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Talk structure

* Overview of He ion irradiation treatments

* Crystal structure studies of He™ irradiated REBCO cc

* Characterisation with laboratory Cu-K source X-ray diffraction

* | ocal structure studies of He™ irradiated REBCO cc

* Analysis of synchrotron Cu-K edge X-ray absorption spectroscopy

* Conclusions
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Talk structure

* Overview of He ion irradiation treatments
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2 MeV He™ Irradiation

0.02
. . . . . 0.00 1
* He ion irradiation carried out at )
5
the Surrey lon Beam Centre, UK. g o
()
* He* chosen as a neutron proxy as 5 "
similar irradiation features ~0.061 —
. . . [c-axis] — SP13 n-irr
observed in previous studies [1]. —0.08 —_ P Reimbods)
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Energy (eV)

[1] — Adams, K. et al., Superconductor Science & Technology, 2023,
Vol.36, 10LTO01.
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2 MeV He™ Irradiati

0.02
. . . . . 0.00 -
* He ion irradiation carried out at )
S
the Surrey lon Beam Centre, UK. g~
z
* He* chosen as a neutron proxy as 5 ™"
similar irradiation features ~0.061 |  CUNAM i
[a/b-axis] — SP13nirr
observed in previous studies [1]. o — , __ Sr e xS

0 5 10 15 20 25 30 35
Energy (eV)

[1] — Adams, K. et al., Superconductor Science & Technology, 2023,
Vol.36, 10LTO01.
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2 MeV He™ Irradiation

Ag capping layer

REBCO HTS

Buffer stack
Substrate

¥

* Stabiliser and capping layers ;stabi"ser

removed with wet chemical

etching to expose HTS layer.

* Prevents ions being attenuated.

[2] — Nicholls, R. et al., Communications Materials, 2022, Vol.3
(52).
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2 MeV He™ Irradiati

1.4

In
L _._2MeV He’ IH
. el -
* 2 MeV He™ chosen for relatively 127 L i}
I »
= |
I
. . i ] |
uniform damage in HTS layer. ] 5 !
2 8 |
Sos| E
* Fluence magnitudes of 1E16 5 28 P
0= . 1
E 0.6 1 §= I .
. i { 1 !
ions/cm~2 at room temperature. = 0 i 'i
|:|_4 HEJ ! " 4
r '
[J . . -}" !
* Typically aiming for 10-40 mdpa. 0ol L 3
M EETEEELE e ,--—---'f*#-u IF . . ll
| 0 0.5 1 1.2 2 2.5 3 3.5 4

Depth into sample [um)]
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Talk structure

* Crystal structure studies of He™ irradiated REBCO cc

* Characterisation with laboratory Cu-K source X-ray diffraction
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* XRD collected using a Malvern Source _ Detector
Panalytical Empyrean system.

* Scans utilise a 3-axis stage and
a 1D detector.

* Uses a Cu tube (A, = 1.5406 A)
source, with Cu K; removed with
a Ni filter.
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XRD: Pristine Material

RE = Y/Gd I FE - Go [ RE = Eu
1At ke =y [IMRE = v/Gd -
<
E [
[= % 1757 -
-
. -
= o
D, O
- (W
™~ 0 I |
= D 11.7
- =
B J
U 1145¢ :
|
i \.U ! L,,,“_,._,,.;LMJ |
™ ' l"luw 1.4
20 40 &0 80 100 120 ' 1
Detector angle, 26 [Degrees| Sample
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XRD: 2 MeV He™* Characterisation

Uniradiated
15.4 mdpa
31.2 mdpa

* All samples had an increase in ‘

i S
-
——
—
[ |
|

c-axis following ion irradiation,

proportional to mdpa.

