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Hello, My name is William Iliffe
Work for the UKAEA in its Spherical Tokamak for Energy Production group
I’m attached to STEP’s Confinement systems team – the team responsible for designing STEP magnets - 
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Anyway, the literature has demonstrated that the properties of REBCO coated conductors change when they are subject to irradiation and my aim in this presentation is to introduce you all to the problem and how STEP plan to answer it through a series of experiments known as the HTS irradiation test plan, with a quick report on recent progress.

So as a starting point....
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– and my role is to lead the work defined in STEP’s REBCO irradiation test plan , helped in no small part by my co-conspiritors list here, as well as many others at the UKAEA.
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Corresponding Author can be contacted at william.iliffe@ukaea.uk
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Requirements for Current Carriers in Fusion 

Magnets (1)
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Solenoid
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Field
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Plasma Energy Confinement ∝ 𝐵3

& Plasma Power Density ∝ 𝐵4

But 𝐵 ∝ 𝐼 (Ampere’s Law)

& space is limited in compact tokamaks

∴ Need high current density (𝑱)

Given 𝑃Ω ∝ 𝜎𝐽2 (Ohm’s Law)

To keep 𝑃Ω as low as possible 

(recirculating power),

➔ Conductor ‘𝜎’ needs to be

As low as possible

∴ Need Superconductors

1

Anatomy of a Tokamak
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… it would make sense to start at the beginning.
STEP, like all tokamaks that plan to produce more electrical energy that they use, is being designed to contain deuterium-tritium plasmas at temperatures hot enough so that 1) DT fusions occur and 2) so that a large proportion of the energy of the reaction products feeds back into the plasma to sustain these reactions.
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At these temperature, the deuterium and tritium fuels is in a plasma state, hence a combination of magnets – shown on left hand side – can be uses to confine the energy. 
Thus, the need for plasma energy confinement drives the need for these magnets to be strong with the quality of the confinement scales with the field strength to the THIRD power. 

mb9168
Sticky Note
STEP also plan to be compacts to reduce building costs, hence has a requirement of high plasma power density which scales with the field strength to the FOURTH power.
This need for compactness also means space for the magnets is limited, meaning the magnets need current carriers that can operate at high current density.
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Finally, the efficiency of the power plant needs to be considered – no point producing electricity if it’s all got to feed back to the magnets to keep the tokamak runs, 
Hence, given ohm’s law, this leads us to use superconducting wires in the magnets to reduce their conductivity as far as possible.
SEGWAY: So far so good, but an issue arises when… 
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Requirements for Current Carriers in Fusion 

Magnets (2)

2

∴ Magnet Superconductors must:

• Run near continuously

• At their Rated Current

• In (High) Magnetic Fields

• Whilst subject to Lorentz Forces

• At as low as possible power

• And whilst being irradiated with

• Fusion Spectrum Neutrons

• And Gammas
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… we consider that DT fusion reactions produce high energy neutrons that can penetrate large distance into materials.
Hence, fusion applications are one of, if not the, most challenging applications for superconductors. 
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Essentially requiring the magnet to do all the things that superconducting magnets usually do – operate at their rated current whilst subject to high on-coil field and the resultant strains from the Lorentz forces – but also whilst being irradiated with fusion spectrum neutrons and gammas. 
SEGWAY: So, given all these requirements, …
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Anatomy of a REBCO Coated Conductor (1)
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REBCO Unit Cell

REBCO is Orthorhombic

(ie. it’s rectanguloid but lengths a ≠ b ≠ c)

b
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c
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Twin Structure in REBCO

10x

10x

1x

Current Carrying Ability

Unit Cell:[3]

