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The zoo of REBCO magnets for a high-energy muon collider
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HTS technical specs for MuCol solenoids R&D

European Organization for Nuclear Researcl oo .
@N ”“' e Specification Target

| | modern REBCO ta pes Minimum |C/Width (4.2K,20T) (A/cm) 600 1200
EDMS No. 2960999 exceed these specs Benchmark Ic/Width (4.2K,5T) (A/cm) 1440

Minimum n value - 15
o(1.(4.2 K, 20 T)) (%) 5
Price Enquiry Minimum J,,,., (4.2 K, 20 T) (A/mm?) 3000
Technical Specification MinimumJ,, , (20K, 20 T) (A/mm?2) 1200
Supply of REBCO Coated Conductor Unit length UL (m) 200 1000
for Minimum bending radius (mm) 10 5
M Collider Solenoids R&D
ton TOTICer SOTenoles Allowable Non-Cu 6,ngiudinatnon-cu (42 K)  (MPa) 800 1000
Mechanics in UHF HTS solenoids is _Allowable compressive 6,......... (4.2 K MPa 300 600
This Te«
REnco challenging. Few data on the |Allowable tensile G, ers (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...04 -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 ::glt‘gﬂ Y 4 LBESs" FFuiikura

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



What has been tested — Catalogue of the Tapes

REBCO

Deposition

Hastelloy

Width REBCO Type Thickness Method Pinning Type Thickness Cu Stabilizer 1.(77K,s.f.)

2 x40 um
electroplated 420 Afcm
2% 20 pm 380 A/cm

4 mm BHO columns electroplated

P Fujikura EUBCO 2.5um 1BAD/PLD = o 50 um 2 x10pm  -A650A/cm
558 A/cm
electroplated 515 A/cm

2x20 um
2 mm electroplated 555 Afem

2x20 um
A3.1 pm A 100 pm electroplated 550 A/em
FARADAY 2.7 um Y,0; particles 490 A/cm
AR tctoRy 4mm  YBCO IBAD/PLD (1 ative) 2%10 pm 267 Afcm

40 um
2.5 um electroplated 420 A/cm
405 A/cm
3 mm 3 um v 30 um 590 A/cm
= 471 ™ _—

& LBES EuBCO , IBAD/PLD B*('ztci;’i'c‘:;‘)"s elzc’; rlo"pf;rt“ed 228 A;cm
4 mm um 50 um 645 A/cm
632 A/cm
TS Amm YBCO v1.5pum IBAD/MOCvD Brocolumns o go 0, 2X5pm v 148 A/em

SCS4050-HM

(artificial)

electroplated




What has been tested — Catalogue of the Tapes

REBCO

Deposition

Hastelloy

Width | REBCO Type Thickness Method Pinning Type Thickness Cu Stabilizer 1.(77K,s.f.)

2 x40 um
electroplated 420 Afcm
2% 20 pm 380 A/cm

4 mm BHO columns electroplated

I Fujikura EUBCO 2.5um| 1BAD/PLD = o 50 um 2 x10pm  -A650A/cm
558 A/cm
electroplated 515 A/cm

2x20 um
2 mm electroplated 555 Afem
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electroplated




What has been tested — Catalogue of the Tapes

REBCO

Deposition

Hastelloy

Width REBCO Type Thickness Method Pinning Type Thickness Cu Stabilizer 1.(77K,s.f.)
2 x40 um
electroplated 420 Afcm
2% 20 pm 380 A/cm
4 mm BHO columns electroplated
FF Fujikura EuBCO 2.5 pm (artificial) 20 um 2x10pm A3 ﬁﬁm
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4 mm 2 um artificia 50 um electroplate 645 A/cm
632 A/cm
i Amm  YBCO W¥1.5pm |iBAD/Mocvp| BZOcolumns  go ZXSUM 948 Afcm

SCS4050-HM

(artificial)

electroplated




What has been tested — Catalogue of the Tapes

. REBCO Deposition - Hastelloy -
Width REBCO Type Thickness Method Pinning Type Thickness Cu Stabilizer 1.(77K,s.f.)
2 x40 um
electroplated 420 Afcm
2% 20 pm 380 A/cm
4 mm BHO columns electroplated
I Fujikura EUBCO 2.5um  1BAD/PLD | = o 50 um 2 x10pm  -A650A/cm
558 A/cm
electroplated 515 A/cm
2x20 um
2mm electroplated 555 Afem
2x20 um
A3.1 pm A 100 pm electroplated 550 A/em
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SCS4050-HM

