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Outline 
 Motivation
 Neutron irradiation / defect structure
 Influence on critical temperature and current
 Pinning efficiency
 Influence of defect size and density

• Cuprates, iron-based superconductors, Nb3Sn, MgB2
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Motivation 
 Operation in radiation environments

• Nuclear fusion, particle accelerators

 Flux pinning
• Benchmarking Jc of a material
• Influence of a “tunable” defect structure

 Understanding the mechanism of superconductivity
• Decrease of Tc with impurity scattering
• Depairing current density
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TRIGA MARK II Reactor (250 kW) 
Neutron flux determination in 1985:  
Thermal (<0.55 eV) / fast (>0.1 MeV) flux density: 6.1/7.6 × 1016 m-2s-1 
Core renewed in 2012: fast neutron flux density of ~ 4.1× 1016 m-2s-1

thermal epi-
thermal fast neutrons 
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Eisterer
Notiz
The neutrons can be devided into three categories according to their energy: fast neutrons (from the fission of uranium-235), which can produce large defects via direct collisions with lattice atoms, thermal neutrons which can produce defects only via nuclear reactions and epi-thermal neutrons with energies in between.



Resulting defect structure 

~3 nm 

Nb3Sn Gd/Y-123 

STEM 
(LAADF) 

Spherical collision cascades + smaller defects  

Courtesy of Yatir Linden (Univ. of Oxford) 
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Eisterer
Notiz
These amorphous defects with a diameter of up to 10 nm were found in Gd-123 coated conductors by TEM.
Somewhat smaller defects were observed in Nb3Sn after neutron irradiation.
Smaller defects (e.g. single displaced atoms) are expected in any case. All defects are randomly distributed.
The neutrons hit the sample in the reactor core from all sides, so the defect structur can be considered as isotropic. 



Defect density (irradiation time) 
Coated conductors (30 K, 15 T) Nb3Sn wires (4.2 K, 6 T) 

Increase due to the introduced pinning centers, degradation because of ? 
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Eisterer
Notiz
We observe an increase of Jc after neutron irradiaton at low fluences in nearly all superconducting materials. At a certain fluence, the critical current starts to decline again. The increase is caused by the addition of pinning centers, the reasons for the degradation are less clear.



Reasons for Jc degradation 
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Fast neutron fluence (1022 m-2)

Coated conductors Nb3Sn wire (RRP) 

• Decrease of Tc (Ec, fp, Jd)

• Reduced superconducting
volume (~10-2 dpa)

• ????

No obvious reasons for the Jc degradation were found in 
the microstructure (TEM). 
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Eisterer
Notiz
Although the decrease of Tc certainly contributes to the Jc degradation, the expected effect on the pinning energy and elementary pinning force caused by the Tc reduction is too small to explain the strongly decreased critical currents at low temperatures quantitatively. 
The same holds for the small reduction of the superconducting volume. 



Nuclear Fusion 

(14.1 MeV) 

• Coated conductors are more tolerant against neutron irradiation at
lower operation temperature

• A large density of APCs harms the radiation robustness.
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FLUX PINNING 
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Dominance of radiation induced defects 

The (normalized) volume pinning force curves collapse to a universal 
behavior after neutron irradiation. 
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Eisterer
Notiz
The shape of the volume curve depends on the defect structure and varies in differently prepaired conductors. However, after neutron irradiation, all curves collapse, even if the effectively added pinning force is small compared to the original one. 



Pinning efficiency 
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Self-field Jc at low temperatures (single crystals) 
Fluence ~ 4x1021 m-2
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Eisterer
Notiz
We write Jc as a product of the material dependent depairing current density and the pinning efficiency, which is given by the defect structure. The pinning efficiency in self field at low temperatures is around 10-15% in highly optimized conductors and we find about 2-3% in neutron irradiated materials. 
Neutron irradiaton can hence be used to benchmark materials.
The much lower pinning efficiency in MgB2 results from the large coherence lenght in this material. The introduced defects are much smaller than the coherence length. Only a small fraction (~6%) of the core energy is gained. 



Behavior of Jd

KxBa1-xFe2As2

irradiation

D. Kagerbauer et al., SUST 32 (2019) 094004
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Eisterer
Notiz
Assuming a constant pinning energy in neutron irradiated samples, the evolution of the depairing current density upon doping can be obtained by measuring Jc. 



