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Outline

e REBCO specifications for the magnets R&D of the Muon Collider



REBCO technical specs for MuCol magnets R&D JC

Ongoing R&D on the 40 T/60 mm bore solenoids for the muon beam final cooling muco!

[@\] e Specification __Target
modern REBCO tapes |Minimum I /width (4.2K,20T)
EDMS No. 2960999 exceed these specs |Benchmarkl/width (4.2K,5T)

Minimum n value - 15
o(1(4.2K, 20T)) (%) 5
Price Enquiry MinimumJ___, (4.2K, 20 T) (A/mm?) 3000
Technical Specification MinimumJ,_, ., (20 K, 20 T) (A/mm?2) 1200
Supply of REBCO Coated Conductor Unit length UL (m) 200 1000
. for _ Minimum bending radius (mm) 10 5
Muon Collider Solenoids R&D Allowable non-Cu 6, giudinai non-ca (4-2 K)  (MPa) 800 1000
. Mechanics in UHF HTS solenoids is _Allowable compressive,....... (4.2 K MPa 300 600
gﬁBCg challenging. Few data on the |Allowable tensile G, serse (4-2 K)
coame conductors make hard to give good |Allowable shear 7,/ (4.2 K)
values for some specs Range of allowable &g;uginai (%) -0.1...0.4 -0.1...0.5

Internal specific resistance p,,,,cverse (nQ2/cm?2) 20

Procurement of 4 mm tape for R&D windings at l/!ﬁ ::g‘r‘gﬂ & LBiEs" FFujikura

Total 11 km of REBCO tape in house at CERN from 5 worldwide producers



Outline

e Results of the measurement campaign on the angular dependence of |_
- Transport |_ measurements on full-width tapes at UNIGE
- Continuous angular dependence tested on microbridges at Tohoku Univ.
- Scaling relations for the I (B,0,T)



What has been tested — Catalogue of the Tapes

REBCO Type  REBCO Thickness D::;.:::n Pinning Type (77K,s.f.)
T BHO columns
F Fujikura EuBCO 2.5 um IBAD/PLD (artificial) 380-650 A/cmA
FARADAY Y,0; particles
- . 405-550 A
' HBEe” ) BHO columns )
LBES EuBCO 2-3um IBAD/PLD (artificial) 428-645 Afcm
SCS4050-HM 2 U (artificial)
: S Y,0; particles
D SUNAM YBCO 2.2 um IBAD/PLD (native) 410 A/cm
BHO columns
C SuperMag YBCO <2 pum IBAD/PLD (artifici) 373 A/cm




What has been tested — Catalogue of the Tapes

Deposition

REBCO Type REBCO Thickness Method Pinning Type 1.(77K,s.f.)
P Eni: BHO columns
F Fujikura EuBCO 2.5 um IBAD/PLD (artificial) 380-650 A/cmA
FARADAY Y,0; particles
- . 405-550 A
& 5Ee" ) BHO columns )
LBES EuBCO 2-3um IBAD/PLD (artificial) 428-645 Afcm
Superfower . YBCO 1.5umv |IBAD/MOCVD BZO columns 148 Afem W
SCS4050-HM ol (artificial)
‘ A DA Y,0; particles
D SuUNAM YBCO 2.2 um IBAD/PLD (hative) 410 A/cm
C SuperMag <2um IBAD/PLD BHO columns 373 A/em

(artificial)




Deposition

What has been tested — Catalogue of the Tapes

REBCO Type REBCO Thickness Method Pinning Type 1.(77K,s.f.)
e BHO columns
F Fujikura EuBCO 2.5 um IBAD/PLD (artificial) 380-650 A/cmA
FARADAY Y,0; particles )
:Inlﬁ FACTORY YBCO 2.5-3.1um IBAD/PLD (native) 405-550 A/cm
' HBEe” ) BHO columns )
LBES EuBCO 2-3um IBAD/PLD (artificial) 428-645 Afcm
Superfower . YBCO 1.5umv |1BAD/MOCVD BZO columns 148 A/cm W
SCS4050-HM 2 U (artificial)
‘ . Y,0; particles
D SuUNAM YBCO 2.2 um IBAD/PLD (hative) 410 A/cm
BHO columns
C SuperMag YBCO <2 pum IBAD/PLD (artifici) 373 A/cm




What has been tested — Catalogue of the Tapes

REBCO Type  REBCO Thickness DeMp;sl:::“ Pinning Type (77K,s.f.)
1 H- BHO columns
F Fujikura EuBCO 2.5 um IBAD/PLD (artificial) 380-650 A/cmA
FARADAY Y,0; particles
- : 405-550 A
' HBEe” ) BHO columns )
LBES EuBCO 2-3um IBAD/PLD (artificial 428-645 Afcm
Superfower . YBCO 1.5umy IBAD/MOCVD BZO columns 148 Afem W
SCS4050-HM 2 K (artificial)
‘ A DA Y,0; particles
D SuUNAM YBCO 2.2 um IBAD/PLD (hative) 410 A/cm
BHO columns
C SuperMag YBCO <2 pum IBAD/PLD vt 373 A/cm