(artificial)

electroplated




What has been tested — Catalogue of the Tapes

REBCO

Deposition

Hastelloy

Width REBCO Type Thickness Method Pinning Type Thickness Cu Stabilizer 1.(77K,s.f.)
2 x40 um
electroplated 420 Afcm
2% 20 pm 380 A/cm
4 mm BHO columns electroplated
I Fujikura EUBCO 2.5um 1BAD/PLD = o 50 um 2x10pm | A650A/cm
558 A/cm
electroplated 515 A/cm
2x20 um
2mm electroplated 555 Afem
2x20 um
A3.1 pm A 100 pm electroplated 550 A/em
FARADAY 2.7 um Y,0;, particles 490 A/cm
MR tetopy 4mm  YBCO IBAD/PLD (native) 2 10 um 267 Ajcm
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2.5 pum electroplated 420 A/cm
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3 mm 3 um v 30 um 590 A/cm
‘sl— ' p ™ —_—
$1ads BUBCO ) AP T cecvopted | — 2B 8em
4 mm um 50 um 645 A/cm
632 A/cm
[l f i ‘.": Inc.
wames  4mm YBCO V1.5 pum IBAD/MOCVD BZO columns o, ) 2 X5 pm W 148 A/cm

SCS4050-HM

(artificial)

electroplated




Comparison of the performance: I_/ width

The best performing tapes from each manufacturer

C

| /width [A/cm]

10000

1000 |

100

T=4.2K

. —@— SuperOx 337-R - 4 mm, 40 um Hastelloy (Q2/2019)
| —@— Fujikura FESC-SCH04(10) 23-0183-2 - 4 mm, 50 um Hastelloy) (Q1/2024)

- —il— SuperPower SCS4050-HM - 4 mm, 50 um Hastelloy (Q1/2023)

EIC @ 1puV/cm

2000 A/cm

500 A/cm |

—f— SST $2403-979 - 4 mm, 50 pm Hastelloy (Q1/2024)

T=4.2K

5 10 15 20 25 30
Magnetic field [T]

| /width [A/cm]

10000

1000 |

100

EIC @ 1uV/cm

| —@— SuperOx 337-R - 4 mm, 40 um Hastelloy (Q2/2019)

- —fe—SST -3 mm, 30 pm Hastelloy (Q3/2021)

2000 A/cm

1000 A/cm ]

500 A/cm |

—@— Fujikura FESC-SCH02(20) 23-0010 - 2 mm, 50 um Hastelloy) (Q2/2023)

—l— SuperPower SCS4050-HM - 4 mm, 50 um Hastelloy (Q1/2023) T = 20 K

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.)



Comparison of the performance: non-Cu J_

The non-Cu J_ corresponds to the critical current divided by the tape |

cross-section area minus the Cu area

C

non-CuJ [A/mm?]

10000

1000

100

T=4.2K

L L
I,@1puV/em]
2000 A/mm’
[ 1000 A/mm?]
| —@— SuperOx 337-R - 4 mm, 40 pum Hastelloy (Q2/2019) 500 A/mm?>]
| —@— Fujikura FESC-SCH04(10) 23-0183-2 - 4 mm, 50 um Hastelloy) (Q1/2024)
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- —l— SuperPower SCS4050-HM - 4 mm, 50 um Hastelloy (Q1/2023) -
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1 N N N N PR S T T BT T S B AT A I A A FE TN R SRR
5 10 15 20 25 30

Magnetic field [T]

non-CuJ [A/mm’]
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| —@— SuperOx 337-R - 4 mm, 40 pm Hastelloy (Q2/2019)
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500 A/mm?>]
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—— SuperPower SCS4050-HM - 4 mm, 50 pm Hastelloy (Q1/2023) T = 20 K
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Magnetic field [T]



