
Opto-Electronics Review 31 (2023) e144598 

  

Opto-Electronics Review 

 
journal homepage: https://journals.pan.pl/opelre 

 

 

https://doi.org/10.24425/opelre.2023.144598  
1896-3757/ Association of Polish Electrical Engineers (SEP) and Polish Academic of Sciences (PAS). Published by PAS 

© 2023 The Author(s). This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 

 

 

 

 

 

 

 

Article info  Abstract 

Article history: 

Received 18 Oct. 2022 

Received in revised form 27 Mar. 2023 

Accepted 01 Apr. 2023 

Available on-line 21 Apr. 2023 

  

 

 

 

Keywords:  

Irradiation effects; superconductors; 

critical current; nano-sized defects; 

PolFEL accelerator. 

 

 

1. Introduction 

In recent years, great progress has been made in the 

technology of nuclear accelerators, including free-electron 

laser (FEL)-type devices. In these facilities, supercon-

ducting materials are employed more and more frequently; 

recently high-temperature superconductors (HTS), as well. 

Superconductors are used in solenoids to generate magnetic 

fields, forming the electron beam at FELs and, also in 

current leads, resonant cavities, shields, and various 

correctional coils [1]. The use of superconducting materials 

in FELs helical, planar, or staggered array undulators 

constructions made of bulk HTS materials is very 

promising, as well [2]. Despite the great advantages of 

using these materials with formally zero resistance, 

particular problems arise within nuclear accelerating 

machines, due to their behaviour in a radioactive environ-

ment. This paper addresses issues arising while using 

superconductors in the irradiation environment of modern 

accelerators. An analysis of the effects of irradiation on the 

subtle structure of the superconductors, including 1D and 

2D structures of HTS materials in which columnar defects 

are then created is presented in the paper. The potential 

energy approach, describing the interaction of magnetic 

vortices with irradiation-generated defects, is then 

analysed. This model can also be used to describe the 

function of defects arising during the winding procedure of 

superconducting coils. The relevance of the issue of 

capturing magnetic vortices in superconductors is indicated 

by the large number of papers prepared in this area, some 

of which are for instance given in Refs. 3–10. 

2. Energetic approach to irradiation issues in 

superconductors 

It is intuitively expected that irradiation of super-

conducting materials will lead to variation of their physical 

properties. It concerns especially the low dimensional 

superconductors, such as 2D CuO2-based HTS: REBaCuO 

(RE means rare earth) and BiSrCaCuO composites. Effect 

of irradiation is especially true for quasi 1D A15-type 

superconductors, whose structure is characterised by the *Corresponding author at: jacek.sosnowski@ncbj.gov.pl 
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existence of three perpendicular linear chains of the 

transition metals atoms. The most well-known representa-

tive of this class is Nb3Sn because this compound is used 

for fabrication of superconducting wires. Irradiation of 

these materials, occurring in acceleration devices, will  

lead to disruption of the chains responsible for their 

superconducting properties, as shown in Fig. 1.  

Despite these problems, superconducting materials are 

more and more attractive from the point of view of their 

application in nuclear physics devices. Especially 

promising are HTS due to a continuous increase of the 

critical temperature now even reaching almost room 

temperature. Beside magnets already working commercially 

in numerous laboratories of scientific establishments and in 

nuclear magnetic resonance (NMR) in hospitals, nuclear 

accelerators using superconducting materials are currently 

being constructed or modernised. Superconducting elements 

also form a very important part of FELs linear accelerators. 

In these constructions, the superconducting materials are 

exposed to nuclear irradiation by the primary ionic beam, 

or, as in the case of FELs, by both initial electron beam  

and secondary irradiation beam composed of photons, 

neutrons, and ions.  

The influence of the nano-sized defects, caused by 

irradiation, on the superconducting materials properties is 

investigated based on the general equation describing the 

energy [11] of a system of N-magnetic vortices of the 

pancake type, characteristic of multi-layered HTS, captured 

on pinning centres  
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(1) 

In (1), 𝑟𝑖 denotes the position of the vortex captured on 

the nano-defect created by the ionizing irradiation. 𝑈 is the 

pinning potential of the captured pancake vortex, while 

summation runs over each of N-captured magnetic vortices. 

𝐹 𝑖𝑛𝑡𝑒𝑟, in the second term, denotes the interaction energy 

between magnetic vortices placed in positions 𝑟𝑖 and 𝑟𝑗. 

Third factor concerns the Lorentz force contribution to the 

potential energy, proportional to the deflection 𝑙𝑖 of vortex 

from the captured position 𝑟𝑖, caused by the Lorentz 

interaction of the flowing electric current of density 𝐽 with 

the magnetic quantized flux 𝛷0 = 2.07·10−15 Wb trans-

ported by each vortex. 𝑙 is the thickness of the 

superconducting layer, while  is the coherence length. The 

last component in (1) gives the elasticity energy of the 

vortex lattice, deformed during the shift of the vortex from 

equilibrium position at the process of the magnetic flux 

capturing. 𝑉𝑖 describes the volume of the deformed lattice, 

while 𝐶 is the spring constant of the vortex lattice, 

proportional to the elasticity parameter ∝𝑒  appearing in (5).  