What has been tested — Catalogue of the Tapes

REBCO Type  REBCO Thickness DeMp;z::“ Pinning Type (77K,s.f.)
= -H BHO columns
F Fujikura EuBCO 2.5 um IBAD/PLD (artificial) 380-650 A/cmA
FARADAY Y,0; particles
B} : 405-550 A
' HBEe” ) BHO columns _
LgiEss EuBCO 2-3pum IBAD/PLD (artificial) 428-645 Afcm
MpeITaWey . YBCO 1.5umv IBAD/MOCVD D20 columns 148 Afcm W
SCS4050-HM ol (artificial)
AN Y,0; particles
D SuUNAM YBCO 2.2 um IBAD/PLD (hative) 410 A/cm
BHO columns
C SuperMag YBCO <2 pum IBAD/PLD (artifici) 373 A/cm
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Comparison of the performance: I_/ width —
The best performing tapes from each manufacturer
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| —@— SuperOx 337-R - 4 mm, 40 pm Hastelloy (Q2/2019) 500 A/cm |
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2000 A/cm

I.@1pV/em
N 1 N N

5 10 15 20 25 30
Magnetic field [T]

The highest |_at 4.2 K, 19 T is reached with the tapes having the highest and the lowest | (77 K, s.f.)



I/width [A/cm]
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Comparison of the performance: I_/ width —
Batch-to-batch variability in the material procured for MuCol

P Fujikura & t5Es SuperOx /IF FARADRY

inpan FACTORY
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This is what we get with the field perpendicular to the tape...

... but things get more complicated with the angular dependence



Measurement campaign on the angular dependence of I
Results on full-width tapes and microbridges

&) br ceneve Experiments in Sendai at *

FACULTE DES SCIENCES TOHOKU

IIIIIIIIII

max current 2400 A max current 20A

T range 4.2-40K T range 5-77K

B range 0-19T(21T1) B range 0-24T(15T)

Sample length 150 mm Bridge length 1 mm

Sample width 2-12 mm Bridge width 30 um

0=0° 5°-15° 80°
Adapters with fixed orientation
A fresh sample is tested at each angle

Continuous rotation between -20° and 115°
Microbridges patterned by laser machining



Measurement campaign on the angular dependence of |

Comparison of the results:

'f 3 vs (F

—_—
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Good match of the results when comparing I /1 (77 K, s.f.)
In both experiments | (77 K, s.f.) is measured on the actual sample mounted on the probe
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https://doi.org/10.1109/TASC.2025.3617455

1.(B,0,T) does not exhibit universal behaviour
Comparison of the results on tapes

s WOy
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from three manufacturers
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Scaling laws for the critical surface of practical superconductors

A practical fit for the critical surface of Nb-Ti — field and temperature dependences

J— B
‘B

A
b (1-b)" (1-1")" with f=—— and b=

c0 B c2 ( r ) L. Bottura, IEEE TASC 10 (2000) 1054-1057
DOI: 10.1109/77.828413

Unified Scaling Law for flux pinning in Nb,Sn — field, temperature and strain dependences

I.(B, T,e)B = C[bo(e)F(1 — t!)yn=1#(1 — > bP(1 —b)? with b = B/B.,"(T,e) and t = T/T. (¢)

where B,*(T.,e) = B»*(0,0)(1 — 1'°)be, () and I.*(e) = T.*(0) [bea ()17 J. Ekin et al., SuST 29 (2016) 123002
DOI: 10.1088/0953-2048/29/12/123002

Parameterization of the critical surface of REBCO conductors from Fujikura — field intensity, orientation
and temperature dependences

Jean(B,T) = Joo(B,T
JeB,T,0) = Joc (B,T) +-2% Yo ~ Jee = % bePe(1 = by)de(1 —t™) ¥e
| » Bi. = B (1 —1t")

14 (—9 (_BHY/’i)\‘
g(B,
g(B,T) =g, + g.exp(—[g, exp(g3 T )]B)

a
]c,ab = Tﬁb babpab (1 - bab)qab[ (1 - tnl)nz +a (1 - tn)]yab
| J. Fleiter and A. Ballarino, Internal Note 2014-24
» Biap = Bigap (1 =™ +a(1—1t") EDMS Nr: 1426239



https://edms.cern.ch/file/1426239/3/Internal_note_2014_24J.Fleiter.pdf
https://doi.org/10.1109/77.828413
http://dx.doi.org/10.1088/0953-2048/29/12/123002