Evolution of the performance: non-Cu J_

Tapes procured between 2019 and 2023 Tapes procured between 2013 and 2017
10000 [ T T LB | L T 10000 T T L T T
- I @ 1 uV/cm I @ 1 uV/cm
T=20K ; | T=4.2K /Eu CARD?
“"“-..._______‘________..r-"
- <
g D = e TS 3000 A/’ g “““““““ 2000 AJmm’
1000 = = = = = = = - Sl 1000 - --- -~ ---- TR g - - - -
s [ 1000 A/mm sl [ 1000 A/mm’
-—" _’U
S S I s — I e e e e S
O 500 A/mm*] Q ! 500 A/mm’ -
c | —@— SuperOx 337-R - 4 mm, 40 um Hastelloy (Q2/2019) é | —@— Bruker HTS - 4 mm, 100 pum Stainless Steel
o —@— Fujikura FESC-SCH02(20) 23-0010 - 2 mm, 50 pum Hastelloy) (Q2/2023) (@) @ SuperOx -4 mm, 60 pm Hastelloy
< - —oft— SST - 3 mm, 30 um Hastelloy (Q3/2021) 1 & @ Fujikura - 5 mm, 75 um Hastelloy 1
—— SuperPower SCS4050-HM - 4 mm, 50 pm Hastelloy (Q1/2023) T = 20 K B SuperPower - 4 mm, 50 um Hastelloy T=4.2 K
100 1 | 1 1 1 1 PR SR S R T S S S N S A A BT AT AT A A F NN NN T AT ER T 100 1 | 1 1 1 1 PR T T S B A B B A A A N NN EE NN RNl CR SRR EET
5 10 15 20 25 30 5 10 15 20 25 30
Magnetic field [T] Magnetic field [T]
The performance at 4.2 K of the tapes procured during / EuCARD" (2013-2017) is achieved and
° e
surpassed in modern tapes at 20 K !! CS , WAMHTS-2

L. Rossi and CS, Instruments, 5 (2021) 8
DOI: 10.3390/instruments5010008



https://indico.cern.ch/event/319762/contributions/740335/attachments/616146/847820/Senatore_WAMHTS-2.pdf
https://doi.org/10.3390/instruments5010008

Batch-to-batch variability of REBCO performance

| distributions of tapes produced for fusion and for the 32 T magnet at MagLab

FARADAY BEme"
SuperOx M Eacrony € LBES

350 . 250 e

700 _ —e—outer 1 (77K;SF) ] 700

I.at 20K, 20T, B//c (A/4 mm)

O Extrapolated from 12 T o *30% g 42K ]
: 0 ] . ’ i
300 xrapoiated rom P L 1400 +30/ﬁ .7 < %97 +'""te' If((:?KKﬁTF)m) ’ s 1 650
T i iold meacsurements | P - —a—outer | (4K;17T;18° A ‘
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250 - ' ' [ 1200 <« P I~ 550~ . sPMinlc(77K:SF) B 8 . l 1 - 550
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L o s © X L §l
200 2 E150} L w o 8 450 . 31‘; R SR
L 800 & 5 - =7y g 400 sl AL g, g 400
R g " 4’ w300 S 350 ] &, o “ “ ol ] 350
150 + X o -~ n 2l % 300 10 o e % 1300
L 600 o <100 = .l... r’. ) ] A ]
o~ -
AR o e ¥ 260 JPUITRARSE ISR - P toondesensncndansoces 1 250
100 + | 400 . ol PEg < 200- 77K ] 200
50_ ///‘ l’,/ %o' 150_- € :150
a prxd . ]
50 - L 200 g ¥ - +« 100 - < - 100
P - Zo 50 150
. | L& SP139SP144 SP180  SPR15 | ]
0 i i i i i 0 0 o~ ) | ) | ) L ) | ) 01 PR | " 1 " 1 L /I - 1 N " 1 il " 1 0
0 50 100 150 200 250 0 50 100 150 200 250 60 80 100 120 140 160 180 200 220 240
I.at 77 K, s.f. (A/4 mm) Tape
‘ ]c, 77K crs (A)
A. Molodyk, et al., Scientific Reports, 11 (2021) 2084 B. Song, private communication A. Francis, et al., SuST 33 (2020) 044011
DOI: 10.1038/s41598-021-81559-z DOI: 10.1088/1361-6668/ab73ee

A large variability of the performance at low temperature/high field, about + 30%, is observed for
a given |_at 77 K, self-field

| at 77K SF, A

Cc


https://doi.org/10.1038/s41598-021-81559-z
https://doi.org/10.1088/1361-6668/ab73ee

