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30 MW power supply
300 I/s water cooling

Resistive magnets Hybride

10Tin376 mmbore = 17T
20T in 170 mm bore = 27 T

31 Tin50 mmbore = 38T - : - g
27 Tin 34 mmbore = 42 Tin 2025 EMFL IS gatherlng the European High Ma_gneﬂc Field facilities
producing pulsed fields up to 100 T and DC fields up to 45 T.
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Combined use of resitive and HTS magnets permit to :
*Reduce the duration of resistive experiments (30 MW)
Long duration experiments for « new » sciences
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HTS prOJect for UHF magnet N LNCI\/II

A recently completed UHF project (2025): SuperEMFL supported by EU Horizon 2020

Design stage (phasel) for development of very high field all superconducting magnet (11 partners)
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Ongoing UHF HTS project — FASUM supported by ANR

Construction and installation of all superconducting user magnet

(1) 40 T/25 mm all superconducting magnet or (2) 32 T/38 mm all superconducting magnet for end-users



Simple insert (of the NOUGAT type) with a
19T LTS magnet in a 150 mm bore do not
allow reaching 40T with a winding
diameter of 50mm (34 mm user bore)
while maintaining sufficient margins and
manageable stresses; the feasible options
are 40 T/40 mm or 38 T/50 mm.

o228 Design 40 T magnet for FASUM/SuperEMFL

[1] M. Durochat et al., "Design of All-Superconducting User Magnets Generating More Than 40 T for the SuperEMFL Project “, IEEE TAS 34 (2024) 4904305 doi: 0.1109/TASC.2024.3368997

Simple Solenoid

Name Basic Design High Field High Volume
Ref. 51 S2a 52b S2c 53
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 124.8 mm
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

SC conductor THEVA APC

Nominal current 293A 303.9A 308.9A 283.3A 295.4A
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%
Magnetics

Magnetic field at center (HTS alone) 21T 24T 22T 19T 21T
Total Magnetic field at center 40T 43T 41T 38T 40T
Mechanics

Winding tension 100 MPa

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)
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Thermal and mechanical analysis during quench event

[1] P. Fazilleau et al., "Behavior During Quenches of a 40 T Magnet Made of LTS and HTS Parts “, IEEE TAS 34 (2024) 4704805 doi: 10.1109/TASC.2024.3370138

770ms 870 ms 905ms 935 ms

Thermal Analysis Results: EE
h h | IVSi f d th h Temperature
« The thermal analysis ‘confirme that the evolution in |
proposed magnet designs operate safely the HTS insert g
during quench events. during quench g
Mechanical Analysis Summary: |
- Evaluated decentering forces between HTS .
and LTS magnets, including quench-induced ’
forces. | ek
 Worst case: HTS quench generates large - ' ;'
asymmetric forces (tens of tons) on LTS 2
magnet. af :::::;frﬂo:: ' ,:
« Mechanical reinforcement is required, | [Eersmeon] " _ |
reducing HTS bore from 150 mm — 140 mm. & o o o & w — L.
A detailed overview of the mechanical analysis of the FASUM : .
magnet will be presented by Thibault de Chabannes La Resultlng axial forces Renforcement of Ol magnet

Palice on the 26t" at 09:30.
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The LTS outsert

- Designed and fabricated by Oxford Instruments (Ol)

Specifications Lo
Magnet i
Central field only 19T@ 4.2K I
Homogeneity: < 0.05% (500 ppm) over a 1 cm DSV i
Magnet bore diameter 150 mm H
Usable cold bore space 140 mm
Operating current <240Aat19T
Inductance 267 H
Stored energy 5.6 MJ I @
Ramptime to 19 T 2 hours 1Y
Magnet weight 850 kg T 3
» 1400 L of He for cooldown A feTeies Foud - | | . B 3
. Capacity: 280 L He (310), 150 L C |25 WAT MAGKET DIAGNOSTICS - i o ~
D |OVC VACUUM PORT N0 L !
usable E [CUSTOMER ATS CURRENT LEADS nazs : | o)
« Static consumption: <2 L/h e he2g e T \%
H . H |RELIEF WALVES - 3 OFF Nm&0
Cryostat + With current: <3.5L/h R0 O e —— b
L |ERDU ELECTRICAL FPORT [MAGNET HEATER! - .
Upper and lower flange diameter 838 mm E E:EEE*EEE::T — “":'5:52" T
Total height 2537 mm
Central access diameter to the magnet 142 mm (compatible with insert rod and Oxford VTI) l
Distance from upper flange to 1833 mm m— | e——
maximum field line NEAR LY
Weight of cryostat and magnet support 1510 kg (without cryogens) son
Minimum ceiling height required 4.6 m plus clearance for hoist and slings s

