, and resistive quenches became more common, 
even though the applied current was reduced.

As we became more familiar with the behavior of the sample 
under ion-beam irradiation, test conditions such as the pulse 
length and measurement frequency were varied to further probe 
the sample performance. The results of a test of temperature and 
voltage stability under beam-on conditions—labeled #56 in Fig-
ure 4—are shown in Figure 5. This involved applying a 2.5 A, 
100 s flat top pulse to the sample to assess whether the com-
bination of rastering the beam and applying a continuous test 
current that was expected to elicit a voltage response affected 
the sample temperature and the nature of the voltage response. 
This test showed that the voltage across the superconductor 
was consistently noisy, but <30 µV that the temperature of the 
sample did not rise significantly, and that the voltage response 
occasionally spiked during a period where current was applied 
for >500 times longer than the normal current pulse used in the 
rest of the experiments, and 50 times longer than the rastering 
cycle period of the ion beam.

Discussion
Beam‑off experiments
The results of the beam-off experiments, summa-
rized in Table  I, show that both the tracks previously 

reported (C1, C2, and RT1–4) and the new samples (C3–5 and 
RT5–6) have a spread of starting Jc values that can be attrib-
uted to local variations in microstructure of the CC. However, 
the initial Tc and ΔTc values for all the samples are >89 K 
and <1.7 K, respectively, indicating that the REBCO layer is 

Figure 4.   Current pulses applied to sample C5 during the 2nd (black), 3rd (red), and 4th (magenta) helium ion irradiation stages. 
Open circles (○): no measurable voltage response throughout current pulse. Filled circles (●): noisy voltage response during cur-
rent pulse, but did not exceed 30 µV. Open triangles (△): overvoltage detected. Filled triangles (▲): resistive quench of sample. 
Closed squares (■): Ic measurements while the beam was off. Numbered experiments refer to tests described in the Supplemen-
tary information.

Figure 5.   Time trace for sample current (Isc), measured sample 
voltage (Vsc) and temperature readings (Tch on the sample stage and 
Ti+ on current lead) for beam-on experiment #56 in which a constant 
current was applied for 100 s. The expected maximum range of noise 
in the voltage signal is also shown based on recording the voltage 
signal through the sample transporting 0.1 A in the superconducting 
state with the beam-off. This shows that despite spikes of voltage 
outside the range of expected noise, peaking in the period between 
40 and 80 s, Ti+ was controlled within ± 1 K of 40 K throughout.
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not significantly damaged by the track fabrication process. 
Further to the results reported in Reference 23,  the additional 
samples show a systematic decline in Tc at the rate of 5.5 K 
mdpa−1 and Jc/Jc(initial) at 25–45% mdpa−1 for both cold and 
room-temperature irradiation. This Tc declination rate is higher 
than the sample-independent rate reported by Fischer et al. for 
irradiation with fission-spectrum neutrons (2.4 K mdpa−1,20) 
and much higher than the 0.02–0.2 K mdpa−1 range inferred 
from data reported by Haberkorn et al.,36 Jiao et al.,37 and 
Civale et al.38 due to proton irradiation. The new in situ sam-
ples showed a similar recovery in properties to the previously 
reported samples on room-temperature annealing, with meas-
urements taken after shorter annealing times for sample C5 
(Figure 3b) suggesting a rapid initial recovery of the supercon-
ducting properties of these GdBCO tracks in the first days, fol-
lowed by a gradual further recovery over much longer periods. 
Repeated in situ irradiation and room-temperature annealing 
of sample C4 (Figure 3a and in more detail in Supplementary 
Figure 3) show that the damage and recovery process can be 
reproduced on the same sample.

Fischer et al.26 have shown similar recovery behavior at 
temperatures as low as 110 K in proton-irradiated REBCO, 
which suggests at least one recovery mechanism must have 
a low activation energy (Ea). Unterrainer et al.27 have also 
explored recovery in neutron-irradiated samples at higher tem-
peratures, showing that processes with much higher activa-
tion energies (only activated above 500 K) are also important 
in controlling Tc and Jc values if the loss of oxygen can be 
avoided. We have added our observation above that anneal-
ing a He+-irradiated sample in oxygen to 420 K for 24 h also 
recovers the Jc beyond the values achieved by long-term 
annealing at 300 K.

There seems, therefore, to be a general consensus that cold 
irradiation, by protons or He+ ions, leads to the creation of 
types of point defects that are different than those generated 
by room-temperature irradiation—some that have relatively 
high activation energies (Ea) for migration and, hence, remain 
essentially immobile at room temperature, but can be annealed 
out at higher temperatures, and others that have much lower 
activation energies and can be removed even at 110 K. Given 
that we would expect the concentrations of these defects to 
increase roughly linearly with irradiation fluence,18,39 there 
should be a systematic buildup of both immobile and mobile 
defect concentrations during irradiation at 40 K, followed in 
our annealing experiments (at 300 K and 450 K) by a decrease 
in the concentration of the defects that are mobile at each tem-
perature. We illustrate in Figure 6 how a population of irra-
diation-induced defects with a distribution of Ea values could 
respond to annealing, and lead to a Jc performance similar to 
that we report in Figure 3. We are not able to propose the exact 
nature of the immobile and mobile defects, nor to speculate 
on what kind of defects are more detrimental to the supercon-
ducting properties, but note that Tolpygo et al.40 conclude that 

plane site defects are much more detrimental to Tc than chain 
site disorder, and that Gray et al.41 and others42–44 show that 
oxygen within REBCO is most easily displaced by irradiation 
because of its lower mass and relatively lower threshold dis-
placement energy than the other ionic species in the REBCO 
lattice. To understand this in more detail, it will require inves-
tigation using experimental and modeling techniques that can 
identify the type of point defects generated under different 
damage conditions.