(Non-)uniformity of I_ over the length

THENA, tape width = 12 mm

average value of critical current

L(77K, sf) [A]

820
_ Zy:llc.i -
720 leaver = —F— = 687 A
c=19A
620
overall critical current generating
520 1 pV/cm on all the tape length
420 N T
Ieovrt = 1\" =678 A
=
220
120
0 100 200 300 400 500
x [m]

A variation of | (77 K,sf) by + 10% along the length is common, but larger drops may occur locally

F. Gomory, et al., SuST 36 (2023) 054001
DOI: 10.1088/1361-6668/acb73f



https://doi.org/10.1088/1361-6668/acb73f

I/width [A/cm]

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

F Fujikura € LBEs
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—@— Fujikura FESC-SCH02(20) 23-0010 - 2 mm, 50 um Hastelloy) (Q2/2023) SuperOx/FFJ 3155 - 4 mm, 40 pm Hastelloy (Q2/2023)
100 . L b b b b 100 , [ BN I BT PP 100 [ el b b b
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Magnetic field [T]

(4.2 K, 19 T),5,, = 620 A/cm
(4.2 K, 19 T),,c,, = 1200 A/cm



Scaling of the pinning force: f, oc bP(1-b)A a—

Normalized pinning force vs B / B

I Fujikura

oeak from magnetic and transport measurements

P / I:p-max

—T=77K-B,, =19T
11 T T T T T T +T=70K-Bpeak=2.8T
1.0+ —® T=65K-B,, =3.5T
09l —& T=60K-B,_ =42T
~® T=55K-B__ =49T
0.8 | pea
~® T=50K-B,_ =56T
0.7F ~* T=45K-B_ =64T
06} T=40K-B, =75T
05 | T=20K-B, =125T
fit
w04 N\ '
03 |
02f ¢
oL1r FESC 19-0007
0.0 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
00 05 10 15 20 25 3.0 35 40 45 5.0
B / Bpeak

Pinning: Artificial - BHO columns

CS et al., Supercond. Sci. Tech. 37 (2024) 115013
DOI: 10.1088/1361-6668/ad7f95
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Scaling of the pinning force: f, oc bP(1-b)A

Normalized pinning forcevs B / B
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CS et al., Supercond. Sci. Tech. 37 (2024) 115013
DOI: 10.1088/1361-6668/ad7f95
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Scaling of the pinning force: f,
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There is a robust scaling behavior in perpendicular field ...

... but REBCO anisotropy adds a layer of complexity



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

) br oEnive Experiments in Sendai at *
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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:
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Good match of the results when comparing I /1 (77 K, s.f.)
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In both experiments | (77 K, s.f.) is measured on the actual sample mounted on the probe

R. Babouche’s poster, Wednesday @ 12:30
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1.(B,0,T) does not exhibit universal behaviour
Comparison of the results on tapes from three manufacturers
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Outline

e MuCol procurement of REBCO coated conductors

- Delamination strength under | x B force



Delamination strength is very low...

A direct measurement of conductor degradation under | x B force

Fujikura FESC-SCHO4 26-0026 - 4 mm, 50 pm Hastelloy) (Q2/2024)
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Stress profile within REBCO when current increases

C. Lucas & G. Vernass Talk, Tuesdy @ 17:




Conclusions

The I_ values at low temperature/high field of commercial REBCO tapes in perpendicular orientation
are quite close. And pinning forces scale reasonably well over a wide range of temperatures.

Things change when we examine the angular dependence of I_. It is strongly influenced by process,
composition and pinning landscape.

Electromagnetic Delamination Strength (EDS) experiments show that REBCO tapes cannot sustain
transverse tensile tension. The procedure for EDS tests is being consolidated and more data will be
shared soon.

Unlike the traditional paradigm of round wires with transposed filaments, REBCO tapes bring
challenges and opportunities. R&D efforts can mitigate some issues, but rather than waiting for the
perfect material, we must continue to harness and capitalize on the strengths of current REBCO tapes
and keep up the momentum in advancing the technology.

In the case of MuCol, where high-performance magnets are crucial, efforts should be directed
toward exploiting degrees of freedom in the other machine’s subsystems to compensate for material
limitations. This attitude should be embraced as a general approach.
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