Fitting the I (B,0,T) surface with the Maximum Entropy Method

An empirical description of the I (B,0,T) surface as a sum of Lorentzian and Gaussian functions

1.(0)= izgmlu(e)HGi (0)

—

l,, : peak amplitude

Lorentzian | (G)z ho 1
L L cosz(G—GL)+(1/FLZ)sinZ(O—6L)

— I, : peaksharpness, 0<I| <1

0, : center angle

Sm—

e

, ( ) lgo : peak amplitude
I 1 tan”(6-0

Gaussian | (0)=—=5° expl — E
(%) J2nI', cos® (6-6;) g 21’

G

— I'g: peak sharpness

¢ : center angle

Enmopy 2013, 15, 2585-2605; doi:10.3390/c15072585

S— N. Long et al., Entropy 15 (2013) 2585-2605
entropy i e v s —— weeene= Ol 10.3390/€15072585
i § 58 Superconductivty § Near-isotropic enhancement of the 20 K :
rticle COTISIVIER journal nomepags: www.alssvisr.comlocats/supcon @l critical current of REBa;Cu307 coated N. Strickland et al., SuST ﬁ (2023) 055001
Maximum Entropy Distributions Describing Critical Currents conductors from columnar defects DOI: 10. 1088/1361_6668/acba c6
in Superconductors Orlisie[ (empera[ure_ of intrinsic pinning in a REBCO coated conductor from .:]. icholas M Strickl n , Stuart C Wimbush' ©, A il So n' o, . ..
critical current anisotropy = ‘ N. Strickland et al., Superconductivity 4 (2022) 100025
, Nicholas M. Strickland ", Arya Ambadiyil Soman, Martin W. Rupich ", Stuart C. Wimbush *
Callaghan Innovation Research Limited, 69 Gracefield Road, Lower Hutt 5010, New Zealand: i - i of eiogom, VB N ot
E-Mail: nicholas long(@callaghaninnovation.govt.nz; Tel.: +64-4-931-3123; Fax.: +64-4-931-3117. * Ameri " A) 01432, USA

DOI: 10.1016/j.supcon.2022.100025
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Fitting the I (B,0,T) surface with the Maximum Entropy Method

Lorentzian at 6, = 0°
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Two examples of decomposition of the fit

SuperPiwer.

10 F—— —
B Expdata(12T,55K) B=12T
Fit T=55K |
L—L
— G G
< 1 . 1 2
R P L .
b4 [
N
=
> 0.1}
0.01— ' — : :
-30 0 30 60 90 120
Angle with the tape surface [°]
I0L;G [A] FL;G 9o,L;G
L1 17 0.09377 0
L2 342 0.90147 0
G1 74 0.38 90
G2 36 0.13 90

1/1(77K,s.f.)

Y 4

LtBias

SHANGHAI SUPERCONDUCTOR

1 [ T T T T T ]
[ B=12T ]
Y Exp data (12T, 55 K)
0.1f —Fit .
L, —L, ]
—G, —G, |
/\\_—/:
001 . 1 L 1 1 L L 1 L L
-30 0 30 60 90 120
Angle with the tape surface [°]
lov;c [A] 6 9o,L;c;
L1 0.7 0.0037 0
L2 276 0.7479 0
Gl 27 1.3995 90
G2 12 2.6592 90




Calculated fits at T = 20 K for 4 LiBiEg"
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Calculated fits at T = 20 K for SyperPUwey =

1./1(77K,s.f.)
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Outline

e Delamination strength under | x B force



REBCO tapes are robust against longitudinal tension =8
Results of the measurement campaign from 2015

I vs. longitudinal strain I vs. longitudinal stress
— T *~ " T T T T T ‘T T — T T T T T T T | I
@4.2K,19T x 42K,19T

x 1.0 . £ 1.0 py DN o sy oWk .

£ <
- o T | A
S~ e % ~° H
~ 09} ® - £ 091 -
'E - A e A BHTS - EuCARD-2; SS: 100 um; Cu: 2 x 15 um A ®
qt) B SuperPower < A ; 740< o <750 MPa A ‘
3 0.8 L 0.66<¢ <0.68% OG <]4 A | 2 osl @ Fujikura; Hastelloy: 75 um; Cu: 75 um A O% i
= A BrukerHTS ° A S 750< <760 MPa A
:_: 0.70<£ <0.72% 8& o 'E <« SuNAM; Hastelloy: 60 pm; Cu: 2 x 18 um o O 88'
E <« suNAMm A o 830< o <840 MPa A
O 07t 0.67<¢ <0.69% i © 0.7 kL i i
o) : ® Fujikura Bl A 2 : ® SuperOx; Hastelloy: 60 pm; Cu: 2 x 10 pm A <n
_g 0.55<£ <0.57% A .T-g 770 < g, <800 MPa A
© ® SuperOx &OQ < = B SuperPower; Hastelloy: 50 um; Cu: 2 x 20 pm % < 8}
g 0.6 0.45<5 <0.47% . e 0 A 4 © 0.6 || 800<c <830MPa A o o
o c
c 1 1 1 1 1 1 1 1 1 1 1 1 1 . 1 A 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 A 1 1 . 1 1