838 mm (951)



Conductor requirements for HTS magnet appllcatlons
Very-high field magnets Fusion or accelerator magnets
« Compact size « Huge size

Small wrndrnq bore
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THE MODEL COIL OR'MAGNET BEING TESTED
IS MADE UP OF THAT ARE

STACKED INSIDE A STRUCTURAL CASE.
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 High mechanical strength
 Highest physical qualities
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Performance evaluatlon of various REBCO tapes

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

SST

Unit
Width [mm]
Stabilizer thickness per side  [um]
Substrate thickness [um]
Total thickness [um]

Production date of old tape

Production date of new tape

(THEVA) (Shanghai Superconducting Tech.)

FFJ

(Faraday Factory Japan)

FIK

(Fujikura)

Check

THEVA
6+£0.1
102
50

63 - 89
Sep.
2022
Jan.
2024

SST
6+0.1

10

45

75
Sep.

2022
Nov.2023

Feb. 2024

FFJ Fujikura
6%0.1 6+0.2
103 5
373 50

No mark 75 -76

Oct. Dec.

2022 2022

May. ]

2024

1. Resistance and |, values of joining samples in 77 K

2. Delamination

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 for Construction of Very-High-Field
REBCO Magnet®, IEEE TAS 34 (2024) 6600205 doi: 10.1109/TASC.2023.3340134
[2] J. B. Song et al., "Evaluation of the physical qualities and electrical performances of HTS mock-up magnets wound with various
REBCO tapes under external fields at 4.2 K “, Accepted in IEEE TAS (2025 November).
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Tests of a joining sample in bath of LN2 at 77 K Estimation joint resistance |. Estimation of joining sample
Unit THEVA SST FFJ Fujikura
Minimum (Aver.) I, value of HTS joint pieces at 77 K [A] 130 (180) 224 (267) 272 (330) 200 (250)
Minimum I_ (Aver.) value of conductor at 77 K [A] 220 (260) 224 (267) 179 (249) 200 (250)
Average joint resistance of joining samples at 77 K [nQ] 6.1 16.8 6.5 11.3
Average surface resistivity of the samples at 77 K [NQ-cm?] 24.2 60.6 25.7 44.75

Average |, value of the joining samples at 77 K [A] 218 263 258 274




Old REBCO tapes manufactured in 2022 New REBCO tapes manufactured in 2023-24
1. Removing polyimide tape

Three REBCO tapes: THEVA, Fujikura and FFJ _ 199 p—
il | | VR §| I New tapes
B 80 | -
(©
.
c 60k -
ke No new tapes
- T |
é 40 No delamination ! ]
2. Cutting REBCO tapes after pre-tinning © in all tests
Two REBCO tapes: THEVA and FFJ 8 20 .
g B 7 k,;: "
. TV FFJ SST FJK
REBCO tape

Old tapes vs. New tapes

11



Windability of old and new REBCO tapes

Old THEVA New THEVA ~__OldFFJ

23 turns 70 turns Deformatlon

Perfect winding at WT of 100 MPa WO deformation
Old SST New SST

300 rns 300turns  Deformation DP1: Success,
Uneven and deformed winding DP2: Uneven and deformation

Old FIK » Old FIK

Changed edge direction

deformation direction

Conical shape deformation Enhanced wmdlng capability,
Starting from 60 MPa with  partial  deformation

deEendent on the SEOO' Suddenly deformation Moderated deformatlon

S ¥ U.l&.‘m__
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- - THEVA (I /width at 77 K in SF: 37 A/mm) - Perpendicular field from tape — - - THEVA (! /width at 77 K in SF: 37 A/mm) - Perpendicular field from ab-plane
— -@- SST (I iwidth at 77 K in SF: 45 A/mm) - Perpendicular field from tape E 200 - @- SST (I jwidth at 77 K in SF: 45 A/mm) - Perpendicular field from ab-plane
E 200 ;- % Fry {I/width at 77 K in SF: 54 Aimm) - Perpendicular field from tape E - |- J- FFJ (//width at 77 K in SF: 54 A/mm) - Perpendicular field from ab-plane
E - W- Fujikura (/ /width at 77 K in SF: 50 A/mm) - Perpendicular field from tape | . 2 1 80 a
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Magnetic field [T] Magnetic field [T]
|./mm at 90 degree from tape l./mm at 90 degree from ab-plane