[3]
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… STEP – and others, of course – have decided to utilise the superconductor REBCO for the current carrier in its magnets.
As a quick introduction to REBCO, essentially, it’s a triple perovskite ceramic first shown to capable of carrying a super current in the 1980s, gaining its discoverers a Nobel prize in the process. 
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Marking out from the superconductors that preceded it at that time was that it could carry supercurrents at temperatures as higher as 90 K parallel to its (a,b) plane.
One of its curiosities in that its unit cell is orthorhombic, meaning that its rectanguloid in shape but all its sides are different lengths.
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In the case of it’s a- and b-axis directions, these lengths are different but suitably close that when REBCO forms into crystals it contains a multitude of twin boundaries which have been shown to enhance its ability to transport supercurrents.
SEGWAY: That said, REBCO is also extremely brittle and tends to react with water vapour, thus when its REBCO made into wires…
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Anatomy of a REBCO Coated Conductor (2)
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Essential Parts 

[4]

ND

TD

RD

φ

REBCO Layer 

Texturing Definitions 

Wire Axes:

REBCO Unit 

Cell Axes:

φ: angle between 

ND and c-axis

General Structure of a REBCO Coated Conductor

Twin Structure of 

REBCO leads to 

‘Biaxial” Texturing 

in a REBCO CC
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… it needs to be supported and protected.
- Shown in the typical anatomy of a REBCO coated conductor.
Of its absolutely essential elements: it uses a stiff metallic substrate to stiffen the REBCO layer against failure under load and that acts as a staging for the buffer layers, 
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which in turn acts as a textured template for the REBCO so that when its deposited and appropriately heat treated in oxygen, it tendency to twin leads to the formation of a biaxially textured layer of REBCO where the (a,b) planes of the REBCO unit cell line up to within a degree or 2 down the rolling direction of the tape. 
The final essentially element is a silver layer that protects the REBCO from the environment and further layers to thermally stabilise and insulate the tape can be added if desired.
SEGWAY: How exactly this process is achieved is highly manufacturer dependent…
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Anatomy of a REBCO Coated Conductor (4)

5

Increasing Super-saturation

Lower T, Higher BHigher T, Lower B

[4]

Big Grains
Small Grains

Resultant REBCO Defect Structures:

Super-saturation

“the concentration of REBCO 

chemical species above the 

equilibrium level [at the point the 

REBCO pre-cursor is deposited on 

the coated conductor]”
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… with each manufacturer having their own recipe which, in turn, leads to the different defect structures in the REBCO layer of the finished wire… some of which are better suited to fusion applications.
Shown are toy models of some of the various defect structures that are routinely produced commercially 
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Each of which contains different qualities of intrinsic defects – ie. those that are present merely as a product of REBCO’s properties given the manufacturing process – and artificially added defects introduced to improve wire performance.
Given fusion devices require high fields, those applications tend to favour the defect structures produced by high super-saturation techniques, such as PLD, as they produce REBCO layers with smaller grain sizes and a multiple of small defects such as vacancies and anti-site defects.  
SEGWAY: how we know this that there is a large amount of literature …
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𝐵𝑎

Properties of REBCO CC (1)
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Current Carrying Capacity as a function of Temperature, Field and Field Angle*
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[flick between this slide and next]
… that can tell us what we can reasonably assume about how well a particular REBCO CC, made to a particular recipe, can carry current at a certain temperature and field and how their current carrying capacity changes with field angle, implicitly showing that REBCO anisotropic structure leads to it have anisotropic properties, 
SEGWAY: and…
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[10][9]

𝐽𝑐 𝜀𝑎𝑝𝑝 = 𝐽𝑐 0 1 + 𝛽 𝜀𝑎𝑝𝑝 − 𝜀𝑝𝑒𝑎𝑘
2

Properties of REBCO CC (2)

7

Current Carrying Capacity as a function of Axial Strain and Consistency in Manufacture.
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[flick between previous slide and this]
… tells us how uniaxial strain effects REBCO ability to carry current and what level of variation in properties along the tape length we can expect from the tapes we buy. 
And also tells us some practical ways to fit - and potentially extrapolate with a reasonable accuracy – data from combinations of temperature and field we can measure to those relevant to fusion magnets, shown here as red areas [previous slide].
SEGWAY: However, the literature also …
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Neutron Irradiation Experiments on REBCO (1)

