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High magnetic field facilities (pulsed and bc)
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« 30 MW power supply
« 300 I/s water cooling

Resistive magnets Hybride

1I0Tin376 mmbore = 17T

20Tin170 mm bore = 27 T : : : : :
31 Tin50 mmbore = 38T EMFL is gathering the European High Magnetic Field facilities

37 Tin 34 mm bore = 43 Tin 2024 producing pulsed fields up to 100 T and DC fields up to 45 T.
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HTS Superconductor for High Magnetic Field
- A change of paradigm -

« A superconductor still passing large current above 20 T at 4.2 K
« Drastically reduced the energy / cost / carbon footprint* required to generate high magnetic field

 Allows long duration / low noise experiments “Depends highly on the energy sources

(renewable, nuclear, fossil fuel...)

Rising energy price
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SuperEMFL concept

A series of LTS + HTS superconducting magnets as new tools integrated within EMFL
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Spin-off

Combining « Commercial » with « homemade »

B

The SuperEMFL-project has received funding from the European Union’s Horizon 2020 research and innovation
program under grant agreement No 951714.




« REBaCuO coated conductor Specifications
- ‘Parameters ~ Unit  Values
© High transport current under high magnetic field “Turn per pancake 290
© High mechanical strength due to Hastelloy _
km ~1.35
© Affordable for 100-200 m pieces _ mT/A 443
« Metal-as-insulation winding
Q 37
325T _ m
© Best protection against quench (18 TQ + 14.5 T HTS) _ uQem? 103
. . o 0 in March 2019
Strained limited at 0.4 % P. Fazilleau et al., Cryogenics 106 (2020) 103053
doi: 10.1016/j.cryogenics.2020.103053
The SuperEMFL-project has received funding from the European Union’s Horizon 2020 research and innovation
program under grant agreement No 951714.



https://doi.org/10.1016/j.cryogenics.2020.103053

Metal-as-Insulation Technology

T. Lécrevisse et al., « Metal-as-insulation HTS coils»,

Bare HTS tape (75 pm ) + SST Durnomag ribbon (30 pm) Supercond. Sci. Technol. 35 (2022) 074004

- doi: 10.1088/1361-6668/ac49a5

* Local shunt of degraded part (similar to NI)
« Additional Rc (turn to turn R): lower time constant / protection
* Mechanical reinforcement

« Simple protection scheme : PS limited in voltage & return to zero
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Simplified quench protection scheme
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Protection schemes of the HTS magnet: Quench behavior of the Ml insert at lop =247 AatBext=9T
(a) detect and dump and (b) PS voltage at 4.2 K without switch and dump resistor.
limitation style PS limitation set at 3.5 V.

J.-B. Song et al., "Metal-as-Insulation REBCO Insert: Simplified Protection Scheme and Investigation of Cooling Defect Under
High-Field Operation”, IEEE TAS 34 (2024) 4702405, doi: 10.1109/TASC.2024.3357474.
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HTS Roadmap

From tapes to a 40+ T all-superconducting magnet chart

Small-scale model coils

T

&

DP (Double Model coil
pancakes) Stack of

REBaCuO Nested-stack inser

Tapes

Materials testing

EHE
¢ Cycling fatigue test * Concept of user i
w

LTS magnet 19T/150 mm + HTS insert 12-14 T

System operation

The SuperEMFL-project has received funding from the European Union’s Horizon 2020 research and innovation
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Magnet design

* LTS magnet 15T/250 mm + HTS nested-stack insert 20-25 T
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Target : Conceptual
design of a 40+ T
all-SC user magnet

Byproducts :
Dedicated
intermediate field
magnets of which
a 32+ T all-SC user
magnet




Performance evaluation of various REBCO tapes

Selected 4 providers: THEVA, SST, FFJ, and Fujikura
Physical description of REBCO tapes provided by suppliers

Width [mm] 6+01 6+£01 6%£0.1 6+ 0.2
Stabl_llzer thickness [um] 10 %2 10 10 + 3 5
per side

Substrate thickness [um] 50 45 37 £ 3 50
Total thickness [um] 63-89 75 No mark 75-76
Check

1. Delamination

2. * Resistance and I values of joining samples in 77 K
3. Uniformity and deformation of windings
4. * Characterization results of REBCO tapes

1 J. -B. Song et al., "Estimation of Physical and Electrical Properties of Various REBCO Tapes
Su p erOX FUJ I k ura for Construction of Very-High-Field REBCO Magnet®, IEEE TAS 34 (2024) 6600205
doi: 10.1109/TASC.2023.3340134
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Delamination check

- Removing polyimide tape after attaching it to the REBCO tape.