Because we are proposing that some of these specific 
defect populations can be reduced by annealing at room 
temperature, it is perhaps surprising that the rate of decline 
of Jc/Jc(initial) is similar for both in situ samples irradi-
ated and measured at 40 K and ex situ samples irradiated at 
room temperature (Figure 2c). We speculate that this can be 
explained by dynamic annealing of the more mobile defects 
during room-temperature irradiation to effectively reduce the 
damage rate. This seems to be confirmed by the observation 
that there  is no improvement in superconducting proper-
ties in the ex situ samples after further room-temperature 
annealing, noting that the time between irradiation and test-
ing is typically several days. Therefore, we propose that the 
defect landscape created during irradiation is not the same 
at 300 K and 40 K, despite the apparent similarity in the 
rate of superconducting property degradation. It is possible 
during room-temperature irradiation that defects mobile at 
this temperature do not simply diffuse to sinks or mutually 
annihilate during irradiation, but they combine into more 
stable defect clusters that can only then be removed at higher 
annealing temperatures. Further investigation of the micro-
structural differences between ex situ irradiated and in situ-
post-annealed samples is, therefore, needed.

Figure 6.   Schematic illustrating how (a) critical current density and 
(b) the populations of different types of defects—those immobile even 
at 420 K (high Ea–), immobile at 300 K but mobile at 420 K (inter-
mediate Ea) and those that become mobile at 300 K (low Ea)—could 
combine (−) to result in the recorded change in critical current density 
with increasing damage level and annealing of sample C4.
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Beam‑on experiments
The results from the beam-on experiments (Figure 4) indicate 
that the superconducting performance of the REBCO tracks is 
substantially degraded under ion irradiation, which suggests 
that direct interactions with the energetic ions may adversely 
affect the superconducting state. However, we must first con-
sider the possibility that, owing to insufficient cooling power, 
direct heating by the ion beam is gradually raising the tem-
perature inside the REBCO layer and consequently reducing 
Ic. Preliminary tests on sample C5 suggest that the sample 
temperature would need to increase from 40 to ≈65 K for the 
Ic to drop to ≈1/3 of its beam-off value whereas temperature 
sensor data show deviations in temperature of less than ±1 K 
during the ion irradiation of this sample (see Supplementary 
Figure 2). Even during the long pulse experiment, Figure 5 
shows that application of the ion beam and a current of 2.5 
A did not result in the temperature of the sample rising by 
>1 K, and the temperature control system acted sufficiently 
quickly to avoid any further temperature rise without reduc-
ing the heater output to zero. Although this gives us some 
confidence that there is no significant increase in tempera-
ture around the sample location during beam-on conditions, 
temperature increases in the narrow REBCO tracks cannot 
be completely ruled out as there is no temperature sensor in 
direct contact with the sample. However, a simple calculation 
based on modeling the REBCO layer as an isolated slab con-
taining a random distribution of point heat sources with the 
surfaces of the slab held at a fixed temperature, the known flux 
of He+ ions, the energy deposited in the REBCO layer per ion 
from SRIM calculations and the film thickness suggest that the 
maximum temperature rise within the REBCO layer would be 
of the order of 10–4 K (for details, see Supplementary informa-
tion). We, therefore, conclude that the temperature rise in the 
sample during beam-on experiments is negligible compared to 
that required to reduce sample Ic to ≈1/3 of its beam-off value, 
and that it is some form of direct interaction with the ion beam 
that is affecting the superconducting properties of the track and 
reducing the current carrying capacity.

Energetic ions can interact and transfer energy to solid 
matter in two distinct processes: nuclear stopping and elec-
tronic stopping. In the nuclear stopping mechanism, energy 
is transferred from the incident ions to atoms in the material 
via elastic nuclear collisions. Provided the initial impact is 
sufficiently energetic, the target atom can be knocked out of 
its lattice site with enough energy to displace more atoms in 
the lattice, resulting in a small volume of material contain-
ing a concentration of point defects far above the equilibrium 
value.18 If enough of these defects are formed locally, they 
may be condensed into a collision cascade where the crystal 
structure is lost, but there is no evidence that He+ ions create 
this kind of gross damage.45 The ballistic phase of the cascade, 
where atoms are being displaced, typically lasts for a fraction 
of a picosecond, and is followed by a slower relaxation process 
during which defects migrate and recombine, generally leav-
ing some residual structural damage. MD simulations by Gray 

et al.41 suggest that the defect structure in YBCO stabilizes 
within 1 ps, although any thermal effects are likely to take 
slightly longer to recover.44 Presumably superconductivity 
would be disrupted locally within these regions, at least tem-
porarily, even if there is minimal residual structural damage.