8

[11]

[12] [13]

B||ND [T]

B||ND = 15T

B||ND [T]

B||(RD,TD) [T]

[11]
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… tells us some of what happens to REBCO’s current carrying capacity after it’s been irradiated.
Shown are some plots which summarise the key findings from the 20 or so studies of REBCO’s response to neutron irradiation I’ve found so far.
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These show that:
The neutron fluence range over which changes in a REBCO CC’s current carrying capacity manifest themselves is 1021 – 1023 n/m2 with the really significant changes occurring once the fluence exceeds 1022 /cm2, suggesting a fluence limit for REBCO somewhere in that 1022 to 1023 /m2 range.
The second point is that REBCO current carrying capacity changes in different ways with increasing fluence depending on conditions in which its being measured.
Generally speaking, this means that at low field, Ic simply drops with increasing fluence whilst at high field, increasing fluence leads to Ic growing up to some field angle and sample anatomy specific peak before dropping back through its original value and beyond.
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Neutron Irradiation Experiments on REBCO (2)

9 [16A]

2nm

Unirradiated Neutron Irradiated Neutron Irradiated

[14]
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… The last point from the literature is that, regardless of its initial structure, neutron irradiating REBCO to > 1022/m2 REBCO leads to 2 additions to its microstructure: 
The inclusion of spatially distinct collisions cascades several times REBCO coherence length in size and 
a much more subtle long-range distortion of REBCO’s seemingly pristine crystal structure which, as I’ve tried to illustrate with these TEM images, is particularly hard to spot without image analysis    
So, needless to say, these results, and results like them from ions irradiation and the in-situ experiment, have had an enormous impact on the design of STEP, allow the Confinement Systems team a reasonable amount of confidence in guaranteeing the performance of STEP’s toroidal field coil up to a fast neutron fluence of 3x1022/m2. But  
SEGWAY: we in the Confinement Systems are aiming to use experimentation to further investigate this risk, thus have...
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STEP HTS Irradiation Test plan

10
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… come up with a plan to address the effects of irradiation on REBCO coated conductors in the hope that, in the worst case, we’ll be able to more rigorously defend a better defined but lower neutron fluence limit than the one we currently have or, in the more optimistic case, that we’ll be able to defend increasing the limit.
The plan contain 3 basic work streams, 
the first of which is to keep up to date with current work on the area, essentially see if the capabilities of tapes match up to the requirements for STEP magnets   
The other 2 work streams are experiment based, with STEP supporting the work being done by Oxford and the MRF to investigate the in-situ effects of ion, neutron and gamma irradiation on REBCO current carrying capacity and to perform more typical experiments to investigate the effects of accumulated fluence.
Some of these experiments have already been talked about by Chris and Simon [also at the IREF workshop] and, though I’m happy to answer questions about all these projects, I’ve not time to talk through them all now. 
SEGWAY: As such, I’m going to restrict my presentation to talking about our filter Oxygen ion irradiation experiment with HZDR in Dresden…
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Filtered Ion Irradiation Experiment

11

Fe – 9%C 
Volume considered 

to have 

“neutron-like” 

damage

Advice of G. S. Was et al., “Emulation of reactor irradiation damage 
using ion beams” Scr. Mater., vol. 88, pp. 33–36, 2014

• Use self-ions, where possible.

• To create lattice damage, ensure volume of interest has:

• as-small-as-possible variation in the damage level

• as-low-as-possible ion implantation concentration per

bombarding ion over the volume of interest.

• To create the required impurity concentration:

• ion energy(ies) needs to be minimised to avoid lattice

damage but

• still sufficient to push impurity ions to the desired location.

