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B Outline

Motivation
* |s a prediction of the behavior of a superconducting magnet in a radiation

environment possible?

° What is needed?
e Stimulation of the respective discussion at IREF.

How should we aim to predict the changes?

* Experiments? Modelling? A combination of both? Defect structure?
* (Defining benchmarking experiments (validating models), available facilities,

Enhanced pinning versus decreased superfluid density

* Favorable increase in flux pinning (,large defects®)
* Harmful suppression of superfluid density (,small defects")

Conclusions
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B Motivation

Envisaged application in a radiation environment

Re-design
(e.g. addition of a screen)

N\ /

Prediction of changes in properties




15t step: definition of the radiation field

Envisaged Expected

application radiation
environment

Sufficient modelling tools available(?)




B Radiation environment
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B Motivation

Predicting the property changes

Experimental

Critical current at
operation conditions:

Expected radiation - Field

Modelling

environment - Temperature

- Strain

Experimental
+

Modelling




B Motivation

ldeal experiment

Experiment
In the
radiation
environment

Asses

Expected
change of

properties

radiation
environment

Real world: expected radiation environment is not available for experiments.
Much higher flux is required.

— Finding a proxy Is necessary. Finding a proxy to
— Similar (?!) defect structure create a defect
» All particles (neutrons, protons,...) structure you don'‘t

* All energies (100 eV to 15 MeV) know? )



The experimental path

Direct approach Fast neutrons (likely) don’t do the job alone!

10 T T T T T T T

Irradiate the same sample with all particles
and at representative energy groups

107 +

— — TRIGA

/' lat TF magnet location

Measure properties

« Same resulting defect structure as for simultaneous E (MeV)
irradiation? D. Torsello et al., SuST 37 (2024) 105008

neutron spectrum - log scale (a.u.)
I

10'6’-| L T T T ™7 T
10° 10° 10™ 10° 102 10”7 10° 10’

« Keeping the sample cold at all steps?
« Redo for different conductors and particle spectra!




Finding a proxy

_ : _ Fast neutrons (likely) don’t do the job alone!
For all relevant particles and representative energies:

10 T T T T T T T

Cryogenic irradiation

—_
o
&
|

Determination of microstructure
(low temperature, small defects?)

— — TRIGA

at TF magnet location

neutron spectrum - log scale (a.u.)
I

-
o
&

Add the defects according 10° 10° 10 10° 10° 100 A0f 10
to their contribution E (MeV)
D. Torsello et al., SUST 37 (2024) 105008

Chose a combination of particles/energies/fluence as a proxy to mimic this defect structure.
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Finding a proxy

_ : _ Fast neutrons (likely) don’t do the job alone!
For all relevant particles and representative energies:

10 T T T T T T T

Cryogenic irradiation

—_
o
&
|

Assess property changes ~— TRIGA

/' lat TF magnet location

neutron spectrum - log scale (a.u.)
I

-
o
&

10° '1(')'-” .1(')4 '16'3 .1(')'2 l1(')'1 l1;)° I1E)“
E (MeV)
D. Torsello et al., SUST 37 (2024) 105008

Add the effect of all particles

>

Chose a combination of particles/energies/fluence as a proxy to mimic these changes.
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Finding a proxy

Fast neutrons (likely) don’t do the job alone!

.-or all relevant particles and representative energies:

10 T T T T T T T

| Cryogenic irradiation |
¥

—_
o
&
|

Assess propernty changes
- &
‘ Add the effect of all particles |

>

Chose a combination of particles/energies/fluence as a proxy to mimic these changes.

— — TRIGA

/' lat TF magnet location

neutron spectrum - log scale (a.u.)
I

-
o
&

10° '1(')'-” .1(')4 '16'3 .1(')'2 l1(')'1 l1;)° I1E)“
E (MeV)
D. Torsello et al., SUST 37 (2024) 105008
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The modelling path

Microstructure

Damage (dpa): PHITS, FLUKA v 7 Defect structure: molecular dynamics‘/,,

A 4

Basic superconducting properties

| PSarars A, & 277

A 4

Critical current density

Time dependent Ginzburg Landau theory (TDGL) VL
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The experimental/modelling path