Delaminated REBCO tapes after removing polyimide

;'—.—Ff—A: ST 3

Start at edge of tape

Three REBCO tapes: THEVA,
Fujikura and FFJ

Two REBCO tapes:
THEVA and FFJ

 Only SST tapes were not delaminated in both cases
 Delamination of THEVA and FFJ tape was improved

10




Uniformity and deformation of windings

Example Fujikura DP winding

=

deformation dir tion

« Good winding uniformity
 Deformation of winding outer edge at tensions from 100 to 50 MPa
A tension of about 100 Mpa is required to keep turn to turn contact for Ml protection




Current carrying capability per unit width

- THEVA (/ fwidth at 77 K in SF: 37 A/mm) - Perpendicular field from tape

- SST (I /width at 77 K in SF: 45 A/mm) - Perpendicular field from tape

- FFJ (/ /width at 77 K in SF: 54 A/mm) - Perpendicular field from tape

- Fujikura (I /width at 77 K in SF: 50 A/mm) - Perpendicular field from tape § J

- - THEVA (Icfwidth at 77 K in SF: 37 A/mm) - Perpendicular field from ab-plane
-@- SST ( /width at 77 Kin SF: 45 A/mm) - Perpendicular field from ab-plane

b |- Y- FFJ (I /jwidth at 77 K in SF: 54 A/mm) - Perpendicular field from ab-plane

1 80 |- - Fujikura (/ /width at 77 K in SF: 50 A/mm) - Perpendicular field from ab-plane
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All 50 um substrate,
except FFJ 38 um

NN
o

L[S
i el The SuperEMFL-project has received funding from the European Union’s Horizon 2020 research and innovation

Xax program under grant agreement No 951714,




2DP prototypes with first batch from Theva

Specification of TV DP coils

600 —————————————————
Parameters Bottom DP Top DP 24 I.:.
Minimum |, [A] Top: 220, Top: 220, [ bl
(winding conductor) Bottom: 210 Bottom: 250 E 500 m-?
ID;0D; Height [mm] 50; 111.4; 12.8 :' I 121 5
Number of turns Top: 290, Bottom: 290, E 400 + E‘:
Conductor per pancake [m] 75 E L 118 ;
Coil inductance [mH] 26.1 ; 300 k- °
Coil constant [MTI/A] 9.4 = 415 %
I. of coil at 77 K [A] 64 70 o [ ©
Winding tension [MPa] HTS:99, SS: 95 2 200} 112 E
N = E 3 5 A quench current (TV-SPo magnet, 2019 April test) ﬁ
E ; u @ CQuench current (TV magnet, 2022 Dec. test) [
e c-axis o 100 (D Charging current (TV magnet, 2022 Dec. test) 9 [«}]
b-pl o ' [ B Center field (TV-SPo magnet, 2019 April) Q
ab-plane A @ Center field (TV magnet, 2022 Dec.) -
Q Center field after 15 T quench (TV magnet) pd
>/ Spool Id: 220061 (Min lc: 220 A) 0 6 IE
Wy Spool |d. 220n53 (Min IC: 250 A) 0-0 2-5 5-0 7-5 10-0 12-5 15-0 17-5 20-0
r-axis

I\:;I:Et:?-t m Spool Id: 220059 (Min Ic: 220 A)
NN soool i 220062 (i 210 2 Test results of THEVA-SuperPower and all THEVA
C-axis arrangement of the magnet Stacked THEVA DP coils test magnets under various B,,; at 4.2 K.