Q. How to emulate neutron irradiation damage with ions?

[15]
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…So, the basic premise of this work stream is that I wanted to further investigate the idea of finding a suitable proxy for neutron irradiation using ions so that, once STEP decides on the tape it wants to use, its response to irradiation could be quickly and relatively cheaply evaluated.
As a starting point, I used the advice from a paper by Gary Was from 2014 where he lists several requirement for a neutron-like irradiation using ions, in this case ferritic-martensitic steel.
The point being that neutron irradiation leads to lattice damage and impurity build-up in a material and replicating that with ions requires that the lattice damage be created with fast self-ion irradiation to create damage whilst avoiding self-ion implantation in your volume of interest whilst the impurity build up should be replicated with ions of the key transmutation products at the minimum possible energy required to push the impurity to the desired location.
The result in Was’s case that there is a relatively small volume of material, shown here in yellow, that contains neutron-like damage which can be studied.
Now, this is all very well for the creation of small samples suitable for say TEM investigation, but for the testing of superconducting samples – using magnetometry or transport current measurements for example – much larger volumes of uniformly irradiated material are required.
At the time I did this analysis I was still a PhD at Oxford and reasoned that using 2MeV helium ions would be a good proxy as they created uniform damage in the REBCO whilst implanting a several micron into the Hastelloy substrate.
SEGWAY: But I developed the hunch that this choice may not be as neutron-like as it could be when… 
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What do Fusion Neutrons do to REBCO?

Q. What do fusion spectrum neutrons do to YBCO?

YBCO in ST135 TF YBCO in DEMO 2015 TF

Recoil Energy [MeV]

10-6 10-4 10-2 1

12

[16]

Recoil Energy [MeV]

10-6 10-4 10-2 1

In both spectra, 10% of the total damage due to 50-90keV Oxygen PKAs

70 keV 70 keV
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… using the SPECTRA-PKA code to analyse which are the most damaging recoils generated when REBCO is irradiated with fusion spectrum neutrons.  
Shown here is the recoil spectrum in YBCO for 2 fusion spectrum which I consider to sit at complete opposite ends of the scale in terms of shielding and separation of the superconducting coils from a tokamak plasma whilst still have a similar reactor relevant neutron wall load on the tokamak’s vacuum vessel. On the thin end of the scale in Tokamak Energy’s now defunct ST135 device with ~ 0.5m of separation and, on the other end is the European DEMO design from 2015 which ~ 2m.
The key take away is that, although the total damage rate to the superconductors is very different, the damage is predominately generated by oxygen knock-ons – over 60% of the total in both case and, in particular, over 10% of the total is generated by oxygen knock-on with an energy of 50 to 90 keV.
SEGWAY: so, if I were to follow Gary Was’s prescription for a neutron-like irradiation… 
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Filtered Ion Irradiation Experiment
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Q. What do monoenergetic oxygen ions do to REBCO? (or any material)
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… I’d need to find a way to uniformly distribute 50-90 keV O ions throughout a REBCO sample.
- The issue of course is that the range of these oxygens is of the order of 300nm and, being relatively low energy, this type of irradiation is likely to only contribute to the subtle long-range distortion of REBCO’s seemingly pristine crystal structure highlighted by Linden et al. 
so, if some way to perform this type of irradiation could be found, it would allow a way to deconvulve the effects of the subtle distortion on the REBCO lattice from the other effects of neutron irradiation. 
SEGWAY: So, enter the…
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Filtered Ion Irradiation Experiment
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Q. How does one create a uniform ion implantation profile?