* Experiments can add missing links
e.g. dpa — AT,

MonL‘Carlo ; : Q@@Q —
=02 S gy

Molecul@dr Dynamics . y ‘#\r
Expe@ent ff' | "“- —

AT, <5 A, & Defect structure

Damage (mdpa)
Time depddent Ginzburg L*dau theory * Fundamental understanding
of the underlying physics is

Critical current density required

300 keV He SCS4050 AP 2011
2 MeV He SCS4050 AP 2011

2 MeV He SCS4050 AP 2017

2 MeV He Bruker

2 MeV He Fujikura

2 MeV He Shanghai (Gd,Y)BCO
2 MeV He Shanghai EuBCO
n-irr SUNAM

n-irr SCS4050

n-irr SCS4050 AP

n-irr SCS4050 AP 2013
n-irr 344C

AV 4P +* AVEHA4» OO

K. Adams et al., SuST 36 (2023) 10LTO1
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Disordering matter by radiation
Radiation effects on superconductors



B Some definitions

* Defect
« Anything that breaks translation symmetry of the lattice

 Small defect
* Much smaller than the coherence length of the superconductor (~1.5 nm)
« \oids, Interstitials, Frenkel pairs, antisite defects...
« Do not reduce the order parameter to O.

« Large defect
« Larger than the coherence length.
* Non-superconducting volume

« Disorder
« Small defects in the superconducting matrix

16 Eed



B Normal state resistivity

Any defect breaks translational symmetry of the crystal lattice
— scattering of charge carriers

* Decrease in mean free time t
* Increase in scattering rate 71
* Decrease in mean free path | = vgt

+ Increase in normal state resistivity p, = —or = —¢

nezl nezt

vg... Fermi velocity

m,... mass of charge carriers
n... density of charge carriers
e... elementary charge

17



B Superconductors

Three important fundamental parameters:
« Transition temperature, T,

* Magnetic penetration depth, A:

Characteristic length for changes of the magnetic field
« Superconducting coherence length, &

Characteristic length for changes of the superconducting order parameter

Other parameters can be calculated from thermodynamics:
Ginzburg-Landau theory:

2
- Condensation energy density: E. = 16”220/1252
0
e _ ¢
- Upper critical field: B,, = 2n§2
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B Relation to basic material properties

London theory (basic electrodynamics for p = 0)

Shielding of an applied field, B,, because of induction

X
-5 m
B =B,e *, A, = p nzz (clean superconductors)
0
J flui i % = |—¢
General: superfluid density ng « 2 A= -
07ts

Uncertainty principle

Space-Momentum: 6xép = R osxsk =1 BCS theory
2 2 : hvg 018 hvg
Vo =9k " hok 6k_6E6E_hvg - 5"24A A kgT,

A= 1.764T,

Energy-Time: Eét > g: Tge = ﬁ = 86X X VpTge = % c

(t shortend by scattering)

Thermodynamics

Energy needed to excite a superconducting electron: 2A = kzT, —» 6x = &, X ';_F

2N
' ' 19 2
(experimental values available) oo



B Scattering in conventional (s-wave) superconductors

(Non-magnetic) Scattering is not pair breaking in isotropic conventional superconductors.

— Transition temperature does not change.
o
162 gA2&2

— Condensation energy: E,. = does not change.

« Superconducting coherence length decreases: ¢ = \/E"_ (z 1/fol)

« Magnetic penetration depth increases: 1 = /M — = A, /1 + é
0'ts

— Superfluid density ng x -3 |s reduced.
fo

, Clean I|m|t a < 1, dirty limit: a > 1

$o
3V3uemAi EgVita

Impurity parameter a: =

« Depairing current denS|ty decreases: J4(D) =

_/w T =
@’%\ %
20 El ety



B Pair breaking in cuprates

1.000 1<
. . . . . 0.975
- Scattering is pair breaking in cuprates. sl
- T. degrades with increasing resistivity. 75 0,925,
0.9001
0.675| - orscer0s __
100 —m—— 0.850| - sunam oS
__________________ ] 0.8251 —:— DNZVnao opts .
75 h e i R i ;
= <o : R. Unterrainer et al., SuST 37 (2024) 105008
Ny :
. ] « Resistivity not easily accessible in coated
] conductors
ol N ] « Disorder parameter, D: decrease of T,
0 25 50 75 100 _ 70
-1 (D — Tc o Tc)
po(uQcm) x 771 1/1 1
e Dxrt

R. J. Radtke et al., PRB 48 (1993) 653

J

* D x ¢ (different slope for different particles) e\;}\
0y R
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B Scattering in cuprates

th

 BCS coherence length: &, = 0. 15

. a= % Increases stronger.