Intensity /2 [arb. units]

I Il I S S S S - -
-
N N I S S S S S S S - .-

I
'LL/I\-'_La_r'l"r.ﬂlll'v" I\'ﬂlilﬁu“ﬂ&&ﬁﬁ
20 40 &0 80 100 120
Detector angle, 20 [Degrees]
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I
I
. . )
* All samples had an increase in B NN\ SO N—— N
— : Uniradiated
' i ' i iati 2= 15.6 mdpa
c-axis following ion irradiation, = | 154 melpa
o | REBCO
proportional to mdpa. = | —T
- |
5 |
L I
= I
I
. I
* Notably no evidence of change |
I
I
to the buffer layer. I SRR, VS R,

80 85 90 95 100 165 110 115 120
Detector angle, 26 [Degrees]
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XRD: 2 MeV He™* Characterisation

Tl & rE=Y/Cd
: . . . nol | © RE=GC
* Increase in c-axis following ion ' O RE=Y
08T
w
irradiation largely invariant 07 |
. — 0.4 A
with RE, manufacturer, or ®
: e ’
thickness. 0.4F P
0.3} “
* ~ 1% increase in 40-45 mdpa o2
0.1 A
II
0t

0 5 10 15 2 25 30 35
Damage [mdpal
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* W-26 scans measure the a and "oyl
DA DL, o o 1';;1 : 5
. . 14 "
b axis lattice parameters. 45
E]B 'féh:' I Eg
o 12 35 3
a] -
. ERINS AR 1° =
* Variation between tapes more 1) s
-t
R )
pronounced and complicated N ]
bs 1.5
[V R N
by different buffer peaks. g Bifd . L ol B |
88 89 90 @1 92 93 94

20 [Degrees]
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XRD: 2 MeV He™* Characterisation
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* Characterisation is complicated
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XRD: 2 MeV He™* Characterisation

3.9
o 3.89 | e----="" Il
* Preliminary data set suggests a : LA -
388 T I .7
T _ ¢ -7
plateau following irradiation, <& .-
. £ 3861
unlike the c parameter. 5 el
' PP X
RS P
4_,6 383 i'.
_A
3.82 | - - - == OIS
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381 &7 A RE=Y/Gd|
QO RE=Gd
3.8 ' ' ' ' ' ' '
-5 0 5 10 15 20 25 30 35

Damage [mdpa]
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* Working towards a larger sample of RE, manufacturers, and mdpa.

Fa

RE =/ Gd
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O ERE=Y
Y
/./
K '
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XRD: Pristine Material

RE = ¥ /Gd
* w scans are performed by I
— I\
changing the incident angle s
E I
offset (w) away from ©. - : :
HEE
* The (O03) Bragg reflection was E : !
I
chosen due to its intensity and t I ' |
(I | |||
: 1 | |
distance from buffer peaks. A %Lluuwmwkdwmumiwg
% S 60 80 100 120

Detector angle, 20 [Degrees|
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XRD: Pristine Material

RE = ¥ /(Gd
* w scans probe the distribution
of crystallites within a layer, z
3
. g -
and thus crystal layer quality. 5 FWHM = 1.4
e
2
o
=
* Significant variation seen in w
scan FWHM between reels. = L e
8 s 10 11 12 13 14 13 1&

w [Degrees]
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XRD: Pristine Material

=—RE = Eu
* w scans probe the distribution
of crystallites within a layer, Z
3
: g
and thus crystal layer quality. 5
=
z
iC.
=
* Significant variation seen in w k
scan FWHM between reels. - . . . 0 T
8 g 10 11 12 13 14 12 1&

o [Degrees]
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XRD: 2 MeV He™* Characterisation

A RE = Y/Gd
28T O RE=Gd
* w scan FWHM much more ol .
O F
- . . . D94t
sensitive to irradiation. @
;2_1
L A
7 :
218t
. e ey = &
* Tapes with sharper initial 16|
F
oy 1.47F
FWHM seem less resilient to .
1.27
damage from 2 MeV He™. |

0 5 10 15 20 25 30 35
Damage [mdpal

Irradiation Effects in HTS for Fusion (IREF) 2025 22



: . : w CENTRE
jarrod.lewis@materials.ox.ac.uk \IBA) ). FOR APPLIED
SUPERCONDUCTIVITY

Talk structure

* | ocal structure studies of He™ irradiated REBCO cc

* Analysis of synchrotron Cu-K edge X-ray absorption spectroscopy
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X-ray Absorption Spectroscopy (XAS)

photoelectron

. AVAVAVAV
¢ VO I u m e a-verag ed tec h n Iq u e' conduction band E
valence band e
EFcrmi

* Provides an elementally specific

-
j‘jd.—o—.—o—o—o—o—.—o—. ]'L-;:f4’ M ;’30
probe via electronic excitation. R MDD o
. . . . 2p ———eo oo oo —— [5 [
e Contains localised information 2s e Ly
X-ray
independent of diffraction based
p Wv o K
(CryStaI StrUCtu re) pro bes. {;’jl;g?:\;lglg,?’l_‘/;a ’Reviews in Mineralogy and Geochemistry, 2014,
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X-ray Absorption Spectroscopy (XAS)

Incident X-ray
* Excited photoelectrons scatter off K

neighbouring atoms.

