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Abstract

Optimisation of REBCO coated conductor tapes specifically for use in nuclear fusion will help improve
the magnet component lifetimes in future tokamak reactor power plants. The focus of this work was
exploration of a novel approach to irradiation studies on REBCO tapes, utilising multiple magnetic
measurements to probe evolution of the REBCO flux-pinning landscape more deeply than reported in
other studies, for the purpose of identifying primary limiting factors affecting performance. Gamma
irradiation experiments were conducted, and pre-/post-irradiation results from DC and AC magnetic
measurements using a Physical Properties Measurement System (PPMS) are discussed. Magnetisation
critical current density (J.) decreased in all samples with increasing dose, except for the silver
overlayer-only samples which did not contain artificial pinning centres (APCs), where J. increased with
dose. Removal of the copper stabiliser coupled with the presence of APCs allowed gamma irradiation
to induce pinning force maximum peak shifts, from above 14 T before irradiation to below 9 T
afterwards. Flux creep rate varied with the evolving pinning landscape, and the degree of J.
degradation directly correlated with creep rate fluctuations post-irradiation. Changes in critical
temperature and diamagnetic saturation also corresponded with changes in J. and flux creep rate. The
major conclusion from this study was that minimisation of flux creep rate is the key to maintenance
of performance under fusion-relevant operating conditions. Flux creep manifests as problematic AC
losses in all high-temperature superconducting machines, therefore future work will focus on
reduction/prevention of the phenomenon to enhance longevity of performance in any application.
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1. Introduction

The favourable properties of REBCO coated conductor tapes and the well-established production
methods have brought these tapes to the forefront of tokamak fusion research [1, 2]. Magnet
materials experience harsh conditions inside a tokamak: high magnetic fields, high input currents, and
intense neutron and gamma radiation [3]. Under these conditions, magnet longevity is an issue due
to short expected lifetimes, high costs associated with replacement, and supply chain concerns.

In the literature, it is established that under high applied magnetic fields, fast neutrons can enhance
critical current density (J.) via the introduction of nm-scale collision cascades up to a maximum
fluence, often around 1-2 x 10?% neutrons/m? above 10 T, before degradation when further exposed
[4-6]. The onset of degradation occurs at lower fluences when tape REBCO layers have a higher pristine
sample defect density, due to the presence of artificial pinning centres (APCs) [7]. Literature on the
effects of gamma rays is inconclusive [8-10].

For optimisation of REBCO tapes in fusion applications, performance testing under fusion-relevant
operating conditions (20 K and very high magnetic fields above 10 T) before and after irradiation is
required. Critical parameters in REBCO are very sensitive to irradiation [11], and the evolution of
functionality in a tape is dependent on applied temperature and field. Magnetometry probes the flux-
pinning landscape, providing insight into screening capability and flux dynamics [12]. The combination
of multiple magnetic property analyses will improve our understanding of the underlying mechanisms
behind irradiation-induced performance evolution in REBCO tapes, with the aim of this work being
identification of the key performance-limiting factors at low temperatures and high fields.

There is extensive literature on the effects of irradiation on REBCO functional properties [4-11, 13-23].
Therefore, the purpose of this study was to take a different direction, using the knowledgebase
acquired through previous REBCO irradiation work, but moving away from solely improving
mechanistic understanding of irradiation effects by beginning to address the irradiation-induced
issues. This study was intended as a relatively quick piece of work to evaluate the universal issues
affecting degradation of performance in any REBCO tape sample under fusion-relevant conditions,
acting as a compass pointing towards the most urgent direction necessary for fusion-tape
development.

Gamma irradiation was chosen in this study because gamma rays are expected to bombard tokamak
magnets, yet gamma effects on REBCO tapes are poorly understood. Pre-/post-irradiation magnetic
testing comprised of DC moment versus field hysteresis loop, DC magnetic relaxation, and AC
susceptibility measurements.

The results from magnetic testing on gamma irradiated tape samples are discussed. Overarching
themes affecting degradation of performance after irradiation, irrespective of pristine flux-pinning
landscape in the tape, and the connections between different types of measurement data are also
explored. This work demonstrates the complex relationship between pristine pinning landscape and
evolution of performance under irradiation.

2. Methods
2.1. Samples and Irradiation

The tapes examined in this work were 3 SuperPower 4 mm wide SC54050 GdYBCO samples (Figure 1).