(d -wave) increases.

So

1+==

« Change (increase?) of coherence length: & = g.

« Magnetic penetration depth increases stronger: 1 = /ﬂ — = A /1 + @

— Superfluid density ng « ﬁ = E IS stronger reduced.
: : o
— Pair breaking current density, /4 = ot

decreases stronger.

$o

« Decrease of depairing current density with D(T,): Jq4(D) =

3\/—1107TA 50 (D)ﬁ 1+C¥(D

22
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B Change in superfluid density

% universal for optimally doped RE-123?

ng Ay l4a, o &l pil,

ng_/lz_ 1+«

Our experimental data:

T, = Tg_ﬁqb’pn =P5+}’¢

_Ben_ pu 0T
yTh

Kt =
P T? dp

Theory: -(0.7-1.2) K/pQ2cm
R. J. Radtke et al., PRB 48 (1993) 653

Fast neutrons, Y-123 films: ~-0.1 K/uQcm

e irrad YBCO sc: ~ -0.35 K/pQ2cm

Rullier-Albenque et al., PRL 91 (2003) 047001

Zn-doped Y-123 sc: ~ -0.28 K/pQ2cm

T.R. Chen et al.,, PRL 67 (1991) 2088

a lPEO - Tcppn

ol 5%

1.0

0.81

0.6

0.4 -

0.2

0.0

----- K, = —16.5, dirty lim. "
—_—— K,O= —165,a=3 ’
Franz et al. 2004 :
A
0
i
[
."-"
.If’
/]
o = 50 Al
l ./. /]
.//
niyia
P f’i
0.0 02 04 06 08 1.0

Experimental data from literature
M. Franz et al. PRB 56 (1997) 7882
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B Summary scattering

Any defect decreases the mean free path of the charge carrier, .

« Normal conductors
« Increase in normal state resistivity p, =

e Superconductors

« Decrease of coherence length in conventional sc: & = €°€ ~ /&l
1422
l

MeVE

ne?l

Increase of ¢ because of increase of &, (cuprates)
* Increase of magnetic penetration depth: 4 = A, /1 +%

— Decrease of superfluid density « 1—12

.. 1
— Decrease of depairing current « FET:

» Relevant parameter: 771 (- p,, T,)

« Most efficient: large number of small defects (dpa in superconducting matrix).
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Modelling changes in |,
Flux pinning



B Flux pinning

3
16m2 g2 &2

- Condensation energy density: £, =

%

. . _ 2
Energy of vortex core per meter: Ecore = Ec 8% = 12—

1. Normal conducting/insulating defects (AT,.-pinning)

2
a. Large defects: rp > &: Epp = E. m&%21p = PoTD ‘

8T UAZ
. . _ 4nr8__ P75 -
b. Small defects: 1y < & Epi = Ec —2 = 12mpgA2E2

2. Tiny defects, no suppression of E. (Al-pinning): vortex core shrinks

.. Epin
- Critical state: F, = F, = |J. X B [, force balance, f,,;, = pT

Any defect contributes to pinning!

26
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B Pinning efficiency

* Thermodynamic limit: depairing current density

_ $o
Ja = 3mV3ugA%¢ r
. _ ¢% 4 , @{{Q S—
* Energy of vortex core per meter: Ecore = 71— i —
0
fmax — Ecore _ b5
p § 16mpgA?g
max 3 3
. Jmax — " ¢o  _ \/—]d ~ 0.32),
¢0 167'[‘[10/12{: 16

Npin = e | pinning efficiency
Ja

* npin,max ~ 32%

Large defects r, = ¢ needed for a large 7, (although any defect can contribute to pinning)

A3



Change In critical current density

REBCO
(transport measurements)

2.00 —— SP SCS09 S

-+- SPSCS10S
------ SP SCS13 S
SUNAM HCN S
e- Theva TUW S
—+— DNano Opt S

1.751

1.50

Je 1.25 LR
J% 1.00 b —dfimmmmezmznzmznmm T “*»z_.___‘”'\‘ ______________________________
0.75- ! h
0.50- " :
3 R. Unterrainer et al.,
0.251 Ty SuST 37 (2024) 105008
0 1 2 3 4 5