* Scattering encodes the local

structure into the detected X-ray

fluorescence signal. @ Absorbing atom

Scattering atom

v
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* Fluorescence geometry used to

avoid attenuating signal via the

buffer and substrate layers.

Irradiation Effects in HTS for Fusion (IREF) 2025 27



jarrod.lewis@materials.ox.ac.uk “ %@5
X-ray Absorption Spectroscopy (XAS)

Depending on experimental set-up X-ray absorption can provide:
* Chemical information (HERFD-XANES)

e Structural information (EXAFS)

Both are inherently localized probes (< 6 A), constrained by the
finite core-hole recombination lifetime.
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X-ray Absorptlon Spectroscopy (XAS)

18 ' ' ' 15
Cu K-edge data

Cu K-edge data

16 . ol T\ ﬂ
N \r/\/wﬂﬂ"/
5_
<92t _
C . S
2 \at\oﬂ//'
= I OSC\\ | ooX 0 m
U%m E*P‘FS LY
2 sf i
6 \ u
: 10t _
nt Absorption edge | | b = V2m(E — Ey) “
2
2 ’J' ' ' . . -15 | _ h* '
8.8 9 92 94 96 98 10 0 2 4 6 g 10 12
Energy E [keV] Wavenumber k [A™']

Irradiation Effects in HTS for Fusion (IREF) 2025 29



jarrod.lewis@materials.ox.ac.uk

CENTRE
FOR APPLIED

SUPERCONDUCTIVITY

X-ray Absorptlon Spectroscopy (XAS)

1.4
. X(k) _) X(R) Cu K-edge data
1t Cu, O
087 1
= Next
0.6 cell -
0A4r ‘
0.2
O 1 1 1 1
0 1 2 3 4 5
Stacking Inter atomic distance R [A]

Faults

* EXAFS analysis is sensitive to
defects, vacancies, and
Interstitials.

* As a scattering technique there
Is no requirement for long
range order and so is sensitive
to diffuse phenomena.

* Motivates high mdpa levels.
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) W CENTRE
jarrod.lewis@materials.ox.ac.uk | ({88 FOR APPLIED
SUPERCONDUCTIVITY

X-ray Absorption Spectroscopy (XAS)

S¢ — Amplitude reduction factor

* EXAFS data is analysed with an empirical f — Scattering amplitude

equation, with each of the j scattering N — Coordination number

paths modelled using a REBCO CIF input. A — Photoelectron mean free path
R — Inter-atomic distance

o2 — Debye-Waller factor (disorder)

—2R;
/7‘(")6_2](6 0 — Phase difference

sin[2kR; + &; (k)]

SZN:f:(k
(k) =Zj 0 JfJ( )ekR.2
j

[3] — Newville, M., Reviews in Mineralogy and Geochemistry, 2014,
Vol.78 (1), p.33-74.
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X-ray Absorption Spectroscopy (XAS)

S¢ — Amplitude reduction factor

* EXAFS data is analysed with an empirical f — Scattering amplitude

equation, with each of the j scattering N — Coordination number

paths modelled using a REBCO CIF input. A — Photoelectron mean free path

R — Inter-atomic distance
DFT ’ i

o“ — Debye-Waller factor (disorder)

x(k) = z SoN;fi(K)e ‘7\(’%‘2‘8111[2 5,0 § — Phase difference

[3] — Newville, M., Reviews in Mineralogy and Geochemistry, 2014,
Vol.78 (1), p.33-74.
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* Rotating the sample enables

Elements:
® =

preferential scattering in the a, b, ® c

or c direction.

C-axis

Orientation:

z
Y I;x

* In structurally anisotropic HTS,

this allows polarised XAS studies.

X = Pgx

* Note twinning convolutes a/b.

