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why

Due to the smaller size, the radiation environment of
superconductors in compact fusion reactor will be much
more challenging than in DEMO like systems

Compact fusion machines such as
ARC, STX and VNS

_ VDR & mer: 537, 62m _
6 j‘ ‘ \ i’t’:ﬁ‘?’\ PFusion=Soo MW ‘_

"

ARC:9.2T,33m ]
Proson =500 MW |

Fusion

O 2 4 6 8 10 12 14 ITER' ?\!KI? hARICz
Magnetic Field [T] (unshielded) | (shielded)
Neutron | 5 1010 1x1013 6x1010
flux n/cm32s n/cm32s n/cm32s
on TFC
L. El-Guebaly, FT 1991
(10.13182/FST91-A29549) dpa on
°F. Ledda et al., [EEE-TAS 2024 TFC after | 4x104 4 x10°3
that can achieve higher fields (2)20 T (10.1109/TASC.2024.3379114.) 10 years

e A , o o HPCFusion, 25/02/2026
SA] INFN ) EUROfusion eni W& Seclefica

Ledda, Multiscale Modeling of radiation Damage



2/20

why L
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? What happens when superconductors are iradiated? L. 0.94
« Neutrons cause defects — Carrier scattering 1, Tc | 0.92
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? Are effects predictable? 73 [
« Only partially. Jc depends on initial defect landscape Lo il
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? What's the goal? T
« Studying defect number, shape, type to understand 0'50_
impact and predict performance s
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H H I (b) Normalized critical current at 15 T and 30 K.
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why

« Radiation damage in materials is

| | | |
1-0‘7.?‘.\. § Fission neutrons ¢ ] commonly expressed using the
00 L | T Protons, 3 MeV -—=— NRT-dpa metric
* Electrons, 2 MeV -4 « Developed for moderate-energy
w 0.8} A T iradiation in simple monoatomic
Q .. solids,
t“ 0.7 - it provides only a rough estimate of
- A the energy fransferred to the
5 0.6 7 lattice
|,_
0.5 . 7 < In YBCO, identical NRT-dpa doses
s can correspond to very different
0.4+ N irradiation outcomes
0.3 | | | |
1 2 3 4 5 S fetal, Phys. R B 51, 6002 (1995
Dose (md Pa ) 1§L giﬁéogf 5/.,%Hys. ésév.el_\gff. 65, 1164 $1 9903

FSolovjov et al., Phys. Rev. B 111, 174508 (2025)
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why

| l I ! - The qualitative difference in

1.0 — § Fission neutrons —&— - response becomes understandable
3 T Protons, 3 MeV -—m— when looking at the PKA spectra,
0.9 . £ El 5 o computable with Monte Carlo
ectrons, 2 MeV --- codes
0.8 | . :
, . Energ;zl(MeV) X . ..
0.7 ——m—————— 10 e 1 e« Fordifferent projectiles at the same

Oxygen PKA, electrons ===- S . o .
Oxygen PKA, neutrons —___ {1018 A de, the reCO”-energy distributions

Tc,irr/Tc,priS
©
o))
.-

low & y are very different
<
{1016 :‘;, .~ —
E A
l101s 8 ...  The NRT-dpa cannot account for
. S T how recoil energy is actually
A partitioned
| |
3 4 5 §Sauverzopf et al., Phys. Rev. B 51, 6002 (1995)
Dose (mdpa) ¥ Civale ef al., Phys. Rev. Lett. 65, 1164 (1990)

FSolovjov et al., Phys. Rev. B 111, 174508 (2025)
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why

1011

For a given PKA species and energy,
the resulting collision cascade can o
be simulated using atomistic £ 100 - )
methods (e.g., Molecular Dynamics) 3 100
107! B: gtg I‘IH‘. I‘I
Cu pka
. . . . N O pka
: These smulohons provide detailed e T T T T
insights into the defect structures Eneray (MeV)
generated during irradiation \/
A
« Number and type of point defects: 103( , | | | | \
vacancies, interstitials, antisites = | % . ~ 1200 Y
@ ol cu 20 e I " Ba
» Size and morphology of defect £ 10 "5 50K e S Cg
clusters 2 T 800
c 1k ° [T
« Crystallographic location of the = 0 T . o
defects 5 ool . : g 400
= 5 a =
L hd ! :
Ba Y Cu 0 0 4 5