0.0 0.2 0.4 0.6 0.8 1.0 0 200 400 600 800 1000
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REBCO tapes are inherently strong, ~50% is a high strength alloy

Very low stress effect and irreversible stress limit well above 500 MPa

But mechanical properties are very ANISOTROPIC, tapes are inherently prone to delamination

W C. Barth et al., SuST 28 (2015) 045011
DOI: 10.1088/0953-2048/28/4/045011
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Electromagnetic Delamination Strength measurement

A direct measurement of conductor degradation under | x B force
Tape soldered only at the current injection

REBCO layer on the outside W oooeoo:
Magnetic field up to 19 T (along z axis)

delamination stress

10" ¢
[ O ~O~ hoop

~{~ delamination

\
o / MPa

1[)0 1 1 1 1 1 1 1 ]
250 500 750 1000 1250 1500 1750 2000

Current / A
Tape soldered on the entire length
. =~ hoop
urrents up to 2 kA in the xy plane | O delamination

Lorentz Force (pointing outward)

o / MPa

delamination stress

10"

o ° i;oop stress

10(] 1
Simulations from Gianluca Vernassa, CERN 250500 70 o /fBU 100 1750 2000




Electromagnetic Delamination Strength measurement
A direct measurement of conductor degradation under | x B force

=40T, Applied It /lc= 0

ooooo

REBCO layer on the outside

currents up to 2 kA in the xy plane

Lorentz Force (pointing outward)

The delamination stressis op =J.-B,, -t=

Simulations from Gianluca Vernassa, CERN

10

oD / MPa

-

J

conductor width

4 mm

A
-20 T~10 MPa



Electromagnetic Delamination Strength measurement

First measurement campaign on Fujikura FESC tape
Fujikura FESC-SCHO04 26-0026 - 4 mm, 50 um Hastelloy) (Q2/2024)

Electric field [uV/cm]

10

9

8

[ B=19T (B//tape) i

#

—#— measurement with FL inwards

> 2000 A

0

200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Current [A]

C. Lucas et al., in preparation



Electromagnetic Delamination Strength measurement

First measurement campaign on Fujikura FESC tape

Fujikura FESC-SCHO04 26-0026 - 4 mm, 50 um Hastelloy) (Q2/2024)
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Electromagnetic Delamination Strength measurement

First measurement campaign on Fujikura FESC tape
Fujikura FESC-SCHO04 26-0026 - 4 mm, 50 um Hastelloy) (Q2/2024)

Electric field [uV/cm]
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—#— measurement with FL inwards

—&— measurement with FL outwards

measurement after damage

Current [A]
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This phenomenology was reproduced
over a large number of experiments
with a certain variability in I, and
extension of the damage

|, ranges between 380 A and 1750 A

| after damage ranges between 30 A
and 930 A
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A transverse stress of 10 MPa is sufficient to delaminate...

... is this the value of the delamination strength?



Electromagnetic Delamination Strength measurement
A method to tune the applied stress by varying the temperature

op / MPa
Cp =10 MPa [
°r UT=4.2K
1 (19T) =2 kA
Cp =5 MPa
2+ T=20K
(19 T) = 1 kA
0t

conductor width
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4 mm

-19 T~10 MPa

op(4.2K)=1.(4.2K)-B,, -t~

Fujikura FESC-SCHO4 26-0026 - 4 mm, 50 um Hastelloy) (Q2/2024)
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Delamination occurs also at ¥ 5 MPa !!!




Conclusions

The performance gap between various manufacturers in perpendicular orientation is relatively small in
spite of the differences in process, composition and pinning landscape. But...

There is still an important batch-to-batch variability of the properties.
The angular dependence of |_is strongly influenced by process, composition and pinning landscape.

An effective description of the | (B,0,T) surface can be produced with the empirical Maximum
Entropy Model

Investigations are ongoing on the correlation between the model parameters and the pinning
landscape

Electromagnetic Delamination Strength (EDS) experiments show that REBCO tapes cannot sustain
transverse tension.

The procedure for EDS tests is now consolidated and tests will be performed also on tapes from
other manufacturers.
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Comparison of the performance: non-Cu J_ e

The non-Cu J_ corresponds to the critical current divided by the tape |
cross-section area minus the Cu area
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Evolution of the performance: non-Cu J_
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Tapes procured between 2019 and 2025
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The performance at 4.2 K of the tapes procured during ('_EUCARDz (2013-2017) is achieved and
surpassed in modern tapes at 20 K !!
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Forensic studies
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