Each had 0, 7.5 or 15 % additional Zr by weight within the REBCO layer for BaZrOs; nanocolumn APC
generation, and sections of the tapes were chemically etched after receipt to remove the Cu stabiliser
prior to irradiation, providing analogous Ag-only samples (in total, 6 samples for post-irradiation
analysis).
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Fig. 1 Schematic diagram of a SuperPower SCS4050 REBCO coated conductor tape [24]

Gamma irradiation experiments were carried out at the Dalton Cumbrian Facility. The REBCO tape
samples were irradiated with Co-60 gamma rays up to 1 kGy and 1 MGy doses. The irradiation angle
was parallel to the REBCO c-axis.

2.2. Measurement Setup

Magnetometry measurements were conducted on the tape samples using the AC magnetic
susceptibility (ACMS) operational mode of the Quantum Design PPMS® DynaCool™ Physical Property
Measurement System (PPMS) at the UKAEA Materials Research Facility (MRF). The PPMS in the MRF
is intended for characterisation of functional properties in radioactive/irradiated materials. For all
measurements, 3 mm disk samples were cut from the tapes prior to irradiation (and for the Ag-only
samples, after chemical etching of the Cu stabiliser) using a SPI Supplies #17001-AB precision TEM disk
punch, and magnetic fields were applied parallel to the REBCO c-axis.

During AC susceptibility measurements, a 0.001 T AC drive field with a frequency of 777 Hz was also
applied along with the DC field. The applied temperature (20 K) in the DC measurements and applied
field (14 T) in the AC (and DC magnetic relaxation) measurements were chosen to simulate fusion-
operating conditions most accurately.

Different samples from each tape were used for pre-/post-irradiation magnetometry examination,
with analysis based on the assumption of REBCO thickness uniformity. To verify that measured post-
irradiation changes were induced by the gamma rays, repeat measurements were conducted on 3
non-irradiated samples from the 7.5 % tape, and the data were collated in Figures 2-6 and Tables 1
and 2. Calculated J. values for the repeat samples were higher than in the pre-irradiation sample from
the same tape shown in Figures 8 and 11; the samples in Figures 2-6 were measured ~ 10 months later
after a renewed ACMS mode calibration.
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Fig. 2 Magnetisation critical current density versus magnetic field strength for 3 repeat samples of the
7.5 % Zr tape — Jc values calculated at 20 K
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Fig. 3 High field zoom-in of magnetisation critical current density versus magnetic field strength for 3
repeat samples of the 7.5 % Zr tape — J. values calculated at 20 K

Repeat Sample Jc (Am™?)

1 1.81E+10
2 1.77E+10
3 1.80E+10

Mean value — 1.79E+10

Margin of error — 2.58E+08
Confidence level — 99 %
Standard deviation — 1.73E+08
Table 1 Magnetisation critical current density values calculated at 20 K and 13.85 T for 3 repeat
samples of the 7.5 % Zr tape - related statistical parameters are also included
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Fig. 4 Normalised pinning force versus magnetic field strength for 3 repeat samples of the 7.5 % Zr
tape — Fp values calculated at 20 K
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Fig. 5 Natural logarithm of volume magnetisation versus natural logarithm of time for 3 repeat samples
of the 7.5 % Zr tape at 20 K and 14 T - flux creep rates equal the line of best fit gradient (dashed lines)
Repeat Sample Flux Creep Rate
1 3.3E-02
2 2.7E-02
3 4.0E-02

Mean value — 3.33E-02

Margin of error — 7.90E-03

Confidence level — 99 %

Standard deviation — 5.31E-03

Table 2 Flux creep rates calculated at 20 K and 14 T for 3 repeat samples of the 7.5 % Zr tape - related
statistical parameters are also included
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Fig. 6 AC susceptibility versus temperature for 3 repeat samples of the 7.5 % Zr tape — susceptibility
valuesat 14 T

Pre-irradiation, 3 tape samples were analysed: 1 sample from each of the parent tapes. Post-
irradiation, 12 tape samples were analysed: 4 samples from each of the parent tapes; 1 Cu-stabilised
and 1 Ag-only sample at both 1 kGy and 1 MGy gamma doses.

All profiles for each specific sample were generated from measurements on that same individual
sample in a single experimental sequence, and the consistent trends in functional property changes
seen across all the irradiated samples will be discussed in the upcoming Results and Discussion section.