Site of the interstitials
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why

Energy (MeV)
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Low-energy recoils (<100 eV), 11015 ©
typical of electron irradiation, §
generate isolated point o
defects in the form of Frenkel 11014
pairs
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Energy (MeV)
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On the other hand, higher
Oxygen PKA, electrons ----
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w
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The microscopic description of |, &
cascades from MD mustbe | %
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distribution of PKAs from MC §
| l 11014
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how

Advanced
damage Physically

description grounded design
and lifetime

assessment
109 //’/ .
T Convolution of
3w i | PKA spectra
Y pka H_,_k ") .
106 gajgll: \"‘I ““’ “ WITh dOmOge
C'150 3 9 pf:i 104 E;grlgy (I}doei/) 101 flOG 01 reS p O n S e Quantity Neutron irradiation Electron irradiation

funCTlon Nominal dose (NRT-mdpa) 1 1
P KA S p e CTrO Frenkel pair density (cm3) 5.48x10%° 2.45x10%°

from routine
F . Monte Carlo

/ [‘ ) CO'CU'OﬂOﬂS — Small cluster fraction (%) 53 99
1 .ATO m I.Sh C Mean defects per cluster 405 7
SlmUlGTlonS' Damaged volume fraction (%) 0.28 1.22

performed once

Cluster density 1.44x108 cm3 3.45x10"% cm3
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MD simulations

The PKA spectra in fusion environment reach some MeV
Simulating directly high energy cascades becomes computationally oo expensive or
produces errors

9

1.8x108}

1.5x108}

1.2x108¢

9.0x107}

6.0x107}
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3.0x107}

o . 4 o .
102 103 104 105 106 ;
pka energy (eV) s N
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MD simulations

Collision cascades simulated for all the 4 possible
PKAs, at different energies E, and temperatures Ba,Y,Cu,O PKA

* Electronic stopping power from SRIM, included T (K) E, PKA (eV) Supercell size
as a friction ferm

* Interatomic potential from Gray et al. 1,2,5,9,15,25,50,80 30x30x10
(DOI 10.1088/1361-6668/ac47dc) 20,300

- 21 (random) inifial directions for each 20,300 140,245,430,750 X1
crystallographic site for E, < 100 eV - 1310,2300,4050 EOXE0x20

* 11 (random) initial directions for each PKA for E, 2000 E0XE0X20
> 100 eV 20,100,300

40x103,60x103,110x103 480x480x160
« Size of the supercell was chosen according to 20 (only Ba pka)

the PKA energy

HPCFusion, 25/02/2026

Ledda, Multiscale Modeling of radiation Damage



. 12/20
Atomistic model

“Beyond dpa: an atomistic framework for a quantitative description of radiation damage in YBa,Cu;0,"
F. Ledda et al., submitted to Small Science, arXiv:2512.16249 [cond-mat.supr-con]

Initial dataset (A) Cascade reconstruction (B) Final result (C)
LAMMPS Cluster ID
Nl = =

Y Ba CuO 1 2 3 4 5

000??2_)?%0 - .
. - —
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° T % ‘**' =
. Ve ' ! AN
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@ ’ o ._;&
e ™
- . 4"/ 5'!.- Mumber of defects
L]
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z e TR
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Atomistic model

2.0

«  With a 2€ spatial grouping Yo . | | M_._H_._._._._H

criterion, small cascades in MD 1| e o ok ey
form a single cluster, supporting

the treatment of each slow recoll
as the pka of a subcascade

1.0

6k P e e o e o e e )
60 keV

4k —M—Q—H—o—o—f—o—o——o—n
40 keV

Cluster per Cascade ()
Defects per cascade ()

0.5+

MD ——

« MD-BCA predictions using a 2 keV e | | ) I S I S B i A
tfransition are consistent with full 10 v PKAenzalr(;y (eV) v ’ ' ’ BCAiu-toff?keV) ’ ° !
MD defect production 25

9 BCA+MD —e—
© 20} MD —e—
(%2}
« Clustering behaviour predicted by S 15l
pure MD at higher energies is g
: 2 10f
consistently reproduced by the I3
combined approach EREl
. 0—0 d —d 9——& d 9 i
10-1 100 101 102

Energy (keV)
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Transfer functions for MC e
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Transfer functions for MC
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Example of application: reference