Movement of the vortex in the flux creep process against 

the initial position of the half-captured pancake vortex, 

shown in Fig. 2, leads to an enhancement of the normal 

state volume and potential energy increase, which is 

described by (2) for that case. However, other initial 

captured vortex states, such as fully pinned pancake vortex, 

shown in Fig. 3, were studied, too.  
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while for larger vortex deflections from the initial position 

at the rectangular defect of the width d, potential energy is 
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Fig. 1. Deformation of the crystal structure of the A15-type 

superconductor irradiated by fast neutrons:   

(○) – transition metal atoms (Nb, V) forming linear 

chains, (•) – non-transition metal atoms (Sn, Ga). 

 

 

 

 

 

     
       

      
    

 

Fig. 3. Configuration of the fully captured pancake vortex core 

of the area S and the radius of the coherence length 𝜉 

inside a thin rectangular nano-defect.  

 

           

           

 

 

Fig. 2.  Schematic  view  of  the half-captured vortex core  on the

pinning centre of the width  𝑑.

        
      

 
      

    

  This  configuration  is  preferred  for  smaller  defect

dimensions,  created  especially  by  low  energy  electrons

irradiation. Equation  (2)  describes  the  change  of  the

potential energy  𝑈(  𝑥  )  for  a  vortex  moving on distance  𝑥,

lower  than  critical  deflection  xc
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In (4), 𝑥𝑚 is the value of the vortex shift against the 

initial position in capturing defect, at a distance for which 

the potential barrier reaches the maximum. Potential barrier 

∆𝑈(𝑖) in current representation is 
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The last term in (5) corresponds to the elasticity 

properties of the vortex lattice, characterised by the 

elasticity parameter ∝e, while 𝑖 = 𝑗/𝑗𝑐, where 𝑗 is the 

transport current density, and 𝑗𝑐 is the critical current 

density. 

3. Current-voltage characteristics analysis 

The analysed above potential barrier height ∆𝑈 has a 

crucial meaning for determining the current-voltage 

characteristics (I-V curves) and the critical current density 𝑗𝑐 

of the superconducting materials. To that end, we have used 

(6) describing the generated electric field 𝐸 for the forward 

and backward flux creep processes, as a function of the 

reduced to critical transport current density 𝑖 = 𝑗/𝑗𝑐  

𝐸 = 𝐵𝜔ℎ (exp (
− Δ𝑈(0)(1 + 𝑖)

𝑘𝐵𝑇
) − exp (

− Δ𝑈(𝑖)

𝑘𝐵𝑇
)) . (6) 

In (6), 𝐵 is the applied magnetic induction, ℎ is the 

distance between the nearest capturing pinning centres 

created by irradiation, 𝜔 is the creep process frequency, 𝑘𝐵 

is the Boltzmann’s constant, 𝑇 is the temperature. Results 

of calculations [12] of the current-voltage characteristics 

fitted to the experimental data measured at liquid nitrogen 

temperature on the prepared superconducting sample of the 

composition of BiPbSrCaCuO vs. applied steady magnetic 

field are shown in Fig. 4. This comparison indicates good 

agreement and confirms the validity of the presented 

model, which can, therefore, also be useful for 

characterisation of superconducting wires in FELs 

accelerators. For instance, the concentration of radiation-

created defects can thus be deduced from this fitting 

procedure and the variation of the critical current under 

irradiation in a static magnetic field can be theoretically 

investigated, as it will be shown in the next section. 

The theoretical approach presented is also applicable 

for dynamically varying magnetic fields, predicting the 

appearance of anomalies in dynamic current-voltage 

characteristics, which have been previously observed 

experimentally [13]. In this experiment, a flat supercon-

ducting sample, through which a direct current flows, was 

inserted into a perpendicular slowly varying magnetic field 

and the measured electric field 𝐸. The dynamic anomalies 

were then observed being the function of the current and its 

frequency, as well as of the magnetic field sweep rate. 

Figure 5 shows a theoretically calculated dependence of 

these anomalies on the magnetic field sweep rate, indicating 

the possibility of applying them as superconducting sensors 

to measure a magnetic field variation. Also, the shape of 

anomalies depends on the quality of the superconductor 

and on the velocity of the magnetic flux diffusion into it, 

the properties of which can also be interesting from the 

point of view of sensor application.  

The nano-defects in the superconducting elements used 

in FELs accelerators are created as the result of irradiation, 

which case is described by the present theoretical approach. 

 

  

 

         

        

Fig. 4. Comparison (according to Ref. 12) of fitting theoretical

model (∙) to the experimental I-V characteristics  measured 
on a prepared superconducting sample of  BiPbSrCaCuO 

composition, for various steady magnetic  fields: 

(1) 𝐵 = 35 mT, (2) 𝐵 = 33 mT, (3) 𝐵 = 24 mT, 

(4) 𝐵 =13.5 mT, (5) 𝐵 = 0 mT at 𝑇 = 77 K. 