Fast neutron fluence (10?2 m2)

Improved pinning vs. loss in superfluid density

Separation of the two contributions: J. = 7pin/a(D), Npin < 1...... pinning efficiency
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B Universal degradation

¢ SPSCS09S

1.5 v SPSCSO09U

' ) A SPSCS09P

. . . B SPSCS135
Pinning efﬁmency( o — Jq decreases

increases J 1.0
'NQ .
Predictable from

Large defects? 0.5 changes in T, and

Good dpa? 30K, 15T Pn-
00 %0 =5 50 75 100 125 150 175 Small defects?
DIR) Bad dpa?

Very similar degradation behavior:
« Same tape (SP SCSO09) different irradiation techniques
« Fast and thermal neutrons (U)
« Fast neutrons (S)
« 1.2 MeV protons (P)
« Different tapes (S): SP SCS09, SuN HCN, SP SCS13 (artificial pinning centers)

M. Eisterer et al., arXiv:2409.01376v1

[
/ }:“
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B Change of critical current

Separation of contributions from enhanced pinning and scattering: J. & 7pin/q

¢ SPSCS09S

151 v SPSCS09U

: A SPSCS09P

. . . . B SPSCS13S
Pinning eff|C|ency/ SUN HCN S Jq decreases

. o
Npin INCreases = 1.0

Cc

_ = Resulting from
Mainly caused by  ¢5. scattering (small
large defects 30K, 15T defects)

%000 2.5 5.0 75 100 125 15.0 175

D (K)

Ic M A n . .
e —TpinJaZcreep _ Ipinppy Ry ...degradation function
Ic 77p1n ]d Acreep 77p1n

1 1 M. Eisterer et al., arXiv:2409.01376v1

(“p + 1)t63 ( Ecrit )ﬁ_n_p ¢
ap (1 - K,(1— tc)) + t. \WPoBVo i

Ie
= a =
TC, p p

Sop
[

e
AL

< }w;
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B Degradation function - pinning contribution

Parameters in Fp

0
* ap = % (fixed to 3, weak influence)

TP 0
-« K, =52~ -165
Pn 9T

(experimental value, thin film)

 n-value, U « I"
linear fit to the experimental values
(sample dependent)

1 S N T ———— — const. volume
----- Kp=-165,a=3
1.0+ —# ¢ SPSCS09S
v SPSCS09 U
n 08 A SPSCsS09P
n _ 0O SPSCS13S
nO 6.6 > SUNHCNS
0.4;
o2t 30K,15T T
0 5 10 15 20

M. Eisterer et al., arXiv:2409.01376v1

npin

0
npin

Lo —— SPSCS09S/U/P-n°=17.3 An=0.85
----- SPSCS13S  -n°=22 An=1.17
0.8 SUNHCN S -n°=15.5 An=0.71
0.6
0.4 I
Mpin -1 'c
0.2 = —
7,’0 FD IO
in C
0.0 P
3.0
.
2.5
2'07 A /_.——k_—'*
L5 ¢ SPSCS09S O SPSCS13S
30 K’ 15T v SPSCS09U SUN HCN S
1.0L-d A SPSCSO09P |
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5
D (K)

Strong increase near D = 0.
Saturation at large D.

Npinmax €Nough for decreasing branch.
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The experimental/modelling path

» Scattering rate is the key parameter

Radiation environment for the degradation of HTS.

« Additional parameters?
Mont&:arlo

- Doping level
eIl [ci ezl Molecular Dynamics > Change in pinning easier to handle?

- Strain
- Finding a proxy feasible?
Expe@ ent » Damage parameter is needed.

AT, <5 ), & Defect structure » Prediction of t~1 or AT,

Time depddent Ginzburg-L‘dau theory

Critical current density

32




The experimental/modelling path

» Scattering rate is the key parameter

Radiation environment for the degradation of HTS.

« Additional parameters?
Mont&:arlo

- Doping level
eIl Proxy eXperiment > Change in pinning easier to handle?

- Strain
- Finding a proxy feasible?
Expe@ ent » Damage parameter is needed.

AT, 5 A€ Pinning efficiency - Prediction of T~ or AT,
I;gradation functio‘

Critical current density

33




B Conclusions

» Predicting the property changes in HTS because of the operation in a
specific radiation environment is a difficult task.