External magnetic field [T]

The SuperEMFL-project has received funding from the European Union’s Horizon 2020 research and innovation
program under grant agreement No 951714.
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Evaluation process : test of tapes in 2DP prototypes

Tests of 2 DP coils @ 4.2K @18-20 T
- Evaluation of the coil Ic and of the mechanical limits

Fujikura 2DPintestat ~ Two 2DP prototypes Theva & Schematic view of a 2DP coill
HZDR Dresden SST ready for test at LNMCI

14




32 T+: Baseline designs
Basic Design High Volume High Field High Homogeneity P. Fazﬂleau, CEA Saclay
(a) (b) (c) (d)
Design led by Volume Mechanics Mechanics Volume
Geometry
Internal diameter 50 mm 70 mm 50 mm 50 mm o1y o1
(winding) o 008 E——
External diameter 106 mm 132.6mm 128.6mm 106 mm | a e
(winding+ob) e
Numberof DP 8 14 14 13 ol — - ——
Turns per pancake 250 284 360 250/187 004 [ oos .
Total length 957 m 2495 m 2771m 1510 m wl —
Electrics 002 e — 0ce ]
SC Conductor THEVA APC 001 [ 001 |
Nominal current 333A 271A 287 A 326 A R o
Critical current 472 A 454 A 422 A 468 A
Current marginon 29 % 40 % 32 % 30 %
loadline o1 C o1 d
Magnetics 0.09 . 009
Magneticfield at 137 137 18T 137 0.08 = 008} I
center 32T 32T 37T 32T I —
(HTS alone) — wei
Homogeneity 2071 ppm 784 ppm 666 ppm 39 ppm Z: = o =
Inductance 0.5H 2.18H 2.56 H 0.88H I —
Energy 27.9kJ 79.7 kJ 106 kJ 46 kJ ol T -
Mechanics vor = oo =
Winding tension 100 MPa T S TRy ol I
Turns of over-bending 50 o oo o
Maximal hoop stress 585MPa 758 MPa 655 MPa 596 MPa

* X %
*

The SuperEMFL-project has received funding from the European Union’s Horizon 2020 research and innovation
program under grant agreement No 951714.
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u Sl n g | e S O | e n O i d Basic Design High Field High Volume
I s1 S2a S2b S2¢ 53
4 O + d e S I g n Design led by Mechanics Mechanics Mechanics Mechanics Mechanics
Geometry
Internal diameter (winding) 40 mm 30 mm 40 mm 50 mm 42 mm
External diameter (winding+ob) 122.8mm 121.2 mm 122.8mm 125.4mm 124.8mm
Number of double-pancakes 25 25 25 25 25
Turns per pancake 380 420 380 360 380
Total length 4769.3m 4888.6m 4769.3m 4959 m 4769.3m
. . . Electrics
 Single solenoid (of NOUGAT type) in a SC conductor
Nominal current 293A 303.9A 308.9A 283.3A 295.4A
19 T 150 mm LTS m ag net does Not Critical current 388.1A 373.1A 389.1A 398.1A 389.2A
. . . Current margin on load line 24.5% 18.5 % 20.6% 28.8% 24.1%
allow to reach 40 T with a 50 mm winding Magnetics
. . Magnetic field at center (HTS alone) 21T 24T 22T 19T 21T
diameter (34 mm for the users) with Total Magnetic field at center 40T 431 41T 38T 40T
Mechanics
sufficient margin and safe strain. Winding tension 100M3
Turns of over-banding 50
Maximal hoop stress 655.8 MPa 677.9 MPa 707.3 MPa 667.2 MPa 678.6 MPa
Non-thermal deformation 0.37% 0.38% 0.39% 0.37% 0.38%
(winding+field)
40 T/ 40 m m Or 38 T/ 50 m m p O S S i b I e N eS t ed C O i I S Basic design Low-stress design High-Field Design High-volume Design
Nia Nib MEchhanics N3 N4
Geometry
Unit length <200 m <100 m <200 m <200 m <200 m
Internal diameter (winding) 50 mm 50 mm 50 mm 50 mm 70 mm
e A 40 T desi gn with a |arg e bore 50 mm con peeen st anree oo o omm omm S
. . . Number of double-pancakes HTS1 21 24 23 25 24
requires nested colls in a large bore LTS i =
Turns per pancake HT52 260 70 160 160 120
magnet such as 15 T 250 mm o T O
Efz;[:ucmr THEVA APC
Nominal current 231.2 A 339.7 A 208.8 A 238.3 A 239.1 A
M. Durochat et al., "Design of All-Superconducting User Magnets Coment v o o Ine e e an % es % %
Generatlng More Than 40 T for the SuperEM FL ProjeCt”’ :Zg::::ﬁe!d at center (HTS alone) 25T 25T 25T 29T 25T
IEEE Trans. Appl. Supercond. 34 (2024) 4904305 Lol mognets ol HISHTS) =1 =1 21 #1 21
Mechanics
DOI 10.1109/TASC.2024.3368997 winding tension 100 MPa
Turns of over-bending 50
Maximal hoop stress HTS1 410.2 MPa 692.8 MPa 496.1 MPa 614.6 MPa 659.2 MPa
Non-thermal deformation 0.25% 0.38 % 0.29 % 0.35% 0.37 %
(winding+field) HTS1
) . ) ) . Maximal hoop stress HTS2 749.6 MPa 705.1 MPa 616.2 MPa 722.8 MPa 693.1 MPa
The SuperEMFL-project has received funding from the European Union’s Horizon| won-thermat deformation 0.41% 0.39% 034% 0.40 % 038 %
(winding+field) HT52
program under grant agreement No 951714.