1 mdpa
2 MeV electron irradiation Fission neutron irradiation
Solovjov et al., Phys. Rev. B 111, 174508 (2025) Sauerzopf et al., Phys. Rev. B 51, 6002 (1995)
1019 . , . , . , 1019 . .
Y PKA ——
Ba PKA ——

1018 CU PKA 4 1018 L
=~ O PKA N
£ €
;E 1017} 3 L1017
¥ $
> 1016} > 1016]
.a _‘.l%
o o
T 1015} T 1015
v S
o o

1014} 3 1014}

1013 : . . . . . 1013 \ , \ . . ﬂ]

100 200 300 400 500 600 700 10-4 10-3 10-2 10-1 100 101
Energy (eV) Energy (MeV)
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Example of application: reference

“Beyond dpa: an atomistic framework for a quantitative description of radiation damage in YBa,Cu;0,"
F. Ledda et al., submitted to Small Science, arXiv:2512.16249 [cond-mat.supr-con]

Quantity Neutron irradiation

Electron irradiation

Nominal dose (NRT-mdpa) |

Frenkel pair density (cm3) 5.48x10%°

Cluster density 1.44x10'8 cm3

Small cluster fraction (%) 53
Mean defects per cluster 405
Damaged volume fraction (%) 0.98

2.45x10%0

3.45x10" cm-3

99

1.22

HPCFusion, 25/02/2026
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Example of application: ARC reactor o

PKAs at Toroidal Field Coil inboard of an ARC-like reactor
D. Torsello, F. Ledda et al., IEEE-TAS 2024

010 Best ’res’red sh|eld HfH2 - Wors’r ’res’red sh|eld Hf\/2
1 1
Y pka Y pka ——
Ba pka Ba pka ——
9| Cu pka 0| Cu pka ——
10 O pka 10 O pka ——
o o
& 108!l € 108l
O O
* x*
9] w0
g 107 5‘: 107
(a o
106} 106}
105 : : : : N 105 : : - : : -
106 105 104 103 102 101 100 101 106 105 104 103 102 101 100 101
Energy (MeV) Energy (MeV)
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Example of application: ARC reactor o

Shielding reduces damage intensity, not changing the damage regime.
Damage is dominated by extended defect clusters, similar to fission-neutron irradiation

Material De(fcca:cr:rtr?:_?;ity Cltjsgcra':_gse_?;ity Small-(cylu). fract. Vol.( %c;r_r:;:ge e ey
HfV, 1.10x10™ 4.55x10" 490 1.23x107° 2.41x10?
VB, 3.27x10™ 8.88x10'" 44.6 3.31x1077 3.69%10?

GdH; 2.37x10" 5.94x10'° 49.2 2.29x1077 3.98%x10?
LrH, 1.72x10'" 4.30x10'° 48.6 1.67x1077 4.01x10?
WB, 1.78x10' 4.62x10'° 448 1.77x1077 3.85%102
TiH, 1.44x10' 3.64x10'° 491 1.40x1077 3.97%10?
WC, 2.84x10'2 1.28x10'" 57.4 3.05x107% 2.23%107
WB, 2.58x10" 7.90x10° 454 2.69x1078 3.27%10?
HfH, 1.87x10'2 4.88x10° 49.6 1.82x1078 3.82%x 102

INFN w\_ﬂ EUROfusion eni Federico
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Example of application: ARC reactor o

Time required for the inboard TF coil to reach fission-equivalent damage conditions at 4 mdpa.
The faster evolution of volume-based indicator is consistent with more spatially extended

cascades under higher-energy fusion neutrons

40 [ - , ;
defects density s

cluster density

35}
damaged volume 1

30F

25¢
20t
15¢
10}
5t
ol = B ML LI

GdH3 ZrH> WB4 Tin WC WB HfH>

Time to reference damage level (years)

HPCFusion, 25/02/2026
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Conclusions

Standard dpa metrics were shown to be insufficient for
YBCO, as equal doses can produce markedly different
defect landscapes

Atomistically informed damage descriptors were
developed and integrated info Monte Carlo analyses,
extending the dpa framework while preserving
scalability. With this approach, atomistic-level damage
information is obtained at the computational cost of the
Monte Carlo run alone, since the underlying MD
calculations are precomputed

Applied to inboard TF coils of ARC, the approach
enables shielding assessment and proxy lifetime
estimates relative to fission-neutron irradiation

20/20
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