A. Use a Steinbach et al. energy filter

Depth [μm]

Implantation Concentration Experiment:

P into Si

Starting P energy: 7 MeV

Dose: 7 x 1012  P ions/cm2

Concentration determined by SIMS

0.2μm thick6.5μm thick

[17]

[17]

[17]

[17]
~15μm 
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… Steinbach et al. energy filter.
Essentially what it is, is a product that allows a uniform impurity concentration to be implanted into silicon wafers for the semiconductor industry.
To be honest, precisely how they are made is not completely clear to me but the net result of mi2-factory’s process is to produce periodic pyramidal ridges in a silicon wafer that vary over length scales that are short compared to the lateral deflection of the ions scattered whilst passing through the filter, making the resulting impurity concentration in the sample behind the filter roughly uniform over large areas and over appreciable thicknesses, ~ 3um in the case shown.
For semiconductor applications, at least, the effectiveness of the process has been confirmed by mi2-factory with GEANT4 simulations and SIMS analysis. The example shown on the right-hand-side is for P into Si and part of this experiment is to performance a similar analysis for oxygen into a Si wafer to confirm the functioning of the filter, the resultant oxygen implantation profile and concentration and transmission rate of the filter. 
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Filtered Ion Irradiation Experiment
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Q. What does the experiment look like?
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So, like any irradiation experiment, the idea was to track the properties of the sample with changing fluence 
So the next step was to determine what fluence intervals should be used.
Mi2 factory kindly agreed to provide a filter with a thickness variation of 3-14um so
Shown here are the SRIM calculations I did to determine that roughly 3.35x1012 O/cm2 entering the sample downstream of the filter resulted in ~ 1mdpa of damage in the REBCO layer as well as ~ 1appm of oxygen implantation.
I was worried beforehand about whether this level of oxygen implantation would affect the result of the experiment, given that oxygen stoichiometry of REBCO has been shown to effect Tc, and, at 1appm I was satisfied that oxygen implantation would not disproportionately affect the Tc of the sample.
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Filtered Ion Irradiation Experiment
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Q. What is the experiment set-up?

Design Reality

Silicon Implantation 

Experiment (SIMS) Sample Plate Assembled

behind Filter on Beamline

IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue 
No. 55, January, 2024.  Invited presentation given at IREF 23, November 15, 2023, Arona, Italy

mb9168
Sticky Note
So shown here is the schematic for the experiment design and what the SIMS experiment and the sample irradiations looked like in practice.
In order to limit the sample temperature rise, the beam current to the sample was limited to 2.5nA/cm2, resulting in a 1mdpa irradiation taking 14mins at a beam power of ~20mW/cm2. 
At this level of heating and in conjunction with the heat sinking method, I’m confident the sample plate temperature does not change during irradiation but, in light of all the thermal beam heating effects discussion this week, plan to more thorough analysis to investigate if the sample temperature changes during irradiation.
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Filtered Ion Irradiation Experiment

17

Q. Any change in Tc?
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So on to some of our results. These are hot off the press, being collected just last week.
Shown here are the fractional change in onset Tc results for the samples we’ve measured so far.
These show that, though the sample cover 4 different manufacturers, all with different recipes some including, some not including artificial pinning, there has been barely been any change in Tc compared to some those collected for sample irradiated with neutrons and fast monoenergetic light ions.
When looking at the sample’s change in current carrying capacity versus field, the behaviour is closer to what was expected, shown here is one example showing a decrease in current carrying capacity at low field coupled with the decreasing slope of the power law region leading to an improvement in performance at higher field.
SEGWAY: Now …  
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Filtered Ion Irradiation Experiment

18 Experiment is on-going!

Q. Any change in Jc?
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… looking at high field – 10 T here – performance of all the samples measured, most samples with APCs showed a modest or negligible relative increase in current carrying capacity 
whilst those without APCs showed a larger relative increase but tended to start at a lower current carrying capacity. 
Needless to see that the standout performances go to samples 4 & 6 but it’s too early to say exactly what’s happened here hence
The plan is to do some other types of experiments to determine exactly what’s going on here.
SEGWAY: So plenty still to do for this experiments but…
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Sticky Note
.. we’ve reached the end of the presentation.
I’d like to say a big thank you to the numerous people who’ve helped me progress this work so far and 
Ask if there is any questions.
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