 

 
Fig. 5. Calculated dynamic anomalies of the electric field 𝐸 vs. 

induction 𝐵, generated in a slowly varying magnetic field 

for HTS materials. 

 

        

      

                              

               

     

  

  

 

 

(5) 

In (2)–(3),  𝐻𝑐  is the thermodynamic critical magnetic

field.

  Existence of the potential energy  𝑈(𝑥)  varying with the

vortex  deflection  from  the  initial  position,  against  the

irradiation-created  capturing  centre,  under  current  flow

according to the Lorentz force, leads to  the creation  of  a
potential  barrier  ∆𝑈.  This  barrier,  given  by  (4)  in  the

Cartesian coordination system, should pass vortex in a flux

creep  process,  which  is  a  thermally  activated  flux

movement  between  nearest  capturing  centres,  preceding

the flux flow

∆𝑈(𝑥𝑚)

−
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These defects are also created during the winding 

procedure of superconducting magnets used in accel-

erators. As a result of a subsequent bending strain, micro-

cracks and dislocations are created which interact with 

vortices as is described in this model. The analysis has 

considered the variation of the critical current in deformed 

by bending strain regions, due to the change in cross-

section of the superconducting wires then.  

4. Influence of irradiation on critical current density 

The energetic approach-based model, presented in the 

previous section, leads to a description of the current-

voltage characteristics of the superconducting materials. 

Also, the model allows a subsequent determination of the 

critical current densities of superconducting elements,  

such as tapes appearing in FELs-type superconducting 

accelerators, and their dependence on the irradiation dose.  

The results of numerical calculations of critical current 

density dependence on temperature, magnetic field, and 

irradiation-created nano-defects size are presented in 

Figs. 6–8. These results indicate that initially, with a small 

irradiation dose, an enhancement of critical current density 

appears, due to increase of pinning interaction, reaching 

finally the maximum, while for higher irradiation intensity, 

the destruction of the crystal lattice prevails, and critical 

current starts to decrease. 

The effect predicted here of a decrease in critical current 

density for a high irradiation dose, connected with damage 

of the superconductor structure in accelerators, is in general 

agreement with the experimental data concerning the 

materials used in nuclear reactors. High flux densities of 

fast neutrons lead then to a serious radiation damage and 

even so-called "irradiation-induced swelling" of the 

materials [14]. The voids in the structure are created while 

their aggregation leads to a substantial increase in the 

material volume and a deterioration of its mechanical, and 

in the case of wires, superconducting properties. 

Thus, from the applied point of view, it is important to 

fit the working conditions of a given superconducting 

accelerating machine to the irradiation range generated in 

this construction.  

Experimentally, it is indeed observed that not too 

intensive nuclear irradiation, leading to an increase in the 

concentration of capturing centres, will enhance the critical 

current. Such an effect has been experimentally detected 

during irradiation of HTS by heavy ions for an optimal 

surface concentration of about 1011–1012 cm−2, losing 

energy of 𝑑𝐸/𝑑𝑥 = 5–10 keV/nm, or electrons and neutrons 

of energy 𝐸 > 0.1 MeV and light ions losing energy of 

𝑑𝐸/𝑑𝑥 < 2–5 keV/nm. Thus, it corresponds just to the case 

shown in Figs. 6–8. Also, fast neutrons of a concentration 

higher than 1018 cm−2 and energy higher than 𝐸 > 1.4 MeV 

enhance the critical current of HTS doped with U238 

uranium atoms, artificially inserted. Irradiation of U-doped 

HTS samples by these neutrons causes the decay of 

uranium atoms and then the creation of new pinning 

centres. Other artificial methods are sometimes also used to 

create new pinning centres inside HTS, e.g., by 

bombarding the heavy atoms of BiPbSrCaCuO and 

HgBaCuO materials by protons or deuterium atoms of 

energy in the range of 200–1000 MeV, leading to their 

fission and increase of 𝑗𝑐.  

5. Conclusions 

This paper has presented a phenomenological approach 

describing the influence of irradiation, and resulting nano-

dimensional defects, on the critical currents phenomena in 

superconducting materials. These issues are, therefore, 

tightly connected with FELs facilities, in which alongside 

electrons beam, photonic irradiation, as well as secondary 

neutrons, positrons, and 𝛾-rays beams also appear. These 

beams interact with superconducting elements, such as 

wires in solenoids, current leads, and resonant cavities. The 

existence of the maximum value of the critical current 

density under appropriate irradiation dose and its 

subsequent decrease have been discussed in the paper. 

 
Fig. 6. The influence of temperature on the theoretically 

predicted critical current density as a function of 

irradiation intensity. 

 
Fig. 7. The influence of the magnetic induction on the 

theoretically predicted critical current density as a 

function of irradiation dose.  

 
Fig. 8. The dependence of the critical current density of the 

superconducting material on the irradiation dose as a 

function of nano-defects size 𝑅. 
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