* Competing effects:
- Degradation due to scattering (small defects)
- Improvement of pinning (large defects)
» Only a combined approach (experiment+modelling) seems feasible.

» Prediction of scattering rate is key
* Damage parameter?
» Change of flux creep?
» Change in pinning: Only saturation value of Npin 1S Needed?

- Benchmarking experiments with proxy particles.

G
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Discussion

| hope you disagree with some points or have
some other suggestions so that we have a

vivid discussion!

35



B Points to think of

» Prediction of change in flux pinning
» Prediction of change in T,
> |s it possible to tune the radiation sensitivity?

» |s the change of T, with resistivity universal? Why not?

> |s pT—C a reliable prediction for the (change of) superfluid density?

» What is missing in modelling?
» What is missing from experiments?

» Which benchmarking experiments are missing/needed?

36



Just in case.....



Scattering in conventional (s-wave) superconductors

(Non-magnetic) Scattering is not pair breaking in isotropic conventional superconductors.

— Transition temperature does not change.
b5
16m2pugA2é2

— Condensation energy: E,. = does not change.

« Gorkov-Goodman relations: k = % = Ko + 2.37 - 10°\/¥ppo = Ko (1 + i)

— Upper critical field increases: B., = B27° + 2.37 - 106\/y,,po = B2™° (1 + SZ")
$o

0

— Superconducting coherence length decreases: ¢ =

* |sotropic conventional superconductors

— Magnetic penetration depth increases: 1 = /u — = A /1 n i
0'ts

— Superfluid density n, « ﬁ IS reduced.

$o

ot decreases.

— Pair breaking current density, /4 =

A3
OS]
38 >
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Modelling changes in I,
Flux pinning




B Flux pinning

0
1612 g2 &2

« Condensation energy density: £, =

b3

. ] _ 2
Energy of vortex core per meter: E .o = E. mé“ = 16mpyA2

1. Normal conducting/insulating defects (AT.-pinning)

2
a. Large defects: rp > &: Epypy = E. m&%21p = 57D ‘

8Ty A>
. _ . 4m’5 . ¢5Tg -
b. Small defects: 1p < §: Epip = Ec — 2 = 12l A2E2

2. Tiny defects, no suppression of E. (Al-pinning): vortex core shrinks

- Critical state: F, = F;, = |J. X B |, force balance.

o Epin
fpm E

40
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B Pinning efficiency

Thermodynamic limit: depairing current density

Jg=—20 ) .
d 3mV3ugA%¢ o
o . — ¢% ? ( == : ¢ -~
Energy of vortex core per meter: Ecore = 75 = ;
fmax — Ecore _ b5 . . , ‘
p § 16mpgA?g

Critical state: F, = F|, = |J. X B |
Highest possible pinning force per vortex and unit length: cylindrical defect with r, > &
Force balance for one vortex (B L J.): fL = f,

fu= ﬂ F dA = j Jo X BdA = J o < fimax= 3

16T pgA2E ii! f
fmax (l) i
IR = = e = e a ~ 03 ‘ i ” ”

* Mpin = le . pinning efficiency
Ja

77pin,max ~ 32%

Large defects r, = ¢ needed for a large 1, (although any defect can contribute to pinning)

41
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B Change in superfluid density (Homes’s Law)

_ i . ) _ hvf MeVf . Mo
A=1 / z with the BCS relation ¢, = 0.18 ket Pn = ez and A; = —
1 uokpTc 1 uokp __ ] 5 1K1
A2-)? ~ 018hp, A% 0.18h 9.14-10% Qm
1O K,= —16.5, dirty lim. ;
Our experimental data: — Kp= =165, a=3 !
T. = T:_mirr _ ﬁd)’ 0 = Pynirr + AP 0.8- Franz et al. 2004 ;
. . ’l
aTuan'T' TuTllT'T' a '."
Kp _ % _ e P SO ’,;
B Punirr Punirr aTc 0.6- a = — /!
AS l !-"1
AZ P
Experimental data from literature: 0.4 /,/',r'
M. Franz et al. PRB 56 (1997) 7882 i
0.2 /.{',/
Suitable prediction of the change 0.0] —mmmm==TTE
00 02 04 06 08 1.0
Tc

In superfluid density!
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Modelling changes in I,
Resulting changes
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