[4] — Lewis, J.C. et al., Superconductor Science & Technology, 2025,
Vol.38, 015022.
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Cu K EXAFS: 300 keV He™ Study

Ve

047 ,',‘\' ----- ASO;ZCi;r:;ohon 1
* 300 keV He™ places the Bragg . it
SO I
il
peak in the REBCO layer. - 03 ! 18
' 1 | O
S 025 i |' 29
) H 1 (28
8 ool i |39
E 0.2 ’. ‘ “ &
8 ; 1K
. . . 0.15} / | @
* Expect a continuous variation i { &
0.1 J \
in damage and thus in the Cu I ]
QDr- \
! .
\
local environments. 0, - - o :

Depth into sample [pm]
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Cu K EXAFS: 300 keV He™ Study

* Using SuperPower tape with

RE = Gd/Y, the pristine local

structure was well modelled by

REBCO-123 along a/b. ’Jy:\l

FT (k3x (k)

[a/b-axis]

05 1 15 2 @25 3 35 4 45
R[A]

[4] — Lewis, J.C. et al., Superconductor Science & Technology, 2025,

Vol.38, 015022. Irradiation Effects in HTS for Fusion (IREF) 2025 35
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Cu K EXAFS: 300 keV He™ Study

Pristine datq =====m=== Fit

* The c-axis pristine local structure

was less well modelled.

FT (k°x (K))

* Disagreement noted around the

Cui1-0O4 distance.

[c-axis]

0.5 1 1.5 2 2.5 3 3.5 4 4.5

[4] — Lewis, J.C. et al., Superconductor Science & Technology, 2025,
Vol.38, 015022. Irradiation Effects in HTS for Fusion (IREF) 2025 36



: : : w CENTRE
jarrod.lewis@materials.ox.ac.uk \ FOR APPLIED
SUPERCONDUCTIVITY

Cu K EXAFS: 300 keV He™ Study

n Pristine 10" He™*
 With irradiation, the a/b lattice
changed predominantly above
3 A =
* Indicates the first Cu-O shell is
[a/b-axis]
largely unaffected. R L R T
0.5 1 1.5 2 2.50 3 3.5 4 4.5
R [A]

[4] — Lewis, J.C. et al., Superconductor Science & Technology, 2025,
Vol.38, 015022. Irradiation Effects in HTS for Fusion (IREF) 2025 37
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Cu K EXAFS: 300 keV He™ Study

Pristine 10" Het

* The c-direction is much more

sensitive.

-z |

* Changes to the nearest Cu-O

position and further scattering

. . [c-axis]
paths Implled‘ 05 1 15 2 25 3 35 4 45
R [A]

[4] — Lewis, J.C. et al., Superconductor Science & Technology, 2025,
Vol.38, 015022. Irradiation Effects in HTS for Fusion (IREF) 2025 38
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Cu K EXAFS: 300 keV He™ Study

Pristine 10" He™

* 300 keV study limited by the
inhomogeneity of the damage

profile to a qualitative analysis

FT (k°x (K))

of spectral features.

* Shifts do not disagree with FP

: : c-axis
formation, but not conclusive. [ . ].

0.5 1 1.5 2 2.5 3 3.5 4 4.5
R [A]

[4] — Lewis, J.C. et al., Superconductor Science & Technology, 2025,

Vol.38, 015022. Irradiation Effects in HTS for Fusion (IREF) 2025 39
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Cu K EXAFS: 2 MeV He

* To isolate defects for fitting "2
and analysis, a more uniform -
. 1% 08|
damage profile was chosen. 0
£ 0
[
&
0.4
* 2 MeV He™ was used to 0.2

irradiate a GdABCO R&D tape. 0

* Study
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Depth into sample [um]

Irradiation Effects in HTS for Fusion (IREF) 2025
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" !
..... 2 MeV He i
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r |
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il l' l
E P
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5! ik} I R
T " 1
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= I .
0= H I
0 i
) ] !
[l ¥ 1
LIJ |
(' F !I
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i
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Cu K EXAFS: 2 MeV He™" Study

Pristine [C-axis]
2MeV He+
Limits

* Impact of irradiation most

evident along the c-axis.

| x |

* Spectral shift suggests change

in local structure with

irradiation. . . . .
1 2 3 4 5
[5] — Lewis, J.C et al., Presented at: Applied Superconductivity Conference (2024) Inter afomic distance R [A]
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Cu K EXAFS: 2 MeV He™ Study

- 0.4

* Additional x(R) peaks

correspond well to RE-124 03
: : | )
stacking faults (SF) seen in , . Double Tayer of g
L B Cu-O chainss %
ptychography lift-out from 02§
the same sample.
0.1
i \ . - L 3
Single layer'of .
Cu-O chains
[6] — Coulson, M. et al., Presented at: Irradiation Effects in HTS for Fusion
42
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Cu K EXAFS: 2 MeV He™ Study .