2.3 Data Analysis Calculations

Values for magnetisation-J. values were calculated from DC magnetic moment versus applied
magnetic field hysteresis loops using Bean’s critical state model for a thin film: Jc = (15 x Am)/(V x 1),
where Am is the magnetic moment difference, V is REBCO layer volume and r is the sample radius
(Figures 2 and 3) [25]. Overall pinning force values (Fy) were calculated using the equation: F, = J. x B,
where B is magnetic field (Figure 4). Flux creep rates were calculated from DC magnetic relaxation
measurements using the (- d In M)/(d In t) line of best fit gradient, where M is the volume
magnetisation and t is time (Figure 5) [26, 27].

3. Results and Discussion

3.1. DC Magnetic Data
3.1.1. Magnetisation Critical Current Density

After gamma irradiation, there were patterns in J. changes for each tape. Error values for the
calculated J. values were assumed to be the same as in Table 1.

For the 0 % tape (Figures 7 and 10), J. decreased with increasing dose in the Cu-stabilised samples
whilst Jc increased in the Ag-only samples.

For the APC-containing tapes, J. decreased in all 4 irradiated samples, to a greater extent in the Ag-
only samples (Figures 8,9, 11 and 12). The post-irradiation reduction in J. was larger in the 15 % tape
relative to the 7.5 % tape. Interestingly, for the 15 % tape, J. in the Cu-stabilised samples increased
between 1 kGy and 1 MGy irradiation; in the 7.5 % Cu-stabilised and all 4 APC Ag-only samples, J.
decreased between 1 kGy and 1 MGy irradiation at very high fields (below 10 T, J in the 7.5 % Cu-
stabilised samples was higher after 1 MGy, but above 13 T, J. was lower after 1 MGy).

In the upcoming sections, the underlying mechanisms behind these changes in J. will be investigated.
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Fig. 7 Magnetisation critical current density versus magnetic field strength for the 0 % Zr tape prior to
gamma irradiation, and the Cu-stabilised and Ag-only samples after 1 kGy and 1 MGy gamma
irradiation — J values calculated at 20 K
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Fig. 8 Magnetisation critical current density versus magnetic field strength for the 7.5 % Zr tape prior
to gamma irradiation, and the Cu-stabilised and Ag-only samples after 1 kGy and 1 MGy gamma
irradiation — J. values calculated at 20 K
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Fig. 9 Magnetisation critical current density versus magnetic field strength for the 15 % Zr tape prior
to gamma irradiation, and the Cu-stabilised and Ag-only samples after 1 kGy and 1 MGy gamma
irradiation — Jc values calculated at 20 K
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Fig. 10 Magnetisation critical current density values at 20 K and 13.85 T for the 0 % Zr tape prior to
gamma irradiation, and the Cu-stabilised and Ag-only samples after 1 kGy and 1 MGy gamma
irradiation
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Fig. 11 Magnetisation critical current density values at 20 K and 13.85 T for the 7.5 % Zr tape prior to
gamma irradiation, and the Cu-stabilised and Ag-only samples after 1 kGy and 1 MGy gamma
irradiation
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Fig. 12 Magnetisation critical current density values at 20 K and 13.85 T for the 15 % Zr tape prior to
gamma irradiation, and the Cu-stabilised and Ag-only samples after 1 kGy and 1 MGy gamma
irradiation



3.1.2. Overall Pinning Force

To supplement the J. analysis, overall F, versus field profiles were calculated. A theory that will be
discussed in this section is the idea of overall F, profiles probing changes in dominant pinning centre
within the flux-pinning landscape via shifts in the field strength at which F, max Was observed.
Transitions in dominant pinning mechanism, from strong individual pinning by nm-scale
microstructural defects (such as APCs, grain boundaries and dislocations) to weak collective pinning
by Frenkel pair point defects, are caused by the reduction in ab-axis coherence length with increasing
radiation dose [13, 27, 28].

For the 0 % sample, the overall F, profile did not change significantly post-irradiation (Figure 13).
Fo max Was not observed below 14 T in all 4 irradiated samples.

In APC-containing tapes, APCs act as the dominant pinning centre in a landscape also occupied by
other microstructural defects of varying pinning strengths (in the order of APCs > REBCO nm-sized
defects > point defects) [27]. In all 4 APC-containing Cu-stabilised samples, the F, profile gradient did
not strikingly change post-irradiation, and Fy max remained unobservable below 14 T (Figures 14 and
15). However in all 4 Ag-only samples, F, max dramatically shifted to lower field strengths below 9 T.
After 1 MGy irradiation, both the 7.5 % and 15 % Ag-only sample F, max peaks were found at marginally
higher field strengths than observed in the corresponding 1 kGy irradiated samples.