All 50 um substrate, except FFJ 38 um
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Summary
Old tapes (2022) vs. New tapes (2023-2024)

Delamination strength ®=© = ©

Joint resistance © O @ @ © O @ ©
Winding uniformity © © © © =00 © ©
Winding deformation © © O©=© =0 &S
Thickness accuracy © © A =© © S

© © : Perfect, © : Usable (Check), © : Limited (Check) , ® : Not usable

Note: There is no estimation for the new version of FJK tape in this summary.

« In terms of electrical property, all tapes show good performance (J, >1000 A/mm?) under perpendicular field of

30 T from ab-plane at 4.2 K.
« The new REBCO tapes manufactured in 2023-24 exhibit enhanced physical properties, yet further

improvements in thickness uniformity and winding stability are required.



The construction of three mock-up magnets

- TV (new), SST (new) and FJK (old)

Specifications of three mock-up magnets

2 2 2

M Parameters

Number of DP

Average ID; OD [mm]

Number of turns per SP

Winding tension [MPa]

Overbanding turns

Overbanding tension [MPa]
Coil constant [MT/A]

Magnet inductance [MmH]

Quench initiation

current @ 77 Kin SF [A]

5 g "ﬂ?\,
Cd 2 - N

A schematic drawing and a picture of
constructed three mock-up magnets.
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304
50
48

100
18.5

98.5
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Charging tests of the magnets

Total center magnetic field, B, [T]

l, /Iquench and B, of old and new TV magnets under
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A B_ofSSTmagnet M [ of SST magnet

_ @ B_ofFJKmagnet ® I_ of FJK magnet

¢ B_of FJK magnet © I .., of FJK magnet

-
a

-
o

Quench currentatB_ =17 T
A at HZDR in Dresden

ext

‘ Quench currentat B, =17 T 7
[ after two quench events at LNCMI
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External magnetic field, B [T]
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500 —
S
&
400 =
it
3
300 =
=
(S ]
o
200 2
(@]
|
100
=
o

0

lop/lquencn @Nd By, of SST and FJK magnets under various
B., at 4.2 K.

of the new TV and SST magnets were 26.3 T and 27.5 T, respectively.

»The old TV and FJK magnets were degraded by unexpected quench event during charging.
»The weak delamination strength of tape is a critical issue not only for magnet fabrication but also for

high field operation/protection of the magnet.



1.2

c Normallzedl of mzzoosa tape before quench 4
.‘g 10} Normalized /_ of 1D220058 tape after quench
- L
2 o8
[
e
2
S 0.6
‘0
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E o
$ 11D220058
80 90 100 110 120 130 140 150
Postion of Conductor [m]
1.2

c

Normalized I distribution

-0.2
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1.0

0.0

[ 1D220061

Normalized ": of ID220061 tape after quench

Normalized /_of ID220061 tape before quench ]

80 90 100 110 120 130 140

Postion of Conductor [m]

Normalized | distribution

Normalized / distribution

c

Cc

1.2

1.0

0.8
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0.4}

0.2}

0.0

0.4
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- 1D220062

0.0

-0.2
160 170 180 190 200 210 220 230

Normalized IE of ID220059 tape before quench
Normalized / of ID220059 tape after quench

 [D220059

-0.2
160 170 180 190 200 210 220 230

Postion of Conductor [m]

Normalized /_of ID220062 tape before quench
Normalized /_ of ID220062 tape after quench

Postion of Conductor [m]

. distribution along the conductor length of each
SP coll before winding and after quench tests

Photographs of the internal electrical junction
between SP after quench events.