- . -F|'

* Pristine material again
captured well with a RE-123

structure in the a/b plane.

¥R} [arb. units]

[a/b-axis]

0.5 1 1.5 2 2.5 3 3.5 4 4.5
Inter-atomic distance, B [A]
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Cu K EXAFS: 2 MeV He™" Study

Data

- - -F|'

* Less agreement in the c-axis

direction, even when including

a Cu-O path for the RE-124

¥(R) [aro. unifs]

structure [7].

* Currently looking into possible

1 || || J
. ol C-axis
interstitial paths. : , ] A
05 1 15 2 25 3 35 4 45
[7] - Nicholls, R.. et al., Presented at: RADSUM Workshop (2025) Infer-atomic distance. R [A]
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* Fit to irradiated data shows
less agreement, as expected. _

 The RE-123 model captures - ‘ » y,
the spectral features along the \ )
a/b plane well. .3_5[a/ '?'a":i: co

Inter-atomic distance, B [A]
Irradiation Effects in HTS for Fusion (IREF) 2025 45
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* [rradiated c-axis spectra is
more complex. =
* Significant spectral features ) ,
and weight missed by the RE- I
123/RE-124 model. lcaxis]
05 1 15 2 25 3 35 4 45

Inter-atomic distance, E [,Ex]
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* Including an additional Cu-O

interstitial path along with the

Cu-O from the RE-124 SF :
brings model into alignment. ;
* Validity needs to be confirmed
with further tests, along with , J
[c-axis] ¥
the pristine c-axis model. 05 1 15 2 25 3 35 4 45

Inter-atomic distance, B [A]
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[4] — Lewis, J.C. et al., Superconductor Science & Technology, 2025,
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* Three absorption edges were collected

for the same sample with polarisation.

C-QxXis

* Aim is to develop a multi-edge self

consistent local structure model.
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Cu K EXAFS: Beam damage?

e A common concern in XAS is

beam damage altering.

* We investigated this using

SuperPower tape over 8 hours

of continuous measurement.

4

2
0 Time [Hours]

Inter-atomic distance [/3\]
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Cu K EXAFS: Beam damage?

* No evidence of local structure ’ 109
108
shift from the prolonged beam =:
O
C
exposure (8hr). = g
£
RS,
o 2
o
=

—

* (Flux at sample ~ 1E11 ys™)

] 2 L 4 S b 7 8
Time [Hours]
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Talk structure

* Conclusions
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Conclusions & Future Work

* Preliminary XRD analysis shows differing sensitivity of crystal

lattice (a,b,c) and crystallite distribution (w FWHM) to 2 MeV He".
* Polarised EXAFS sensitive to SFs and movement of atoms.

* Multi-edge study analysis nearing completion with Cu K-edge

fitting progress, but pristine c-axis spectra remains to be solved.
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Conclusions & Future Work

* To analyse:

* Polarised Cu K-edge EXAFS vs Temperature (77-300 K)
* Polarised Cu K-edge HERFD-XANES vs Temperature (77-300 K)

* Next experiments:

 EXAFS + HERFD-XANES of neutron irradiated material (August)

* Cold transfer LN2 irradiated material to Diamond Light Source for in-situ

annealing studies with Cu K-edge HERFD-XANES (September)
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Thank you for your attention!

Quick advert: Posters

CfAS Irradiation of HTS at EUCAS 2025 - Porto
Monday 22" (12:00-13:15)

Talks « J Tufnail (1-MP-IE-1)

. J Lewis (1-MP-IE-2)

« K Adams, (1-MO-IE.2) — Monday 22 17:15
ams, ( )~ Monday + J Fihosy (1-MP-IE-3)

* M Coul 3-MO-FP5) — Wednesday 24t 15:30
oulson, ( )~ Wednesday Tuesday 23" (12:00-13:15)

» Prof S Speller, (P4) — Thursday 25t 11:00
ro peller, (P4) ursday * A Gupta (2-MP-FE1.5)

. J Lewis (2-MP-FM.6)
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