The electronic stopping mechanism involves charged inci-
dent beam ions undergoing a series of inelastic interactions 
with electrons, thereby losing energy gradually as they pass 
through the material. The subsequent thermalization of the 
highly excited electrons is expected to break numerous Cooper 
pairs, generating regions in the material where superconduc-
tivity is suppressed. If a transport current is present, it will 
redistribute to avoid these volumes, locally raising the cur-
rent density. This mechanism is exploited in superconducting 
nanowire single photon detectors (SNSPDs)46 where a trans-
port current is chosen so that, when an electron is excited by 
an incoming photon, the local current density either exceeds 
Jc temporarily or superconductivity is sufficiently suppressed 
to allow vortex movement within the track, generating a spike 
in voltage that can be detected.47

To assess which of these mechanisms is more likely to be 
responsible for the observed degradation in Ic value of the 
tracks, we have carried out some simple calculations based on 
the irradiation conditions of our experiment. Because He+ ions 
arriving at the REBCO surface are traveling at a velocity v ≈ 
107 m s−1 and at a flux J = 6.25 × 1015 m−2 s−1, the volume of 
sample containing one ion is v

J

≈ 1.6 × 10–9 m3. This is sev-
eral orders of magnitude larger than the track volume (~2 m
m × 50 μm × 2 μm = 2.10–13 m3) so we can assume that ions are  
traveling through the film one by one, even though we are 
using relatively high ion fluxes to accelerate the damage rate. 
Based on the total energy deposited in the REBCO layer per ion  
(calculated by SRIM to be 4.8 × 105 eV) and the known flux of 
He+ ions, we find that an energy of approximately 0.5 eV per 
unit cell per second is deposited into the REBCO layer. Over the 
course of a 120 ms measurement pulse, this equates to 60 meV 
per unit cell per pulse. This is several orders of magnitude larger 
than the condensation energy of YBCO (≈0.2 meV) so it is rea-
sonable to assume that there is sufficient energy deposited in the 
REBCO layer by electronic stopping of the He+ ions during the 
measurement current pulse to severely disrupt the superconduct-
ing state. Moreover, the SRIM results suggest that these elec-
tronic interactions account for 99.9% of the energy deposited 
directly in the REBCO layer, making this a much more likely 
candidate than nuclear interactions to explain the weakening 
of the superconducting state under irradiation with He+ ions.

Conclusions
Here, we report on further experiments investigating the 
recovery of the superconducting properties of biaxially tex-
tured GdBCO layers after 2 MeV He+ ion irradiation while 
the sample is maintained at 40 K, starting from both a pristine, 
unirradiated condition and after cold irradiation. Our results 
suggest that the defects created during cold irradiation have 
a range of activation energies, so that some can be annealed 
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out—leading to the recovery of the superconducting prop-
erties—at temperatures below 300 K for defects, others at 
300–420 K, and a final group with higher activation energy 
that remains even after annealing at 420 K. This concept gives 
a clear focus for future modeling experiments to identify the 
nature of these defects so that the community can consider 
how to maximize the potential for recovery stages to reverse 
the degradation of superconducting properties after irradiation.

Using our new beam-on experimental protocol, we report 
that the voltage responses characteristic of the onset of insta-
bilities and quenches are detected in CC tracks at much lower 
current densities during irradiation with 2 MeV He+ ions than 
the Ic values measured both before the ion beam is switched 
on and after it is turned off. After careful consideration of the 
possibility of this being a result of beam and/or ohmic heating 
effects, we conclude that this is a result of direct interactions 
between the energetic charged particle beam and the supercon-
ducting charge carriers. This interaction leads to a destabiliza-
tion of the superconducting state, specifically by the release of 
energy from the ion beam to the REBCO layer by electronic 
stopping, and  this results in the breaking of a large number of 
Cooper pairs per incident ion.

The in-service conditions of magnet components in a 
fusion machine will involve primary collisions with energetic 
neutrons rather than light ions, and in the absence of Coulom-
bic interactions, we could expect no similar degradation effect. 
However, neutrons do generate both collision cascades and 
more widespread general lattice damage in REBCO,17 and so 
the primary knock-on ions generated from ballistic collisions 
with incident neutrons can then act like the He+ ions as the 
source of electronic stopping damage that will degrade the 
superconducting properties. The flux of neutrons in magnet 
components will be much lower than the accelerated condi-
tions we have used here, but we note that each incident neutron 
will be able to generate thousands of primary and secondary 
knock-on ions.§ We further suggest that the preliminary in situ 
experiments reported here indicate that the effect of irradia-
tion damage on the performance of magnet windings will be 
impossible to avoid completely under fusion operation condi-
tions, and so must be taken seriously in the design of super-
conducting electromagnets for fusion applications.
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