N Nt Nt N



Nested coils proof-of-concept

(to be tested in 10T / 276 mm resistive configuration)
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Assessing the LTS/HTS combination
The 19 T/150 mm LTS magnet at HZDR

i ETvemATT)

Magnet designed and fabricated by Oxford Instruments

The SuperEMFL-project has received funding from the European Union’s Horizon 2020 research and innovation
program under grant agreement No 951714.
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Mechanical reinforcement

CEA,OI, IEE, HZDR collaboration
P. Fazilleau, A. Varney, E. Pardo, T. Herrmannsdoerfer

 Mechanical studies to estimate forces
In case of quench of one or the to parts
of the HTS/LTS magnet

 Worst scenario iIs a non symetrical
guench of the HTS yielding an axial
force of several tons between the HTS
and LTS part

« Reinforcement implemented by Ol

P. Fazilleau et al., "Behavior During Quenches of a 40 T Magnet Made
of LTS and HTS Parts®, IEEE Trans. Appl. Supercond. 34 4704805

DOI 10.1109/TASC.2024.3370138

program under grant agreement No 951714,
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Quench of the HTS insert
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Trapped Helium bubble

Simulation using potential energy formulation vs experiment
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Central magnetic field of 28.3 T - Resistive outsert of 18 T+ HTS insert of 10.3 T

J.-B. Song et al., "Metal-as-Insulation REBCO Insert: Simplified Protection Scheme and Investigation of Cooling Defect Under
High-Field Operation”, IEEE TAS 34 (2024) 4702405, doi: 10.1109/TASC.2024.3357474.

program under grant agreement No 951714,
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Conclusions

« Based on the already demonstrated Ml technology
 Modellind tools developed for simulations and optimizations
« Several designs proposed

« Evaluation of several HTS tapes

« Mechanics is the limit
« Deformation (geometry tolerances)
« Calculation (multiphysics simulation)
« Delamination (especially at soldered junctions)
« Coupling forces in case of quench / Reinforcement of the LTS magnet

 Nextto come
» Tests of 2DP coils @4K, 20 T
« Fabrication / Test of a nested coil as a proof of concept
« ALTS/HTS magnet at LNCMI (FASUM project)

The SuperEMFL-project has received funding from the European Union’s Horizon 2020 research and innovation
program under grant agreement No 951714.




FASUM Forty Tesla All Superconducting User Magnet

(French research agency — Université Grenoble Alpes, CNRS, CEA — Started December 2021)

Fed by SuperEMFL

2.8 m

©
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0.8 m
Custom HTS insert « Commercial » LTS 19 T magnet 40 T class magnet for LNCMI users
Tapes received from THEVA LTS magnet ordered at Ol Two inserts planned TBD: 32T and then 40T
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