Electrical junctions were delaminated
Windings were not damaged

Due to the weak delamination strength of the
tape, it is easy to damage the junctions during
high magnetic field charging and quenching of
the magnet



Quench tests of the magnets

2 4 — , , . . : . . 2 4 . i : . : ‘Fit THEV‘A-APC(;EAI Vs meas‘urements
L B ot = 0 (TV) - L _ 4
20 = i 'qu:= 5 T (TV} . 20 : de_ 10 T {SST)
i 'Bm= 10 T(TV) B . ‘Bw“— 15T (SS8T) 20 _. o
a8 =157V --®-B_=20T(SST) |

-
[+
T Y

- e B =20T(TV) |-

-
(=2}
T T T

-
N
T v

(=]

T T
=]

T T

Temperature [K]
o

i -9
Temperature [K]

N\ \ \ ) N ar T sk
0 i 1 i 1 M 1 M 1 M 1 M 1 M 1 i 0 [ N \ . 1 . 1 -\l N .
240 280 320 360 400 440 480 520 560 340 360 380 400 420 440 R N R RN RN R AN SR SRR RNRE NN R
Quench current [A] Quench current [A] 90 a0 30 40 450 ls(zz) 550 600 650 700 750
(@ TV (b) SST
Quench currents of new TV (a) and SST (b) magnets Calculated |;and measured quench

currents of TV magnet
Calculated I, values of TV and SST tapes at 4.2 K

- .
External field C'Cal Cur Experimental quench current < calculated I
[A] 718 593 Local degradation of the winding (joints, winding, etc.)

[A] 608 568 Note that |, calculation performed by Philippe Fazilleau is based on the paper below.
-V Zermefio et al., Supercond. Sci. Technol. vol. 28, no. 8, p. 085004, June 2015.
[A] 511 529




ReS|st|ve HTS VS. LTS HTS Hybrld I\/Iagnets

Inductance Low Very high

RESPONSS CIE NS CUEmE culrrr]g:ljt(,: ebClIJ;/ glr:z?geyasnnﬂall large inlc_jircgeeddcquﬁ?;r;/)voltage
Arcing risk Higher (fast transients) Lower

Outsert damage risk Voltage surges/arcing Quer;cr:]hefgr)cl)%i?rf];\gon ¥
HTS-quench impact Voltage surges dominate Large inductive energy discharge
Protection focus Voltage-based Energy-based

Quench propagation risk None Possible

Protection design difficulty Lower Higher

Test facility LNCMI HZDR
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Note: The LTS magnet at HZDR was
designed and fabricated by Ol.
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Tests of LTS outsert/HTS mock-up insert in HZDR

Note : Mock-up magnet wound with Fujikura REBCO tape
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Quench of HTS mock-up insert and LTS outsert 22.6T
(17 TLTS +5.6 THTS mock-up insert)
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Center field [T]

Temperature [K]
i =Y

.

»

—— Top temperature of magnet
- —@— Bottom temperature of magnet
—— LHe level of cryostat for LTS/HTS

N
a

o
o
L ]

Time [s]
Voltage, center field, temperatures of HTS
Insert under 18 T of LTS outsert at 4.2 K

0.5
0.4

los
o2
1o.1
oo

30
28
26

24
22

: : : : . : 129
0 250 500 750 1000 1250 1500 1750

V]

Bl

Voltage

LHe level IPS [%]

« Total magnetic field reached 28.2 T

(HTS: 10.2 T under LTS: 18 T)

Above 24 T, Joule heating observed at the
top area of the HTS insert; temperature
46Kat28.2T

LHe level (IPS) decreased from 26.2% to
23.6% (A 2.6%) over ~29 minutes, from
HTS charging start to discharge at 28.2 T.

Test stop due to no voltage signal from
joint 6 between DP6 and DP7
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Conclusion

» Al REBCO tapes exhibited a critical current density exceeding 1000 A/mm2 under a 30 T field perpendicular to
the ab-plane at 4.2 K, demonstrating their suitability for very-high-field magnet applications within current
mechanical limits.

» Although improved tapes addressing delamination strength and thickness uniformity were produced in 2024,
these advancements are still not fully sufficient. In particular, noticeable variations in windability remain
depending on the quality of each tape spool.

« The LTS outsert (19 T / 150 mm), designed and fabricated by Ol, is scheduled for installation at LNCMI in
March 2027.

» For the HTS insert, THEVA tape was selected for its excellent electrical properties and superior windability.

» The design study for the HTS insert is ongoing, and final optimization will proceed once the Scientific Council
confirms the specifications of the combined LTS/HTS magnet.

» To support design optimization, the NOUGAT HTS insert will undergo experiments in the HZDR LTS magnet in
early December, including high-field tests and quench behavior if possible. Afterwards, LNCMI will fabricate
and evaluate mock-up magnets (2-DP and 9-DP inserts) using the THEVA tapes delivered as the final
conductors for the FASUM HTS insert within the LTS outsert.
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