The shift in F, max to lower field strengths below 9 T in the APC-containing Ag-only samples was
suggestive of a partial transition, or perhaps the onset of a transition, in dominant pinning mechanism
after gamma irradiation. Previously, reduction in APC pinning energy has been accredited to
irradiation-induced changes in coherence length [27]. The presence of APCs is also known to decrease
the irradiation dose at which the transition in overall pinning mechanism occurs, leading to higher
rates of degradation compared to non-APC tapes [7]. A gamma-induced transition to weak collective
pinning by oxygen point defects present within the REBCO layer may explain the remarkable shift in
Fo max to lower field strengths. Collating this information, it would then make sense why the 15 % Ag-
only samples displayed lower Fy max field strength peaks (after 1 kGy, 5.95 T; after 1 MGy, 6.4 T) relative
to the analogous 7.5 % samples (after 1 kGy, 6.1 T; after 1 MGy, 8 T). Though, the Fp max shift to higher
field strengths after the 1 MGy dose in both APC-containing samples was unexpected.

From these profiles, connections between the presence/absence of the Cu stabiliser and
presence/absence of APCs on resulting F, max peak field strength shifts after gamma irradiation were
noted. Removal of the two 20 um thick Cu stabiliser layers in combination with the presence of APCs
allowed gamma rays to alter the flux-pinning landscape, enabling the onset of a possible transition in
overall pinning mechanism. The underlying cause of these observations is unclear.
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3.1.3. Flux Creep Rate

Figures 16-18 demonstrate the changes in calculated flux creep rates for the 3 sets of tape samples
before and after irradiation. Error values for the calculated creep rates were assumed to be the same
asin Table 2.

For the 0 % tape, flux creep rate decreased in all 4 samples post-irradiation. In the Cu-stabilised
samples, creep rate was higher after 1 MGy than 1 kGy. In the Ag-only samples, flux creep rate
decreased with increasing dose.

For the APC-containing tapes, flux creep rate increased in all 4 samples post-irradiation. It was noted
that for each set of APC-containing samples, creep rate was lower after 1 MGy than 1 kGy.

Increasing radiation dose causes superconducting volume fraction and superfluid density to decrease,
and both quantities are connected to J. [4, 7, 10, 14, 15, 17-19]. Creep rate drastically decreased in
the 0 % Cu-stabilised 1 kGy-irradiated sample, enabling minimal loss in J. despite reduction in
superconducting volume fraction/superfluid density (Figure 10). Similar phenomena were seen in the
APC-containing Cu-stabilised samples as dose increased from 1 kGy to 1 MGy, where the flux creep
rate improved significantly, limiting further J. degradation in the 7.5 % sample and markedly increasing
Jcin the 15 % sample (Figures 11 and 12).

Despite the lower rate of flux creep after 1 MGy irradiation in both APC-containing Ag-only samples,
Jc decreased more relative to the 1 kGy irradiated samples. Considering the comparatively minor
decreases in Jc and substantial decreases in flux creep rate after increasing dose to 1 MGy, it was
suggested that a trade-off exists between superfluid density and flux creep rate affecting J. after
irradiation. This trade-off would also explain the heightened J. in the 0 % Ag-only samples with dose.

11
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and the Cu-stabilised and Ag-only samples after 1 kGy and 1 MGy gamma irradiation
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3.1.4 Summary

In a study by Eley et al., it was established that transitions in dominant pinning mechanism caused by
irradiation, from strong individual pinning to weak collective pinning, increase flux creep rate and
decrease J.[27]. Combining the analyses on J., overall F, and flux creep rate changes post-irradiation,
the conclusion was that flux-pinning landscapes were more susceptible to gamma-induced
modifications when the Cu-stabiliser was removed, and APCs (in increasing concentration) were
present.

Regardless of APC concentration, the rate of flux creep appeared to be the more important factor
affecting performance in the balance between creep rate and superfluid density; the creep rate acts
to either enhance J. or prevent more dramatic J. degradation as superfluid density universally
decreases with irradiation. The resultant J. after irradiation is thus dependent on pristine landscape
and dose.

3.2. AC Magnetic Data

AC susceptibility measurements supplement the DC data by providing insight into changes in
superfluid density via T. [29], superconducting volume fraction via diamagnetic saturation [30], and
overall F, caused by the additional AC field via the irreversibility temperature (Tix) [31]; Tir is found
from the imaginary component maximum. Both superfluid density and superconducting volume
fraction relate to J, as discussed in the DC Magnetic Data section.