Behavior of Jd

KxBa1-xFe2As2

irradiation

D. Kagerbauer et al., SUST 32 (2019) 094004
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Eisterer
Notiz
A powerlaw between Jd and Tc is observed experimentally in differently doped Ba-122 compounds. It is expected from previous reports on the behavior of the magnetic penetration depth and the thermodynamical critical field.


Eisterer
Notiz
Knowing the evolution of Jd with doping, the pinning efficiency in the pristine sample can be derived. It decreases with increasing doping concentration. 




Angular dependence of Jc

V. Mishev et al., SUST 28 (2015) 102001

• Ba0.6K0.4Fe2As
• Weak pinning
• Electronic anisotropy

(γ~2.2)
• “Usual”scaling behavior
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Eisterer
Notiz
Neutron irradiation can also be used to study pinning properties in anisotropic materials. In K-doped Ba-122 pinning is very weak in the pristine crystals. The angular dependence of Jc can be described by the widely used scaling law. Jc(B) curves for different orientations collapse, if the field is scaled by an angle dependent scaling factor.  



Angular dependence of Jc

V. Mishev et al., SUST 28 (2015) 102001

• BaFe1.88Co0.12As2
• Pinning by “large” isotropic defects

• Electronic anisotropy (γ~2.2)
• Scaling of field and Jc
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Eisterer
Notiz
After irradiation, the scaling of the field is not sufficient to collapse the curves.

Eisterer
Notiz
The current density itself has to be scaled as well to collapse all curves.



FLUX PINNING 
Defect density 

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), November 2019. 
Invited presentation 3-MO-FP4-01l given at EUCAS, 01 - 05 September 2019, Glasgow, UK.



Defect density: low density limit 
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Köhler et al., Physica C 
341-348 (2000) 1467

Baumgartner et al., 
unpublished 

Zehetmayer et al.,  
PRB 69 (2004) 054510 

Fishtail effect occurs, order-disorder transition 
shifts to lower field with increasing defect density. 
e.g. Mikitik and Brandt, PRB 69 (2004) 054510
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Eisterer
Notiz
The influence of the defect density on the  field dependence of Jc can be studied by neutron irradiation at varous fluences. At low defect concentrations (fluences) the so called fishtail effect occurs, Jc having a local maximum not at self-field. With increasing defect density, the peak shifts to lower fields and finally disappears. This behavior was found in Nb3Sn, MgB2, the cuprates, the iron based superconductors....



Defect density: optimum to high density limit 

Eisterer et al.,  
SUST 27 (2014) 044009 

Brandstätter et al.,  
PRB 55 (1997) 11693 

NdFeAsO0.65F0.35 REBCO coated conductor 

D. X. Fischer, PhD thesis,
TU Wien (2019)

4x1021 m-2

Fishtail disappears, monotonous field dependence of Jc. 
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Eisterer
Notiz
At high defect concentration, Jc becomes monotonic with field and Jc declines if the defect concentration becomes very high.



FLUX PINNING 
Defect size 
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Defect size: single displaced atoms 
Gd-123 tapes: 

157Gd + n → 158Gd + γ  (σ ~ 2x105 b) 
Recoil energy: ~ 30 eV  
→ single displaced atom

Low energy neutrons 
can be shielded by Cd. 
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Eisterer
Notiz
Single displaced atoms can be introduced by the neutron capture reactions of some gadolinium isotopes. The resulting excited Gd-nucleus emits a gamma particle, the recoil displaces the Gd-atom. 
This reaction mainly prevails at low neutron energies. These neutrons can be shielded by cadmium and one can observe the effect of the additional point defects having a very high concentration. Tc drops much faster! 



Defect size: single displaced atoms 
Fluence dependence of Jc 

30 K 

Jc as function of Tc reduction 

Small defects pin much weaker than collision cascades. 

∆ 
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Eisterer
Notiz
Plotting the evolution of Jc with neutron fluence, we find a peak in Jc in both cases (with and without the Gd reactions). However, the small defects shift this peak to much lower fluences and plotting the Jc as function of the Tc degradation, one finds a similar shape of the curve, but the maximum is much smaller.



Conclusions 
Neutron irradiation of superconducting materials offers the 
possibility to  
 test the material for use in radiation environments (e.g fusion and

accelerator magnets)
 benchmark the achievable currents
 investigate flux pinning (influence of anisotropy, defect size and

density)
 learn about the intrinsic properties of the material (superconducting

pairing symmetry, thermodynamic properties, e.g. Jd)
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