Figure 19 shows the effect of increasing gamma dose on AC susceptibility in the 0 % Cu-stabilised
sample. With increasing gamma dose, T, and diamagnetic saturation decreased, which was consistent
with J. changes observed in Figure 10, and the proposed mechanisms behind those changes (improved
flux creep rate relative to pristine sample counteracting reduction in superfluid density to maintain a
decent superconducting volume fraction).
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Fig. 19 AC susceptibility versus temperature for the 0 % Zr tape prior to gamma irradiation, and the
Cu-stabilised samples after 1 kGy and 1 MGy gamma irradiation — susceptibility values at 14 T
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Figure 20 shows the influence of the Cu stabiliser on induced AC susceptibility changes in the 7.5 %
sample. In the 7.5 % Cu-stabilised sample, there was negligible change in superfluid density, but a
significant loss in superconducting volume fraction; for the analogous Ag-only sample, the opposite
was true. Comparing flux creep rates in the 7.5 % Cu-stabilised and Ag-only samples, creep rate was
higher after irradiation when the stabiliser was present. These observations were consistent with the
theorised rationale behind calculated J. after 1 MGy irradiation in Figure 11, where flux creep was the
critical factor in the balance of parameters affecting J. post-irradiation. Greater rates of flux motion
under the AC drive field may explain the dramatic weakening of the diamagnetic signal in the Cu-
stabilised sample.
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Fig. 20 AC susceptibility versus temperature for the 7.5 % Zr tape prior to gamma irradiation, and the
Cu-stabilised and Ag-only samples after 1 MGy gamma irradiation — susceptibility values at 14 T
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Figure 21 shows the influence of the Cu stabiliser on induced AC susceptibility changes in the 15 %
sample. By comparison to the 7.5 % sample, the 15 % Cu-stabilised sample had a greater loss in
superfluid density but lesser decrease in superconducting volume fraction. The lower flux creep rate
in the 15 % Cu-stabilised sample is perhaps what allowed for the relatively well-maintained post-
irradiation high field J. (Figure 12), despite the lower superfluid density present. In the 15 % Ag-only
sample, higher flux creep rate and slightly reduced superfluid density were likely the cause of both
lower J. and diamagnetic saturation than observed in the 7.5 % Ag-only sample. J. and flux creep rate
were also worse in the 15 % Ag-only sample relative to the 15 % Cu-stabilised sample, possibly
contributing to the smaller difference in saturation when compared to the analogous 7.5 % sample
profiles. The 15 % Ag-only Jc at 14 T was only marginally smaller than the 7.5 % Ag-only J. value (as was
superfluid density), indicative of the much higher flux creep rate relative to the 7.5 % sample being
the dominant factor leading to weakening of diamagnetic saturation.
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Fig. 21 AC susceptibility versus temperature for the 15 % Zr tape prior to gamma irradiation, and the
Cu-stabilised and Ag-only samples after 1 MGy gamma irradiation — susceptibility values at 14 T

The conclusion from magnetic data analysis is that reduction in superfluid density/superconducting
volume fraction plays a role in performance degradation, but post-irradiation performance is more
strongly dependent on how the rate of flux creep changes. For enhanced maintenance of maximal J.
under fusion-relevant conditions, minimisation of flux creep rate is the key.
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4. Conclusion

The major conclusion from the magnetic data analysis discussed in this study is that flux creep is the
performance limiting factor affecting REBCO coated conductor tapes at fusion-relevant temperatures
and applied fields. At the tokamak magnet coil scale, flux creep manifests as AC losses, and AC losses
have been identified as a primary issue hindering performance of the tapes in fusion.

The overall purpose of this work was to explore a novel approach towards understanding the evolution
of REBCO tape performance under appropriate conditions for application in tokamaks. The use of
multiple magnetic measurements on the same sample in a single experimental sequence, across
different gamma-irradiated samples varying in APC concentration and presence/absence of the Cu-
stabiliser, enabled the identification of flux creep as the universal problem affecting tape
performance. The patterns in functional properties observed across each sample set post-irradiation
were indicative of further investigation into gamma effects on tapes becoming a necessity in the
future, bearing in mind the expected gamma flux on the magnets in tokamaks.

Moving forward beyond this study, the focus will be on implementation and verification of
improvements to the tapes. The improvements themselves will be targeted towards reduction of
irradiation-induced increases in flux creep rate, and the lowering of flux creep rates generally in tapes.
Enhanced prevention of flux creep/AC losses is desirable for any large-scale machine which employs
superconductor technology [32], meaning this type of REBCO coated conductor tape development is
transferable and would be beneficial more widely outside of tokamak research.
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